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Abstract

Offshore wind energy is one of the most promising renewable energy resources

and an increasing interest arises to develop floating vertical axis wind turbines

(VAWTs), which have the potential to reduce the cost of energy. Assessment of

the performance of floating VAWTs requires sophisticated fully coupled aero-

hydro-servo-elastic simulation tools, which are currently limited. This paper

aims to develop a fully integrated simulation tool for floating VAWTs. Based

on the actuator cylinder (AC) flow model, aerodynamic modeling of floating

VAWTs is established with consideration of the effects of turbulence, dynamic

inflow and dynamic stall. The developed aerodynamic code is then coupled with

the code SIMO-RIFLEX to achieve a fully coupled tool, i.e. SIMO-RIFLEX-AC,

which can account for the aerodynamic, hydrodynamics, structural dynamics

and controller dynamics with high fidelity. A series of code-to-code comparisons

with the codes HAWC2 and SIMO-RIFLEX-DMS are carried out using a land-

based VAWT and a semi VAWT, and reveal that the present code can predict

the aerodynamic loads and dynamic responses accurately. Moreover, the code

SIMO-RIFLEX-AC can predict more accurate responses than the code SIMO-
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RIFLEX-DMS, such as the platform motions, tower base bending moments and

tension in mooring lines.

Keywords: Floating vertical axis wind turbine, fully coupled method,

aero-hydro-servo-elastic, actuator cylinder flow model

1. Introduction

During the 1970s and 1980s, a substantial amount of researches were con-

ducted to develop the vertical axis wind turbines (VAWTs), particularly in the

United States and Canada. The largest onshore VAWT, the Éole Darrieus

wind turbine, was built in 1986 at Québec, Canada. Commercial development5

of VAWTs was made in the United States during the 1980s by FloWind Ltd.

However, due to fatigue problems within the bearings and blades, VAWTs lost

the ground relative to the horizontal axis wind turbines (HAWTs).

In recent years, offshore wind farms are moving towards deeper waters and

the interest in the development of floating VAWTs has been resurging. Com-10

pared with floating HAWTs, floating VAWTs have lower centers of gravity, are

independent of wind direction, can provide reduced machine complexity and

have the potential of achieving more than 20% cost of energy reductions [1].

Moreover, floating platform can help to mitigate the fatigue damage suffered

by the onshore VAWTs [2]. In addition, floating VAWTs are more suitable for15

deployment as wind farms than floating HAWTs, because they are less affected

by wake effects. The wake generated by a pair of counter-rotating H-rotors

dissipate more quickly than that of floating HAWTs, allowing them to be de-

ployed with small separations [3]. Thus, more and more efforts are devoted to

the development of floating VAWTs. In order to assess the technical feasibil-20

ity of floating VAWTs, a fully coupled simulation tool is required. However,

currently the simulation tools which are capable of performing fully coupled

analysis of floating VAWTs are very limited, due to the difficulty of predicting

the aerodynamic loads accurately at a small computational cost.

Since Sandia National Laboratories started the study of VAWTs in the 1970s,25
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a variety of aerodynamic models have been used to predict aerodynamic loads

acting on the rotor for VAWTs. These include multi-streamtube model, dou-

ble multi-streamtube (DMS) model, actuator cylinder (AC) flow model, panel

method, vortex method and computational fluid dynamics (CFD) method. A

comprehensive overview of these models can refer to Borg et al. [4].30

Among these models, currently the DMS model has been widely used to es-

timate the aerodynamic loads on VAWTs. The DMS is also adopted in several

available fully coupled simulation tools, including the SIMO-RIFLEX-DMS [5],

FloVAWT [6] and OWENS [7]. The SIMO-RIFLEX-DMS code was developed

by Wang et al. [5] to perform the fully coupled non-linear aero-hydro-servo-35

elastic simulations for floating VAWTs. This code is based on the SIMO [8] and

RIFLEX [9] programs which have been extensively used and validated for off-

shore structures subjected to wave loads. It can account for the turbulent wind

inflow, aerodynamics, hydrodynamics, control dynamics, structural mechanics

and mooring line dynamics. The aerodynamic loads are calculated using the40

DMS model with the Beddoes-Leishman dynamic stall model. To provide a

simplified coupled dynamics design tool to the use in the preliminary design

stages of floating VAWTs, Collu et al. [6] from Cranfield University developed

FloVAWT (Floating Vertical Axis Wind Turbines) code. The DMS model with

Gormont-Berg dynamic stall is used in the aerodynamic model. However, this45

code is based on a simplified quasi-static mooring line model and structural

and controller dynamics are not accounted for. Sandia National Laboratories

developed the OWENS (Offshore Wind ENergy Simulation) toolkit [7] aiming

at establishing a robust and flexible finite element framework and VAWT mesh

generation utility, coupled with a modular interface that allows users to inte-50

grate easily with existing codes, such as aerodynamic and hydrodynamic codes.

However, by considering a 2D VAWT rotor, Ferreira et al. [10] compares

the different models used to model the VAWT, including the multi-streamtube

model, the DMS model, the AC model, a 2D potential flow panel model, a

3D unsteady lifting line model and a 2D conformal mapping unsteady vortex55

model. The comparison reveals that the DMS model proves to be fundamentally
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incorrect in the prediction of the effect of changing the fixed pitch angle, and

that the AC model shows a good agreement with the panel and vortex models.

Moreover, Roscher [11] compares these models with respect to complexity, ac-

curacy, computational cost, suitability for optimization and aeroelastic analysis.60

Due to the consideration of accuracy and computational cost, the AC model is

the favorable method that can be used for aero-hydro-servo-elastic time domain

simulations for floating VAWTs.

The AC model is originally developed by Madsen [12] in his PhD study.

The AC model has been implemented in HAWC2 [13, 14] to conduct the fully65

coupled aero-hydro-servo-elastic time domain simulations for floating VAWTs.

It can account for dynamic inflow, structural dynamics, tower shadow and dy-

namic stall. Paulsen et al. [15] 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 1st baseline design.70

In the present study an aerodynamic code is developed using the AC model.

