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Abstract

Floating platforms provide vertical axis wind turbines (VAWTs) significant advantages over offshore

horizontal axis wind turbines, which has led to increased research interest in offshore VAWT tech-

nology. This paper examines dynamic stability of floating VAWTs and presents structural dynamic

and aero-elastic flutter analysis of utility-scale 5MW floating VAWTs by coupling a rotor finite el-

ement model with a linearized model for the floating system. The coupled floating VAWT model

is utilized to study the effects of tower height, number of blades, blade tapering scheme, and im-

pacts of the floating platform on modal properties and flutter. The study provides important new

results and guidance to floating VAWT designers: (1) tower height increase leads to lower tower

frequencies more prone to resonance, (2) by moving from land-based foundations to a floating TLP

foundation, tower-mode frequency is increased significantly (by 49%-68%) which mitigates reso-

nance and increases the flutter RPM (154% increase), (3) increasing the number of blades reduces

the tower mode frequencies for both land-based and floating configuration, and (4) blade chord ta-

pering can have a significant impact on increasing the tower mode flutter RPM. Further, analysis of

low-frequency rigid body modes shows a safe, higher flutter RPM relative to the operating RPM.
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1. Introduction1

Research on offshore wind energy has shown an upward trend due to the availability of a better2

and more consistent wind resource. In an offshore context, VAWTs (vertical axis wind turbines)3
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require smaller, cheaper floating platforms compared to that needed for HAWTs (horizontal axis4

wind turbines) [1, 2]. This is illustrated in Figure 1, where for HAWTs the drivetrain and generator5

are placed high above the water, a huge overturning moment is created that the floating platform6

has to stabilize, typically by adding mass to the substructure. This issue is less critical for offshore7

VAWTs because heavier components are placed closer to the water level. VAWTs are also less8

sensitive to wind veer compared to HAWTs. According to Quest Floating Wind Energy [3], VAWTs9

could help overcome wake effects that HAWT-based wind farms encounter. Also, VAWT blades10

can have less weight per length than HAWT blades since they are connected to the tower at both11

ends. Potential disadvantages of VAWTs include the decrease of aerodynamic efficiency due to12

the addition of struts that are required to maintain structural stability. Guy wires, which have been13

used in land-based VAWTs, could be challenging to incorporate offshore. However, a recent Sandia14

National Laboratories report estimates that due to less component cost, operation, and maintenance15

cost, offshore VAWTs could have a 25% decrease in cost of operation over a HAWT with the same16

capacity [4]. Harvesting maximum output from offshore VAWTs requires an adequate assessment17

of modal and flutter characteristics so that instability issues can be tackled, which is the focus of the18

current study to address this key issue that has not been adequately addressed for floating VAWT19

systems.20
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Figure 1: Comparing offshore HAWT and VAWT

Aero-elastic loads can initiate instability in structures that generate lift. For example, in HAWTs21

classical flutter is an aero-elastic instability that typically involves the coupling of first torsional22

mode and flapwise mode. At the early stage of flutter instability, the flapwise bending of blades cre-23

ates Coriolis effect, which amplifies the torsional mode. The amplified torsional mode causes elastic24

deformation, which changes the aeroelastic forces and add more energy to the vibration modes.25

With HAWTs and VAWTs both being rotating, lift-generating structures, understanding the basics26

of flutter behavior in HAWTs could help address the flutter issue in VAWTs as well. The flutter27

phenomenon in large HAWT blades has been studied to obtain key insights. Lobitz [5] implemented28

classical Theodorsen’s unsteady aerodynamic theory to analyze flutter characteristics of an isolated29

cantilevered wind turbine blade rotating in still air. Hansen [6] discussed stall induced vibration and30

classical flutter in HAWT blades and stated that attached flow, high tip speed, and low stiffness prop-31

erties are some of the reasons for the flutter phenomenon. Another study [7] shows that increasing32

the size of the blade could initiate flutter instability in HAWTs since the long and slender nature of33
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larger blades make them prone to instabilities, thus this raises concern over possible flutter instability34

of large multi-megawatt offshore VAWT structures as well.35

We now turn our attention to prior studies of structural dynamics and aero-elastic stability of36

VAWTs, where prior work focused on land-based deployments. The effectiveness of VAWTDyn and37

the commercial NASTRAN finite element (FE) software to predict resonance characteristics of the38

DOE/Alcoa 17-meter VAWT was studied by Lobitz [8], and it was observed that the FE modeling39

could better replicate the experimental results. Sullivan [9] summarized the initial modeling and40

experimental work on a VAWT at Sandia National Laboratories and pointed out that future studies41

on VAWT instabilities should include forced vibration analysis, revised rotor geometries and proper42

usage of hinges and pins. Popelka [10] employed NASTRAN to conduct flutter analysis for the43

Sandia 2-meter VAWT test-bed. Finite element modeling was experimentally validated using the44

data obtained for the Sandia 2-meter VAWT test-bed in the range of operating conditions. The study45

showed that flutter occurred due to coupling between the first flatwise bending vibration mode and46

the first torsional vibration mode. It was also observed that the flutter does not necessarily occur at47

the resonance frequency; it can be triggered when they have a close flatwise frequency.48

Moreover, the torsional stiffness of tower and drivetrain significantly affected the torsional fre-49

quency and flutter speed. The flutter frequency was observed to be very close to the flapwise mode50

frequency. Finally, the experimental result showed that wind velocity reduces the rotational flutter51

speed (i.e., the flutter RPM), but its effect is negligible for operational wind speed. Carne et al. [11]52

compared the experimental modal analysis data of the Sandia 2-meter VAWT with the numerical53

results obtained from NASTRAN FE software. Although the agreement between these two analyses54

was not good at higher frequencies the average error was only 2.2 %, which was encouraging. Lobitz55

et al. [12] conducted a flutter analysis for the Sandia 34-meter test-bed, and it was concluded that56

tower and blade flutter RPM could be increased by adding a small amount of structural damping.57

