




i

Abstract

In recent years offshore wind power has been playing an increasingly vital
role in the wind energy market. Wind turbines are usually categorized
into horizontal axis wind turbines (HAWTs) and vertical axis wind turbines
(VAWTs). Currently offshore wind turbines installed are mainly bottom-
fixed HAWTs. Floating HAWTs are also widely studied for deep water
application, and several prototypes have been developed and tested at sea.
The VAWT, which was commercialized in the USA in the 1980s, lost the
competition with the HAWT because of its low efficiency and severe fatigue
problems.

However, as wind farms are moving towards deeper water, the floating
VAWT seems to be a very promising alternative to the floating HAWT
due to its potential cost-of-energy reduction. Hence, the interest in the
development of VAWTs for offshore application has been resurging.

State of the art the development of floating VAWTs is still at an early
stage. Available fully coupled simulation tools for floating VAWTs are still
very limited, and more sophisticated simulation tools are required, so that
the dynamic response characteristics of different floating VAWT concepts
can be investigated in a fully integrated manner. Therefore, this thesis
addresses the development, verification and application of fully integrated
methods for numerical modeling and dynamic analysis of floating VAWTs.

An aerodynamic model, based on the actuator cylinder (AC) flow model,
was established for floating VAWTs. It accounts for the effect of wind shear
and turbulence, dynamic inflow as well as dynamic stall using the Beddoes-
Leishman model. It has been verified by comparison with the double multi-
streamtube (DMS) model and validated with experimental data.

The developed AC model was coupled with the SIMO-RIFLEX code
to achieve a fully coupled simulation tool, namely SIMO-RIFLEX-AC, for
numerical modeling and dynamic analysis of floating VAWTs. The aerody-
namics, hydrodynamics, structural dynamics and control system dynamics
are considered systematically with high fidelity. This tool has been exten-
sively verified by a series of code-to-code comparisons.

Fully coupled time domain simulations were carried out to investigate
the dynamic response characteristics of different floating VAWT concepts
with curved and straight blades. Considering floating VAWTs with straight
and parallel blades, with identical solidity and with a blade number ranging
from two to four, the effect of blade number on the dynamics was compre-
hensively studied. It was found that the aerodynamic loads and structural
responses are strongly dependent on the number of blades, while the gener-
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ator power production, platform motions and tension in mooring lines are
not. In particular, by increasing the number of blades from two to three
reduces the variation in the tower base bending moment more significantly
than increasing it from three to four.

Dynamic responses of a spar, semi-submersible and TLP VAWT with
a two-bladed Darrieus rotor were thoroughly investigated. A significant
response at the 2P (twice per revolution) frequency has been demonstrated
and can be mitigated by a compliant catenary mooring system.

The effect of difference-frequency force and wave-wind misalignment on
the dynamics of a semi-submersible VAWT with a two-bladed Darrieus ro-
tor was also studied. It has been shown that the mean values of global re-
sponses are not significantly affected by the wave-wind misalignment. Their
standard deviations and maximum values are slightly more sensitive to the
wave-wind misalignment and second-order difference-frequency force, espe-
cially at high significant wave height conditions.

In addition, a comparative study on the dynamics of a spar-type HAWT
and VAWT was conducted, which indicated that due to different aerody-
namic load characteristics and control strategies, the current design of the
spar VAWT leads to larger mean values and standard deviations in the
tower and mooring lines and requires further improvements.

As a whole, a fully coupled method for numerical modeling and analysis
of floating VAWTs is developed, verified and applied to reveal the dynamic
response characteristics of different floating VAWT concepts. The demon-
stration of the merits and disadvantages of different floating VAWT con-
cepts can serve as a basis for their further development and will improve
their competitiveness in the future wind energy market.
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Chapter 1

Introduction

1.1 Background & Motivation

Wind has a singular history among the prime movers for human beings [1].
It has been used for grinding grain, pumping water and sailing ships for over
3000 years. At the late nineteenth century, the wind turbine was initially
developed and used to generate electricity by Charles Brush in the USA and
by Poul la Cour in Denmark. In 1941, the world’s first megawatt (MW)
wind turbine, the 1.25 MW Smith-Putnam wind turbine, was built in the
USA [2] and remained as the largest wind turbine ever built until 1979.

In recent years, the scientific investigation and technical development
for exploiting energy from the wind has been increasingly simulated due
to the global warming, environmental pollution and energy crisis all over
the world. The global wind power industry has increased at a rapid pace
by deploying megawatt scale wind turbines on land (onshore) or at sea
(offshore). Figure 1.1 demonstrates the global cumulative installed wind
capacity during 2000-2015 [3]. The global wind power installation increased
by 63.01 GW in 2015, bringing the total installed capacity up to 432.42 GW.
The new installed capacity is mainly driven by the continuing boom in the
USA, Germany, and especially in China which contributed to a capacity
of 30.5 GW, nearly half of 63.01 GW installed in 2015. Among the global
wind power installation, offshore wind power currently makes up only a
small percentage, reaching a total global installed capacity of 12.11 GW by
the end of 2015 [3]. However, the offshore wind capacity was increased by
3.39 GW in 2015, which composed approximately 28% of the total installed
offshore wind power up to now. Offshore wind power is playing and will
play an increasingly vital role in the wind energy market.

To date, most offshore wind turbines are installed on fixed-bottom sup-

1



2 Introduction

17,40 23,90 31,10 39,43 47,62 59,09
73,96

93,92
120,69

159,02

197,95

238,09

282,84

318,46

369,70

432,42

0

50

100

150

200

250

300

350

400

450

500

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

C
u
m

u
ti

v
e 

ca
p

ac
it

y
 [

G
W

]

Year

Global cumulative installed wind capacity 2000-2015 (Data: GWEC)

Figure 1.1: Global cumulative installed wind capacity 2000-2015 [3].

port structures, including gravity bases, monopiles used in water depth of
about 30 m and jackets used in water to about 50 m [4], as shown in Fig-
ure 1.2. However, for countries like Norway, USA, China, Japan and many
other countries, the vast offshore wind resource potential is located in deeper
water, where the wind is generally stronger, less turbulent, and more con-
sistent than onshore or near-shore [1]. In deeper water, floating support
platform would be the more economical and thus more desirable. Based on
the experience from the offshore oil and gas industry, several floating struc-
tures are feasible for offshore wind turbines and have been widely studied
by many researchers, including the barge [5], spar [6, 7], semi-submersible
[8, 9, 10, 11], and TLP [12, 13] combined with different mooring methods. In
addition, floating prototype wind turbines have been developed and tested,
such as the Hywind demo in Norway, the WindFloat demo in Portugal, the
VolturnUS turbine off the coast of Maine in the USA, and the floating wind
turbines off the Fukushima coast in northeast Japan and off the Goto island
in southwest Japan.

Wind turbines can usually be categorized into horizontal axis wind tur-
bines (HAWTs) and vertical axis wind turbines (VAWTs) in terms of the
orientation of the rotating axis, as demonstrated in Figure 1.3. Currently,
most commercial wind farms are using HAWTs, as aforementioned. How-
ever, the VAWT was also once commercialized by the FloWind Corporation
in the USA in the 1980s [15]. Due to its low efficiency and fatigue problems
within the bearings and blades, the VAWT gradually lost the competition
with the HAWT.

Recently, as wind farms are moving towards deeper water, the traditional
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Figure 11 Offshore wind foundations

� Source: Principle Power

2011 was the best year on record for deep offshore 
development with two floating substructures tested, 
SeaTwirl and SWAY, in addition to the grid connected 
Windfloat project.

Currently, offshore wind farms have been using three 
main types of deep offshore foundations, adapted 
from the offshore oil and gas industry:

• Spar Buoy: a very large cylindrical buoy stabilises 
the wind turbine using ballast. The centre of gravity 
is much lower in the water than the centre of buoy-
ancy. Whereas the lower parts of the structure are 
heavy, the upper parts are usually empty elements 
near the surface, raising the centre of buoyancy. The 
Hywind concept consists of this slender, ballast-sta-
bilised cylinder structure.

• Tension Leg Platform: a very buoyant structure is 
semi submerged. Tensioned mooring lines are at-
tached to it and anchored on the seabed to add 
buoyancy and stability. 

• Semi-submersible: combining the main principles of 
the two previous designs, a semi submerged struc-
ture is added to reach the necessary stability. Wind-
Float uses this technology.

The table 1 outlines the deep offshore wind designs 
and projects developed in Europe, Japan and the US: 

2.1 State of the art
The concept of a floating wind turbine has existed 
since the early 1970s, but the industry only started 
researching it in the mid-1990s.		

In 2008, Blue H technologies installed the first test 
floating wind turbine off the Italian coast. The turbine 
had a rated capacity of 80 kW and after a year of test-
ing and data collection it was decommissioned. 

A year later the Poseidon 37 project followed, a 37m-
wide wave energy plant and floating wind turbine 
foundation tested at DONG’s offshore wind farm at 
Onsevig. 

In 2009, Statoil installed the world’s first large scale 
grid connected floating wind turbine, Hywind, in Nor-
way, with a 2.3 MW Siemens turbine. 

The second large scale floating system, WindFloat, 
developed by Principle Power in partnership with EDP 
and Repsol, was installed off the Portuguese coast in 
2011. Equipped with a 2 MW Vestas wind turbine, the 
installation started producing energy in 2012.

Chapter 2:	The introduction of deep offshore designs

Monopile
0-30m, 1-2 MW

Jacket/Tripod
25-50m, 2-5 MW

Floating Structures
>50m, 5-10 MW

Floating Structures
>120m, 5-10 MW

TLP Semi-Sub Spar

Figure 1.2: Substructures for offshore wind turbines: monopile, tripod/-
Jacket, spar, semi-submersible and TLP [14].

Figure 1.3: Horizontal and vertical axis wind turbines: HAWT, Savonius
VAWT, Darrieus VAWT and H-type VAWT
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floating HAWT concept is facing the challenge of much higher cost of energy
compared to the onland or near-shore one. Due to its lower center of gravity,
independence of wind direction, reduced machine complexity and excellent
potential to reduce the cost of energy compared with the floating HAWT
[16], the floating VAWT is a very promising alternative to harvest offshore
wind energy resource. Hence, the interest in the development of VAWTs for
offshore application has been resurging. Several floating VAWT concepts
have been proposed, as summarized in Section 1.2.1.

State of the art the development of floating VAWT is still at an early
stage. The available fully coupled simulation tool for floating VAWTs is very
limited, and a more sophisticated simulation tool that integratedly considers
the aerodynamics, hydrodynamics, structural dynamics and control system
dynamics is required. The dynamic response characteristics of different
floating VAWT concepts needs to be further investigated in a fully integrated
approach.

This thesis aims to develop and verify a fully coupled method for nu-
merical modeling and analysis of floating VAWTs and to demonstrate the
dynamic response characteristics of different floating VAWT concepts. The
revealed merits and disadvantages of different floating VAWT concepts will
benefit their further development and improve their competitiveness in the
future wind energy market.

1.2 Floating Vertical Axis Wind Turbines

Vertical axis wind turbines are a type of turbine where the blades rotate
about a vertically-orientated main shaft, driving a generator to convert the
mechanical power to electrical power directly or through a gearbox. They
are generally categorized as drag driven type or lift driven type based on
the aerodynamic characteristics, as depicted in Figure 1.3. The Savonius
turbine is usually considered as a drag driven VAWT, while the Darrieus
curve-bladed turbine and straight-bladed (H-type) turbine are regarded as
lift-driven devices. Other VAWT configurations, such as the variable geom-
etry oval trajectory Darrieus turbine, Darrieus-Masgrowe (two-tier) rotor,
crossflex turbine, combine Savonius and Darrieus rotor, Zephyr turbine etc.
are also proposed and used, as summarized by Aslam et al. [17]. Among
these configurations, the lift-driven rotor with curved or straight blades has
undergone considerable scientific research and technical development. They
also represent the two rotor types considered in this thesis.

During the 1970s and 1980s, considerable efforts were devoted to inves-
tigate and develop Darrieus VAWTs, mainly in the USA and Canada [18].
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Sandia National Laboratories proposed and tested a set of VAWTs with a
size gradually increasing from 2 m to 34 m diameter and corresponding a
power up to 500 kW. Based on the 34-m turbine, the FloWind Corporation
in the USA developed and built two versions of commercial VAWTs with a
diameter of 34 m and 38 m [19]. More than 500 turbines were installed in
California’s Altamont and Tehachapi passes, and the total installed capac-
ity reached 95 MW by the end of 1985. Unfortunately, the turbines began
collapsing because of fatigue failures in the joints between the sections of
aluminum blades, and the the FloWind Corporation went bankrupt in 1997.
After that, the VAWTs gradually lost the competition with the HAWTs in
the commercial market and a variety of VAWTs are limited to small-scale
individual use.

Compared with HAWTs, the most critical issues that limited the use
of VAWTs in commercial wind farms were the low power efficiency and fa-
tigue problem. However, the efficiency of a wind farm with VAWTs can be
improved by optimizing the turbine distribution. Kinzel et al. [20] stated
that the wake generated by a pair of counter-rotating H-type rotors can dis-
sipate more quickly than the wake generated by HAWTs, allowing them to
be installed in parks with smaller separations. Moreover, the average power
generated by a pair of H-rotors at all azimuth angles is higher than that of
an isolated turbine [21], implying that the conversion efficiency of VAWTs
can be improved. The fatigue issue is usually caused by periodically vary-
ing aerodynamic loads, especially for VAWTs with two blades. Currently, it
can be overcome by the use of modern composite materials [22]; it can also
be alleviated by increasing the blade number [23], using helical blades, or
employing a more advanced control strategy. Employing a catenary moored
floating substructure can help to mitigate the fatigue damage at tower base
suffered by the onshore VAWTs as well [24].

Therefore, VAWTs are very promising for offshore application and the
key advantages can be summarized as follows [16, 25]:r Insensitivity to wind directionr Reduced mechanical complexity (no yaw control system, direct drive

generator, etc.)r Lower machinery position and reduced floater cost since the trans-
mission and generation systems are located at the bottom, causing a
lower center of gravity.r Lower installation, operation and maintenance costsr excellent potential in upscalingr potentially high aerodynamic efficiency
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1.2.1 Floating VAWT concepts

Due to the aforementioned features and advantages, the interest in the de-
velopment of floating VAWTs has been stimulated and increased, and sev-
eral floating VAWT concepts have recently been proposed, including the
DeepWind [26, 27], Spinfloat [28], Aerogenerator X [29, 30], INFLOW [31],
floating tilted axis [32] and Gwind [33] concepts, as depicted in Figure 1.4. A
summary of these concepts with respect to their capacity, rotor and floater
type, project or company name and region is given in Table 1.1.

a b c

e f h

d

g

Figure 1.4: Current floating VAWT concepts: (a) DeepWind concept (b)
Spinfloat (c)Aerogenerator X (d) Gwind concept (e, f, g) INFLOW concepts
(h) floating tilted axis concept, see details in Table 1.1.

The DeepWind concept [26, 27] was proposed in the DeepWind project
which was funded by the EU 7th Framework Programme (FP7) and aimed to
develop a novel floating VAWT concept. The proposed concept is composed
of a two-bladed 5 MW Darrieus rotor, a rotating spar buoy with torque arm
at the bottom, and three catenary mooring lines. Model test in the MARIN
(Maritime Research Institute Netherlands) and prototype demonstrator in
Roskilde Fjord were carried out.