Induction calculation using the AC method is firstly described. Latter aero-

dynamic modeling of floating VAWTs is established with consideration of the

effects of dynamic stall, turbulent and dynamic inflow. Then this aerodynamic

code is coupled with SIMO-RIFLEX to achieve a fully coupled aero-hydro-servo-75

elastic simulation tool with high fidelity. Using a landbased VAWT and a semi

VAWT, a series of numerical simulations are carried out to verify the fully cou-

pled tool. This paper presents the development and the validation of the fully

coupled simulation tool, SIMO-RILFEX-AC. It can account for the turbulent

inflow, aerodynamics, hydrodynamics, structural dynamics, controller dynamics80

and mooring line dynamics. This tool can be used in the integrated dynamic

analysis of floating VAWTs to reveal and demonstrate the characteristics of

different floating VAWT systems.

2. Aerodynamic Modeling of floating VAWTs

Each blade of a VAWT can be divided into a number of elements. When85
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the VAWT rotates, each element creates a cylinder tube that is perpendicular

to the shaft. The swept surface created by the VAWT can then be divided

approximately into a number of vertically stacked cylinders with finite height

and with a radius coinciding with the rotor radius at the actual position along

the shaft. Therefore the complex 3D flow problem is condensed into a number90

of 2D actuator cylinder flow problems. For each cylinder, the AC method,

developed by Madsen [12], is used to find out the induced velocity.

In this section, the aerodynamic modeling of floating VAWTs using the AC

method is presented, as the flow chart illustrated in Figure 1. The effects of

wind shear, turbulence, dynamic stall and dynamic inflow are also taken into95

account in the present implementation.
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Figure 1: Flow chart of modeling of a floating VAWT using AC method. The models of

dynamic inflow and dynamic stall are included.
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2.1. Aerodynamic loads on a 2D VAWT

For each calculation point in the local airfoil coordinate system , the local

inflow velocity VA seen at a blade section can be determined from

VA = TGA (VWG + VIG −VMG) (1)

where TGA is a transformation matrix from global to airfoil-fixed coordinate

system. The global inflow velocity VG seen at a blade section is the vector

sum of the free wind speed VWG, the induced velocity VIG and subtracting100

the velocity due to the motion VMG. VMG is comprised of the blade rotation,

the translational and rotational velocity from the platform and the velocity due

to the elastic deformation of the blades. The induced velocity VIG can be

calculated using the AC method by assuming a 2D quasi-static flow problem,

which is described latter.105

Therefore, a 2D look-up table giving the relationship between the coefficients

Cl, Cd and the angle of attack α is used to compute the aerodynamic lift and

drag force, as well as the tangential load FtA and normal load FnA acting on

the local element. In the AC method, the tangential and normal loads are

non-dimensionalized as follows [16]

Qt = − BFtA
2πRρV 2

wB sin(β)
(2)

Qn =
BFnA

2πRρV 2
wB sin(β)

(3)

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 local free

wind speed.

2.2. Actuator Cylinder Flow Model

The AC method is a quasi-steady Eulerian model. The model extends the110

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 Qn and Qt
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resulting from the blade forces are applied on the flow as volume force perpen-

dicular and tangential to the rotor plane, respectively, as illustrated in Figure

2. Thus the induced velocities wx and wy are related to volume forces as well115

as the normal and tangential loads Qn and Qt based on the Euler equation

and continuity equation. In this way, 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 forces. Detailed

derivations regarding this 2D quasi-static flow problem can refer to Madsen et120

al. [13].

θ

R

X

Y

Qn
Qt

Figure 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 [13].
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2.2.1. Linear solution

The linear solution of the induced velocities can be analytically computed,

which is given by Cheng et al. [16] as follows.

wx =− 1

2π

∫ 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

∫ 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√
1− y2

)∗
−

(
Qt(− arccos y)

y√
1− y2

)∗∗
(4)

wy =− 1

2π

∫ 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

∫ 2π

0

Qt(θ)
(x+ sin θ) sin θ − (y − cos θ) cos θ

(x+ sin θ)
2

+ (y − cos θ)
2 dθ

(5)

where θ is the azimuth angle, the term marked with ∗ in Eq. 4 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 in [13], the125

effect of tangential load on the computed induced velocity is considered here.

Assuming that the loading is piecewise constant, the integral part in Eqs. 4

and 5 can be rewritten as

wx =− 1

2π

i=N∑
i=1

Qn,i

∫ 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=N∑
i=1

Qt,i

∫ 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

(6)

wy =− 1

2π

i=N∑
i=1

Qn,i

∫ 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=N∑
i=1

Qt,i

∫ 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

(7)

where N is the total number of calculation points, ∆θ = 2π
N and θi = π

N (2i− 1)

for i = 1, 2, ..., N .
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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 can130

then be rewritten as

wx,j = − 1

2π

(
i=N∑
i=1

Qn,iI1,i,j +

i=N∑
i=1

Qt,iI2,i,j

)
− (Qn,N+1−j)

∗ −

Qt,N+1−j
yj√

1− y2
j

∗
(8)

wy,j = − 1

2π

(
i=N∑
i=1

Qn,iI2,i,j −
i=N∑
i=1

Qt,iI1,i,j

)
(9)

where the terms marked with ∗ in Eqs. 8 and 9 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 =

∫ 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 (10)

I2,i,j =

∫ 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 (11)

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.

2.2.2. Modified linear solution135

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 simple

correction [13] is suggested by multiplying the velocities from the linear solu-

tion wx and wy with a factor ka that is related to the axial induction factor.

However, Cheng et al. [16] stated that the correction proposed by Madsen et

al.[13] can give some deviation in the power coefficient at high tip speed ratios

when comparing with experiments. Thus a new modification which corrects the
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ka at a high induction factor, which corresponds to a large tip speed ratio, is

proposed by Cheng et al. [16].

ka =


1

1−a , (a ≤ 0.15)

1
1−a (1− 0.35 (1− exp (−4.5(a− 0.15)))), (a > 0.15)

(12)

where the induction factor a is found based on a relationship between the in-

duction a and the average thrust coefficient CT .

2.3. Wind inflow

The effects of wind shear and turbulence can be included in the local free

wind speed. The wind inflow can be determined using the hub height wind file,140

full field wind file and user-defined wind file. For the turbulent wind inflow,

the three dimensional turbulent wind fields are generated using the NREL’s

TurbSim program [17].

2.4. Dynamic stall model

In this work, the Beddoes-Leishman dynamic stall model is used to predict145

the VAWT’s aerodynamic loads. It is a semi-empirical model which can rep-

resent the physical phenomenon to a certain extent through a superposition of

separate indicial functions. The Beddoes-Leishman model is original developed

to simulate the dynamic stall effect on the helicopter [18]. The adaptation of this

model has been studied for HAWTs by Gupta and Leishman [19] and VAWTs150

by Dyachuk et al. [20].