Griffith et al. [13] conducted a modal analysis using step relaxation, random human excitation, and58

wind excitation to determine the first tower bending vibration mode of a 60 kW VAWT. Otterno [14]59

captured the eigenmodes of a three-bladed H-rotor and found that a large resonance-free RPM zone60

can be obtained by properly dimensioning the turbine. The aerodynamic damping of these eigen-61
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modes was observed to be good for wide and airfoil-shaped struts. The results showed that wind62

excitation provided the best estimates for frequency, damping, and mode shapes. Modal testing of63

small-scale VAWTs was performed by Kusnick [15] for a range of azimuth angles and three differ-64

ent extended tower heights. There was a substantial downward shift in resonant frequencies for ex-65

tended tower heights, while azimuth position did not significantly affect resonance. The DeepWind66

[16] project analyzed a 5 MW VAWT through aeroelastic modeling framework of HAWC2, which67

employed the Actuator Cylinder [17] aerodynamics model for VAWTs. In the DeepWind study,68

the blade edgewise instability was observed over a range of operating conditions due to insufficient69

blade stiffness. The use of a stereo vision system for modal analysis on a parked three-bladed 1-kW70

VAWT was studied by Najafi [18]. The study showed that the stereo vision results and HAWC271

simulation agree within 4% for most vibration modes. Malcolm [19] performed a comparative study72

on the resonance issue of modified two- and three-bladed SNL 34-meter VAWTs. The analysis con-73

cluded that the rotors with three blades will encounter less critical resonance crossings than their74

two-bladed counterpart due to their axial symmetry associate with three-bladed turbines.75

Owens et al. [20] addressed the modeling limitations associated with NASTRAN software by76

developing a new finite element-based structural model for HAWT flutter analysis. It was shown77

that the representation of complex-valued Theodorsen’s function needs modifications to forecast78

the precise flutter margin of large blades. A coupled method to model the dynamic behavior of a79

floating VAWT was developed by Wang et al. [21] that was able to combine the hydrodynamics,80

wind flow, aerodynamics, structural dynamics and a generator control unit. Analysis in this model is81

performed in time domain to capture the interaction between the rotor, platform and mooring system.82

Hand et al. [22] studied the development of a cascade based computational model to achieve best83

balance between computational efficiency and accurate performance representation for a floating84

VAWT. Borg et al. [23] compared the feasibility of floating support structures between HAWTs and85

VAWTs. It was concluded that although the support structures that are used for floating HAWTs86

can also adequately support the floating VAWTs, the mooring system needed redesigning to restrain87

the surge, sway and yaw motion of the floating VAWT. Anagnostopoulou et al. [24] studied the88

dynamic performance of a floating VAWT on a 3-column semi-submersible and a 4-column semi-89
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submersible,and concluded that a 4-column semi-submersible is more suitable to meet the design90

weight and natural frequency of the system. Gao et al. [25] developed a 7-DOF model that takes91

into account aerodynamic, hydrodynamic and mooring loads to predict dynamic performance of92

a floating VAWT supported by tension leg platforms. The developed model compared two newly93

designed two-bladed and three-bladed floating VAWTs, and rendered the three-bladed VAWT better94

in terms of structural dynamics, power performance and fatigue life. Owens [26] developed an95

aeroelastic design framework called The Offshore Wind Energy Simulation (OWENS) for modeling96

large offshore VAWT rotor configurations. OWENS was developed with modular features such97

that aerodynamic, hydrodynamic, and drivetrain/generator modules can be interfaced to the core98

OWENS rotor structural model to perform transient modal analysis and flutter analysis of a wide99

variety of offshore VAWT configurations. Dynamic aeroelastic stability analysis was carried out100

[27] for six different Darrieus and V-type VAWT composed of glass and carbon material. It was101

observed in this study that the increased stiffness to mass ratio of carbon composite material better102

alleviates flutter concerns relative to heavier glass composite materials. Also, it was observed that103

the classical coupled flap-torsion flutter might not occur for VAWTS; however, instabilities involving104

only one mode could still be an issue for VAWTs. An initial study in Owens [28] to investigate the105

effect of monopile support and floating platform on the stability of offshore VAWT was performed106

to address the resonance concern. The monopile support condition was found to exacerbate the107

resonance concern while floating platform provided a better cushion against resonance.108

This paper presents a comprehensive stability analysis for a multi-megawatt floating VAWT sys-109

tem, which we refer to as the UTD 5MW floating VAWT. In this work, we examine both structural110

dynamic performance as well as aero-elastic stability (or flutter) behavior. We begin this study with111

a comprehensive validation study of our VAWT structural dynamics and VAWT aero-elastic sta-112

bility models. Although VAWT structural dynamics models have been validated in prior works,113

to the authors’ knowledge this is the first study to perform validation of VAWT flutter predictions114

against numerical models and against experimental data. The validation studies demonstrate a very115

high level of agreement between our model and prior numerical and experimental results for both116

structural dynamics and aero-elastic stability (flutter) analyses.117
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Once the VAWT structural dynamics and flutter models are validated, we proceed to apply the118

models in a series of design studies for multi-megawatt floating VAWTs. In the first study, we119

examine both two-bladed and three-bladed configurations for the UTD 5MW VAWT for various120

tower heights above the mean water level. In a second study, the influence of four types of blade121

chord tapering is examined in the aero-elastic stability analysis. Then, we study the impact of the122

floating platform on the modes and frequencies of the floating VAWT system.123

To summarize, the focus of this study includes identification of dominant VAWT flutter mode124

characteristics; addition of modeling capability of a floating platform into the OWENS code; study125

on the effect of tower height, blade number and blade tapering scheme on modal and flutter behav-126

ior of a VAWT. Additionally, this paper presents a first study of aero-elastic stability of a VAWT127

when placed offshore on a floating system where we examine the flutter potential of not only tra-128

ditional flexible modes of the VAWT rotor, but also consider potential for flutter instability in the129

low-frequency rigid body modes of the floating system.130

2. Structural Dynamic Modeling of Floating VAWTs131

In this section, we discuss the modeling and analysis for the VAWT rotor and floating system. In132

order to analyze the VAWT rotor on a floating system, a structural dynamic model for the floating133

platform and mooring system must be coupled to the VAWT rotor model.134

2.1. VAWT Rotor Structural Dynamic Modeling135

OWENS [26] is a FEM-based toolkit developed by Sandia National Laboratories with capabili-136

ties of performing modal, flutter, and transient analyses for land-based VAWTs. The modularity of137