The Spinfloat [28] is an innovative floating VAWT concept developed by
an French consortium EOLFI and launched in 2014. A vertical axis rotor
with three straight blades is mounted on the Tri-Floater semi-submersible
designed by GustoMSC [35]. Characterized by a vertical axis and pitched
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Table 1.1: Current floating VAWT concepts

Concept Source Capacity Rotor Floater Development
status

Project or
Company

Region

DeepWind [26, 27] 5 MW Darrieus curved blades Spar Prototype DeepWind EU
Spinfloat [28] 6 MW Straight blades Semi-

submersible
Concept EOLFI France

Aerogenerator
X

[29, 30] 10 MW V-shape blades Semi-
submersible

Concept Wind
Power
Limited

UK

Gwind [33] - Helical blades Buoy Prototype Gwind Norway
INFLOW I
(VertiWind)

[34, 31] 2 MW Helical blades Semi-
submersible

Concept INFLOW EU

INFLOW II [31] 2 MW Straight blades Spar Concept INFLOW EU
INFLOW III [31] 2 MW Two turbine with two

straight blades each
Semi-
submersible

Concept INFLOW EU

Floating tilted
axis concept

[32] 3 MW Curved blades Spar Concept - Korea &
Japan

blades, Spinfloat exhibits an enhanced aerodynamic performance. Its pro-
totype will be tested at sea according to the development pipeline [28].

The Aerogenerator X concept [29, 30] has a 10 MW vertical axis turbine
supported by a semi-submersible. Different from other VAWT concepts, it
uses a V-shape rotor which is half of the height of an equivalent horizontal
axis turbine.

The Gwind concept [33] is a helical-bladed turbine designed by a Norwe-
gian Gwind research project. Gwind is developing a gyro-stabilized floating
VAWT for offshore and near shore applications. A prototype, Spinwind 1,
has been built to explore the dynamic characteristics of this floating VAWT
concept.

The INFLOW concepts, as illustrated in Figure 1.4 (e), (f) and (g),
are three concepts developed in the INFLOW [31] project, which was also
funded by the EU 7th Framework Programme (FP7) and aimed to demon-
strate an innovative, competitive, robust and cost efficient solution for ex-
ploiting offshore wind resource. The INFLOW concept I, also known as the
VertiWind concept [34], was a 2 MW three helical-bladed rotor mounted on
a semi-submersible platform. This configuration can reduce the variation in
aerodynamic loads acting on the rotor and mitigate the sway and yaw mo-
tions. The onshore prototype of the VertiWind project has been tested. This
design has evolved toward an optimized system with two contra-rotating
turbines with two straight blades each, as shown in Figure 1.4 (g).

The floating tilted axis turbine is a concept proposed by Akimoto et al.
[32]. Preliminary estimation and comparisons were conducted and indicated
that economic performance of the new concept can be higher than those of
horizonal and vertical axis wind turbines.
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1.2.2 Fully coupled simulation tools of floating VAWTs

A floating wind turbine system usually consists of a turbine harvesting wind
energy, a floater supporting the rotor and a mooring system keeping the
floater in position. Design and analysis of a floating wind turbine system
require global response analysis for conceptual design and local structural
analysis for detailed design. Global response analysis can evaluate its per-
formance and also provide the basis for detailed structural design. In this
thesis, global response analysis of floating wind turbine systems is empha-
sized.

To perform the global response analysis of a floating wind turbinesys-
tem, a model should be developed to represent the dynamics of the rotor,
floater and mooring system in a fully coupled way. In other words, a fully
coupled aero-hydro-servo-elastic simulation tool is required to account for
the aerodynamics, hydrodynamics, structural dynamics, control system dy-
namics and mooring line dynamics.

Such aero-hydro-servo-elastic simulation tools have been developed, ver-
ified and validated for floating HAWTs by several research institutes, such
as the FAST ( Fatigue, Aerodynamics, Structures and Turbulence) devel-
oped by NREL [36], the HAWC2 developed by DTU Wind Energy [37],
the SIMO-RIFLEX-AeroDyn developed by NTNU/MARINTEK [38], the
Bladed by Garrad Hassan [39] and so on. The dynamic behavior of a float-
ing VAWT can be modeled in a similar way as that of a floating HAWT,
but with different aerodynamic and control modules due to its distinct aero-
dynamic characteristic. Most fully coupled codes for floating HAWTs are
based on the BEM (Blade Element Momentum) theory or GDW (Gen-
eralized Dynamic Wake) theory for aerodynamic loads prediction due to
their accuracy and computational efficiency, while the DMS (double multi-
streamtube) model or AC (actuator cylinder) flow model, as described in
Sections 2.2 and 2.3, are usually employed for prediction of aerodynamic
loads in the fully coupled analysis of floating VAWTs. Moreover, a gener-
ator torque controller and PI-based blade pitch controller are usually used
for floating HAWTs, while floating VAWTs usually only employ a PI gen-
erator torque controller because of the fixed blade pitch angle. In addition,
for both floating HAWTs and VAWTs the hydrodynamic loads are com-
puted based on the potential flow theory and/or Morison’s equation, and
the structural dynamics of slender components, such as blades, tower and
shaft, are usually modeled as flexible beam elements and calculated using
the finite element method (FEM) or multi-body (MB) dynamics.

To date, several coupled simulation tools have been developed for float-
ing VAWTs, such as the FloVAWT code by Cranfield University [40], the
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CALHYPSO code from EDF [41], the OWENS toolkit by Sandia National
Laboratories [42], the HAWC2 by DTU Wind Energy [43, 37], the SIMO-
RIFLEX-DMS [44] and SIMO-RIFLEX-AC [45] code by NTNU/MARIN-
TEK. Among these codes, the HAWC2 and SIMO-RIFLEX-AC code use
the AC method to calculate the aerodynamic loads while the others mainly
employ the DMS method. An overview of the capability of these codes is
given in Table 1.2.

Table 1.2: Current coupled codes for floating VAWTs

Aerodynamics Hydrodynamics Structural dynamics Control system
(aero) (hydro) (elastic) (servo)

FloVAWT[40] DMS+Berg DS Airy + PF + ME - -
CALHYPSO[41] DMS+Berg DS Airy + PF + ME - -
OWENS[42] CACTUS Airy + PF + ME FEM -
SIMO-RIFLEX-DMS[44] DMS+BL DS Airy + PF + ME FEM UD DLL
HAWC2[43, 37] AC+Stig Øye DS Airy + ME MB UD DLL
SIMO-RIFLEX-AC[45] AC+BL DS Airy + PF + ME FEM UD DLL

DMS: Double multi-streamtube; AC: Actuator cylinder; DS: Dynamic stall; BL: Beddoes-

Leishman; Airy: Airy wave theory; PF: Potential 
ow; ME: Morison’s equation; FEM: Finite

element method; MB: Multi-body simulation; UD DLL: user de�ned external dynamic link

library; CACTUS: Code for Axial and Cross-
ow TUrbine Simulation.

To provide a simplified coupled tool for the preliminary design of float-
ing VAWTs, Collu et al. [40] from the Cranfield University developed the
FloVAWT (Floating Vertical Axis Wind Turbines) code. The aerodynamic
load is computed based on the DMS model with modifications to include
Gormont-Berg dynamic stall, tower shadow, tip losses, junction losses, and
3D effects. The hydrodynamic loads acting on the floater is estimated using
the MSS (Marine Systems Simulator) toolbox [46], and including the 1st
order wave excitation force, wave drift forces, state-space approximation of
radiation force, linear damping and global quadratic drag force. Main draw-
backs of this code are that the dynamic mooring model, structural dynamics
and control system are missing [47].

The aero-hydro simulation code CALHYPSO (CALcul HYdrodynamique
Pour les Structures Offshore) was developed for floating horizontal and ver-
tical axis wind turbines at the EDF (Electricité de France), Chatou, France
[41]. However, the structural elasticity and control system are neglected
in the coupled code. The aerodynamic load is estimated using the DMS
method including the Berg’s dynamic stall model, while the effects of rotor
deformability, dynamic inflow, streamtube expansion and local flow curva-
ture are omitted. The hydrodynamic load is based on the 1st order potential
flow theory and the viscous force is considered using Morison’s equation.
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The mooring system is simplified using a linearized or quasi-static mooring
line model.

The OWENS (Offshore Wind ENergy Simulation) toolkit [42] was de-
veloped to evaluate innovative floating VAWT configurations by the Sandia
National Laboratories in conjunction with its partner including the Texas
A&M University and University of Maine. It aims at establishing a robust
and flexible finite element framework and VAWT mesh generation utility,
coupled with a modular interface that allows users to integrate easily with
existing codes, such as aerodynamic and hydrodynamic codes. The finite
element method is used with an energy preserving time integration method
[48], and a loose coupling approach is introduced to the external loading
modules to allow a greater degree of modularity and flexibility [42]. An
analysis of a VAWT with aerodynamic and platform forcing were carried
out through a one-way coupling to the CACTUS code [49] developed by
the Sandia National Laboratories, and the effect of blade deformation on
the aerodynamics was not considered [42]. Recently, iteration at each time
step using a predictor-corrector approach was considered, such that a hy-
drodynamic module can be included by coupling the wave-to-wire numerical
model, WaveEC2Wire, with OWENS [50].

The SIMO-RIFLEX-DMS code was developed by Wang et al. [44] to
perform the fully coupled aero-hydro-servo-elastic simulations for floating
VAWTs. This code is based on the SIMO [51] and RIFLEX [52] code which
has been extensively used and validated for offshore structures subjected to
wave loads. It integrates the models of turbulent wind inflow, aerodynamics,
hydrodynamics, control dynamics, structural dynamics and mooring line
dynamics in a fully coupled way in the time domain. The aerodynamic loads
are calculated using the DMS method with the Beddoes-Leishman dynamic
stall model; the hydrodynamic loads are computed based on a combination
of potential flow theory and Morison’s equation; and the structural dynamics
of blades, tower, shaft and mooring lines, which are modeled as flexible finite
elements, are solved using a nonlinear FEM solver. A PI generator torque
controller can also be implemented to regulate the rotor rotational speed.
This simulation tool provides an approach with high fidelity for numerical
modeling and analysis of floating VAWTs. The detailed modeling method
used in the SIMO-RIFLEX-DMS code is described in Wang [25] as well as
in Section 3.2. This code is used to study the dynamic behavior of floating
VAWTs in this thesis (Papers 4, 5, 6 ).

The HAWC2, a state-of-the-art aero-hydro-servo-elastic code originally
used for floating HAWTs [37], has been developed to have capability of
simulating a floating VAWT in the time domain [43]. Instead of the DMS
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model, the actuator cylinder (AC) flow model developed by Madsen [53]
is implemented to calculate the aerodynamic loads on the blade due to
its advantages in the aerodynamic and aeroelastic simulations for VAWTs.
The structural dynamics is modeled using the beam element and based on
the multibody formulation that can handle complex structures as well as
bodies with arbitrary large rotations. The hydrodynamic model is originally
based on Morison’s equation, but coupling with WAMIT [54] through an
external dynamic link library (DLL) is currently available such that the
hydrodynamic loads can be computed using the potential flow theory.

A fully coupled simulation tool, SIMO-RIFLEX-AC, was recently devel-
oped for numerical modeling and dynamic analysis of floating VAWTs by
Cheng et al. [45] in this thesis work. As stated by Ferreira et al. [55], the
DMS method is inaccurate compared with the AC method. The aerody-
namic model was thus established based on the AC method with consid-
eration of the effects of wind shear and turbulence, dynamic inflow as well
as dynamic stall using the Beddoes-Leishman model [56] (Paper 1 ). The
developed AC model was then coupled with the SIMO [51] and RIFLEX
[52] code to achieve a fully coupled simulation tool, which accounts for the
turbulent wind inflow, aerodynamics, hydrodynamics, structural dynamics,
control system dynamics and mooring line dynamics with high fidelity. In
the SIMO-RIFLEX-AC code, the hydrodynamic loads are based on a com-
bination of potential flow theory and Morison’s equation; the blades, tower,
shaft and mooring lines are modeled as flexible finite elements and the struc-
tural dynamics are solved using RIFLEX, a nonlinear FEM solver. A gen-
erator torque controller is also implemented to regulate the rotor rotational
speed based on a PI control algorithm. The development and verification
of the SIMO-RIFLEX-AC code is described by Cheng et al. [45] (Paper 2 )
and also detailed in Chapter 3.

1.2.3 State of the art study on dynamic behavior of floating
VAWTs

Considerable efforts have been made to study the dynamic behavior of dif-
ferent floating VAWT concepts in the normal operating and fault conditions
by many researchers using the aforementioned codes. The control strategy
for a floating VAWT has been studied as well.

Paulsen et al. proposed the well-known DeepWind floating VAWT con-
cept [57] and conducted the first baseline design of a 5 MW Darrieus rotor
using the code HAWC2 together with the DMS implementation for the aero-
dynamics [58]. Later a design optimization of the first baseline design was
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performed using the updated HAWC2 code with the AC implementation
to obtain an improved design with an optimized blade profile and with less
weight and higher stiffness [59].

Using the baseline rotor proposed in the DeepWind project, Wang [44,
24, 60, 61], Borg [62, 63] and Cheng [64, 65] conducted a series of studies to
investigate the dynamic response characteristics of several floating VAWT
concepts. Wang et al. proposed a floating VAWT concept with this Darrieus
rotor mounted on a semi-submersible [44] and carried out fully coupled aero-
hydro-servo-elastic time-domain simulations using the SIMO-RIFLEX-DMS
code with emphasis on stochastic dynamic responses [24], effects of second
order difference-frequency force and wind-wave misalignment [60] (Paper 5 ),
and emergency shutdown process with consideration of faults [61]. Using
the semi-submersible VAWT concept proposed by Wang et al. [44], Borg
and Collu [63] investigated the aerodynamic characteristics of a floating
VAWT in the frequency domain. Borg and Collu [62] also carried out a
preliminary comparison on the dynamics of floating VAWTs with a spar,
semisubmersible, and TLP floater; however, the yaw of the spar and the
surge and sway of the TLP were disabled during the simulations. Moreover,
the structural elasticity and variable speed control were not considered and
the mooring systems were simplified as springs. Cheng et al. [64, 65] (Paper
4 and Additional paper 7 ) performed a more comprehensive comparison on
the dynamic responses of these three floating VAWT concepts using fully
coupled aero-hydro-servo-elastic simulations.

Studies on floating VAWT concepts with straight blades have also been
conducted. Borg et al. [66] used a wave energy converter as a motion
suppression device for a floating VAWT with a straight-bladed H-type ro-
tor mounted on a semi-submersible. Anagnostopoulou [67] performed the
concept design and dynamic analyses of a floating VAWT with a straight-
bladed rotor mounted on a semi-submersible for power supply to offshore
Greek islands; however, the wind loads acting on the rotor is very simpli-
fied without considering a aerodynamic model for the rotor. Cheng et al.
[23] (Paper 3 ) systematically investigated the effect of blade number on the
dynamic behavior of floating straight-bladed VAWTs using fully coupled
time domain simulations. Three VAWTs with a identical solidity and a
blade number ranging from two to four were designed and then adapted to
a semi-submersible platform.

The control strategy for large megawatt floating VAWTs has been stud-
ied by several researchers as well. It is to some extent different from that
of floating HAWTs, since floating VAWTs usually operate with variable
rotational speed at a fixed blade pitch angle, and the aerodynamic loads
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acting on the rotor vary periodically when it rotates. For the DeepWind
5 MW Darrieus rotor, Merz and Svendsen [68, 69] proposed a generator
torque controller to regulate the rotational speed. The controller aims at
minimizing the error between the measured rotational speed and reference
rotational speed by adjusting the generator torque using a PI algorithm.
The typical relationship between the reference rotational speed and wind
speed of a floating VAWT is illustrated by Cheng [70, 45, 71]. A similar con-
trol strategy is also applied to regulate the rotor rotational speed of floating
straight-bladed VAWTs [23]. In addition, a control system for the start-up
and shut-down of the DeepWind floating VAWT is presented and analyzed
by Svendsen and Merz [72].

Up to now, there are very limited studies on the effect of faults on the
dynamic responses of floating VAWTs. For a VAWT without blade pitch-
ing, the rotor will accelerate and even break down when a generator failure
occurs. To prevent the rotor from overspeeding and subsequent disaster,
additional mechanical or hydrodynamic brakes should be provided. Wang
et al. [61] presented a novel hydrodynamic brake and stated that the hy-
drodynamic brake is expected to be efficient for the emergency shutdown
of a floating VAWT. A shutdown scheme for the DeepWind floating VAWT
was also proposed by Svendsen and Merz [72] using an additional brake.