The Beddoes-Leishman model consists of three parts: unsteady attached

flow, unsteady separated flow and dynamic vortex lift. In the unsteady attached

flow regime, the aerodynamic loads are comprised of a circulatory component

related to the change of the angle of attack and an impulsive component related

to the change rate of the angle of attack and pitch moment. Thus the total

normal force coefficient CN under the attached flow condition can be written as

CN = CCN + CIN (13)
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where CCN and CIN are the circulatory and impulsive normal force coefficients,

respectively. The unsteady chordwise force coefficient CC is based on the circu-

latory component of CN .

The calculated attached flow response is then modified due to the flow sepa-155

ration on the low-pressure side of the airfoil. The unsteady separate flow usually

includes leading edge separation and trailing edge separation. The effective sep-

aration point is related to the normal force coefficient and the chordwise force

coefficient according to the Kirchhoff theory and calculated using static data.

An empirically derived first order lag is then applied to the movement of the160

effective separation point to account for the time lag in movement of the separa-

tion point during unsteady conditions. The final main component of the model

represents the vortex buildup and shedding that occurs during the dynamic stall.

The vortex lift contribution is empirically modeled as an excess circulation in

the vicinity of the airfoil using the difference between the attached flow CN and165

the unsteady non-linear value from the Kirchhoff relationship. Therefore, the

total loading on the airfoil is obtained by summing all of the aforementioned

components.

Several modifications are implemented to adapt the Beddoes-Leishman model

for VAWT applications, as described in the AeroDyn theory manual [21]. The

model is capable of producing aerodynamic force coefficients over the entire

range of possible angles of attack. To ensure proper regeneration of coefficients,

two effective separation point tables are used, one for the normal force coef-

ficient and one for the chordwise force coefficient. Moreover, the sign of the

effective separation point is saved with the value of the parameter. Due to the

effect of vortex component, the chordwise force coefficient is modified by adding

one additional term from the vortex lift in the same manner as the circulatory

component of CN , as follows [2]

CC = CNa (αe − α0)αe

√
f

′′
C + CvNαe (1− τv) (14)

where αe is the effective angle of attack, α0 is the zero-lift angle, CNa is the

normal force coefficient curve slope, f
′′

C is the dynamic separation point function,
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CvN is the normal force coefficient from the vortex lift contribution and τv is the

non-dimensional parameter to track the position of the vortex across the airfoil.

Finally, the lift coefficient and drag coefficient are calculated from CN and CC

by force resolution as

CL = CN cos (α) + CC sin (α) (15)

CD = CN sin (α)− CC cos (α) + Cd0 (16)

where Cd0 is the minimum drag coefficient corresponding to the zero angle of

attack.170

The integration of the Beddoes-Leishman dynamic stall model into the AC

model in the time domain is shown in the flow chart in Figure 1. At each time

step, the calculated relative velocity and the angle of attack are inputs into the

Beddoes-Leishman dynamic stall model. By including the dynamic stall effect

the normal force coefficient and the chordwise force coefficient are corrected and175

the lift coefficient and drag coefficient are thus obtained.

2.5. Dynamic inflow model

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 velocities180

are in equilibrium with the aerodynamic loads, a dynamic flow model should be

applied.

Currently there is none sophisticated dynamic flow models for VAWTs. The

dynamic flow model proposed by Larsen and Madsen [14] is employed here. The

dynamic inflow is modeled using a low pass filtering of the calculated steady

state induced velocities, which is in a similar way as for a horizontal axis wind

turbine. Here two first-order filters are coupled in parallel with weighted func-

tions to model the near wake and far wake effects respectively. Assuming that

the induced velocity in a previous step is denoted yn−1, and the raw signal
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of induced velocity in the current step is denoted q, then the filtered induced

velocities due to the near wake and far wake can be written as

ynw = yn−1 exp

(
−∆T

τnw

)
+ q

(
1− exp

(
−∆T

τnw

))
(17)

yfw = yn−1 exp

(
−∆T

τfw

)
+ q

(
1− exp

(
−∆T

τfw

))
(18)

where ∆T is the constant time step. τnw and τfw are time constants for the

near wake filter and far wake filter, respectively. The time constant is non-

dimensionalized with respect to the rotor radius and the average wake velocity185

τ = τ∗ R
Vwake

, in which the non-dimensional time constant τ∗ is set to be ap-

proximately 0.5 and 2 for the near wake filter and far wake filter, respectively.

Applying a weighed factor of 0.6 for the near wake filter and 0.4 for the far wake

filter, the final filtered induced velocity is given as

yn = 0.6ynw + 0.4yfw (19)

3. Development of a fully coupled simulation tool190

The developed AC model is then coupled with SIMO-RIFLEX to achieve a

fully coupled simulation tool for evaluating the performance of floating VAWT

systems. The codes SIMO and RIFLEX were developed by MARINTEK and

widely used in the offshore oil and gas industry. The SIMO-RIFLEX wind

turbine module has previously been verified [22, 23]. The code SIMO-RIFLEX-195

AC can account for the turbulent wind inflow, aerodynamics, hydrodynamics,

structural dynamics and control dynamics. This coupled code, as illustrated in

Figure 3, integrates three computer codes. SIMO computes the rigid body hy-

drodynamic forces and moments on the hull [8] ; RIFLEX serves as a nonlinear

finite element solver and provides the links to an external controller and the200

code AC [9]; AC calculates the aerodynamic loads on the blades. The external

controller, which is written in Java, is used to regulate the rotor rotational speed

for VAWTs with fixed blade pitch. This combination provides a comprehensive
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aero-hydro-servo-elastic simulation tool with well-known aerodynamics, sophis-

ticated hydrodynamics, a stable nonlinear finite element solver, and user-defined205

control logic.

 AC RIFLEX SIMO

WT element positions,

orientations, and velocities

Aerodynamic loads 

on blades

Wave elevation, wave kinematics;

Hydrodynamic loads on the floater

Floater motions

Java Controller

Rotor 

speed

LSS Torque

TurbSim

Wind 

velocity

Figure 3: Overview of the fully coupled simulation tool SIMO-RIFLEX-AC (Modified based

on [24].