OWENS toolkit allows the coupling of the core OWENS rotor structural dynamics analysis tool with138

hydrodynamic, aerodynamic, generator and controller modules. VAWTGen [26] is a pre-processor139

to OWENS that generates the VAWT rotor geometry, FE mesh and other property files, with abil-140

ity to model arbitrary VAWT configurations (Figure 2). The VAWT structure is discretized into a141

finite number of Timoshenko beam elements. Furthermore, VAWTGen can visualize the modal and142

transient results output by the OWENS analysis tool.143
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(a)

(b)

Figure 2: VAWTGen visualization (a) H VAWT, (b) Darreius VAWT

2.2. Coupled Floating VAWT Modeling144

In this section, the modeling of the floating system and its coupling to the OWENS model is145

discussed. Via its modular interface, OWENS can couple with a user-defined floating system model.146

We approach this by modeling the platform as a 6DOF (degree of freedom) rigid body and the tur-147

bine as a rotating deformable-body in its native OWENS beam finite element formulation. Platform148

motion is defined in a fixed (non-rotating) coordinate system while turbine motion consists of de-149

formation and rigid rotor rotation, and the motion of each node on the FEM mesh can be described150

as a combination of platform motion and turbine motion. The floating platform is modeled at the151

bottom of the tower as a 6DOF rigid body with the mass/inertia coupled to the node at the base of the152

tower and stiffness properties are modeled to account for hydrostatic restoring effects and mooring153

effects. The floating system consists of the platform and mooring, with hydrodynamic terms that can154

be modeled as frequency-dependent terms, in general.155

The mass and stiffness properties are implemented based on a linearized structural dynamics156

model of the floating system, which is verified by a match of the six rigid body mode frequencies157

of the fully integrated VAWT rotor on the floating system to properly capture the system dynamics.158
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Viscous damping effects are also included to ensure the free-decay response captures the designed159

floating system behavior. Thus, with the addition of this 6DOF model for the mass, damping, and160

stiffness properties of the floating platform and mooring system we are able to perform structural161

dynamic analysis and flutter analysis of the integrated floating VAWT system.162

In OWENS, the modal analysis of the entire floating VAWT configuration is performed on an163

equilibrium solution from a nonlinear static analysis including the rotational effects at various ana-164

lyzed rotor speeds (RPM). Again, the floating platform is represented in a non-rotating frame, and165

modal and flutter analysis are performed in a co-rotating frame affixed to the rotating VAWT. The166

absolute deformation of each node of the system was analyzed by a combination of rigid displace-167

ment and flexible deformation, as described in Reference [26]. In FEM analysis, the equation of168

motion of the turbine only configuration is represented as:169

MV ẍ+(CV +G(Ω))ẋ+(KV (x)−S(Ω))x = Fcent(Ω)+Fnp (1)

Here, MV , CV , KV are mass, damping and stiffness matrices of the turbine and x is generalized170

degree of freedom. G(Ω) and S(Ω) represent Coriolis matrix and spin-softening matrix at a rotor171

speed of Ω. Fcent is centrifugal force vector and Fnp is a vector for non-potential forces such as172

aerodynamic force. Modal analysis is performed by solving equation (1) at different operating173

speeds (Ω).174

Theodorsen unsteady aerodynamic theory is implemented to introduce aerodynamic loads for175

the flutter analysis. According to this theory, the lift and moment in terms of flapping and twisting176

motion of a cross-section is given as:177

L = πραb2[ω̈ +V θ̇ −baθ̈ ]+2πραV bC(k)[ω̇ +V θ +b(
1
2
−a)θ̇ ] (2)

178

M = πραb2[baω̈ −V b(
1
2
−a)θ̇ −b2(

1
8
+a2)θ̈ ]+2πραV b2(a+

1
2
)C(k)[ω̇ +V θ +b(

1
2
−a)θ̇ ] (3)

where b is semi-chord of an airfoil section, a is location of the elastic axis in fraction of semi-179
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chord, V is freestream velocity over the airfoil section, ρα is air density. w(t) and θ(t) denote180

flapwise and torsional motion respectively. The complex valued Theodorsen function C(k) models181

the amplitude and phase lag of aerodynamic forces acting on the airfoil section.182

C(k) = F(k)+ iG(k) (4)

Here, F(k) and G(k) are real and imaginary parts of Theodorsen function. The ’reduced fre-183

quency’ k = ωb
V depends on the oscillatory motion of the airfoil section. For a rotating turbine, the184

freestream velocity V is modeled as a function of distance from the hub axis r such that185

V (k) = rΩ (5)

The aerodynamic mass, damping and stiffness can be modeled into equation (1) such that the186

aeroelastic system of equation is given by187

(MV +MA)ẍ+[CV +G(Ω)+CA(Ω,k)]ẋ+[KV (x)−S(Ω)+KA(Ω,k)]x = Fcent(Ω)+FA(Ω) (6)

Here, MA, CA and KA are the aerodynamic mass, damping and stiffness matrices respectively.188

The combined formulation of the structural and aerodynamic terms can be presented as:189

MT ẍT +CT ẋT +KT xT = FT (7)

Here, MT = MV +MA, CT =CV +G+CA, KT = KV +S+KA, FT = Fcent +FA. The equation of190

motion of the floating system is expressed as:191

MFS ¨xFS +CFS ˙xFS +KFSxFS = FFS (8)

Here, MFS, CFS, KFS are mass, damping and stiffness matrices of the floating system. The192

dimension of xFS is 6× 1, and MFS contains both platform mass and hydrodynamic added mass.193

The combined turbine and platform configuration can be represented in the following partitioned194
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matrix form195

 Mbase
T +MFS m

m M∗
T

 ẍT +

 Cbase
T +CFS c

c C∗
T

 ẋT +

 Kbase
T +KFS k

k K∗
T

xT =

 Fbase
T +FFS

F∗
T

 (9)

Here, M∗
T , C∗

T , K∗
T , F∗

T are turbine model partitions containing all DOFs except for the 6 base196

node DOFs. Mbase
T , Cbase

T , Kbase
T contain the base node DOF (6×6 partition) of turbine model. The197

floating system model terms MFS, CFS, KFS and FFS are added at the base node of the turbine. The198

terms inside partitioned matrices m, c, k are not zero. Following is the completed set of equation of199

motion of floating VAWT200

MẍT +CẋT +KxT = F (10)