Comparative studies of floating HAWTs and VAWTs are also of great in-
terest and carried out by several researchers. Borg and Collu [73] carried out
a preliminary comparison between the floating HAWT and VAWT based on
prime principles with emphasis on the aerodynamic forces and their impact
on the static and dynamic responses. But limited comparison regarding the
dynamic behavior was conducted and no structural elasticity and controller
were included for the floating VAWT. Wang et al. [74] and Cheng et al.
[75, 70] (Paper 6 and Additional paper 8 ) conducted more comprehensive
comparisons on the performance and dynamic responses of floating HAWTs
and VAWTs using the fully coupled aero-hydro-servo-elastic simulations.
Wang et al. [74] performed a comparative study of a semi-submersible
VAWT with the DeepWind 5 MW Darrieus rotor [26] with the NREL 5
MW wind turbine [76]. Cheng et al. [75] (Additional paper 8 ) studied the
same rotors with a spar buoy subjected to constant wind. However, the
wind fields were created with respect to different reference heights for the
floating HAWT and VAWT, which implies that a slightly different wind field
was used, though its effect was very small. Moreover, the generator power
of the floating VAWT exceeds 5 MW above the rated wind speed and could
even reach up to 9 MW. Thus, an improved control strategy was proposed
and a more comprehensive comparative study was conducted by Cheng et
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al. [70] (Paper 6 ).

1.3 Aim & Scope

The main goal of this thesis is to develop and verify a fully coupled method
for numerical modeling and dynamic analysis of floating vertical axis wind
turbines (VAWTs) and to demonstrate the dynamic response characteristics
of different floating VAWT concepts. To accomplish it, the following sub-
objectives are defined and achieved.

r To establish an aerodynamic model for VAWTs based on the actuator
cylinder (AC) flow theory and considering the effects of turbulence,
dynamic inflow and dynamic stall, and to validate it by comparison
with other numerical model and experimental data.r To develop a fully coupled aero-hydro-servo-elastic simulation tool by
coupling the AC model to the SIMO-RIFLEX code for numerical mod-
eling and dynamic analysis of floating VAWTs, and to verify it by
comparison with other computer codes.r To demonstrate the effect of blade number on the dynamics of floating
VAWTs with straight and parallel blades.r To characterize the dynamic responses of a spar, semi-submersible and
TLP VAWT with a two-bladed Darrieus rotor.r To investigate the effect of difference-frequency force and wave-wind
misalignment on the dynamics of a semi-submersible VAWT.r To reveal the merits and disadvantages on the dynamic responses of
a spar-type HAWT and VAWT.

This thesis is written in the form of a summary provided in Chapter
1-6 and a collection of five journal articles and one conference paper in the
Appendix A. The scope of this thesis is shown in Figure 1.5 where the main
topics and the interconnection between appended papers are illustrated.
The six papers in the Appendix A are summarized as follows:

Paper 1 This paper deals with the development of an aerodynamic code
to model floating VAWTs based on the AC method, which was ini-
tially developed by Madsen [53]. The developed AC code includes
the tangential load term when calculating induced velocities, employs
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Figure 1.5: Scope of this thesis and interconnection between the appended
papers.

two different approaches to calculate the normal and tangential loads
acting on the rotor, and proposes an improved linear solution. The ef-
fect of dynamic stall was also considered using the Beddoes-Leishman
model. The developed code was verified by a series of comparisons
against other numerical models and experimental results. In addition,
a comparison of the AC method and the double multi-streamtube
(DMS) method was also performed.

Paper 2 This paper addresses the development and verification of a fully
coupled method for numerical modeling and dynamic analysis of float-
ing VAWTs. Based on the AC method, aerodynamic modeling of
floating VAWTs was established with consideration of the effects of
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wind shear and turbulence, dynamic inflow as well as dynamic stall
using the Beddoes-Leishman model. The developed AC code was then
integrated with the SIMO and RIFLEX code to achieve a fully cou-
pled simulation tool, namely SIMO-RIFLEX-AC, which can account
for the turbulent and dynamic inflow, aerodynamics, hydrodynamics,
structural dynamics, control system dynamics and mooring line dy-
namics with high fidelity. A series of code-to-code comparisons with
the HAWC2 [37] and SIMO-RIFLEX-DMS [44] code were conducted
using a landbased and semi-submersible VAWT. The capability of
these three codes in the prediction of dynamic responses of floating
VAWTs was also discussed and demonstrated.

Paper 3 This paper deals with the effect of the number of blades on the
dynamic behavior of floating VAWTs. Three VAWTs with straight
and parallel blades, with identical solidity and with a blade number
varying from two to four, were firstly designed using the AC method
and then adapted to a semi-submersible. A generator torque con-
troller was also designed and used to regulate the rotational speed
based on a proportional-integral (PI) control algorithm. The eigen-
frequency analysis, free decay tests and white noise wave simulations
were conducted to identify the properties of the floating VAWT sys-
tems, including the eigen-frequency and eigen modes, natural periods
of rigid-body motions and response amplitude operators (RAOs) for
wave loads. Steady wind simulations were used to capture the effect
of blade number on the structural responses of landbased and float-
ing VAWTs. The impact of blade number for floating VAWTs was
further thoroughly studied using turbulent wind and irregular wave
simulations.

Paper 4 This paper deals with the dynamic responses of three floating
VAWT concepts with a two-bladed 5 MW Darrieus rotor mounted
on a spar, semi-submersible and TLP floater, respectively. Free decay
tests, white noise and regular wave simulations were firstly carried out
to identify the properties of these three concepts, including the natural
periods of rigid body motions and RAOs for wave loads. A series
of load cases with turbulent wind and irregular waves were carried
out to investigate the dynamic responses of these three concepts by
estimating the generator power production, platform motions, tower
base bending moments, and mooring line loads.

Paper 5 This paper addresses the effect of second-order difference-frequency
force on the dynamics of a semi-submersible VAWT in misaligned
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wave-wind conditions. A 5 MW Darrieus rotor mounted on a semi-
submersible with a catenary mooring system was considered. One
wind direction and four wave directions were simulated considering
the first-order force, first-order force and mean drift force, and first-
order force and second-order difference-frequency force, respectively.
A series of load cases with correlated turbulent wind and irregular
waves were conducted to investigate the dynamic responses, includ-
ing the platform motions, tower base bending moments and mooring
line tensions. The effect of second-order difference-frequency force
and wave-wind misalignment on the dynamic behavior of the semi-
submersible VAWT was addressed.

Paper 6 This paper deals with a comparative study on the dynamics of a
spar-type HAWT and VAWT. The 5 NREL 5MW wind turbine and
a 5 MW Darrieus rotor, both mounted on the OC3 spar buoy, were
considered. An improved control strategy was introduced for the spar
VAWT to achieve an approximately constant mean generator power
for the above rated wind speeds. a series of fully coupled time domain
simulations were carried out using identical, directional aligned and
correlated wind and wave conditions. The comparative study was
conducted with respect to the generator power production, platform
motions, tower base bending moments, and mooring line loads.

1.4 Thesis Outline

The summary section of this thesis includes six chapters. A brief description
of each chapter is provided as follows:

Chapter 1: Introduction
This chapter includes the background, motivations, aim and scope and out-
line of the thesis.

Chapter 2: Aerodynamics of a Vertical Axis Wind Turbine
Aerodynamic models of a vertical axis wind turbine (VAWT) is reviewed
in this chapter. Among them, the Double Multi-Streamtube (DMS) model
and Actuator Cylinder (AC) flow model are further detailed. Validation of
the DMS and AC models is also presented. This chapter covers main results
from Paper 1.

Chapter 3: Integrated Modeling of a Floating VAWT System
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This chapter deals with the development and verification of fully coupled
methods, namely SIMO-RIFLEX-DMS and SIMO-RIFLEX-AC, for inte-
grated modeling and analysis of a floating VAWT system. Models of the
aerodynamics, hydrodynamics, structural dynamics and control system are
all introduced. This chapter covers main results from Paper 2.

Chapter 4: Landbased and Floating Wind Turbine Concepts
The floating wind turbine concepts used in this thesis are briefly described
in this chapter: the floating VAWTs with a two-bladed 5 MW Darrieus
rotor supported by a spar, semi-submersible and TLP floater, the semi-
submersible VAWTs with three 5 MW straight-bladed rotors, and the spar-
type HAWT with the NREL 5 MW wind turbine.

Chapter 5: Dynamic Response Analysis of Floating VAWTs
This chapter deals with the dynamic response characteristics of different
floating VAWT concepts using fully coupled time domain simulations. It
covers the following aspects: the effect of blade number on the dynamic be-
havior of floating straight-bladed VAWTs; the dynamic response of a spar,
semi-submersible and TLP VAWT with a two-bladed Darrieus rotor; the
effect of second-order difference-frequency force on the dynamics of a semi-
submersible VAWT in misaligned wave-wind conditions. Lastly, a compara-
tive study of a spar-type HAWT and VAWT is also presented. This chapter
covers main results from Papers 3, 4, 5, 6.

Chapter 6: Conclusions and Recommendations for Future Work
Conclusions, original contributions and recommendations for future study
are presented in this chapter.
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of adjacent streamtubes and the DMS model [18] assumes that the vertical
axis turbine can be represented by a pair of actuator disks in tandem at
each level of the rotor.

The actuator cylinder (AC) flow model is a 2D quasi-steady model de-
veloped by Madsen [53] in his PhD study. This model extends the actuator
disc concept to an actuator surface coinciding with the swept area of the
2D VAWT. In the AC model, the normal and tangential forces resulting
from the blade forces are applied on the flow as volume force perpendicu-
lar and tangential to the rotor plane, respectively. The induced velocities
are thus related to the volume force based on the continuity equation and
Euler equation. The induced velocity includes a linear part and a nonlinear
part; the linear part can be computed analytically given the normal and
tangential loads. However, it’s to some extent time-consuming to compute
the nonlinear solution directly. A simple correction is therefore introduced
for the linear solution to make it in better agreement with the fully nonlin-
ear solution. Recently the AC model has been implemented in the HAWC2
code for fully coupled analysis of VAWTs [43] and further discussion and
development of the AC model was carried out by Cheng et al. [56] (Paper
1 ).

The vortex model assumes a potential flow that calculates the velocity
field of the rotor considering the influence of vorticity in the wake of the
blades. In the vortex model, the blades are modeled as a number of blade el-
ements and each element is represented as a bound vortex filament, namely
lifting line. The fluid velocity at any point in the flow field is the sum of
the undisturbed free stream velocity and velocity induced by all vortex fila-
ments. The aerodynamic loads on an element is determined by the strength
of the bound vortex as well as the relative flow velocity. Application of
vortex models for a VAWT was conducted, including a single blade element
by Larsen [91], a 2D model by Holme [92] and a 3D model by Strickland et
al. [83].

The panel model is also based on the potential flow theory [93]. In the
panel model, the blades are discretized into a number of panels. The source
or doublet with a unknown strength is then placed on each panel. The
velocity potential, which is related to the source or doublet, can thus be
solved by satisfying a no penetration Dirchelet boundary condition on the
body and the Kutta condition at the trailing edge. A potential flow panel
model was developed by Ferreira [84] in his PhD study, which represents
each blade by a 2D distribution of source and doublet panels over the blade’s
surface. The 2D panel model was further developed by Zanon et al. [80] to
a double wake vortex panel model coupled with the integral boundary layer
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equations on the airfoil surface for simulating the unsteady 2D flow past a
VAWT.

Due to the improvements of high-performance computing, CFD models
are becoming more extensively applied in the aerodynamic calculations of
VAWTs in recent years. Kanner and Persson [87] developed and validated a
high-order large eddy simulation (LES) solver for a VAWT. Liu and Xiao [86]
investigated the fluid structure interaction of Darrieus type straight blade
vertical axis wind turbine. Castelli et al. [89] proposed a new performance
prediction model based on CFD for the Darrieus wind turbine.

Among the aforementioned models, the DMS is widely used for aerody-
namic loads prediction and aeroelastic analysis of VAWTs due to its sim-
plicity and computational efficiency. Wang et al. [94] improved the DMS
model by considering the effect of tower tilt on the aerodynamics of floating
VAWTs. More details about this DMS model is presented in Section 2.2.

However, by considering a 2D VAWT rotor, Ferreira et al. [55] com-
pared different models for VAWTs, including the multi-streamtube model,
DMS model, AC [53] model, U2DiVA [84] using panel model and CACTUS
[49] using vortex model, and stated that the DMS model seems to be less
accurate than the AC, panel and vortex models. Roscher [95] also compared
these models and demonstrated the merits of AC model with respect to the
complexity, accuracy, computational cost, suitability for optimization and
aeroelastic analysis. Therefore, the AC model is another favorable method
suitable for integrated modeling and analysis of VAWTs. In this thesis, the
AC model, originally developed by Madsen [53], is further discussed and
improved, as described by Cheng et al. [56] (Paper 1 ) and presented in
Section 2.3.

2.2 Double Multi-Streamtube (DMS) Model

In order to account for the effect of tower tilt on the aerodynamics of a
floating VAWT, the traditional DMS model [18] was reformulated by Wang
et al. [94]. Assuming the tilt angle caused by the pitch and roll motions
of a floating VAWT is denoted as φ, the freestream velocity can then be
decomposed into a component parallel to the tilted tower and a component
perpendicular to it. In this way, the tilted floating VAWT with a freestream
velocity U is equivalent to a VAWT with a non-tilting tower and with a
horizontal velocity component U cosφ and a vertical velocity component
U sinφ, as shown in Figure 2.1.

As in the traditional DMS model [18], the flow through the rotor is
divided into a sufficiently large number of aerodynamically independent
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streamtubes and in each streamtube a pair of actuator disks is placed in
tandem, as depicted in Figure 2.1. Assuming the induction factor at the
upwind and downwind disk are given as au and ad, respectively, then the
upwind horizontal velocity Uu, the upwind vertical velocity Vu, the equilib-
rium velocity Ue and the downwind horizontal velocity Ud can be written
as follows

Uu = (cosφ � au)U (2.1)

Vu = U sinφ (2.2)

Ue = (cosφ � 2au)U (2.3)

Ud = (1 � ad)Ue = (1 � ad)(cosφ � 2au)U (2.4)

Based on a combination of the Glauert momentum theory and blade ele-
ment theory, the induction factor au and ad can be estimated using numeri-
cal methods and the aerodynamic loads can thus be determined accordingly.

Figure 2.1: Double Multiple-Streamtube Model for a Darriues wind turbine
with two actuator disk in tandem with a horizontal and vertical inflow [94].

The effect of dynamic stall was considered by Wang et al. [94]. Three
dynamic stall models were implemented and compared, including the Gor-
mont’s model with the adaption of Strickland, Gormont’s model with the
modification of Berg and the Beddoes-Leishman dynamic stall model.
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2.3 Actuator Cylinder (AC) Flow Model

Considering a 2D quasi-static flow problem as shown in Figure 2.2, the basic
equations are the Euler equation and continuity equation. For simplicity the
equations are non-dimensionalized with the basic dimensions R, V1 and ρ,
which are rotor radius, free stream velocity and flow density, respectively.
The velocity components can thus be written as

vx = 1 + wx (2.5)

vy = wy (2.6)

where wx and wy are local velocities representing the changes in wind speed
due to the presence of the VAWT.

�
R

X

Y

Qn
Qt

Figure 2.2: The actuator cylinder flow model representation of a VAWT
with volume forces normal and tangential to the circle. Note that the force
direction is from the VAWT noto the flow. [79]

Based on the continuity equation and Euler equation, the induced ve-
locities wx and wy are related to volume forces as well as the normal and
tangential loads Qn and Qt. In the AC method, the tangential and normal
loads Qn and Qt are non-dimensionalized and computed as follows [56]

Qt = �
BFtA

2πRρV 2
wB sin(β)

(2.7)

Qn =
BFnA

2πRρV 2
wB sin(β)

(2.8)

where B is the number of blades, ρ the air density, R the radius of the
disk considered, β the blade angle with the vertical direction, and VwB the
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local free wind speed. FtA and FnA are the tangential load and normal load
acting on the local element, respectively.