A floating VAWT system is usually comprised of a rotor harvesting wind

energy, a floater supporting the rotor and a mooring system keeping the floater

in position. Figure 4 shows the structural model and external load model of

a floating VAWT system in the coupled code SIMO-RIFLEX-AC. The blades,

shaft, tower and mooring lines are modeled using the 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 [25]

(M + A∞)ẍ (t) +

∫ ∞
−∞

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

(20)

where M is the mass matrix of the floating system, A∞ 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
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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 4: The structural model and external force model of a floating VAWT (Modified based

on [24].)

FD, aerodynamic force FAero and hydrodynamic viscous force FDrag.

Fexc (x, ẋ, t) = FFK (t) + FD (t) + FAero (x, ẋ, t) + FDrag (ẋ, t) (21)

The aerodynamic force FAero is computed in the AC model and transfered

from the rotor to the generator. While the hydrodynamic loads involved in Eqs.

20 and 21 are calculated in SIMO. At each time step, the dynamic equilibrium

equations of the rotor, platform and mooring lines are solved in RIFLEX and210

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 trans-

fered to the AC model to update the aerodynamic loads.

3.1. Aerodynamic model215

The aerodynamic model, i.e. AC, has been comprehensively described above.

It accounts for the effects of variation in the Reynolds number, wind shear

and turbulence, dynamic stall and dynamic inflow. The induced velocity is
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computed based on the AC method. The Beddoes-Leishman dynamic stall

model is implemented to predict the aerodynamic loads more accurately.220

3.2. Hydrodynamic model

The hydrodynamic loads are computed using a combination of the potential

flow theory and Morison’s equation. The hydrostatic restoring coefficients are

computed on the basis of the mean position of the structure. For large volume

structures, the first-order potential flow theory gives the wave excitation force225

by solving a diffraction problem and provides the added mass and potential

damping by solving a radiation problem. The added mass, radiation damping

are then applied in the time domain using the convolution technique [26].

When the second-order wave force becomes important for structures with

natural frequencies that either very low or near twice the wave frequency, the230

second-order potential flow theory is applied to account for the mean drift,

difference-frequency and sum-frequency wave forces. If applicable, the Newman

approximation, which is based on the solution of the first-order potential flow

theory, can be adopted to represent the difference-frequency wave force. Other-

wise, the quadratic transfer function (QTF) should be used for the difference-235

frequency and sum-frequency wave forces. Moreover, the third-order wave force

can also be included if, for instance, the effect of ringing response is relevant.

However, in the verification of the simulation tool in Section 4, the second-order

and third-order wave forces are not considered.

Regarding the slender structures where the diameter D is small compared to

the wavelength λ (roughly, Dλ < 1
5 ), the Morison equation is applied to calculate

the inertial load and viscous drag load [26]. 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) |uw − ub| (22)

where ρw is the water density, uw is the transverse wave particle velocity, ub240

is the local transverse body velocity, and Ca and Cd are the added mass and

quadratic drag coefficients, respectively. In addition, viscous forces on large
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volume structures can also be incorporated through the Morison’s equation by

considering only the quadratic viscous drag term in Eq. 22. For the floating

VAWT used in Section 4, the values of Ca and Cd for all members of the platform245

are referred to Robertson et al. [27].

3.3. Structural model

In the structural model, the blades are modeled as flexible beam elements

with two symmetric planes to differ the flapwise stiffness and edgewise stiffness.

The tower and shaft are modeled as axisymmetric beam elements while the250

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 prescribed control strategy.

Moreover, master-slave connections are applied to integrate the motions between255

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,

Mgr̈ + Bgṙ + Kgr = RE (r, ṙ, t) (23)

where Mg, Bg and Kg are the global mass, damping and stiffness matrices,

respectively. r, ṙ and r̈ are the system displacement, velocity and accelera-

tion 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 (24)

In which α1 and α2 are the mass and stiffness proportional coefficients, respec-

tively. 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 ).

When modeling the landbased and floating VAWTs in Section 4, the values of260

α1 and α2 are chosen as α1 = 0 and α2 = 0.03. The time step is set as 0.0025s

for all simulations.
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3.4. Control strategy

Figure 5: The generator torque control algorithm for a floating VAWT based on a PID archi-

tecture.

In the previous study, two control strategies were used to enable the variable-

speed and fixed-pitch operations of a floating VAWT system [28]. The archi-

tecture of the generator torque controller is shown in Figure 5. 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 rota-

tional speed Ωmes and the reference rotational speed Ωref ,

∆Ω = Ωmes − Ωref (25)

in which the reference rotational speed Ωref is defined as a function of the

measured wind speed V̂ and the measured and low-pass filtered electric torque

T̂ . 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

∫ t

0

∆Ω(τ)dτ +KD
d

dt
∆Ω(t)

)
(26)

in which KG is the generator stiffness, and KP , KI and KD are the proportional,

integral and derivative gains, respectively.265

Figure 6 presents the relationship between the reference rotational speed

and the wind speed for a typical floating VAWT. According to the operating

conditions, it can be divided into three regions, as highlighted in Figure 6. In
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region I where wind speeds ranges from Vin to VΩN
, the rotor operates at the

optimal tip speed ratio so as to achieve the highest power coefficient. In region270

II, the rotor operates at a moderate tip speed ratio and holds the rotational

speed constant at the rated rotational speed. The control targets in region I

and II aim to maximize the power capture and at the same time keeps the

rotational speed not larger than the rated one.

However, the control targets in region III shift to limit the aerodynamic275

loads acting on the rotor by limiting 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 6. This baseline controller is capable of maximizing the power capture

for wind speeds below VΩN
and maintaining the rotational speed for wind speeds280

above VΩN
, 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

electric torque from the variation of aerodynamic loads. For turbulent wind285

conditions the wind speed is measured and low-pass filtered.