Here, M, C, K, F are combined mass, damping, stiffness and load matrices for the coupled201

floating VAWT system. Equation (10) represents a fully coupled dynamic model that combines rotor202

structural dynamics and floating platform dynamics. This equation takes into account the unsteady203

aerodynamic loads, and hence is capable of performing unsteady flutter analysis of the coupled rotor-204

platform system. Due to the addition of rigid platform to the turbine, the absolute displacement of205

each node in equation (10) is dependent on rigid body translation, rigid body rotation and flexible206

deformation such as:207

xi
T = T x0

T +ui
T (11)

Here, xi
T is absolute displacement vector of node i, T is the matrix taking into account the rigid208

body rotational terms, x0
T is the rigid body rotation of the node where the rigid platform is modeled209

at, and ui
T is flexible deformation of node i. In the final formulation of gyric and spin-softening210

matrices it was ensured that there was no gyric and spin-softening effect on the rigid body modes211

due to the rigid body modes while the cross-coupling of gyric and spin-softening terms between212

rigid modes and flexible modes were retained.213
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For modal analysis, the forcing terms are removed from equation (10) and the resulting 2nd order214

aero-elastic equation is converted to 1st order equation by state-space formulation to carry out the215

eigen analysis. The converted system of 1st order equation can be stated as:216

MẊ = AX + fo (12)

Here, X is the vector that contains state variables of the system. This equation is assumed to have217

solution of the following form218

X = φeβ t (13)

which, when substituted into equation (12) gives the geenralized eigenvalue problem:219

(A−βM)φ = 0 (14)

Now the flutter analysis procedure is summarized. The solution of this eigenvalue problem220

results in a set of eigenvalues β j and corresponding eigenvectors φ j . The imaginary part of every221

eigenvalue Im(β j) is frequency parameter and the real part Re(β j) is the stability parameter. A222

positive eigenvalue real part corresponds to a negatively damped system. In our analysis, the rotor223

RPM is varied, and positive eigenvalue real part (negative damping) is searched for. The rotor RPM224

at which a particular mode shows negative damping is stated as the flutter RPM of that mode of225

vibration.226

3. Validation of VAWT Models for Structural Dynamics and Flutter227

We begin the study by performing validation of both our structural dynamics and aero-elastic228

stability capabilities for VAWTs by comparing our simulations with prior numerical studies and229

with prior experimental studies. The capability of OWENS to accurately predict modal and flutter230

characteristics of land-based Sandia 34-meter and Sandia 2-meter VAWTs has been studied. For231

both turbines, a modal analysis was carried out in OWENS to compare parked rotor frequencies232

with the experimentally obtained values. Afterward, values of flutter RPM associated with tower233
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and blade vibration modes obtained from OWENS were compared with the experimental flutter234

data. Furthermore, our model was also validated with experimental flutter results considering the235

effect of additional structural damping.236

3.1. Validation for the Sandia 34-meter Testbed237

Experimental test data for the Sandia 34-meter (SNL34m) [12] VAWT was first used to validate238

the OWENS toolkit. Modal frequency and flutter RPM were calculated by OWENS, and the results239

are compared to experimentally obtained parked rotor frequencies and flutter RPM predictions. Ta-240

ble 8 shows that the first six modal frequencies obtained in this study for rotor are in good agreement241

with modal analysis results, and the maximum difference of 7.6% associated with the 1st Flatwise242

Antisymmetric mode frequency. It is worth mentioning that the tower vibration modes are not com-243

pared here since a pinned tower top and base tower base boundary conditions were employed for244

this guy-cable supported rotor, and thus the tower modes appear at higher frequencies. The pinned245

boundary condition allows the tower to rotate about its own vertical axis of rotation.246

Mode Modal test Current study % Difference

1st Flatwise Antisymmetric 1.06 0.98 -7.6

1st Flatwise Symmetric 1.06 0.99 -6.6

1st Propeller 1.52 1.59 4.6

1st Edgewise 1.81 1.68 -7.2

2nd Flatwise Antisymmetric 2.06 2.01 -2.4

2nd Flatwise Symmetric 2.16 2.04 -5.6

Table 1: Sandia 34m VAWT Parked Modes Comparison

Lobitz and Ashwill [12] analyzed the flutter characteristics for Sandia 34-meter VAWT for the247

cases of aerodynamic damping only and for a combination of aerodynamic and structural damping.248

This study showed that although a small additional structural damping stabilizes 1st tower and 1st249

butterfly modes, these two modes become unstable at relatively lower RPM than the 2nd Flatwise250

mode, and 2nd Flatwise mode is the dominant mode of flutter for this turbine. Here, the study251

conducted by Lobitz and Ashwill [12] was used for validation of the current flutter analysis. The252

present study indicates good agreement with Lobitz and Ashwill’s finding, as shown in Table 2 and253

13



Figure 3. According to the results while considering only the aerodynamic damping case, it was254

found that differences of 5.5% and 2.1% were observed for the predicted flutter speeds for the tower255

and 2nd flatwise mode flutter modes, respectively. This small discrepancy is likely because the256

concentrated mass (mass of bolts, nuts etc) elements were not exactly implemented in our model.257

Flutter rpm (Aerodynamic Damping Only)

Tower mode 2nd Flatwise mode

Lobitz 38 82

Current Study 40.1 83.7

% Difference 5.5 2.1

Table 2: Sandia 34m VAWT Flutter RPM Comparison
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Figure 3: Damping coefficient versus RPM for the flutter analysis of the SNL 34-meter VAWT (Aerodynamic Damping

Only)

Lobitz and Ashwill [12] also added 2% structural damping to demonstrate the effect of structural258

damping in the flutter prediction. They found that tower flutter mode could be delayed beyond the259

operating RPM, which makes the 2nd flatwise mode the dominant unstable mode. In the present260
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study, we also added 2% structural damping to our 34-meter VAWT model, and the results were261

similar to that of Lobitz and Ashwill [12], as compared in Table 3 and Figure 4 with 1.9% and 2.4%262

difference in prediction of tower and 2nd flatwise mode flutter speeds when 2% structural damping263

is added.264

Flutter rpm (Aerodynamic +2% Structural Damping Only)

Tower mode 2nd Flatwise mode

Lobitz 107 89

Current Study 109 91.1

% Difference 1.9 2.4

Table 3: Sandia 34-meter VAWT Flutter RPM Comparison (Aerodynamic Damping + 2% Structural Damping)