Therefore, the final velocity can be divided into a linear part which is
a function of the prescribed normal and tangential loads Qn and Qt and a
nonlinear part that is a function of the induced velocities. Detailed deriva-
tions regarding this 2D quasi-static flow problem is described by Madsen et
al. [79], and the linear solution of this problem is derived by Cheng et al.
[56] (Paper 1 ).

2.3.1 Linear solution

The linear solution of the induced velocities can be analytically computed,
which is given by Cheng et al. [56] as follows.

wx = �
1

2π

Z 2π

0
Qn(θ)

� (x+ sin θ) sin θ + (y � cos θ) cos θ

(x+ sin θ)2 + (y � cos θ)2 dθ

�
1

2π

Z 2π

0
Qt(θ)

� (x+ sin θ) cos θ � (y � cos θ) sin θ

(x+ sin θ)2 + (y � cos θ)2 dθ

� (Qn(arccos y))� + (Qn(� arccos y))��

�

 

Qt(arccos y)
y

p
1 � y2

! �

�

 

Qt(� arccos y)
y

p
1 � y2

! ��

(2.9)

wy = �
1

2π

Z 2π

0
Qn(θ)

� (x+ sin θ) cos θ � (y � cos θ) sin θ

(x+ sin θ)2 + (y � cos θ)2 dθ

�
1

2π

Z 2π

0
Qt(θ)

(x+ sin θ) sin θ � (y � cos θ) cos θ

(x+ sin θ)2 + (y � cos θ)2 dθ

(2.10)

where θ is the azimuth angle, the term marked with � in Eq. 2.9 shall only
be added inside the cylinder whereas in the wake behind the cylinder both
the term marked with � and �� shall be added. Compared with the results
by Madsen et al. [79], the effect of tangential load on the computed induced
velocity is considered here.

Assuming that the loading is piecewise constant, the integral part in
Eqs. 2.9 and 2.10 can be rewritten as

wx = �
1

2π

i=NX

i=1

Qn,i

Z θi + 1
2 � θ

θi � 1
2 � θ

� (x+ sin θ) sin θ + (y � cos θ) cos θ

(x+ sin θ)2 + (y � cos θ)2 dθ

�
1

2π

i=NX

i=1

Qt,i

Z θi + 1
2 � θ

θi � 1
2 � θ

� (x+ sin θ) cos θ � (y � cos θ) sin θ

(x+ sin θ)2 + (y � cos θ)2 dθ

(2.11)
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wy = �
1

2π

i=NX

i=1

Qn,i

Z θi + 1
2 � θ

θi � 1
2 � θ

� (x+ sin θ) cos θ � (y � cos θ) sin θ

(x+ sin θ)2 + (y � cos θ)2 dθ

+
1

2π

i=NX

i=1

Qt,i

Z θi + 1
2 � θ

θi � 1
2 � θ

� (x+ sin θ) sin θ + (y � cos θ) cos θ

(x+ sin θ)2 + (y � cos θ)2 dθ

(2.12)
where N is the total number of calculation points, ∆θ = 2π

N and θi =
π
N (2i � 1) for i = 1, 2, ..., N .

Since only induced velocities at the cylinder are of concern, the total
velocity solution at the calculation point (xj , yj) ( for j = 1, 2, ..., N) on the
cylinder can then be rewritten as

wx,j =�
1

2π

 
i=NX

i=1

Qn,iI1,i,j +
i=NX

i=1

Qt,iI2,i,j

!

� (Qn,N+1 � j)
� �

0

@Qt,N+1 � j
yjq

1 � y2
j

1

A
� (2.13)

wy,j = �
1

2π

 
i=NX

i=1

Qn,iI2,i,j �
i=NX

i=1

Qt,iI1,i,j

!

(2.14)

where the terms marked with � in Eqs. 2.13 and 2.14 are only added for
j > N

2 (the leeward part of the AC with xj > 0). I1,i,j and I2,i,j are influence
coefficients at point j influenced by other point i and are given by

I1,i,j =

Z θi + 1
2 � θ

θi � 1
2 � θ

� (xj + sin θ) sin θ + (yj � cos θ) cos θ

(xj + sin θ)2 + (yj � cos θ)2 dθ (2.15)

I2,i,j =

Z θi + 1
2 � θ

θi � 1
2 � θ

� (xj + sin θ) cos θ � (yj � cos θ) sin θ

(xj + sin θ)2 + (yj � cos θ)2 dθ (2.16)

in which xj = � sin(j∆θ � 1
2∆θ), yj = cos(j∆θ � 1

2∆θ) . It can be found
that the influence coefficients I1,i,j and I2,i,j are irrespective of time and can
thus be integrated once and for all.

2.3.2 Modified linear solution

It’s to some extent time-consuming to compute the nonlinear solution di-
rectly. In order to make the final solution in better agreement with the fully
nonlinear solution, a correction is required for the linear solution. A sim-
ple correction [79] is suggested by multiplying the velocities from the linear
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solution wx and wy with a factor ka that is related to the axial induction
factor. However, Cheng et al. [56] stated that the correction proposed by
Madsen et al. [79] can give some deviation in the power coefficient at high
tip speed ratios when comparing with experimental data. Thus a new mod-
ification which corrects the ka at a high induction factor, which corresponds
to a large tip speed ratio, was proposed by Cheng et al. [56].

ka =

(
1

1� a , (a � 0.15)
1

1� a(1 � 0.35 (1 � exp (� 4.5(a � 0.15)))), (a > 0.15)
(2.17)

where the induction factor a is found based on a relationship between the
induction a and the average thrust coefficient CT , and the empirical param-
eters are determined by comparing with the experimental data, as described
by Cheng et al. [56].

2.3.3 Dynamic stall and dynamic inflow

In the implementation of the AC model by Cheng et al. [56, 45], the effects
of wind shear and turbulence, dynamic stall and dynamic inflow were also
considered.

The induced velocities calculated using the AC method are based on
a steady state equilibrium without time. However, the mass flow through
the rotor is substantial. In order to account for the time delay before the
induced velocities are in equilibrium with the aerodynamic loads, a dynamic
flow model should be applied. Currently there is no sophisticated dynamic
flow model for VAWTs. The dynamic flow model proposed by Larsen and
Madsen [43] was employed here. The dynamic inflow is modeled using a low
pass filtering of the calculated steady state induced velocities.

The Beddoes-Leishman dynamic stall model was used to predict the
VAWT’s aerodynamic loads. It is a semi-empirical model which can repre-
sent the physical phenomenon to a certain extent through a superposition
of separate indicial functions. The Beddoes-Leishman model is original de-
veloped to simulate the dynamic stall effect on the helicopter [96]. The
adaptation of this model has been studied for HAWTs by Gupta and Leish-
man [97] and VAWTs by Dyachuk et al. [98].

The dynamic stall model and dynamic inflow model used are described
in detail by Cheng et al. [45]. Integration of the Beddoes-Leishman dynamic
stall model the dynamic inflow model into the AC model in the time domain
is illustrated in the flow chart in Figure 2.3. At each time step, the induced
velocity calculated using the AC model is filtered through a dynamic inflow
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model, then the relative velocity and angle of attack are calculated and be-
come inputs into the Beddoes-Leishman dynamic stall model. By including
the dynamic stall effect the normal force coefficient and chordwise force co-
efficient are corrected and the lift coefficient and drag coefficient are thus
obtained.

Wind speed seen by the airfoil 
in the local airfoil coord. sys.

WT configuration 
Wind condition

     Rotational speed 

Figure 2.3: Flow chart of modeling of a floating VAWT using AC method.
The models of dynamic inflow and dynamic stall are included [45].

2.4 Validation of the Present Models

Validation of the DMS and AC model has been conducted by comparison
with experimental data. Wang et al. validated the DMS model using the
experimental data of the Sandia Darrieus rotors [44] and using the experi-
mental result of an H-Darrieus VAWT in skewed flow [94]. The AC model
[56, 45] was verified by comparison with the DMS model and validated us-
ing the experimental data of the Sandia Darrieus rotors, as demonstrated
in Figure 2.4 [71]. These validations were mainly conducted with respect to
the generator power, since limited blade forces were measured or provided.
Figure 2.4 shows that the developed DMS model and AC model can predict
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the aerodynamic power of a VAWT accurately.
A more comprehensive comparison of the DMS model and AC model

was conducted using the 2-bladed Sandia 17 m Darrieus rotor by Cheng
et al. [56]. The thrust, side force and aerodynamic torque were studied
as a function of the azimuth angle. The comparison showed that the AC
model can predict more accurate aerodynamic loads and power than the
DMS model.

Figure 2.4: Comparison of power coefficient curve between simulation model
and experimental data. (a): the 3-bladed Sandia 5 m Darrieus rotor at
rotational speed of 150 rpm, (b): the 2-bladed Sandia 17 m Darrieus rotor
at rotational speed of 50.6 rpm. Here the TSR denotes tip speed ratio.
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aero-hydro-servo-elastic modeling and analysis of a floating VAWT system.
These two codes were achieved by coupling the DMS model [94] and AC
model [56], as described in Sections 2.2 and 2.3, with the SIMO-RIFLEX
code. The codes SIMO[51] and RIFLEX[52] were developed by MARINTEK
and widely used in the offshore oil and gas industry. The SIMO-RIFLEX
wind turbine module has previously been verified [99, 100].

As illustrated in Figure 3.1, each of these two coupled codes integrates
three computer codes. SIMO [51] computes the rigid body hydrodynamic
forces and moments on the hull; RIFLEX [52] serves as a nonlinear finite
element solver and provides the links to an external controller and the code
AC or DMS; AC or DMS calculates the aerodynamic loads on the blades.
The external controller, which is written in Java, is used to regulate the rotor
rotational speed for a VAWT with a fixed blade pitch. This combination
provides a comprehensive aero-hydro-servo-elastic simulation tool with well-
known aerodynamics, sophisticated hydrodynamics, a stable nonlinear finite
element solver, and user-defined control logic.

Figure 3.1: Overview of the fully coupled simulation tool SIMO-RIFLEX-
AC and SIMO-RIFLEX-DMS.

Figure 3.2 shows the structural model and external load model of a
floating VAWT system in the coupled code SIMO-RIFLEX-DMS and SIMO-
RIFLEX-AC. The blades, shaft, tower and mooring lines are modeled using
nonlinear flexible finite elements while the floating platform is considered
as a rigid body. The dynamics of the floating platform is represented using
the equation of motion proposed by [101]

(M + A1 )ẍ (t)+

Z 1

�1
κ (t � τ) ẋ (t) dτ+(Km (x, t) + Kh ) x (t) = Fexc (x, ẋ, t)

(3.1)
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Shaft

Blade

Structural Model

Blades: beam elements, cross 
section with two symmetry planes

Tower&Shaft: beam elements, 
axisymmetric cross sections

Hull: rigid body, master-slave 
connection to tower base and 
fairleads 

Mooring lines: bar elements, 
axisymmetric cross sections

External Load Model

Blades: aerodynamic loads using 
AC or DMS method, including 
the effects of turbulence, dynamic 
inflow and dynamic stall

Hull: hydrodynamic loads
(1st/2nd order potential flow theory, 
Morison's equation)

Mooring lines: hydrodynamic 
forces (Morison's equation, wave 
kinimatics at initial position)

Figure 3.2: The structural model and external force model of a floating
VAWT.

where M is the mass matrix of the floating system, A1 is the added mass
matrix at infinite frequencies, x, ẋ and ẍ are the displacement, velocity
and acceleration of the platform, respectively. κ (t � τ) is the retardation
function which represents the fluid memory effect. Kh is the hydrostatic
restoring matrix and Km is the nonlinear restoring matrix from the mooring
system. Fexc is the excitation forces which includes the Froude-Krylov force
FFK , diffraction force FD , aerodynamic force FAero and viscous force
FDrag .

Fexc (x, ẋ, t) = FFK (t) + FD (t) + FAero (x, ẋ, t) + FDrag (ẋ, t) (3.2)

The aerodynamic force FAero is computed in the AC or DMS model as
distributed lift and drag forces along the blade and then transfered from the
rotor to the generator. The first- and second-order wave excitation forces
on the floater are pre-generated in SIMO [51], while the viscous drag forces
on the floater are updated. At each time step, the dynamic equilibrium
equations of the rotor, platform and mooring lines are solved in RIFLEX and
the rotor rotational speed is regulated through the external controller. Then
the platform motions are transfered to SIMO to update the hydrodynamic
loads, while the positions, velocities and accelerations of the blade elements
are transfered to the AC or DMS model to update the aerodynamic loads.
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3.2.1 Aerodynamics

The main difference between these two coupled codes is the aerodynamic
model used to predict the aerodynamic loads on the blades of a VAWT.
The aerodynamic model, i.e. the DMS model [94] and AC model [56], were
comprehensively described in Sections 2.2 and 2.3.

In the SIMO-RIFLEX-DMS and SIMO-RIFLEX-AC code, the relative
velocity seen at a blade section is the vector sum of the incoming wind
velocity, the induced velocity and subtracting the velocities due to the ro-
tor rotation, platform motion and blade elastic deformation. The effects
of variation in the Reynolds number, wind shear and turbulence, and dy-
namic stall were all taken into account. The Beddoes-Leishman dynamic
stall model was implemented to predict the unsteady aerodynamic loads
accurately. In addition, the effect of dynamic inflow was also considered in
the SIMO-RIFLEX-AC code.

3.2.2 Hydrodynamics

The hydrodynamic loads are computed using a combination of the potential
flow theory and Morison’s equation. In this thesis, a spar, semi-submersible
and TLP floater were used to support VAWTs, as described in Chapter
4. For large volume structures like the platform hull of each floater, the
added mass, radiation damping, and first order wave forces were obtained
from a potential flow model and applied in the time domain using the
convolution technique [102]. Moreover, second-order wave forces were also
considered for the spar, semi-submersible, and TLP, respectively. For the
spar hull, the mean wave drift forces were applied, and Newman’s approx-
imation was used to estimate the second-order differencefrequency wave
excitation forces. Regarding the semi-submersible platform, the second-
order difference-frequency wave excitation force was considered, using the
full quadratic transfer function (QTF). With respect to the TLP FVAWT,
second-order differencefrequency wave excitation forces using Newman’s ap-
proximation and sum-frequency wave excitation forces using the full QTF
were applied.

Regarding the slender structures where the diameter D is small com-
pared to the wavelength λ (roughly, Dλ < 1

5), the Morison equation is applied
to calculate the inertial load and viscous drag load [102]. The transverse
hydrodynamic force per unit length is given by

dF = ρwπ
D2

4
u̇w + ρwπCa

D2

4
(u̇w � u̇b) +

1

2
ρwCdD(uw � ub) juw � ubj (3.3)
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where ρw is the water density, uw is the transverse wave particle velocity,
ub is the local transverse body velocity. Ca and Cd are the added mass and
quadratic drag coefficients, respectively, and the values for the spar, semi-
submersible and TLP considered are those used by Bachynski et al. [103]. In
addition, viscous forces on large volume structures are also be incorporated
through the Morison’s equation by considering only the quadratic viscous
drag term in Eq. 3.3.

3.2.3 Structural dynamics

In the structural model, the blades are modeled as flexible beam elements
with two symmetric planes to differ the flapwise stiffness and edgewise stiff-
ness. The tower and shaft are modeled as axisymmetric beam elements
while the mooring lines are considered as nonlinear bar element. A very
short tower close to the tower base is used to connect the rotating shaft and
floater through a flexible joint. The electric torque from the generator is
applied at this joint to regulate the rotational speed according to the pre-
scribed control strategy. Moreover, master-slave connections are applied to
integrate the motions between the tower base and fairleads.

Therefore, the dynamic equilibrium of the whole floating VAWT system
can be expressed as the following equation by assuming a linear elastic
material,

Mg r̈ + Bg ṙ + Kgr = RE (r, ṙ, t) (3.4)

where Mg , Bg and Kg are the global mass, damping and stiffness matrices,
respectively. r, ṙ and r̈ are the system displacement, velocity and acceler-
ation vectors, respectively. The structural damping here is specified using
the Rayleigh damping, which is a linear combination of the mass Mg , and
stiffness Kg matrices as in the following equation.