4. Verification of the fully coupled simulation tool

4.1. Wind turbine models

In this study, two wind turbine models, one landbased VAWT and one float-

ing VAWT as depicted in Figure 7, are used to verify the code SIMO-RIFLEX-290

AC. The landbased VAWT considered is the 5MW Darrieus rotor developed

in the DeepWind project [29]. The rotor is comprised of two blades and one

rotating tower that spans from the top to the bottom which is connected to the

generator. Main specifications of this rotor are summarized in Table 1. The

generator considered here is assumed to be placed at the tower base.295

A floating VAWT concept with a semi-submersible platform supporting the

5MW Darrieus rotor is also used to verify the code SIMO-RIFLEX-AC. This
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Figure 6: The relationship between the reference rotor rotational speed and the wind speed

for the baseline and improved controllers. Vin, VN and Voutare the cut-in, rated, and cut-out

wind speed, respectively; VΩN
is the wind speed for the 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.
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Figure 7: The landbased VAWT and semi VAWT concepts.
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Table 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

Airfoil [-] NACA0018

Cut-in, rated, cut-out wind speed [m/s] 5 , 14 , 25

Rated rotor rotational speed [rpm] 5.26

Total mass, including rotor, shaft and tower [kg] 754,226

Location of overall CM [m] (0 , 0 , 75.6 )

Table 2: Properties of the semi-submersible VAWT system

Water depth [m] 200

Draft [m] 20

Diameter at mean water level [m] 12.0/6.5

Platform mass, including ballast and generator [ton] 13353.7

Center of mass for platform [m] (0, 0, -13.42)

Buoyancy in undisplaced position [kN] 139816

Center of buoyancy [m] (0, 0, -13.15)

Surge/Sway natural period [s] 114.0

Heave natural period [s] 17.1

Roll/Pitch natural period [s] 31.0

Yaw natural period [s] 79.7
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concept is proposed by Wang et al. [5] and comprehensively studied using the

code SIMO-RIFLEX-DMS [30, 31, 32]. The semi-submersible platform consid-

ered was originally designed to support the NREL 5 MW wind turbine [33] in300

the water depth of 200 m. Here reasonable modifications are made on the plat-

form to support the 5 MW Darrieus rotor, such as adjusting the ballast of the

semi. Details regarding the adjustment can refer to Cheng et al. [30]. Properties

related to the floating VAWT system are given in Table 2. The natural periods

of rigid body motions for the floating system were estimated by conducting free305

decay tests [30].

The code SIMO-RIFLEX has been widely used and validated in the offshore

oil and gas industry. Regarding the present floating wind turbine model, several

verifications with respect to the structural dynamics and hydrodynamics have

been carried out in the previous studies. Wang et al. [5] investigated the first310

10 natural frequencies and corresponding eigen modes of the landbased VAWT

using both RIFLEX and Abaqus [34]. The Lanczos’s method is used in these

two analyses. It is found that RIFLEX agrees quite well with Abaqus. Cheng

et al. [30] studied the response amplitude operators (RAOs) of the semi VAWT

subjected to wave loads using both the regular wave technique and white noise315

technique. The white noise technique predicts all RAOs accurately except at

the resonant frequency of each mode.

In the following, verification of the code SIMO-RIFLEX-AC is to be con-

ducted by comparison with the codes SIMO-RIFLEX-DMS and HAWC2 using

the landbased VAWT and semi VAWT.320

4.2. Load cases

A series of load cases were defined to verify the code SIMO-RIFLEX-AC,

as given in table 3. LC1 is the steady wind condition and is used to verify the

aerodynamic loads calculated using different codes. LC2 and LC3 are the steady

wind and irregular wave condition, and the turbulent wind and irregular wave325

condition, respectively. The wind and wave are correlated and directionally

aligned. They were used to verify the dynamic responses of the floating wind
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turbine system subjected to wind and wave loads.

Table 3: Definition of load cases

UW [m/s] HS [m] TP [s] TI [-] Wave Cond. Sim. Length [s]

LC1.1 8 - - 0 - 800

LC1.2 14 - - 0 - 800

LC1.3 18 - - 0 - 800

LC2.1 8 2.55 9.86 0 Irreg. wave 3600

LC2.2 14 3.62 10.29 0 Irreg. wave 3600

LC2.3 18 4.44 10.66 0 Irreg. wave 3600

LC3.1 8 2.55 9.86 0.17 Irreg. wave 3600

LC3.2 14 3.62 10.29 0.13 Irreg. wave 3600

LC3.3 18 4.44 10.66 0.12 Irreg. wave 3600

For steady wind conditions, the normal wind profile (NWP) was applied, in

which the wind profile U(z) is the average wind speed as a function of height z330

above mean sea level (MSL), and is given by the following power law

U(z) = Uref

(
z

zref

)α
(27)

where Uref is the reference wind speed, zref is the height of reference wind speed

and α is the power law exponent. In this study zref is set to be 79.78 m, which

is the vertical center of blades above MSL. The value of α was chosen to be 0.14

for the floating wind turbines according to IEC 61400-3 [35]. For turbulent wind335

conditions, the TurbSim was used to generate the three dimensional turbulent

wind field according to the Kaimal turbulence model for IEC Class C. Regarding

the irregular wave conditions, the irregular wave history was generated using the

JONSWAP wave model. The significant wave height and peak period were set

based on their correlation with wind speed for the Statfjord site in the northern340

North Sea [36].
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4.3. Verification using the landbased VAWT

The landbased VAWT is firstly used to study the capability of the code

SIMO-RIFLEX-AC to calculate the aerodynamic loads accurately. Three fully

coupled aero-hydro-servo-elastic codes are considered here, i.e. SIMO-RIFLEX-345

DMS, SIMO-RIFLEX-AC and HAWC2. The code SIMO-RIFLEX-DMS calcu-

lates the aerodynamic loads using the DMS method with the Beddoes-Leishman

dynamic stall model. While the HAWC2 computes the aerodynamic loads us-

ing the AC method with the Stig Øye dynamic stall model. An overview of the

capability of these three codes are demonstrated in table 4.350

Table 4: Description of three codes

SIMO-RIFLEX-DMS SIMO-RIFLEX-AC HAWC2

Aerodynamics (aero) DMS+BL DS AC+BL DS AC+Stig Øye DS

Hydrodynamics (hydro) Airy + PF + ME Airy + PF + ME Airy + ME

Structural dynamics (elastic) FEM FEM MB

Control system (servo) UD DLL UD DLL UD DLL

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

BL: Beddoes-Leishman; Airy: Airy wave theory; PF: Potential flow; ME:

Morison’s equation; FEM: Finite element method; MB: Multi-body system;

UD DLL: user defined external dynamic link library

LC1 with steady wind is carried out using each code for the landbased

VAWT, respectively. LC1.1, LC1.2 and LC1.3 are three representative oper-

ational conditions with a wind speed that is below, equal to and above the

rated wind speed, respectively. The corresponding typical tip speed ratios are

4.39, 2.51 and 1.95. The adaptation of the Beddoes-Leishman dynamic stall355

model has been studied for VAWTs by Dyachuk et al. [20], However, dynamic

stall model implemented in HAWC2 is developed for HAWTs and does not seem

to work reliably for VAWTs [37], the simulations of the landbased VAWT are

thus carried out without considering the effect of dynamic stall. Time histo-

ries of the rotor rotational speed, thrust, side force and aerodynamic torque360

calculated using the three codes are compared, as illustrated in Figure 8 -9.
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For the considered two-bladed rotor, the aerodynamic loads vary periodically

from approximate zero to double the mean value. These periodic aerodynamic

loads cause the periodic variation in the rotor rotational speed. Due to the

robust controller implemented, the amplitude of this variation is very small365

compared to the mean value. It is thus assumed that the small variation in

the rotor rotational speed does not affect the aerodynamic loads, including the

thrust and aerodynamic torque.