0 20 40 60 80 100 120

Rotor RPM

-5

0

5

10

15

20

25

D
a
m

p
in

g
 C

o
e
ff
ic

ie
n
t,
%

F
lu

tt
e
r

 R
P

M
 9

1
.1

Experimental

Current Study

1Fa

1Fa

1Fs

1Fs

2Fs

2Fs

1B

1B
1T1

1T1

Figure 4: Damping coefficient versus RPM for the flutter analysis of the SNL 34-meter VAWT (Aerodynamic Damping

+ 2% Structural Damping)
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3.2. Validation for the Sandia 2-meter VAWT265

A second validation for modal and flutter models used here was performed for the Sandia 2-meter266

VAWT [10]. Parked modal frequencies and fan plot was published by Carne [11] for the Sandia 2-267

meter VAWT. The results obtained from the OWENS analysis show an acceptable agreement with268

experimental data [10] for the parked frequencies, as displayed in Table 4, and the fan plot is reported269

in Figure 5. Although the frequencies show some dissimilarities in the high RPM range for the higher270

modes, the trajectory of the modes indicates a good match.271

Mode Number Mode Measured Current study % Difference

1 1st Antisymmetric Flatwise 12.3 11.58 -5.9

2 1st Symmetric Flatwise 12.5 11.82 -5.6

3 1st Rotor Out of Plane 15.3 14.5 -5.2

4 1st Rotor in Plane 15.8 15.0 -5.1

5 Dumbbell 24.4 22.58 -7.5

6 2nd Rotor Out of Plane 26.2 24.7 -5.7

7 2nd Rotor in Plane 28.3 28.45 0.5

8 2nd Symmetric Flatwise 29.7 31.15 4.9

9 2nd Antisymmetric Flatwise 31.5 33.12 4.9

10 3rd Rotor Out of Plane 36.5 34.42 -5.7

Table 4: Sandia 2-meter VAWT Parked Frequency Comparison
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Figure 5: Sandia 2-meter VAWT Modal Frequency versus RPM (a) Experimental, (b) Current Study

Popelka [10] carried out experimental flutter analyses for the Sandia 2m VAWT. The OWENS272

toolkit was validated by analyzing the three-bladed Sandia 2m VAWT with NACA 0012 airfoil and a273

chord size of 2.91 inches. Using the model used for Table 4 and Figure 5, we now predict the flutter274

speeds for the Sandia 2-meter VAWT. Table 5 and Figure 6 show that there is a good agreement in275

predicting the flutter RPM of the flatwise mode of the land-based Sandia 2-meter VAWT.276

Experimental Current study % Difference

Flatwise RPM 745 801 6.99

Flatwise Frequency 18 18.92 5.1

Table 5: Sandia 2-meter VAWT Flutter RPM Comparison

17



(a)

0 100 200 300 400 500 600 700 800 900 1000

TURBINE RPM

-1

-0.5

0

0.5

1

1.5

2

2.5

3

3.5

4

M
O

D
A

L
 D

A
M

P
IN

G
 (

%
 C

R
IT

IC
A

L
)

0

5

10

15

20

25

30

35

40

M
O

D
A

L
 F

R
E

Q
U

E
N

C
Y

(H
z
)

R
P

M
 8

0
1

(b)

Figure 6: Sandia 2m VAWT Flutter Stability Analysis: (a)Experimental [10] , (b) Current Study

The capability of the present model to closely match the experimental data for the parked and277
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rotating Sandia 2-meter and Sandia 34-meter VAWTs was proved through validation for both modal278

analysis and flutter analysis predictions. Campbell diagrams generated by OWENS exhibit a trend279

very similar to the experimental fan plots, which indicates that the applied model can capture all the280

rotor rotational effects as well. In this section, the high accuracy of present model to identify the281

flutter modes was confirmed for both turbines.282

4. UTD-5MW Offshore VAWT Specification283

The current study primarily focuses on two-bladed and three-bladed offshore VAWTs on a ten-284

sion leg platform with a power rating of 5MW. The turbine contains blades, struts and tower and285

operates at fixed rpm. The blade design software called NuMAD [29] provided the beam properties286

of the turbine, and VAWTgen produced surface render visualization for turbines, as shown in Figure287

7. The input files to carry out structural dynamic analysis for this UTD-5MW VAWT [30] were288

generated by VAWTGen. Table 6 contains the structural properties of this turbine.289

(a) (b)

Figure 7: UTD 5MW VAWTs: (a) Two-bladed, (b) Three-bladed
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Design Version VAWT 5MW 2B VAWT 5MW 3B

Rotor Type Darrieus Darrieus

Number of Blades 2 3

Rated Power [MW] 5 5

Blade Height [m] 132.2 132.2

Tower Height [m] 142.2 142.2

Rotor Diameter [m] 108.2 108.2

Chord [m] Varies from 6 to 3 Varies from 6 to 3

Blade Length [m] 177.1 177.1

Blade mass [Kg] 17,300 37,186

Blade CG [m] 76.0 77.7

Tower Mass [Kg] 175,000 175,000

Tower CG [m] 53.52 53.52

Rotor Mass [Kg] 220,480 322,250

Rotor CG [m] 57.97 64.35

Table 6: UTD 5MW VAWT Rotor Specification: Two-bladed (2B) and Three-bladed (3B) Designs.

Two initially designed TLP-type floaters which were developed from the TLP wind designs290

[31, 32] are applied as the supporting floaters for the two- and three-bladed rotors in deep water, re-291

spectively. The TLPs contain one center column where the tower is located and three outer columns292

connecting with the center column by three rectangular pontoons, respectively. Each outer column is293

connected with one mooring tendon which is always in tension. The motions of the TLPs especially294

the heave, roll, and pitch motions are limited by the tendons. Table 7 summarizes main properties of295

the two floating VAWTs. Figure 8 shows the configuration of the two-bladed floating VAWT used296

in this study. CoP in the figure represents the aerodynamic pressure center of the rotor, where wind297

loads are applied, and CoG represents the center of gravity of the TLP.298

The frequency dependent radiation damping coefficient computed using a diffraction program is299

included in the calculation to represent the wave damping. Additional linear viscous damping force300

Fd is added to the floating VAWT system to accurately represent the physical system:301

Fd =−CdẊ (15)
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where Cd represents the linear viscous damping coefficient, and Ẋ is the velocity of the platform.302