Bg = α1Mg + α2Kg (3.5)

In which α1 and α2 are the mass and stiffness proportional coefficients,
respectively. A coefficient of α1=0 and α2=0.03 was specified for the slender
structures. In RIFLEX, the dynamic equilibrium equations can be solved
in the time domain using the Newmark-β numerical integration (β = 0.256
, γ = 0.505 ).

3.2.4 Control system

In the previous studies [75, 64, 65, 60, 24, 25], a PI generator torque control,
developed by Svendsen et al. [68] and Merz and Svendsen[69], was used
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to enable variable-speed and fixed-pitch operations. This control strategy,
denoted as the baseline control strategy, is able to maximize the power
capture for wind speeds below the wind speed for the rated rotational speed
and maintain the rotational speed approximately constant for wind speeds
above it, as illustrated in Figure 3.4.

Figure 3.3: The generator torque control algorithm for a floating VAWT
based on a PID architecture.

The architecture of the generator torque controller is shown in Figure
3.3. The generator rotational speed and electric torque are measured and
low-pass filtered. The controller aims to minimize the error between the
measured and filtered rotational speed Ωmes and the reference rotational
speed Ωref ,

∆Ω = Ωmes � Ωref (3.6)

in which the reference rotational speed Ωref is defined as a function of the
measured wind speed and the measured and low-pass filtered electric torque.
The rotational speed error ∆Ω is then fed through the proportional, integral
and derivative paths to obtain an updated value of the required electric
torque, as follows,

T (t) = KG

�
KP∆Ω(t) +KI

Z t

0
∆Ω(τ)dτ +KD

d

dt
∆Ω(t)

�
(3.7)

in which KG is the generator stiffness, and KP , KI and KD are the propor-
tional, integral and derivative gains, respectively.

However, the above baseline control strategy does not limit the generator
power and the generator power increases as the wind speed increases, even
at above the rated wind speed VN . At very high wind speed, very large
aerodynamic thrust and torque are thus expected, which can cause large
structural responses. Hence, Cheng et al. [70] improved the baseline control
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strategy by limiting and adjusting the rotational speed above the rated wind
speed so as to hold an approximately constant generator power production.
This control strategy is denoted as the improved control strategy herein.

Therefore, considering a typical floating VAWT, the relationship be-
tween the reference rotational speed and wind speed is illustrated in Figure
3.4. According to the operating conditions, it can be divided into three
regions, as highlighted in Figure 3.4. In region I where wind speeds ranges
from Vin to V
 N , the rotor operates at the optimal tip speed ratio so as
to achieve the highest power coefficient. In region II, the rotor operates at
a moderate tip speed ratio and holds the rotational speed constant at the
rated one. The control targets in region I and II are to maximize the power
capture and to hold the rotational speed not larger than the rated one in
the meantime.

Baseline controller

Improved controller

Optimal 
TSR

Low TSRModerate 
TSR

V [m/s]inV outVNV
N

V�

N� N�

g�opt�

[ra
d/

s]
re

f
�

I II III

Figure 3.4: The relationship between the reference rotor rotational speed and
wind speed for the baseline and improved controller. Vin, VN and Voutare the
cut-in, rated, and cut-out wind speed, respectively; V
 N is the wind speed for
rated rotational speed; ΩN is the rated rotational speed; Ωopt is the optimal
rotational speed that can maximize the power capture; Ωg is the rotational
speed that can hold the mean generator power approximately constant [45].

However, the control targets in region III shift to limit the aerodynamic
loads acting on the rotor by regulating the rotational speed. In this case,
the rotor rotates at relatively low tip speed ratios and two control strategies,
i.e. the baseline controller and improved controller, are considered here, as
illustrated in Figure 3.4. This baseline controller is capable of maximizing
the power capture for wind speeds below V
 N and maintaining the rotational
speed for wind speeds above V
 N , while the improved controller aims to
maximize the power capture for wind speeds below VN and maintaining the
power capture approximately constant for the above rated wind speeds.

In addition, a notch filter is implemented in the controller to isolate the
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electric torque from the variation of aerodynamic loads. For turbulent wind
conditions the wind speed is measured and low-pass filtered.

3.3 Code-to-code Comparisons of the Fully Cou-
pled Tools

The SIMO-RIFLEX has been widely used and validated in the offshore oil
and gas industry. The DMS and developed AC code has been validated with
experimental data (see Section 2.4). The SIMO-RIFLEX-DMS code was
also verified by validating each module separately by Wang et al. [44]. Due
to limited experimental data of floating VAWTs, code-to-code comparisons
were used to verify the SIMO-RIFLEX-AC code by Cheng et al. [45].

Considering a landbased 5 MW Darrieus rotor, these three codes, i.e.
SIMO-RIFLEX-DMS, SIMO-RIFLEX-AC and HAWC2, are verified with
each other by comparing the thrust, side force and aerodynamic torque in
steady wind conditions, as shown in Figures 3.5 and 3.6. The load cases
shown in these two figures correspond to a tip speed ratio of 4.39 and 2.51,
which locate in region I and II as illustrated in Figure 3.4, respectively. Here
the effect of dynamic stall is not included since these three codes use dif-
ferent dynamic stall model. The developed codes SIMO-RIFLEX-DMS and
SIMO-RIFLEX-AC are accurate enough in predicting aerodynamic loads
for landbased VAWTs.

In order to reveal the essential reasons for the different resultant aerody-
namic loads, the normal and tangential load acting on the blade element are
studied, as shown in Figure 3.7. Figure 3.7 shows the time history of blade
normal and tangential loads at the midpoint of the blades simulated using
the SIMO-RIFLEX- AC and HAWC2 code. It is seen that the negative nor-
mal loads differ notably. The possible reason for this deviation is that the
SIMO-RIFLEX-AC code accounts for the tangential term when calculating
the induced velocity, while HAWC2 ignores it. It has been shown by Cheng
et al. [56] that including the tangential term when calculating the induced
velocity can modify the behavior of normal loads in the downwind part as
depicted in Figure 3.7, which corresponds to negative normal loads.

In addition, the semi-submersible VAWT described in Section 4.1 is used
to verify the capability of the SIMO-RIFLEX-DMS and SIMO-RIFLEX-
AC code in performing integrated modeling and dynamic analysis of float-
ing VAWTs. Figure 3.8 demonstrates the mean value and standard de-
viation of the tower base fore-aft and side-side bending moment for the
semi-submersible VAWT. The code SIMO-RIFLEX-AC gives a little smaller
values than the code SIMO-RIFLEX-DMS in the mean value and standard
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Figure 3.5: Comparison of the rotational speed, thrust, side force and aero-
dynamic torque of the landbased VAWT using three codes without consider-
ing the effect of dynamic stall in the steady wind case with a wind speed of
8 m/s [45].

Figure 3.6: Comparison of the rotational speed, thrust, side force and aero-
dynamic torque of the landbased VAWT using three codes without consider-
ing the effect of dynamic stall in the steady wind case with a wind speed of
14 m/s [45].
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Figure 3.7: Comparison of simulated blade normal force Fn and tangen-
tial force Ft at midpoint of the blade using the SIMO-RIFFLEX-AC and
HAWC2 code in the steady wind case with a wind speed of 8 m/s. The
effect of dynamic stall is not considered [45].

deviation of the fore-aft bending moment. Regarding the side-side bending
moment, its mean value is significantly different for these two codes and
its standard deviation predicted by the SIMO-RIFLEX-AC code is smaller
than that by the SIMO-RIFLEX-DMS code. The code SIMO-RIFLEX-AC
can to some extent predict more accurate dynamic responses than the code
SIMO-RIFLEX-DMS.
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Figure 3.8: Mean values and standard deviations of tower base fore-aft bend-
ing moment MFA and side-side bending moment MSS of the semi VAWT
simulated using SIMO-RIFLEX-AC and SIMO-RIFLEX-DMS [45]. LC3.1,
3.2 and 3.3 correspond to LC 2, 5 and 6 in Table 4.7, respectively.
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Figure 4.1: Landbased and floating VAWT concepts with a two-bladed Dar-
rieus rotor: landbased, spar, semi-submersible and TLP.

Table 4.1: Specifications of the Darrieus 5 MW wind turbine

Rated power [MW] 5
Rotor radius [m] 63.74
Rotor height, root-to-root [m] 129.56
Chord length [m] 7.45
Cut-in, rated, cut-out wind speed [m/s] 5.0 , 14.0 , 25.0
Rated rotor rotational speed [rpm] 5.26
Total mass, including rotor, shaft and tower [kg] 754,226
Location of overall center of mass [m] (0 , 0 , 75.6 )

Table 4.2: Properties of the three floating wind turbine systems

Floater spar semi-submersible TLP

Water depth [m] 320 200 150
Draft [m] 120 20 22
Diameter at mean water line [m] 6.5 12.0/6.5 14.0
Platform mass, including ballast and generator [ton] 7308.3 13353.7 2771.9
Center of mass for platform [m] (0, 0, -89.76) (0, 0, -13.42) (0,0,-15.38)
Buoyancy in undisplaced position [kN] 80710 139816 56804
Center of buoyancy [m] (0, 0, -62.07) (0, 0, -13.15) (0, 0, -14.20)
Surge/Sway natural period [s] 130.8 114.0 45.3
Heave natural period [s] 27.3 17.1 0.6
Roll/Pitch natural period [s] 34.5 31.0 4.5/4.9
Yaw natural period [s] 8.5 79.7 19.3
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TLP, 200 m for the semi-submersible to 320 m for the spar. Reasonable
modifications were made on each platform to support the 5 MW Darrieus
rotor, such as adjusting the ballast of the spar and semi-submersible, and
the tendon pretension of the TLP. For each platform, the draft and displace-
ment were maintained the same as the original one. Details regarding the
adjustment is described by Cheng et al. [64, 65]. Properties related to the
three floating VAWT systems are given in Table 4.2 where the generator
mass is incorporated in the platform hull mass. The first 10 eigenmodes
of the landbased VAWT were estimated by Wang et al. [44]. The natural
periods of rigid body motions for the floating systems were estimated by
conducting free decay tests using numerical simulations [64, 65].

Since the difference in mass between the 5 MW Darrieus rotor and the
NREL 5 MW wind turbine was small compared to the displacement of these
three concepts, it was assumed that such modifications would not alter the
hydrostatic performance of each platform significantly, which was verified by
the simulations in Chapter 5. After these modifications, these substructures
supporting the 5 MW Darrieus rotor may not be optimal from an economical
point of view, but they are sufficient to demonstrate the inherent motion
and structural response characteristics of each concept.

4.2 VAWT Concepts with Straight Blades

To investigate the effect of blade number on the dynamic behavior of float-
ing VAWTs, three VAWTs with straight and parallel blades were designed
by Cheng et al. [23] (Paper 3 ), as shown in Figure 4.2. These three rotors
hold identical solidity while the number of blades varies from two to four.
Specifications of these three rotors are given in Table 4.3. Structural prop-
erty of the three VAWTs is estimated on the basis of the DeepWind 5 MW
Darrieus Deepwind rotor and described by Cheng et al. [23].

Table 4.3: Specifications of three straight-bladed VAWTs.

H2 H3 H4

Rated power [MW] 5.21 5.30 5.35
Blade number [-] 2 3 4
Rotor radius [m] 39.0 39.0 39.0
Height [m] 80.0 80.0 80.0
Chord length [m] 4.05 2.7 2.03
Tower top height [m] 79.78 79.78 79.78
Aerofoil section NACA 0018 NACA 0018 NACA 0018
Cut-in, rated and cut-out wind speed [m/s] 5.0, 14.0, 25.0 5.0, 14.0, 25.0 5.0, 14.0, 25.0
Rated rotational speed [rad/s] 1.08 1.08 1.08
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Figure 4.2: Sketch of landbased and floating VAWT concepts with straight
and parallel blades.

Table 4.4: Properties of three floating straight-bladed VAWT systems.

Semi H2 Semi H3 Semi H4

Water depth [m] 200 200 200
Draft [m] 20 20 20
Diameter at mean water line [m] 12.0/6.5 12.0/6.5 12.0/6.5
Rotor mass [ton] 350.1 315.3 287.7
Center of mass for rotor [m] (0, 0, 51.03) (0, 0, 48.14) (0, 0, 45.34)
Platform mass, including ballast and generator [ton] 13761.3 13796.1 13823.7
Center of mass for platform [m] (0, 0, -13.44) (0, 0, -13.43) (0, 0, -13.43)
Buoyancy in undisplaced position [kN] 139816 139816 139816
Center of buoyancy [m] (0, 0, -13.15) (0, 0, -13.15) (0, 0, -13.15)
Surge/Sway natural period [s] 113.15 113.15 113.15
Heave natural period [s] 17.04 17.04 17.04
Pitch/Roll natural period [s] 21.17 20.68 20.32
Yaw natural period [s] 80.38 80.44 80.49

The OC4 semi-submersible [9] , which was originally designed to support
the NREL 5 MW wind turbine [76], was used to support the three straight-
bladed VAWTs. The considered water depth was assumed to be 200 m. Due
to the difference in rotor mass, the ballast of the semi-submersible was ad-
justed to maintain the same draft and displacement when supporting three
different VAWTs. Properties of the three floating VAWT systems are given
in Table 4.4. The generator was assumed to be located at the tower base
and its mass was incorporated in the platform mass. The natural periods
of rigid-body motions were estimated by conducting numerical decay tests
[23]. More details about the floating VAWT systems are described by Cheng
et al. [23]. Since the difference in mass between the NREL 5 MW wind tur-
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bine and three designed rotors is small compared to the displacement of
the semi-submersible, it is therefore assumed that such modification will
not significantly affect its hydrostatic performance. In addition, A gener-
ator torque controller was designed to regulate the rotor rotational speed
using the improved control strategy described in Section 3.2.4. The mean
generator power of landbased and floating VAWTs is shown in Figure 4.3.

Figure 4.3: The mean value of the generator power of the landbased and
floating VAWTs with the improved controller.

The rotor and substructure were designed with similar overall aerody-
namic and hydrodynamic behavior. Although the structural properties of
the rotors and the design of the substructure are not optimal from an eco-
nomic point of view, they are sufficient to reveal and demonstrate the effect
of blade number on the dynamics of floating VAWTs.

4.3 HAWT Concepts

In this study, a spar-type HAWT with the NREL 5MW wind turbine [76]
was used for a comparative study of a spar-type HAWT and VAWT [70, 75]
(Paper 6 and Additional paper 8 ). The NREL 5 MW wind turbine is a
conventional three-bladed upwind HAWT with variable-speed and variable
blade-pitch control [76]. Table 4.5 lists the main specifications of this tur-
bine, and those of the 5 MW Darrieus rotor used by Cheng et al. [70] (Paper
6 ).

The OC3 spar buoy, as described in Jonkman [104], was used to support
the NREL 5 MW wind turbine [76]. The spar-type VAWT is described in
Section 4.1. A schematic design of the spar-type HAWT and VAWT system
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Figure 4.4: Schematic of the spar-type HAWT and VAWT system [70].

is depicted in Figure 4.4. The main properties of the spar HAWT and VAWT
system are given in Table 4.6. More detailed geometrical, structural and
hydrostatic properties of the spar floaters for the spar HAWT and VAWT
are described by Cheng et al. [75].