For load cases with low tip speed ratio such as LC1.2 and LC1.3, these

three codes agree well with each other in the thrust and aerodynamic torque.370

This can be observed in Figure 8, which shows the thrust force, side force and

aerodynamic torque computed using these three codes when ignoring the effect

of dynamic stall. However, at load cases with relatively high tip speed ratio such

as LC1.1, these three codes present notable differences in terms of the thrust

force, side force and aerodynamic torque, as shown in Figure 9. When neglecting375

the effect of dynamic stall, HAWC2 predicts a smaller thrust and aerodynamic

torque than the codes SIMO-RIFLEX-AC and SIMO-RIFLEX-DMS. Moreover,

the thrusts computed using SIMO-RIFLEX-AC and SIMO-RIFLEX-DMS are

very close to each other. In addition, the peak values of the aerodynamic torque

predicted using SIMO-RIFLEX-AC and SIMO-RIFLEX-DMS are very close380

and much larger than that by HAWC2. And HAWC2 predicts a valley value of

aerodynamic torque that is much larger than zero.

In order to reveal the essential reasons that result in the different resultant

aerodynamic loads, the normal load and tangential load acting on the blade

element are studied, as shown in Figure 10 and 11. Figure 10 shows the time385

history of blade normal and tangential loads at the midpont of the blade sim-

ulated using the codes SIMO-RIFLEX-AC and HAWC2. it is obvious that the

negative normal loads differ notably. The possible reason for this deviation is

that the code SIMO-RIFLEX-AC accounts for the tangential term when cal-

culating the induced velocity, while HAWC2 ignores it. It has been shown by390

Cheng et al. [16] that including the tangential term when calculating the in-

duced velocity can modify the behavior of normal loads in the downwind part
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Figure 8: Comparison of the rotational speed, thrust, side force and aerodynamic torque of

the landbased VAWT using three codes without considering the effect of dynamic stall in

LC1.2 .
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Figure 9: Comparison of the rotational speed, thrust, side force and aerodynamic torque of

the landbased VAWT using three codes without considering the effect of dynamic stall in

LC1.1.
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as depicted in Figure 10, which corresponds to negative normal loads.

In Figure 11, the distribution of the normal and tangential loads along the

blade are demonstrated when the rotor encounters the largest and smallest395

aerodynamic torque, which are denoted as peak and valley, respectively. It

can be observed that the distribution of the normal and tangential loads along

the blade are not smooth, showing a large number of small peaks. This is

due to the blade elasticity considered in the present study. The blade deforms

when the blade suffers from the aerodynamic loads, consequently the inclination400

of the elements within the blade is not very continuous and has some peaks,

which ultimately results in the small peaks in the distribution of loads along the

blades. The codes SIMO-RIFLEX-AC and HAWC2 differs in the normal and,

especially, tangential loads. It’s the tangential force that mainly contributes

to the aerodynamic torque, consequently the aerodynamic torque differs a lot.405

The distributions of normal and tangential loads are not symmetric because

of the wind shear and blade elasticity. Moreover, the part with the position

r/S approximately ranging from 0.35 to 0.85 is the main contribution for the

tangential load.
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Figure 10: Comparison of simulated blade forces in normal and tangential direction at mid-

point of the blade using SIMO-RIFFLEX-AC and HAWC2 in LC1.1, the effect of dynamic

stall is not considered.
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valley value of aerodynamic torque using SIMO-RIFFLEX-AC and HAWC2 in LC1.1, the

effect of dynamic stall is not considered.

4.4. Verification using the semi VAWT410

In this section, the semi VAWT is used to verifiy the capability of the code

SIMO-RIFLEX-AC. Only the code SIMO-RIFLEX-DMS is considered, since

it models the hydrodynamics, structural mechanics and controller dynamics in

the same way as the code SIMO-RIFLEX-AC. This verification starts from the

steady wind only LCs.415

4.4.1. Steady wind cases

LC1 with steady wind is firstly carried out for the semi VAWT using the

codes SIMO-RIFLEX-AC and SIMO-RIFLEX-DMS. It aims to investigate the

capability of SIMO-RIFLEX-AC to predict the wind-induced responses, includ-

ing the platform motions, structural responses and wind turbine performance.420

Figure 12 shows the mean values and standard deviations of the generator

power, thrust, side force and aerodynamic torque acting on the semi VAWT in

LC1. The mean values of the thrust predicted using SIMO-RIFLEX-AC are a

little smaller than those by SIMO-RIFLEX-DMS. But SIMO-RIFLEX-AC gives

a little larger standard deviation of thrust in LC1.1, which corresponds to load425

cases with high tip speed ratios. SIMO-RIFLEX-AC also predicts a little larger

mean aerodynamic torque in LC1.3. Visible difference lies in the mean value
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of side force, especially in LC1.1 where SIMO-RIFLEX-AC gives a negative

side force while SIMO-RIFLEX-DMS predicts almost zero side force. These

differences result from three possible reasons: one is that AC method predicts430

smaller aerodynamic loads than the DMS method; another one is that the DMS

method essentially neglects the lateral induction, which has some influence on

the side force. The last one is that the code SIMO-RIFLEX-DMS assumes that

the rotor always holds upright even though the tower is inclined due to the roll

or pitch motions of the platform, since Wang et al. [2] stated that the effect435

of tower tilt on the aerodynamic coefficients of the rotor studied is considered

negligible up to a tilt angle of 10◦. In addition, the code SIMO-RIFLEX-DMS

does not account for the effect of dynamic inflow.