Unit Floating VAWT (2B) Floating VAWT (3B)

Water depth m 100 100

Draft m 15 15

Total mass (turbine+hull+ballast) ton 1981 2148

Buoyancy in undisplaced position ton 3302 3465

CoG above MWL m 6.7 10.0

Radius of gyration about CoG: Roll m 30.3 36.9

Radius of gyration about CoG: Pitch m 30.3 36.9

Radius of gyration about CoG: Yaw m 16.4 19.6

Mooring length m 85 85

Table 7: Characteristics of two TLP-type floating VAWTs

Figure 8: A two-bladed floating VAWT configuration and its 6-DOF coordinate system
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5. Design Studies for the UTD 5MW VAWT303

The first six flexible modes of the UTD 5 MW two-bladed VAWT were obtained from OWENS304

and are plotted in Figure 9. Vertical axis wind turbines have significantly different geometry than305

HAWTs. As a result, the mode types are quite distinct in VAWTs. Further, the classical flutter306

pattern for HAWTs that involves coupling between flap and torsion modes might not be observed in307

some VAWT configurations. However, the flutter prediction procedure employed here for the VAWT308

follows the classical approach used for HAWTs by performing modal analysis for the aero-elastic309

system for varying, increasing RPM until a flutter mode with negative damping is identified.310
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(a) In Plane Tower Mode (b) Out of Plane Tower Mode

(c) Propeller Mode (d) Edgewise Mode

(e) Antisymmetric Flatwise Mode (f) Symmetric Flatwise Mode

Figure 9: First Six Flexible Modes for the Parked UTD 5MW Two-bladed Rotor

Based on the flutter analysis for the two turbines specified above (UTD 5MW VAWTs with two311
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and three blades), it was found that tower, propeller, and edgewise modes are the three primary flutter312

modes for UTD 5 MW VAWT. We note that these principal flutter modes deviate from the classical313

flap-torsion or edge-torsion coupling behavior. Figure 10 shows these three representative cases314

where the tower vibration mode shows up mostly in the in-plane and out-of-plane directions similar315

to the bending of a cantilever beam. For a two-bladed VAWT, the blades move simultaneously equal316

distance in a lead-lag fashion similar to the flapping wings of a butterfly when seen from above in317

edgewise mode. In propeller mode, the two blades move in phase in opposite direction where the318

vertical tower becomes the axis of rotation.319

(a) (b)

(c)

Figure 10: Visualization of the Flutter Modes (a) Tower Mode, (b) Edgewise Mode, (c) Propeller Mode

In this analysis, the tower mode shows hard flutter (see Figure 11(a)), and propeller/edgewise320

modes exhibit soft flutter (see Figure 11(b)). Soft flutter modes show a smooth transition from321
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positive to negative damping ratio, while hard flutter modes have a steep, sudden slope during this322

transition, as depicted in Figure 11(a). The values of damping ratio for hard flutter mode are consid-323

erably higher than soft flutter mode.324
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Figure 11: (a) Hard Tower Mode Flutter, (b) Soft Propeller and Edgewise Mode Flutter

The tower mode flutter is the primary design concern since the soft propeller/edgewise mode flut-325

ter RPM can be pushed beyond the operating RPM by adding minor structural damping to the VAWT326

system, and the tower mode exhibits a hard flutter, which has potential to be more catastrophic. To327
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show the effect of adding structural damping, the Rayleigh damping parameter was added to damp328

out lower frequency modes. Figure 12(b) shows that adding a 1% structural damping to the general329

damping increases the propeller and edgewise mode flutter from (no structural damping case) 4.9330

and 3.3 RPM to 11 and 7.6 RPM, respectively. As shown in Figure 12(c), adding 2% damping ratio331

(as was done in [10] for the Sandia 34-meter VAWT) further delays the soft flutter modes’ RPM,332

although it does not alter the hard tower mode flutter RPM much.333
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Figure 12: Soft flutter modes with (a) No Structural Damping, (b) 1% Structural Damping, (c)2% Structural Damping
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In this initial study, we have identified and characterized the fundamental behavior of the modal334

and flutter characteristics of large-scale VAWT rotor as this was evaluated in this section. We now335

turn our attention to the impact of the important design requirements on modal and flutter perfor-336

mance, as the primary focus of this overall study, which is assessed through a study of various rotor337

and floating system design choices. For example, what impact does the tower height have on modes338

and flutter? How does tapering of the blade chord impact flutter speeds? And, what is the impact of339

the floating system on turbine modes and flutter speeds? These are some of the research questions340

addressed in the following sections through an aero-hydro-elastic parametric study.341

5.1. Effect of Tower Height and Number of Blades on Flutter342

Tower height could play a pivotal role in the resonance and stability concerns of offshore VAWTs;343

therefore, in this section we perform a study of the impact of tower height on VAWT structural344

dynamics and flutter. Figure 13 shows three tower height extensions of 10, 15, and 20 m that we345

consider. For each case, the tower height has been extended downward from the intersection of tower346

and blade root while adjusting the tower properties accordingly.347

(a) (b) (c)

Figure 13: Tower Height Variation: (a) 10 m extension, (b)15m extension, (c) 20m extension

Typically, extending the tower height has a detrimental effect since this reduces the tower mode348

frequencies, and there could be crossings with the per-rev excitations of the rotor that depend on the349

number of blades. A flutter analysis was performed for the above range of tower heights, and the350

effect of tower height extension can be observed in Figure 14 for the three flutter modes of inter-351

est for two- and three-bladed VAWTs, which are the tower, propeller, and edgewise flutter modes.352

Extending the tower height reduces the tower mode flutter RPM since with the increase of tower353
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length, the stiffness to mass ratio of the configuration decreases. On the other hand, the propeller354

and edgewise flutter modes are not affected by the tower height variation.355
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Figure 14: Tower Height Extension vs. Flutter RPM for (a) Two-Bladed and (b) Three-Bladed VAWT
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5.2. Effect of Blade Chord Tapering on Modes and Flutter356