Table 4.5: Specifications of HAWT and VAWT

Turbines VAWT HAWT

Rated power [MW] 5 5
Rotor radius [m] 63.74 63
Rotor height/hub height [m] 129.56 90
Chord [m] 7.45 1.419-4.652
Cut-in, rated, cut-out wind speed [m/s] 5 , 14 , 25 5 , 11.4 , 25
Rated rotor rotational speed [rpm] 5.26 12.1
Nacelle mass [kg] 0 240,000
Rotor mass [kg] 305,044 110,000
Shaft mass/Tower mass [kg] 449,182 249,718
Location of overall CM [m] (0 , 0 , 75.6 ) (-0.2 , 0 , 70.06 )

4.4 Environmental Conditions

To evaluate the performance of novel floating VAWT concepts, a realistic
environmental condition should be considered. In this thesis, the wind and
wave data at the Statfjord site in the northern North Sea was selected.
Considering some other conditions, such as current, ice and tidal, is outside
the scope of present work.
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Table 4.6: Properties of the spar-type HAWT and VAWT system

Floater Spar VAWT Spar HAWT

Water depth [m] 320 320
Draft [m] 120 120
Diameter at MWL [m] 6.5 6.5
Platform mass, including ballast [ton] 7308.29 7466.33
Center of mass for platform [m] (0, 0, -89.76) (0, 0, -89.92)
Buoyancy in undisplaced position [kN] 80710 80710
Center of buoyancy [m] (0, 0, -62.07 ) (0, 0, -62.07 )
Surge/Sway natural period [s] 130.8 130.4
Heave natural period [s] 27.3 31.5
Pitch/Roll natural period [s] 34.5 29.6
Yaw natural period [s] 8.5 8.2

The long term wind and wave data can be described using a joint distri-
bution of the 1-hour mean wind speed at 10 m above sea water level (U10),
the significant wave height (Hs), and the spectral peak period (Tp). Based
on the wind and wave measurements during 1973-1999, Johannessen et al.
[105] proposed a joint probability density distribution as a product of the
marginal wind distribution fU10 (u), the conditional distribution of Hs given
U10, and the conditional distribution of Tp given Hs and U10 as follows

fU10HsTp (u, h, t) = fU10 (u)fHs jU10 (h j u)fTp jHsU10 (t j h, u) (4.1)

Using the environmental data generated by a numerical hindcast model, Li
et al. [106] also established another long term distribution model for the
wind and wave parameters at five European offshore sites.

The joint probabilistic model can be used to establish a contour surface
and thus provide combinations of the weather parameters with a certain
return period. In this thesis, the joint distribution function is used to cal-
culate the conditional mean values of Hs and Tp for a given U10, which can
be determined from the wind speed Uw at the reference height zref . A set
of environmental conditions at the Statfjord site was selected to simulate
the dynamic responses of floating wind turbines, as given in Table 4.7. In
this thesis, only normal operating conditions with the wind speed ranging
from the cut-in to cut-out were considered.

For turbulent wind conditions, the TurbSim [107] was used to generate
the 3D turbulent wind field based on the Kaimal spectral model. The IEC
Kaimal model is defined in IEC 61400 [108]. In addition, variation of the
mean wind speed with height above the ground, known as wind shear, is
significant and also considered using the normal wind profile model proposed
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Table 4.7: The turbulent wind and irregular wave condition

Uw [m/s] Hs [m] Tp [s] TI [-]

LC1 5 2.10 9.74 0.224
LC2 8 2.55 9.86 0.174
LC3 10 2.88 9.98 0.157
LC4 12 3.24 10.12 0.146
LC5 14 3.62 10.29 0.138
LC6 18 4.44 10.66 0.127
LC7 22 5.32 11.06 0.121
LC8 25 6.02 11.38 0.117

in the IEC 61400 [108]. The power law formulation of wind shear is applied
to determine the average wind speed Uz as a function of height z above
mean sea level (MSL), as follows

U(z) = Uref

�
z

zref

� α

(4.2)

where Uref is the reference wind speed, zref is the height of the reference
wind speed and α is the power law exponent. In this study zref was set to
be 79.78 m above MSL, which is the vertical center of blades of the VAWTs
considered. The value of α was chosen to be 0.14 for the floating wind
turbines according to IEC 61400-3 [108].

Regarding irregular wave conditions, the long-crested irregular wave was
generated using the Joint North Sea Wave Project (JONSWAP) spectrum,
which is given by [51]
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2π

Tp
(4.5)

σ =

(
0.07 for ω < ωp

0.09 for ω � ωp
(4.6)

in which α is the spectral parameter, β is the form parameter, γ is the
peakedness parameter and is limited by 1 � γ � 7. A typical value of
γ = 3.3 represents a sea state that is not fully developed.
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the AC flow method described in Section 2.3. A generator torque controller
was also designed and used to regulate the rotational speed based on the
improved control strategy described in Section 3.2.4. These three VAWTs
were then adapted to a semi-submersible platform to achieve three floating
VAWTs with identical draft, displacement and mooring system. Properties
of the rotors and floating VAWT systems are described in Section 4.2. A set
of turbulent wind and irregular wave simulations, as given in Table 4.7, were
carried out to study the dynamic responses of the three floating VAWTs.

Figure 5.1 shows the mean values and standard deviations of the gen-
erator power production, thrust, side force and rotor rotational speed for
the three floating VAWTs. It can be found that the mean values in the
generator power, thrust, side force and rotor rotational speed of three float-
ing VAWTs are very close to each other for each LC as well. Although the
mean side force of the 2-bladed semi VAWT is larger than those of the 3-
and 4-bladed semi VAWTs, the absolute value is all small compared to the
mean thrust.

Visible differences in Figure 5.1 are observed in the standard deviations,
especially in those of the thrust and side force. Such differences are mainly
due to the different number of blades. The blade number contributes consid-
erably to the variation of resultant aerodynamic loads acting on the rotor,
as illustrated in Figure 5.1 (b) and (c). The standard deviation in the thrust
and side force of the 2-bladed semi VAWT is significantly larger than those
of the 3- and 4-bladed semi VAWT, since its lift and drag force of each
blade reach the maximum and minimum simultaneously, causing the thrust
and aerodynamic torque varying from approximate zero to double the mean
value.

Moreover, the difference in the standard deviation of the generator power
among the three semi VAWTs is much less notable than that of the aero-
dynamic loads. The standard deviation in the generator power of the 3-
and 4-bladed semi VAWTs are very close to each other, while that of the
2-bladed semi VAWT is visibly larger than those of the 3- and 4-bladed semi
VAWTs above the rated wind speed.

Neither are the platform motions sensitive to the blade number, due
to the compliant catenary mooring system, as demonstrated in Figure 5.2.
The mean value of platform motions are mainly induced by the wind loads.
The mean surge, pitch and yaw motions increase as wind speeds increase.
Moreover, the mean pitch and yaw motions of the 2-bladed semi VAWT
are to some extent larger than those of the 3- and 4-bladed semi VAWTs
above the rated wind speed. The standard deviations of platform motions
are induced by not only the wind loads but also the wave loads. It’s obvious
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(a) Generator power production (b) Thrust

(c) Side force (d) Rotor rotational speed

Figure 5.1: The mean value and standard deviation of the (a) generator
power production, (b) thrust, (c) side force, and (d) rotor rotational speed
of three floating VAWTs (Semi Hi, i-number of blades) in turbulent wind
and irregular wave conditions [23].

(a) Pitch (b) Yaw

Figure 5.2: The mean value and standard deviation of the pitch and yaw
motions of three floating VAWTs in turbulent wind and irregular wave con-
ditions [23].
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from Figure 5.2 that the standard deviations of platform motions of the 3-
and 4-bladed semi VAWTs are generally very close to each other for each LC.
Moreover, the standard deviation of pitch motions of these three floating
VAWTs are very close to each other for each LC. However, the 2-bladed
semi VAWT gives relatively larger standard deviations in surge, roll and
yaw motions at LCs with wind speeds above the rated one.

The effect of blade number on the structural response is of great interest
and was studied using the tower base bending moment. Figure 5.3 compares
the mean value and standard deviation of the tower base for-aft bending
moment MFA and side-side bending moment MSS for the three floating
VAWTs. Obviously the discrepancy in the mean value of both MFA and
MSS for the three floating VAWTs is fairly small, and is much less notable
than that in the standard deviation.

(a) Tower base fore-aft bending moment (b) Tower base side-side bending moment

Figure 5.3: The mean value and standard deviation of tower base fore-aft
and side-side bending moments of three floating VAWTs in turbulent wind
and irregular wave conditions [23].

The 2-bladed semi VAWT gives significantly larger standard deviation
than the 3- and 4-bladed semi VAWTs with respect to both the MFA and
MSS , as illustrated in Figure 5.3. The ratio of the standard deviation of the
2-bladed semi VAWT to that of the 3-bladed semi VAWT varies from 2.37 to
3.93 for LC2-LC7, while the ratio of the standard deviation of the 4-bladed
semi VAWT to that of the 3-bladed semi VAWT remains approximately
constant at 0.8. It indicates that increasing blade number from 2 to 3
blades can decrease MFA more significantly than increasing blade number
from 3 to 4 blades. Similar conclusion can also be drawn for the MFA. In
addition, it is also interesting to see that for the 2-bladed semi VAWT the
MFA is smaller than the MSS for all LCs except LC1, and the discrepancy
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between MFA and MSS can reach more than 20% at LC7 and LC8. But
both 3- and 4-bladed semi VAWT predict to some extent larger MFA than
MSS in LCs with wind speed at or below the rated one.

Power spectral analysis can be used to identify the different contribu-
tions to the variation of the MFA and MSS , as shown in Figure 5.4. These
three floating VAWTs have very close low frequency turbulent wind in-
duced response and wave frequency response, as well as noticeable different
responses at the nP (2P, 3P and 4P) frequency. Moreover, the nP response
is increasingly dominating, especially in LCs with high wind speeds. For
the 2-bladed semi VAWT, it is seen that not only is the 2P response signif-
icant but even the 4P response is visible, while only 3P and 4P response is
captured for the 3- and 4-bladed semi VAWT, respectively.
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Figure 5.4: Power spectra of the (a) tower base fore-aft bending moment and
(b) side-side bending moment of three floating VAWTs in LC7 [23]. LC7 is
defined in Table 4.7.

The effect of blade number on the mooring line tension of the three
floating VAWTs was also studied. Among the three mooring lines, the
mooring line 2 is in line with the wind and wave directions and carries the
largest tension when the floating VAWTs are subjected to the wind and
wave loads. The tension in mooring line 2 is thus studied. Figure 5.5 shows
the mean value and standard deviation of the tension in mooring line 2 of the
three floating VAWTs. It can be found that the mean value for each LC is
very close to each other for the three floating VAWTs and visible difference
is only observed in the standard deviation, especially in LCs with wind speed
at or above the rated one. The difference in the standard deviation can be
explored by using the power spectra analysis. Generally the power spectral
density is dominated by the low frequency turbulent wind induced response,
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Figure 5.5: The mean value and standard deviation of the tension in moor-
ing line 2 of three floating VAWTs in turbulent wind and irregular wave
conditions [23].

and wave frequency response for the three floating VAWTs. For the 2-bladed
semi VAWT the 2P response is also very prominent, especially at LCs with
high wind speed. In addition, a tiny 3P response is also captured for the
3-bladed semi VAWT in LC7 and LC8. But no 4P response for the 4-bladed
semi VAWT is observed for all LCs.

To summarize, the aerodynamic loads and structural responses are strongly
dependent on the number of blades. In particular, by increasing the number
of blades from two to three reduces the variation in the tower base bending
moment more significantly than increasing it from three to four. However,
the generator power is not sensitive to the blade number due to the control
strategy implemented and neither are the platform motions and tension in
mooring lines because of the control strategy and compliant mooring system.

5.3 Dynamic Analysis of a Spar, Semi-submersible
and TLP VAWT

The stochastic dynamic responses of a spar, semi-submersible and TLP
VAWT concepts [64] (Paper 4 ), as described in Section 4.1, were studied
under the turbulent wind and irregular wave conditions, including the gen-
erator power production, global platform motion, tower base fore-aft and
side-side bending moment and the tensions of the mooring lines. The base-
line controller was used during the simulations. Detailed descriptions of
load cases used is described by Cheng et al. [64] and also given in Table 4.7.
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It should be noted that the stochastic dynamic responses in this section are
calculated using the code SIMO-RIFLEX-DMS, but the results are plotted
with the mean wind speed as the variable in the abscissa axis for simplicity.

Figure 5.6 shows the mean values of the generator power production of
the three floating VAWT concepts. The error bar indicates the standard
deviation from the mean value. It can be observed that the mean generator
powers increase as the wind speed increases. At rated wind speed of 14
m/s, the mean generator powers slightly exceed the rated power of 5 MW,
since the Beddoes-Leishman dynamic stall model is included in the DMS
model. The rotor considered can achieve a rated power of 5 MW when
excluding the dynamic stall effect. In addition, the mean generator power
of the three floating VAWT concepts is very close to each other, except
at high wind speeds where the mean generator power of the semi VAWT
begins to differ from that of the spar VAWT. The difference results from the
different rotational speed and increases as the wind speed increases. The
different rotational speed for the three concepts are due to the controller
implemented. The controller regulates the rotational speed by adjusting the
generator torque, but fails to keep the rotational speed at above rated wind
speed exactly constant. The variations of the generator power for the three
floating VAWT concepts are very close to each other as well.
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Figure 5.6: Mean power production for the three floating VAWT concepts
with error bar indicating the standard deviation from the mean value in the
turbulent wind and irregular wave load cases. The load cases are indicated
using mean wind speed in the abscissa axis. Results of the TLP VAWT are
only given in load cases with wind speeds of 10 and 14 m/s. [64]

The global platform motions of the three floating VAWT concepts present
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significant differences. For each load case, the spar VAWT suffers the con-
siderable larger platform motions in surge and pitch. but the standard
deviations of the spar VAWT and semi VAWT in pitch motions are very
close to each other. Regarding the yaw motion, the mean yaw motions of
the three floating VAWT concepts are fairly close. However, the standard
deviation of the yaw motion of the semi VAWT is relatively larger than that
of the spar VAWT, this is due to the resonant yaw motions excited by the
turbulent wind.

Characteristic structural responses for the three floating VAWT con-
cepts are also of great interest. Here both the tower base fore-aft bending
moment MFA and side-side bending moment MSS are chosen as the pri-
mary structural performance parameters. The tower base was assumed to
be located below the bearings between the rotating shaft and the drive train
shaft. Since the aerodynamic loads of each blade varies with the azimuthal
angle, not only MFA but also MSS have great variations, which is quite
different from the horizontal axis wind turbine. These variations of bending
moments can cause large stress fluctuations, thus leading to great fatigue
damage.

Figure 5.7: Power spectra of tower base (a) fore-aft and (b) side-side bend-
ing moment for the three floating VAWT concepts in turbulent wind and
irregular wave condition with Uw =14 m/s, Hs=3.62 m, Tp=10.29 s.

Figure 5.7 compares the power spectra of MFA and MSS under the
turbulent wind and irregular wave condition. The turbulent winds excite
the certain low-frequency response of MFA, but the wind-induced response
is much smaller than the 2P response in both MFA and MSS . Furthermore,
since the taut tendons cannot absorb the 2P aerodynamic excitations for
the TLP VAWT, the 2P responses in MFA and MSS of the spar VAWT and
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semi VAWT are much smaller than that of the TLP VAWT, which implies
that the catenary mooring system can greatly mitigate the 2P effects on
structural dynamic responses. Eigen-frequency analysis has been carried out
for this rotor and states that the natural frequencies of the first and second
tower base bending modes are far away from the 1P and 2P excitations [44].
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Figure 5.8: Mean values, standard deviations, and maximum values of the
tower base fore-aft bending moment for the three floating VAWT concepts.
The load cases are indicated using mean wind speed in the abscissa axis.
Results of the TLP VAWT are only given in load cases with wind speeds of
10 and 14 m/s.