In LC1, the platform motions are wind-induced and present similar trends as

the aerodynamic loads, as illustrated in Figure 13. The code SIMO-RIFLEX-AC440

predicts smaller mean values in surge, heave, pitch and yaw motions than the

code SIMO-RIFLEX-DMS. However, the sway and roll motions show notable

differences since these two codes predict significant different mean values in the

side force. Similar trends are also find in the structural responses, such as the

tower base fore-aft bending moment MFA and side-side bending moment MSS .445

The code SIMO-RIFLEX-AC gives a little smaller values in the mean value and

standard deviation of MFA, and the standard deviation of MSS . In addition,

the mean value of MSS is significantly different.

4.4.2. Combined wind and wave cases

The combined wind and wave cases, i.e. the LC2 and LC3, are then used to450

verify the capability of the code SIMO-RIFLEX-AC to capture the stochastic

variations of the dynamic responses. Identical wind and wave time series are

used for the codes SIMO-RIFLEX-DMS and SIMO-RIFLEX-AC. For each load

case, five different seeds are employed to reduce the stochastic variation in the

results.455

Figure 14 compares the mean values of the generator power for the semi

VAWT in LC1, LC2 and LC3 with the error bar indicating the standard de-
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Figure 12: Mean values and standard deviations of the generator power, aerodynamic thrust,

side force and torque acting on the semi VAWT in LC1.
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Figure 13: Mean values of platform motions of the semi VAWT in LC1 .
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Figure 14: Mean value and standard deviation of the generator power for the semi VAWT

in LC1, LC2 and LC3. The error bar indicates the standard deviation from the mean value.

viation. It can be found that at a certain mean wind speed, LC1 and LC2

gives very close mean value and standard deviation in the generator power for

both codes, which implies that wave loads have slight influence on the generator460

power. Moreover, in LC3 the mean value and standard deviation of the gen-

erator power all increase to some extent than the steady wind cases LC1 and

LC2. In addition, the code SIMO-RIFLEX-AC predicts smaller mean values

of the generator power than the code SIMO-RIFLEX-DMS while the standard

deviation estimated by these two codes are very close.465

In Figure 15, the mean value and standard deviation of the aerodynamic

thrust, side force and torque are shown for the semi VAWT in LC3 with tur-

bulent wind and irregular waves. The trends observed in Figure 15 are quite

similar as those in Figure 12. Compared to the steady wind only cases, the

mean value of the side force in the turbulent wind and irregular wave cases are470

different, this is mainly due to changes in aerodynamic loads resulting from the

wind turbulence, because the irregular waves cause negligible lateral wave loads.

Rigid body motions of the semi VAWT are also of concern. The mean values
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Figure 15: Mean value and standard deviation of the aerodynamic thrust, side force and

torque for the semi VAWT in LC3

and standard deviations of the platform motions are shown in Figure 16. The

mean values of the platform motions are quite close to the mean values in the475

steady wind only conditions, since the mean value of these platform motions are

highly dependent on wind loads.
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Figure 16: Mean value and standard deviation of the surge, roll, pitch and yaw motions of

the semi VAWT in LC3

Though the standard deviation of the thrust given by the code SIMO-

RIFLEX-AC is smaller than those given by the code SIMO-RIFLEX-DMS, the

code SIMO-RIFLEX-AC gives a smaller standard deviation of surge and pitch480

motions in LC3.1 and LC3.2, but predicts a little larger in LC3.3. This is due to

the fact that the code SIMO-RIFLEX-DMS omits the effect of tower tilt when
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Figure 17: Power spectra of the pitch motion of the semi VAWT in (a) LC3.1 and (b) LC3.3

calculating the aerodynamic loads. However, as the wind speed increases, the

effect of tower tilt on aerodynamic loads as well as platform motions becomes

more important. This can also be observed using the power spectrum analysis,485

as the power spectra of pitch motions demonstrated in Figure 17. The wave

frequency response predicted by these two codes agrees very well. Visible differ-

ences are found in the low frequency region, which is mainly induced by the low

frequency turbulent wind. When the wind speed is relatively small, the effect

of tower tilt on platform motion is very small, the low frequency response given490

by the code SIMO-RIFLEX-DMS is larger due to the larger aerodynamic loads

predicted by the DMS method, as shown in Figure 17(a). However, as the wind

speed becomes larger, which causes the larger platform pitch motion, the effect

of tower tilt becomes more significant and gives larger low frequency response.

Moreover, the code SIMO-RIFLEX-AC predicts larger standard deviation495

of roll motion in LC3 than the code SIMO-RIFLEX-DMS. Power spectral anal-

ysis of roll in LC3.2, as illustrated in Figure 18, reveals that the code SIMO-

RIFLEX-DMS contributes a little bigger 2P response, whereas the low frequency

turbulent wind induced response is much smaller than that given by the code

SIMO-RIFLEX-AC. A small 1P response is captured by both codes as well.500

With respect to the yaw motion, the responses are dominated by the yaw res-

onant response and low frequency turbulent wind induced response. In LC3.1
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Figure 18: Power spectra of the roll and yaw motions of the semi VAWT in LC3.2. (a) roll

motion, (b) yaw motion.

and LC3.2, the yaw resonant responses given by the code SIMO-RIFLEX-DMS

are much larger than those by the code SIMO-RIFLEX-AC, the corresponding

standard deviations of yaw motion are thus also bigger. However, in LC3.3505

the code SIMO-RIFLEX-AC gives a little larger standard deviation of yaw mo-

tion, power spectral analysis shows that in LC3.3 the yaw resonant response

predicted by the two codes are comparable while the code SIMO-RIFLEX-AC

gives a little larger low frequency turbulent wind induced yaw motion.

For floating wind turbines, the tower base bending moment is caused by the510

large aerodynamic force acting on the rotor and by the weight of the rotor due to

the tower tilt. The codes SIMO-RIFLEX-AC and SIMO-RIFLEX-DMS predict

different aerodynamic loads and tower tilt angle, consequently the tower base

bending moments are different. Figure 19 gives the mean value and standard

deviation of the tower base fore-aft bending moment MFA and side-side bending515

moment MSS . The code SIMO-RIFLEX-AC gives a little smaller values than

the code SIMO-RIFLEX-DMS in the mean value and standard deviation of

MFA. The percentage difference of the mean value of the MFA between the

codes SIMO-RIFLEX-AC and SIMO-RIFLEX-DMS is 6.5%, 8.0% and 6.9%

for the LC3.1, LC3.2 and LC3.3, respectively. Regarding the MSS , the mean520

value of MSS is significantly different. Moreover, the percentage difference of
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the standard deviation of the MSS between the codes SIMO-RIFLEX-AC and