As shown in Figure 15, four different blade chord tapering schemes were analyzed to observe357

their effects on the VAWT stability, which include (a) no taper (constant chord along span), (b) single358

taper at the bottom of the rotor, (c) single taper at the rotor top, and (d) double taper at both rotor359

top and bottom. For single taper bottom, the chord had maximum diameter at the root (bottom)360

i.e. the intersection of blade and tower, then the chord diameter was linearly decreased to 3 meters361

as the equator was approached,and after the equator till the other connection point between tower362

and blade ,the blade chord was kept fixed at 3 meters. The maximum chord size at the blade root363

were varied between 6 meters and 3 meters, while for each maximum chord size the linear descent364

to 3 meters towards the equator was considered as stated before. Similar pattern has been followed365

for tapering at the top of the blade with the difference being that in this case the maximum blade366

chord was at the blade top and tower intersection point, and subsequently the chord size was linearly367

reduced to 3 meters descending towards the blade equator. For the double tapered blade, maximum368

chord (ranging between 6 m to 3 meters) was considered at each blade and tower connection points,369

and then was linearly reduced down to 3 meters from each direction towards the blade chord. The370

no taper case implemented constant chord size ranging between 6 meters to 3 meters along the entire371

blade.372
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(a) (b)

(c) (d)

Figure 15: (a) No taper, (b) Single taper Top, (c) Single taper Bottom, (d) Double taper

We now study the critical flutter mode, the tower flutter mode, for these four blade chord tapering373

schemes, as presented in Figure 16. For tower mode flutter, although aerodynamics surrounding the374

blades changes with varying tapering scheme, it is observed that increasing the chord size increases375

the flutter RPM of the tower flutter mode for all types of tapering schemes since blade stiffness376

increases with larger chord sizes. Figure 16 indicates that the case where the blade has tapering only377

at the bottom (single taper bottom), from the blade root to the equator, is most suitable to delay the378

onset of flutter RPM, and that the case of single taper at the top is the worst in terms of flutter RPM.379

The concluding remark from this analysis is that lowering the center of gravity can help alleviate380

flutter concerns for the tower mode. The center of gravity varies with different tapering and chord381

sizes with the single bottom side [Figure 16(b)] tapering having the only decreasing trend in CG382

with increasing chord size.383
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Figure 16: (a) Variation of flutter RPM for four tapering schemes with increasing chord size, (b) Change of center of

gravity with increasing chord size

5.3. Effect of the Floating Platform on Modes and Flutter384

In this section, we study the impact of the floating system for the offshore floating VAWT by385

comparing with the case of a land-based VAWT. As we will show, the floating platform has a sig-386
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nificant effect on the tower modes of two- and three-bladed offshore VAWTs. Figure 17 illustrates387

the difference in the frequency behavior of land-based and offshore UTD 5MW VAWT over a range388

of RPM, for the three tower height extensions considered in Figure 13. It is encouraging that the in-389

plane and out-of-plane tower frequencies increase for all six cases (Figure 17) when they are placed390

on a floating platform. For a two-bladed VAWT, the critical per-rev excitation lines are 1P, 3P, 5P,391

and 7P [28] where encountering these excitation lines may cause resonance issues. It is observed392

from the figures that a floating platform delays the encounter of tower modes with these per-rev393

excitations leading to potential to eliminate or mostly eliminate the resonance issue in comparison394

to the land-based case. A similar conclusion can be drawn for a three-bladed offshore VAWT where395

the 2P, 4P, 5P, and 7P per-rev excitation lines are of primary concern for resonance [28]. The fre-396

quency increase can be attributed to the fact that when a floating platform is attached to the bottom397

of the tower, it behaves more similar to a free boundary condition, and the entire turbine configu-398

ration acts similar to a beam with both free-free ends, which has a higher flexible mode frequency399

compared to a cantilever beam (as is the case for the land-based VAWT). The difference between400

two- and three-bladed offshore VAWTs with regards to resonance issue is that a three-bladed VAWT401

has comparatively lower tower mode frequencies over the RPM range, which makes it more prone402

to encountering the per-rev excitation lines.403
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Figure 17: Effect of tower height on resonance of land-based and floating two-bladed (a-c) and three-bladed (d-f) VAWT

The preceding analysis examined only the impact of the floating platform on the tower mode;404
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however, for the floating system case rigid body modes (namely, the surge, sway, heave, roll, pitch405

and yaw modes) are introduced, which do not occur for the land-based case.406

The method of adding the floating system model in OWENS has been validated against the com-407

mercial software OrcaFlex [33] based on the natural frequencies of the two-bladed floating VAWT.408

OrcaFlex is a commonly used tool for dynamic analysis of floating offshore systems. It can solve409

nonlinear dynamic mooring using a finite element method considering buoyancy, weight, viscous410

drag, hydrodynamic loads and so on.411

The natural frequencies of the floating system in the six degrees of freedom were attained through412

free decay tests in OrcaFlex [25]. Comparison of the natural frequencies between OrcaFlex and the413

current study are summarized in Table 8. Compared to OrcaFlex, our study present lower frequen-414

cies with percent differences between 2.8% to 7.64%. These differences are mainly resulted from415

the different methods modeling the moorings between the two tools. As explained above, OrcaFlex416

applies a finite element method to account for all the loads acting on the moorings, while the float-417

ing system model in OWENS adopts a linear matrix to describe the mooring stiffness. Overall,418

the natural frequencies computed from OWENS agree with those from OrcaFlex with reasonable419

fidelity.420

Mode OrcaFlex (rad/s) Current study (rad/s) % Difference

Surge 0.17 0.15 -7.64

Sway 0.17 0.15 -7.64

Heave 3.53 3.39 -3.96

Roll 3.45 3.26 -5.5

Pitch 3.49 3.29 -5.73

Yaw 0.25 0.24 -2.8

Table 8: Comparison of natural frequencies of the two-bladed floating VAWT between OrcaFlex and OWENS

We perform an analysis of these rigid body vibration modes of the floating platform versus421

rotor RPM and present them in Figure 18. The trends in the six rigid body modes for the platform422

supported three-bladed VAWT are similar to the two-bladed design and hence are not separately423

discussed here. All the rigid mode frequencies except for the roll mode frequency remain relatively424
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constant the RPM range, as shown in Figure 18. The roll mode interacts with the rotating turbine425

initiating at about 8.5 RPM, where it starts to show a decaying trend. Although, as discussed before,426

the floating platform has the benefit of raising the tower mode frequencies resulting in less interaction427

with per-rev excitation frequencies, the presence of relatively lower rigid mode frequencies might428

raise concerns about potential resonance. For example, although the relatively higher heave, roll429

and pitch modes do not interact with per rev excitation lines within the operating RPM range, the430

other three lowest frequency rigid modes (surge, sway, and yaw) do have intersections with 1P431

and 2P excitation lines, thus it is recommended that these modes be examined for low RPM cases432

such as turbine start-up or shut-down for potential resonance by performing aero-elastic transient433

simulations.434
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Figure 18: Floating VAWT rigid mode frequencies vs. RPM