As a consequence, the standard deviations of MFA and MSS for the spar
and semi VAWT are smaller than those of the TLP VAWT, as demonstrated
in Figure 5.8. Figure 5.8 compares the mean values and standard deviations
of MFA for the three floating VAWT concepts under different environmental
conditions. The mean values and standard deviations of MFA increase as
the wind speed increases. The mean values of MFA for the spar VAWT and
semi-submersible VAWT are much larger than the corresponding standard
deviations; on the other hand, the standard deviations of the TLP VAWT
are much larger than the mean values. The spar VAWT has the largest
mean value of MFA with smallest standard deviation. A similar effect is
also observed for MSS for the three floating VAWT concepts.
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5.4 Effect of Difference-frequency Force on the Dy-
namics of a Semi-submersible VAWT in Mis-
aligned Wave-wind Conditions

For moored floating structures, the second order difference-frequency wave
force is important for properly simulating the low-frequency wave excitation
force and the corresponding global responses. It is therefore of interest
to investigate the effect of second order difference-frequency forces on the
dynamic responses of a semi-submersible type VAWT. The semi-submersible
VAWT considered is a two-bladed 5 MW Darrieus rotor [27] mounted on
the OC4 semi-submersible [9], details regarding the properties of the floating
wind turbine system is given in Section 4.1.

The load cases used in this study is given in Table 4.7 and by Wang et
al. [60]. It should be noted here that the LC2 and LC4 listed in Table 4.7
were not included in this study. Three combinations of hydrodynamic load
component were considered as follows

r first order wave excitation force (1st)r first order wave force and mean drift force (1st + mean drift)r first order wave force and second order difference-frequency force (1st
+ full QTF)

Figure 5.9: A horizontal cross section of the rotor showing the wave direction
distribution in misaligned wave-wind conditions [60].
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hardly affected by the wind-wave misalignment. Compared to the mean
values, the standard deviations of the platform motions are a little more
sensitive to the wave-wind misalignment, as depicted in Figure 5.10. The
standard deviation of surge motion increases slowly with increasing βwave
in LCs 1, 3 and 5, and decreases slightly with increasing βwave in LCs 6-
8. The standard deviation of heave motion almost holds constant for each
LC and can be regarded as wave-wind misalignment independent. The
standard deviation of pitch motion decreases slowly with increasing βwave
for each LC due to the reduction of the component of hydrodynamic loads
in surge direction. This decrease in turn causes the increase of the standard
deviation of sway and roll motions with increasing βwave and the increase
becomes more obvious at higher significant wave height conditions such as
LC 6-8. For yaw motion, the standard deviation is dominated by the yaw
resonant response.

In addition, spectral analysis shows that as the wave-wind misalign-
ment βwave increases, the low-frequency response increases while the wave-
frequency response decreases. The response corresponding to the 2P fre-
quency does not vary with the wave-wind misalignment since they are due
to the variation of aerodynamic loads and are thus independent of the mis-
alignment. The increase in the low-frequency response counteracts the re-
duction in the wave-frequency response, leading to relatively small variation
in the standard deviations of surge, heave and pitch motions.

The second order difference-frequency force and the wave-wind misalign-
ment can also affect the structural responses of the semi VAWT. Figure
5.11 presents the mean value, standard deviation and maximum value of
the tower base bending moment, including fore-aft bending moment MFA

and side-side bending moment MSS , for each load case with different wave-
wind misalignment and hydrodynamic load component, respectively. The
mean values of MFA and MSS do not strongly depend on the wave-wind
misalignment, since the tower base bending moments are primarily caused
by the large aerodynamic force acting on the rotor and by the weight of the
rotor due to the tower tilt and are thus not affected by the wave-wind mis-
alignment. Unlike the mean value, the wave-wind misalignment has a slight
influence on the standard deviations of MFA and MSS . As wave-wind mis-
alignment increases, the standard deviation of MSS decreases slightly while
the standard deviation of MFA increases slowly with wave direction in the
range of 0� to 60� and then decrease slightly. The maximum values of MFA

and MSS vary similarly as the standard deviation when the wave-wind mis-
alignment increases. However, these variations are larger than those of the
standard deviation. Therefore, the wave-wind misalignment has relatively
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larger influence on the maximum values of MFA and MSS than on the stan-
dard deviations of MFA and MSS .

Figure 5.11: Mean value, standard deviation and maximum value of the
tower base fore-aft bending moment MFA and side-side bending moment
MSS as a function of wave direction βwave for all load cases [60].
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5.5 Comparative Study of Spar-type HAWT and
VAWT

A comparative study on the dynamics of a spar-type HAWT and VAWT has
been conducted to investigate the dynamic response characteristics of each
concept by Cheng et al. [75, 70] (Paper 6 and Additional Paper 8 ). The OC3
spar buoy [104] was used to support the NREL 5 MW wind turbine [76] and
the DeepWind 5 MW Darrieus rotor [27], respectively. Detailed description
of the wind turbines, support structures and mooring systems are given in
Section 4.3. The SIMO-RIFLEX-AeroDyn [38] and SIMO-REFLEX-DMS
[44] code was used to conduct the fully coupled time domain simulations for
the spar HAWT and VAWT, respectively.

Cheng et al. [75] (Additional Paper 8 ) conducted the comparative study
using the baseline control strategy, as described in Section 3.2.4, for the spar
VAWT. In this comparative study, the wind fields were created with respect
to different reference heights for the spar HAWT and VAWT, which implies
that a slightly different wind field was used. Moreover, the generator power
of the floating VAWT exceeds 5 MW above the rated wind speed and could
even reach up to 9 MW. Hence, a more comprehensive comparative study
is required by using the same wind field and maintaining almost identical
mean generator power production, which is achieved by Cheng et al. [70]
(Paper 6 ).

An improved control strategy was proposed and employed to make the
comparative study more reasonable by Cheng et al. [70] (Paper 6 ), as
described in section 3.2.4. A series of numerical simulations were carried
out under identical turbulent wind and irregular wave conditions, as given
in Table 4.7.

Figure 5.12 shows the mean values and standard deviations of the gen-
erator power and thrust for the spar HAWT and VAWT. At wind speeds
above 14 m/s, the mean generator powers of the spar HAWT and VAWT
are very close to the rated power of 5 MW. However, the standard deviation
of the generator power of the spar VAWT is approximately twice of that of
the spar HAWT. For wind speeds below 14 m/s, the mean generator power
of the spar HAWT is always much greater than that of the spar VAWT due
to the higher power coefficient.

The spar HAWT and VAWT also differ in the platform motions due to
the different aerodynamic loads and control strategies. For both the spar
HAWT and VAWT, the trends in the mean values of surge, heave and pitch
motions are very similar to those of the mean thrust acting on the rotors,
since the mean values of the platform motions are mainly related to wind
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Figure 5.12: Mean values and standard deviations of (a) generator power
and (b) thrust for the spar-type HAWT and VAWT under turbulent wind
conditions [70].

thrust force. The mean values of the sway, roll and yaw motions of the
spar HAWT are very small, because the aerodynamic lateral force and yaw
moment are small due to symmetry. However, the spar VAWT has much
larger mean values in sway, roll and yaw motions, especially at high wind
speed.

The structural responses of the spar HAWT and VAWT exhibit signif-
icant differences as well. Figure 5.13 shows the power spectra of the tower
base fore-aft and side-side bending moment for the spar HAWT and VAWT
in turbulent wind and irregular wave condition with Uw =14 m/s, Hs=3.62
m, Tp=10.29 s. Obviously the response corresponding to the 2P frequency
is considerably dominating in the tower base fore-aft and side-side bending
moments for the spar VAWT. Moreover, the tower base fore-aft bending mo-
ment for the spar VAWT also includes prominent low-frequency turbulent
wind induced response and wave frequency response. With respect to the
spar HAWT, the tower base fore-aft bending moment consists of significant
low-frequency turbulent wind induced response, pitch resonant response and
wave frequency response. The pitch resonant response mainly results from
the relatively large platform pitch motion. In addition, the tower base of
the spar HAWT is mainly affected by the fore-aft bending moment, while
the side-to-side bending moment can be neglected.

The tower base of the spar VAWT suffer relatively larger fatigue damage
than that of the spar HAWT, as shown in Figure 5.14. A Matlab-based
computer program MLife developed by NREL [109] is used to estimate
the short-term damage equivalent fatigue loads (DEFLs). The short-term
DEFL is a constant-amplitude load that occurs at a fixed mean value and









Chapter 6

Conclusions and
Recommendations for Future
Work

This thesis deals with the development, verification and application of fully
coupled methods for numerical modeling and dynamic analysis of floating
vertical axis wind turbines (VAWTs). An aerodynamic code based on the
AC method is developed and validated with experimental data. Then a
fully coupled aero-hydro-servo-elastic simulation tool SIMO-RIFLEX-AC
is developed and verified, and another fully coupled code SIMO-RIFLEX-
DMS is improved as well. Using fully coupled time domain simulations,
the dynamic response characteristics of several floating VAWT concepts are
investigated and demonstrated. In addition, a comparative study of a spar-
type HAWT and VAWT is presented. The final chapter presents the main
conclusions, contributions and recommendations for future work.

6.1 Conclusions

The main contributions of the thesis can be summarized as follow:

r The actuator cylinder (AC) flow model, initially developed by Mad-
sen, was further discussed and developed for aerodynamic modeling of
floating vertical axis wind turbines (VAWTs). It includes the tangen-
tial load term when calculating induced velocities, uses two different
approaches to calculate the normal and tangential loads acting on the
rotor, and proposes an improved linear solution. The effect of dy-
namic stall is also considered using the Beddoes-Leishman dynamic
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moving towards deeper waters where large floating wind turbines will be more economical, floating VAWTs have the
potential to reduce the cost compared to floating HAWTs [8] and efforts devoted to investigate floating VAWTs are
increasing.

Since Sandia National Laboratories started the study of vertical axis wind turbines in the 1970s, a variety of
aerodynamic models have been proposed for VAWTs. These include streamtube models, actuator cylinder (AC) flow
model, panel method, vortex method and computational fluid dynamics (CFD) method. The streamtube models are
based on the conservation of mass and momentum in a quasi-steady flow. They equate the forces on the rotor blades
to the change in the streamwise momentum through the turbine. They can be categorized into three models: single
streamtube model (SST) [13], multi-streamtube model (MST) [12] and double multi-streamtube (DMST) [9] model.
SST model [13] assumes that the entire rotor represented by an actuator disk is enclosed in one streamtube, MST
model [12] extends the SST model by dividing the rotor into a series of adjacent streamtubes and DMST model [9]
assumes that the vertical axis wind turbine can be represented by a pair of actuator disks in tandem at each level of
the rotor. Up to now, the DMST model has been widely used to estimate the aerodynamic loads on VAWTs.

However, by considering a 2D VAWT rotor, Ferreira et al. [2] compares the different models for VAWTs, including
the MST model, DMST model, AC [4] model, U2DiVA using panel model and CACTUS [7] using lifting line model,
and reveals that the DMST model seems to be less accurate than the AC, panel and vortex models. An overview of
these aerodynamic models can also be found in [11], which considers their complexity, accuracy, computational cost,
suitability for optimization and aeroelastic analysis. Due to the considerations of accuracy and computational cost,
the AC method seems to be the favorable method that can be used to conduct aero-hydro-servo-elastic time domain
simulations of floating VAWTs.

The AC method is a quasi-steady Eulerian model developed by Madsen [4]. The model extends the actuator disc
concept to an actuator surface coinciding with the swept area of the 2D VAWT. In the AC model, the normal and
tangential forcesQn andQt resulting from the blade forces are applied on the flow as volume force perpendicular
and tangential to the rotor plane, respectively, as illustrated in Fig. 1. Thus the velocity induced by the normal and
tangential forcesQn andQt can be computed analytically.

The AC method has been implemented in HAWC2 [3] to conduct the fully coupled aero-hydro-servo-elastic time
domain simulations of floating VAWTs. It can account for dynamic inflow, structural dynamics, tower shadow and
dynamic stall. Paulsen et al. [10] performed a design optimization of the proposed DeepWind concept. An improved
design has been obtained with an optimized blade profile with less weight and higher stiffness than the first baseline
design.

In this paper, an aerodynamic code is developed using the AC method developed by Madsen [4] to model VAWTs
for offshore application. The basic theory of the AC method will firstly be briefly presented. In the developed
code, the linear solution of induced velocities will be derived by including the effect of tangential load. The effect
of tangential load on the induced velocity was discussed in [5], but was ignored in the implementation of the AC
method into HAWC2 [3,6]. Using the AC method, modeling of a VAWT is presented subsequently including the
effect of dynamic stall via the Beddoes-Leishman dynamic stall model. Two different approaches are used to calculate
the normal and tangential loads acting on the rotor . A series of simulations are conducted to verify the code by
comparisons with other numerical models and experimental results . The accuracy of the present code and the effect
of tangential load on the induced velocity are addressed. Finally, a comparison of the present AC method and the
DMST method is performed.

2. Actuator cylinder flow model

Considering a 2D quasi-static flow problem as shown in Fig. 1, the basic equations are the Euler equation and
continuity equation. For simplicity the equations are non-dimensionalized with the basic dimensionsR, V∞ and � ,
which are rotor radius, free stream velocity and flow density, respectively. The velocity components can thus be
written as

vx = 1 + wx (1)

vy = wy (2)

wherewx andwy are local velocities representing the changes in wind speed due to the presence of the VAWT.
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Fig. 3. An illustration of the local element force acting on the blade of a VAWT.

• Approach I:

Qt =
BFtB

2� R� V2
wB

(21)

Qn =
BFnB

2� R� V2
wB

(22)

• Approach II:

Qt =
BFtA

2� R� V2
wB sin(� )

(23)

Qn =
BFnA

2� R� V2
wB sin(� )

(24)

whereB is the number of blades,R the radius of the disk considered,� the blade angle with the vertical direction, and
VwB the local free wind speed.

Approach I is based on the assumption that the local element considered is parallel to the rotating shaft, while
approach II takes into account the inclination of the local element, which can represent more physical phenomena if
the blade is curved or helical. The average thrust coefficient used in Eq. 19 can then be computed usingQn andQt.

4. Aerodynamic modeling of a floating VAWT using the AC method

The flow chart of the aerodynamic modeling of a floating VAWT using the AC method is shown in Fig. 4. A
swept surface is created when a VAWT rotates. A set of cylinders along the shaft is obtained by dividing the swept
surface vertically, and for each cylinder a number of grids coinciding with the swept surface can then be obtained by
dividing the cylinder circumferentially. In this sense the flow expansion in the vertical direction is not considered. A
typical number of 20-30 cylinders along the shaft and 36 azimuth angles for each cylinder is recommended by [6]. At
each time step, the induced velocity coefficients at these grids can be computed based on the AC method described
above. Thus the induced velocity at the actual calculation point for each blade can then be determined using an linear
interpolation from two nearest grids to the considered calculation point. The effect of dynamic stall is also included
using the Beddoes-Leishman dynamic stall model. The effects of wind shear and turbulence if present can be included
by the local free wind speed.



































































































































and floating VAWTs. Floating substructures with a compliant mooring system can help to alleviate the variations
in the structural responses, for instance in the tower base fore-aft and side-side bending moment. The tower base
fore-aft bending moment, especially for the 2-bladed semi VAWT, can be greatly reduced above the rated wind
speed, compared to that of the corresponding equivalent landbased one.

The impact of the number of blades is further studied using the turbulent wind and irregular wave simulations.
Stochastic dynamic response analysis shows that the variation of aerodynamic loads such as the thrust and side
force are strongly dependent on the number of blades; consequently the standard deviation of structural responses
for instance the tower base bending moment is significantly influenced. Moreover, increasing the number of blades
from two to three can decrease the variation in the tower base bending moment significantly whereas increasing
from three to four blades has limited additional e�ect. However, the generator power production is not sensitive
to the number of blades due to the control strategy used. Moreover, neither the platform motions nor mooring line
tension are very sensitive to the number of blades either because of the compliant catenary mooring system.

As a whole, this study demonstrates the e�ect of the number of blades on the dynamic behavior of floating
VAWTs using a fully coupled aero-hydro-servo-elastic approach and will serve as a basis for the preliminary
design trade-o�s with respect to the number of blades for floating VAWTs.
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Fig. 4 Pitch RAO of the three FVAWT concepts; the pitch RAO
of the TLP FVAWT is multiplied by 50.

a close coupling between surge and pitch, resulting in relatively
large surge RAOs at the pitch natural frequency, as illustrated in
Fig. 3. As given in Table 5 and demonstrated in Figs. 3 and 4,
the natural frequencies of surge and pitch for the spar FVAWT
and the semi-submersible FVAWT are very close to each other. In
addition, the semi-submersible FVAWT has much larger RAOs at
both surge and pitch resonant frequencies than the spar FVAWT.
Regarding the TLP FVAWT, it only exhibits large surge RAOs in
the vicinity of the surge natural frequency, and the pitch RAOs
are very close to zero as a result of the tensioned tendons.