SIMO-RIFLEX-DMS is 6.7%, 7.8% and 6.4%, respectively. This also implies

that the code SIMO-RIFLEX-DMS can over estimate the fatigue damage.
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Figure 19: Mean values and standard deviations of tower base fore-aft bending moment MFA

and side-side bending moment MSS of the semi VAWT in LC3

0 0.3 0.6 0.9 1.2 1.5
0

0.5

1

1.5

2

2.5

3

3.5
x 10

9

Freq [rad/s]

S
(ω

) 
[k

N
2
m

2
s/

ra
d
]

SIMO�RIFLEX�AC

SIMO�RIFLEX�DMS

0 0.3 0.6 0.9 1.2 1.5
0

0.5

1

1.5

2

2.5
x 10

10

Freq [rad/s]

S
(ω

) 
[k

N
2
m

2
s/

ra
d
]

SIMO�RIFLEX�AC

SIMO�RIFLEX�DMS

(a) LC3.1: UW = 8 m/s, HS = 2.55 m, TP = 9.86 s (b) LC3.3: UW = 18 m/s, HS = 4.44 m, TP = 10.66 s 

Wave freq. response

2P response

Low freq. turb. wind 

induced response

Pitch resonant 

response

Wave freq. response

2P response

Low freq. turb. wind 

induced response

Pitch resonant 

response

Figure 20: Power spectra of tower base fore-aft bending moment for the semi VAWT in (a)

LC3.1 and (b) LC3.3

Power spectrum analyses of the MFA and MSS are also performed, as de-525

picted in Figure 20. It can be observed that the wave frequency response com-

puted using these two codes matches very well with each other. Visible dif-

ferences result from the low frequency turbulent wind induced response and,
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especially, the 2P response. The responses of MFA are mainly dominated by

the wind loads and the contribution of 2P response increases dramatically as530

the mean wind speed increases. In LC3.1, the code SIMO-RIFLEX-AC gives a

slightly larger peak in the 2P response, but also a much smaller low frequency

turbulent wind induced response, as shown in Figure 20(a). As a result, the

standard deviation of the MFA predicted by the code SIMO-RIFLEX-AC is

smaller than that by the code SIMO-RIFLEX-DMS. However, when it comes535

to LC3.3, the 2P response predicted by the code SIMO-RIFLEX-DMS is other-

wise much larger. With respect to the responses of the MSS , the 2P response is

extremely dominating and the code SIMO-RIFLEX-DMS alway overestimates

the standard deviation of the MSS .
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Figure 21: Mean values and standard deviations of tension in mooring lines for the semi

VAWT in LC3

Three catenary mooring lines are used to keep the platform in position, as540

depicted in Figure 7. Among them the mooring line 2 is deployed with direction

aligned with the incoming wind. Therefore the mooring line 2 carries the largest

tension with respect to both the mean value and the standard deviation, as

shown in Figure 21. Due to the yaw motion, the tension in the mooring line 1

is also larger than that in the mooring line 3. Considering the mooring line 2,545

the code SIMO-RIFLEX-AC predicts a smaller mean value of tension in LC3.

Moreover, it also gives smaller standard deviations in LC3.1 and LC3.2, however
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Figure 22: Power spectra of tension in mooring line 2 for the semi VAWT in (a) LC3.1 and

(b) LC3.3

in LC3.3 the code SIMO-RIFLEX-AC predicts a little larger standard deviation

of tension in mooring line 2. Power spectral analysis of the tension shows that

the wave frequency response matches very well for these two code, but the total550

response is dominated by the low frequency turbulent wind induced response

and the 2P response, which are both related to the aerodynamic loads. In LC3.1

and LC3.2, the code SIMO-RIFLEX-AC gives smaller low frequency response,

whereas it predicts relatively larger low frequency response in LC3.3.

5. Conclusions555

This paper deals with the development and verification of a fully coupled

method for modeling and dynamic analysis of floating vertical axis wind turbines

(VAWTs). Based on the actuator cylinder (AC) flow model, an aerodynamic

code AC is developed and then coupled with the code SIMO-RIFLEX to achieve

a fully integrated simulation tool to evaluate the performance of floating VAWT560

systems. The code SIMO-RIFLEX-AC can account for the turbulent wind in-

flow, aerodynamics, hydrodynamics, structural dynamics and control dynamics.

Details regarding the induction calculation in the AC model is firstly de-

scribed in this paper. When calculating the linear induced velocities, contribu-

tions from not only the normal load but also the tangential load are taken into565
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account. A new modified linear solution is proposed to better correct the linear

solution. Using the AC method, aerodynamic modeling of floating VAWTs is

established with consideration of the effects of wind shear, turbulence and dy-

namic inflow. The Beddoes-Leishman dynamic stall model is also implemented

to account for the unsteady aerodynamic effect.570

The developed aerodynamic code is then coupled with SIMO-RIFLEX to

achieve a fully coupled aero-hydro-servo-elastic simulation tool, i.e. SIMO-

RIFLEX-AC. It calculates the 1st and 2nd order hydrodynamic loads using po-

tential flow theory and viscous force using the Morison’s equation. The blades,

tower, shaft and mooring lines are modeled using flexible finite element and575

solved using the Newmark-β method. Also implemented is a controller that can

enable variable-speed fixed-pitch operation.

Finally the developed code SIMO-RIFLEX-AC is verified by a series of code-

to-code comparisons. Both a landbased VAWT and a semi VAWT are consid-

ered. Using the landbased VAWT, the code SIMO-RIFLEX-AC is verified by580

comparison with the codes SIMO-RIFLEX-DMS and HAWC2. It shows that the

code SIMO-RIFLEX-DMS predicts larger lateral force and aerodynamic torque,

especially at load cases with relatively high tip speed ratio. At load cases with

low tip speed ratio, these three codes agree well with each other. Considering

the semi VAWT, the code SIMO-RIFLEX-AC is verified with the code SIMO-585

RIFLEX-DMS. Comparative study reveals that these two code give relatively

close dynamic responses. Moreover, because of neglecting the effect of tower tilt

and the essential characteristics of the DMS method, the code SIMO-RIFLEX-

DMS predicts larger surge, heave and pitch motions, tower base fore-aft bending

moment and tension in mooring line 2. At load cases with high tip speed ratio,590

it also overpredicts the aerodynamic torque, the generator power, as well as the

yaw motion. In addition, the code SIMO-RIFLEX-DMS also predicts larger the

fatigue damage at the tower base.
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