We now turn our attention to investigate flutter for the floating VAWT system. Automated flutter435

analysis on the UTD 5MW VAWT has been performed using OWENS to examine the effect of436

a floating platform on the flutter instability. The result of the flutter analysis for the six lowest437

frequency flexible rotor modes is presented in Figure 19 as the damping versus RPM. Unstable flutter438

modes with negative damping have not been observed for the flexible rotor modes, thus Figure 19439
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shows that the turbine is not susceptible to flutter within the operating RPM range for these flexible440

rotor modes. However, the curves for the damping ratio of the tower, propeller, and edgewise modes441

start to flatten out at higher RPM, which may eventually cross the zero damping ratio line at higher442

RPM. Upon extending the analysis to higher speeds, it can be observed in Figure 20 that the tower443

mode, which was identified earlier as the critical flutter mode, goes unstable at about 44.2 RPM,444

which is much higher than the designed rotor operating RPM of 7.81. This delay in flutter speed445

can be attributed to the increased tower mode frequencies that result in placing the turbine on the446

floating platform as discussed earlier. As a result, the tower flutter RPM (for the UTD 5MW two-447

bladed VAWT) is increased by about 154% to 44.2 RPM on a floating platform versus 17.4 RPM for448

the land-based case. This is a very significant increase in flutter speed with the only change being the449

placement of the turbine on a floating platform (tension leg platform in this case) versus placement450

on land.451
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Figure 19: Flutter analysis of flexible modes (Damping ratio vs. RPM for two-bladed VAWT on floating platform)
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Figure 20: Tower mode damping ratio vs. RPM(For two-bladed VAWT on floating platform)

After analyzing the flexible modes, the flutter characteristics of the six rigid body modes (surge,452

sway, have, roll, pitch, and yaw modes) are also studied. Figure 21 shows the damping ratio of the453

rigid modes versus RPM. We find that the numerical values of the damping ratio for the rigid modes454

are two orders less than those for the flexible modes. The lowest damping can be observed in roll and455

pitch modes. These numerical values are comparable to the soft flutter mode values of the propeller456

and edgewise modes observed in the land-based VAWT.457
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Further analysis on the rigid body modes shows (Figure 22) that the pitch mode starts showing458

flutter instability at 44.8 RPM which is significantly higher than the operating RPM, and hence is459

not a major design concern.460
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Figure 22: Flutter analysis of rigid modes (Damping ratio vs RPM for two-bladed VAWT on floating platform)
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6. Conclusions461

The benefits of large offshore wind farms have drawn significant research interest in recent years.462

Modal and flutter analysis of large-scale offshore VAWTs is crucial in safe operation over the lifespan463

of the turbine. The following are the major new contributions of this paper for modal and flutter464

analysis of offshore VAWT:465

• Development of a coupled rotor-floating system model by adding the floating system in the466

OWENS code,467

• Identification of dominant flutter mode characteristics of VAWT,468

• Analysis of the effect of tower height and impact of number of blades on VAWT flutter RPM,469

• Demonstration of the effect of blade tapering on VAWT flutter RPM, and470

• Identification of flutter potential and characteristics of flexible and rigid modes of an offshore471

VAWT on a floating platform.472

The focus of this study is analyzing the effect of tower height, blade numbers, blade tapering473

on the structural dynamics of VAWTs, and also developing a coupled structural dynamic model for474

modal and flutter analysis a floating VAWT by combining a rotor structural dynamics model (based475

on OWENS toolkit) with a linearized structural dynamics model for the floating system (hull and476

mooring). To ensure the accuracy of proposed model, a validation was conducted for both modal and477

flutter predictions with prior studies published for the Sandia 2-meter and Sandia 34-meter VAWTs.478

The results demonstrate an excellent agreement for predicting both the modes versus rotor speed and479

flutter RPM prediction.480

Evaluating the flutter potential is crucial in designing lift generating structures, such as VAWTs.481

Past studies indicate that the classical flutter predictions in horizontal wind turbine blades exhibit482

flutter due to coupling of flapwise and torsional modes; however, the present results prove that483

distinctly different flutter characteristics are present for a VAWT as the tower mode is most unstable484

mode contributing to hard flutter instability for large-scale VAWTs. This is postulated to result from485

low damping that is inherent in the out-of-plane tower bending model. In order to further explore486

design space sensitivities, the effects of tower height on tower mode, propeller mode, and edgewise487

mode was studied for three cases of tower extension. It was found that tower height extension has a488
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neutral effect on the propeller and edgewise flutter mode but it has an significant, adverse impact on489

tower flutter mode.490

Further, four blade-tapering schemes have been analyzed to understand which tapering is more491

effective in mitigating the flutter concern of VAWTs. All four tapering schemes showed potential492

to increase the flutter rpm with increasing chord sizes since larger chords stiffen the structure and493

increase the damping ratio for both two- and three-bladed turbines.494

A technique to model a rigid floating platform support at the bottom of a flexible VAWT is in-495

troduced. The floating platform was observed to have a positive effect of raising the tower mode496

frequencies by 49%-68% compared to the land-based VAWT. Analysis of flutter showed that the497

flutter speed of hard tower mode was increased by 154% and the flutter of rigid modes was esti-498

mated at 5.7 times the operating RPM when moving from land-based to a floating system, which is499

a major benefit to moving offshore on floating systems. However, per-rev crossings of the lowest500

frequency rigid body modes may be a concern at low RPM operation, such a turbine start-up or shut-501

down, and should be analyzed. This work focused on modal and flutter characteristics for a floating502

offshore VAWT. In future work, it is suggested to consider unsteady hydrodynamic loads for the503

floating system model in addition to unsteady aerodynamic loads for the rotor. In addition, exper-504

imental studies would be beneficial to demonstrate the benefits of increased tower mode frequency505

and increased flutter speeds when placing a VAWT on a floating platform, as presented in this work.506
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