During the present simulations, the structural elasticity of the
curved blades and the tower were taken into account. Peaks cor-
responding to the elastic blade flatwise mode are thus observed
in the pitch RAO for the spar FVAWT and the semi-submersible
FVAWT, as presented in Fig. 4. The first 10 eigenmodes of the
onshore VAWT have been discussed by Wang et al. (2013). It is
obvious that the first blade flatwise frequency and the frequen-
cies corresponding to these two peaks for the spar FVAWT and
the semi-submersible FVAWT do not exactly coincide. These dis-
crepancies come from the differences in mass and restoring coef-
ficients of the floating platforms, which cause a small shift in the
first blade flatwise frequency as compared to the onshore VAWT.

Generator Power Performance

The stochastic dynamic responses of the three FVAWT concepts
are studied under the turbulent wind and irregular wave condi-
tions, including the generator power production, global platform
motion, tower base fore-aft and side-to-side bending moment, and
the tensions of the mooring lines. For each case of each FVAWT
model, five identical and independent one-hour simulations were
performed; the mean value and standard deviation of the dynamic
responses were obtained by averaging the mean values and stan-
dard deviations of five one-hour ensembles.

Figure 5 shows the generator power production of the three
FVAWT concepts under the turbulent wind and irregular wave
conditions. Hereinafter, the results are plotted with the mean
wind speed as the variable along the abscissa axis for simplic-
ity. The power curve is based on the mean generator power pro-
duction with the error bar showing the standard deviation from
the mean value. The mean generator powers of the three FVAWT
concepts increase as the wind speed increases. At rated wind
speed of 14 m/s, the mean generator powers slightly exceed the
rated power of 5 MW, since the Beddoes–Leishman dynamic stall
model is included in the DMS model. The controller implemented

Fig. 5 Mean power production for the three FVAWT concepts
with error bar indicating the standard deviation from the mean
value

is designed to keep the rotational speed constant when the rated
operating point is reached; the mean generator powers are there-
fore increasing at above rated wind speeds. The effects of this
nonconstant power production at above rated wind speeds on the
grid can be reduced when the FVAWTs are operated as wind
farms. Moreover, a more robust controller will be developed in
the future to improve the generator power performance for the
FVAWT.

In addition, the mean generator powers of the three FVAWT
concepts are very close to each other, except at high wind speeds
where the mean generator power of the semi-submersible FVAWT
begins to differ from that of the spar FVAWT. The difference
results from the different rotational speed and increases as the
wind speed increases. The different rotational speed for the three
concepts is due to the fact that the controller implemented in the
present study is not very robust: it fails to keep the rotational
speed at above rated wind speed exactly constant. The variations
of the generator power for the three FVAWT concepts are very
close to each other as well.

Platform Motions

Because of the differences in structural and hydrodynamic
properties and in mooring systems, the three FVAWT concepts
present different global motions. The platform motions are defined
in the global coordinate system with the z-axis along the tower
and the x-axis parallel to the wind direction, as depicted in Fig. 1.
Power spectra analysis with frequency smoothing using a Parzen
window function was used to analyze the time series of global
motions. Figure 6 shows the power spectrum of surge, roll, pitch,
and yaw motions for the three FVAWT concepts under the tur-
bulent wind and irregular wave conditions with Uw = 14 m/s,
Hs = 3062 m, and Tp = 10029 s, respectively. The responses cor-
responding to the 2P frequency are observed for each FVAWT.
The 2P frequency arises from the characteristic of aerodynamic
loads acting on the two-blade VAWT. Since the rotating axis is
not parallel to the wind direction, the angle of attack of each blade
varies with the azimuth angle of the shaft, leading to the varia-
tion of resulting aerodynamic loads within one revolution. For a
two-blade FVAWT, the resultant aerodynamic forces and torque
vary twice per revolution and thus give rise to the 2P frequency
responses. The semi-submersible FVAWT has larger 2P responses
in pitch and roll motions, while the spar FVAWT has large 2P
responses in surge and sway motions. These 2P responses increase
as the wind speed increases.



218 Dynamic Response Analysis of Three Floating Wind Turbine Concepts with a Two-Bladed Darrieus Rotor

Because of the taut mooring system, the spectrum of motions
for the TLP FVAWT is much smaller than that of the spar FVAWT
and the semi-submersible FVAWT. The surge motions of the three
FVAWTs are dominated by the low-frequency responses due to
the turbulent wind and surge resonant responses. The wave fre-
quency surge responses are larger than the corresponding 2P
responses. The spar FVAWT has much larger wind-induced surge
motion, as well as the 2P responses, while the TLP FVAWT has
larger wave-frequency surge responses. The spectrum of sway
motion differs from the surge spectrum since the wind-induced
sway responses of the semi-submersible FVAWT are otherwise
much larger than those of the spar FVAWT, though the low-
frequency wind-induced sway responses are both dominating. For
the semi-submersible FVAWT, the wind-induced surge and sway
are the same order of magnitude, which means that the misaligned
wind and wave are of interest, as has been studied by Wang et al.
(2015b). The heave spectrum of the three FVAWTs is mainly
wave-frequency dominated.

The spectrum of pitch motions is very similar to that of
the surge motion, as the wind-induced responses and the pitch
resonant responses are more dominating. The semi-submersible
FVAWT has larger wave frequency response and 2P responses
in pitch than the spar FVAWT, but the pitch motion of the spar
FVAWT is otherwise larger due to the dominating wind-induced
responses in the turbulent wind conditions, as shown in Fig. 6c.
The pitch response of the TLP FVAWT is much smaller than the
others. Not only the 2P roll response but also the 1P roll response
can be observed for the semi-submersible FVAWT, as illustrated
in Fig. 6b. The wind-induced roll responses are very small, which
differs from the sway responses. Regarding the yaw motion, the
yaw responses are also dominated by the turbulent wind-induced
yaw responses for the three FVAWTs. The yaw motion of the
semi-submersible FVAWT is significantly magnified under the tur-
bulent wind condition because the turbulent wind excites the yaw
resonant response. For the spar FVAWT and the TLP FVAWT, the
2P yaw response is more prominent than for the semi-submersible
FVAWT; this is a consequence of the mooring system used.

Figure 7 compares the mean values and standard deviations of
the global motions of the three FVAWT concepts under the turbu-
lent wind and irregular wave conditions. Here only the results of
surge, pitch, and yaw motion are presented. The error bar indicates
the standard deviation from the mean value. The mean values
of the global motion increase as the wind speed increases, since
the mean values are mainly wind-induced. For the TLP FVAWT,
as a result of the tensioned tendons, the vertical motions includ-
ing the roll, pitch, and heave are close to zero, and the surge
and sway are also much smaller than those of the spar FVAWT
and the semi-submersible FVAWT. For the spar FVAWT and the
semi-submersible FVAWT, the spar FVAWT presents larger mean
pitch motion due to the smaller pitch restoring coefficient, but the
standard deviations are very close to each other. Since the cen-
ter of gravity of the spar FVAWT is 73.5 m below MSL, which
is much larger than that of the semi-submersible FVAWT, the
mean value and standard deviation of surge motion for the spar
FVAWT are therefore significantly larger: the mean surge motion
reaches 35.20 m under LC3.6. Similar results can be observed for
the mean values of roll and sway motions for the spar FVAWT
and the semi-submersible FVAWT. Though the mean values of
each global motion in surge, sway, pitch, and roll illustrate signif-
icant discrepancies for the three FVAWT concepts, the mean yaw
motions are fairly close, as shown in Fig. 7c. In addition, the stan-
dard deviation of yaw of the semi-submersible FVAWT is much
larger than that of the spar FVAWT; this is because the resonant
yaw motions are excited by the turbulent wind.

Fig. 6 Power spectra of (a) surge, (b) roll, (c) pitch, and (d)
yaw motions for the three FVAWT concepts in LC3.3 with Uw =

14 m/s, Hs = 3062 m, and Tp = 10029 s; different scales are used
along the abscissa axis and ordinate axis.
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Fig. 7 Mean values of (a) surge, (b) pitch, and (c) yaw motions
for the three FVAWT concepts with error bar indicating the stan-
dard deviation; there are no results for TLP FVAWT at LC4
through LC6.

Tower Base Bending Moment

Here the tower base was assumed to be located below the
bearings between the rotating shaft and the drivetrain shaft. The
tower base bending moment is caused by the large aerodynamic
force acting on the rotor and by the weight of the rotor due to
the tower tilt. Even under the same environmental condition, the
three FVAWT concepts demonstrate significant differences in plat-
form motions, leading to discrepancies in the tower base bend-
ing moment. Here both the tower base fore-aft bending moment
MFA and side-to-side bending moment MSS are chosen as the pri-
mary structural performance parameters. Since the aerodynamic
loads of each blade vary with the azimuthal angle, not only MFA

but also MSS have great variations, which is quite different from

Fig. 8 Power spectra of (a) tower base fore-aft bending moment
and (b) tower base side-to-side bending moment for the three
FVAWT concepts in LC3.3 with Uw = 14 m/s, Hs = 3062 m, and
Tp = 10029 s

the HAWT. These variations of bending moments can cause large
stress fluctuations, thus leading to great fatigue damage.

Figure 8 compares the power spectra of MFA and MSS under
the turbulent wind and irregular wave conditions. The turbulent
winds excite the certain low-frequency response of MFA, but the
wind-induced response is much smaller than the 2P response in
both MFA and MSS . Furthermore, since the taut tendons cannot
absorb the 2P aerodynamic excitations for the TLP FVAWT, the
2P responses in MFA and MSS of the spar FVAWT and the semi-
submersible FVAWT are much smaller than those of the TLP
FVAWT, which implies that the catenary mooring system can
greatly mitigate the 2P effects on structural dynamic responses.
As a consequence, the standard deviations of MFA and MSS for the
spar FVAWT and the semi-submersible FVAWT are smaller than
those of the TLP FVAWT, as shown in Fig. 9. Figure 9 compares
the mean values and standard deviations of MFA for the three
FVAWT concepts under different environmental conditions. The
mean values and standard deviations of MFA increase as the wind
speed increases. The mean values of MFA for the spar FVAWT
and the semi-submersible FVAWT are much larger than the cor-
responding standard deviations; on the other hand, the standard
deviations of the TLP FVAWT are much larger than the mean

Fig. 9 Mean values, standard deviations, and maximum values of
the tower base fore-aft bending moment for the three FVAWT
concepts; there are no results for TLP FVAWT at LC4 through
LC6.
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values. The spar FVAWT has the largest mean value of MFA with
smallest standard deviation. A similar effect is also observed for
MSS for the three FVAWT concepts.

Mooring Line Tension

The mooring system is used to keep the platform in position.
Because of the large aerodynamic excitations at high wind speeds,
the FVAWT may experience large global motion, especially the
yaw motion, as shown in Fig. 7c. The three FVAWT concepts used
different mooring systems, as depicted in Fig. 1. The TLP FVAWT
employed the three pre-tension tendons, which results in large 2P
variation of tension in the tendons, as demonstrated in Fig. 2. The
TLP is a desirable supporting structure choice when the variations
of the aerodynamic loads acting on the rotor are reduced signif-
icantly. This can be achieved by increasing the blade number or
using a helical blade (Cahay et al., 2011). One chain mooring
system with delta lines and clump weights was applied for the
spar FVAWT, and one catenary mooring system was adopted by
the semi-submersible FVAWT. In the present study, the mooring
line tensions at the fairlead were studied; Fig. 10 presents the
power spectrum of the tension of mooring line 2 for the semi-
submersible and TLP FVAWTs and delta line 2a for the spar
FVAWT under turbulent wind and irregular wave conditions. The
mooring lines in the global coordinate system are specified in
Fig. 1 for three FVAWT concepts, respectively.

The power spectral density (PSD) of the tension of the TLP
FVAWT is approximately three orders of magnitude higher than
that of the semi-submersible FVAWT and the spar FVAWT, since
the variations of tendon tensions are too large as compared to the
other two. For the spar and semi-submersible FVAWTs, the turbu-
lent wind-induced response of the tension of mooring line is dom-
inating, and the contributions from the wave frequency response
and 2P response increase as the significant wave height and wind
speed increase. Additionally, for the spar FVAWT, the delta line
tensions always remain positive, meaning that the current moor-
ing system is acceptable for the operational condition. Moreover,
the mean value, standard deviation, and maximum values of the
semi-submersible FVAWT are all larger than those of the spar
FVAWT, as shown in Fig. 11.

Fig. 10 Power spectrum of the tension in delta line 2a for the
spar FVAWT and mooring line 2 for the semi-submersible and
TLP FVAWTs in LC3.3 with Uw = 14 m/s, Hs = 3062 m, and
Tp = 10029 s

Fig. 11 Mean values, standard deviations, and maximum values
of the tension in delta line 2a for the spar FVAWT and mooring
line 2 for the semi-submersible and TLP FVAWTs; there are no
results for TLP FVAWT at LC4 through LC6.

CONCLUSIONS

The present paper deals with a comparative study of the
dynamic responses of three FVAWT concepts with a two-bladed
Darrieus rotor. The OC3 spar, the OC4 semi-submersible, and a
TLP, which were originally designed to support the NREL 5 MW
wind turbine, were taken as the floating platform to support a
5 MW Darrieus rotor. Fully coupled time domain simulations
were carried out using the SIMO-RIFLEX-DMS code. A series
of load cases with turbulent wind and irregular waves was defined
to investigate global stochastic dynamic responses of the three
FVAWT concepts, including the generator power production, the
platform motions, the tower base bending moment, and the ten-
sions of mooring lines.

Both the mean values and the standard deviations of the gen-
erator power production for the three FVAWTs are very close,
except that differences in mean power between the spar FVAWT
and the semi-submersible FVAWT arise due to the different rotor
rotational speeds. For the three FVAWTs, the motion of surge,
pitch, and yaw are mainly due to the low-frequency turbulent
wind loads, and the responses corresponding to the 2P frequency
are observed for each motion. The spar FVAWT suffers the
largest mean value and standard deviation of motions in surge,
pitch, and yaw. The semi-submersible FVAWT displays the best
global motion performance. Though the three FVAWTs experi-
ence severe yaw motion, especially at high wind speed, the yaw
motion of the semi-submersible FVAWT is mainly caused by the
wind-induced yaw resonant response. Attention should be paid
to the yaw natural period when designing a semi-submersible for
FVAWTs.

Significant 2P effects can be observed in the responses of the
tower base bending moments for the three FVAWTs. These 2P
responses can cause great fatigue damage and should be reduced,
e.g., by damping. The slack mooring lines can mitigate the 2P
effects since they are more efficient at absorbing the 2P aerody-
namic excitations. In addition, the 2P variations in the aerody-
namic loads can be relieved by increasing the number of blades,
using helical blades, or adopting more advanced control strategy
despite the increasing costs. Large variations of axial force also
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exist in the tendons of the TLP FVAWT because of the 2P aerody-
namic loads. Unless these variations are significantly reduced, the
TLP is not a very good supporting structure. The present mooring
system with clump weight and delta lines for the spar FVAWT can
only work well for the operational condition that a new mooring
system is required when extreme condition analysis is carried out.
Both the mooring line tensions for the semi-submersible FVAWT
and the delta line tensions for the spar FVAWT show an obvious
2P response, but they are much smaller than those for the TLP
FVAWT.

Although the three floating platforms are originally designed to
support the NREL 5 MW wind turbine, the present study aims
to reveal the dynamic response characteristics of each FVAWT
concept. The results can help to resolve preliminary design trade-
offs among the three FVAWT concepts and will serve as a basis
for further developments of each FVAWT concept.
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