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EXECUTIVE SUMMARY

Coincidence of structural resonances with wind turbine dynamic forces can lead to large amplitude stresses
and subsequent accelerated fatigue. For this reason, the wind turbine rotor blades and support structure are
designed to avoid resonance coincidence. In particular, the current practice is to design the wind turbine
support structure such that the tower fundamental resonance does not coincide with the fundamental
rotational (1P) and blade passing (3P for three-bladed turbines) frequencies of the rotor. These forcing
frequencies are dominant vibration sources and are associated with rotor imbalance and non-uniform flow
over the blades as they rotate. This design practice is reflected in the wind turbine period of vibration
requirements, adherence to which results in systems with fundamental support structure bending frequencies
in the frequency band between 1P and 3P. This resonance avoidance approach has significant consequences

for the structural design of offshore wind turbines and can result in wind turbines with large diameter piles.

In this effort, Applied Physical Sciences determined the impact of period of vibration requirements on the
structural design of offshore wind turbines; identified and evaluated potential vulnerabilities in this design
approach; performed a tradeoff study of potential resonance avoidance and vibration mitigation techniques
for offshore wind turbines; and assessed the impact that advanced and novel design concepts have on the
structural design and dynamic response of offshore wind turbines. In order to accomplish these objectives,
APS leveraged a deep physics-based understanding of the underlying structural dynamic, aerodynamic,
hydrodynamic, and rotating machinery processes required for the analysis of offshore wind turbines. To that
end, a suite of computational tools was developed and assembled to perform design sensitivity studies that

informed the selection and analysis of alternate vibration mitigation and resonance avoidance strategies.
Key conclusions from this study include:

e For the 5MW NREL reference wind turbine, the interaction of higher frequency resonances with
sources other than 1P and 3P, identified early on as a potential vulnerability in the soft-stiff design
approach, do not contribute significantly to the wind turbine support structure fatigue damage
accumulation. Only those sources that interact with the fundamental support structure bending

mode contribute to the support structure fatigue damage accumulation.

e As aresult, ambient sources such as wind gusts and ocean wave loading, which are processes with
energy at that important support structure natural frequency, are extremely important contributors to
the fatigue damage of the SMW NREL reference wind turbine. Properly characterizing wind and
wave climate at potential sites is therefore extremely important when performing fatigue life

assessment during the design of offshore wind turbines.

e Aerodynamic damping, an aeroelastic effect that mitigates blade and global support structure
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vibrations, is a dominant dissipative mechanism for the fundamental support structure bending mode
in offshore wind turbine systems, serving to reduce vibration levels and increase fatigue life. The
effectiveness of the acrodynamic damping is maximized with light nacelles and turbines and/or by
designing the wind turbine system to be soft (with care not to align the fundamental mode with
important ambient sources). It should also be noted that the aerodynamic damping effect is

significantly diminished in parked operation.

= [tis interesting to note that while the reference wind turbine as defined by NREL does technically
adhere to the “soft-stiff”” design philosophy, the fundamental support structure resonance of
approximately 0.25Hz is still very near the operating 1P frequency of the turbine (~0.2Hz). That the
unsteady 1P loading due to turbine imbalances was deemed important despite the fact that the
NREL turbine adheres to the “soft-stiff” design methodology suggests that designers should not
only consider discrete coincidence of 1P and 3P with the fundamental support structure resonance
but should also acknowledge the fact that the dynamic amplification associated with the fundamental
resonance has finite bandwidth. In addition, researches should be cognizant that the results of
studies performed on the NREL turbine, particular with respect to the dynamic interaction of forces

with 3P, may not be representative of turbines with resonant frequencies appearing elsewhere in the
1P-3P bandwidth.

»  The accuracy of predicted aerodynamic blade load amplitudes and system resonant frequencies is
limited. The blade load amplitudes are time dependent on the inflow characteristics, which are
themselves time dependent. The resonant frequencies are sensitive to the soil and foundation
characteristics, which are also time dependent (e.g. scouring effects). Scouring and reduction in
foundation integrity over time are especially problematic because they reduce the fundamental
structural resonance of the support structure, aligning that resonance more closely to the lower
frequencies at which much of the broadband wave and gust energy is contained or align this

resonance more closely with 1P.

In addition to these insights, several vibration mitigation and resonance avoidance strategies are evaluated,
and alternate designs are assessed on the basis of their impact on the structural design of offshore wind

turbines and their effect on the period of vibration requirements. The following conclusions are noted:

»  Breakwaters and magnetic gears are promising technical solutions for improving the fatigue life of
offshore wind turbines. Properly designed and situated breakwaters can be used to reduce wave
loading on piles. However, these structures must be relatively large to accomplish this reduction, and
therefore a more thorough cost-benefit analysis needs to be performed to assess the full metric of

considerations. Magnetic gears offer a potential solution to wind turbine gearbox reliability concerns
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and offer potential weight reduction relative to systems utilizing traditional mechanical gears; they
also offer higher efficiency speed conversion than mechanical systems and have inherent overload
protection. However, these systems have only been tested at small scale and need additional

technical development to be feasible for MW-scale offshore wind turbine applications.

»  Vertical axis turbines were researched thoroughly by Sandia for onshore application; few onshore
installations exist, as there are significant blade vibration concerns and their aerodynamic efficiency is
often surpassed by horizontal axis turbines. However, these systems have several technical merits
offshore, particularly for floating wind turbines, where the center of gravity of the system is an

important design consideration.

»  Like magnetic gears, wind turbines that utilize direct-drive systems have the potential for reduced
reliability issues. However, all else equal, the generator and gear weight for direct-drive systems has
been shown in the literature to exceed the weight for both mechanical gearboxes and conceptual
magnetic gear designs. There are several approaches to reducing the weight of direct-drive systems,
which is essential from a dynamic standpoint to maximize the effect of aerodynamic damping as well
as from a practical standpoint, as larger more massive nacelle components are more difficult to
transport install. However, some of these techniques, such as smaller diameter higher speed turbines,
result in other potential dynamic issues which the designer must consider. Assuming these concerns
are addressed, direct-drive systems and magnetic gears are both good candidates for solving the

gearbox reliability problem in offshore wind turbines.

= Other novel wind turbine concepts, such as floating systems and jacketed foundations, have a
completely different set of period of vibration requirements compared to traditional pile-mounted
systems. In particular, floating systems have an additional set of resonances associated with the rigid

body seakeeping modes of the floating platform that must be considered in the design process.
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INTRODUCTION

This is the final report for the project entitled “Evaluate the Effect of Turbine Period of Vibration
Requirements on Structural Design Parameters.” This work is sponsored by the Department of the Interior,
Bureau of Ocean Energy Management, Regulation, and Enforcement BOEMRE) Engineering & Research
Branch under contract no. M10PC00066. This project is a study of resonance coincidence and its impact on
the structural design characteristics of offshore wind turbines. Focus areas are accelerated fatigue resulting
from resonance coincidence and an assessment of strategies to avoid resonance coincidence and minimize its

consequences.

This report provides an overview of project analysis, results, conclusions, and recommendations for follow-

on work. This report details the completion of the following Phase I effort tasks:

Compile/assess requirements

Evaluate forcing mechanisms

Evaluate dominant resonances

Assess limit states

Tradeoff study of resonance avoidance concepts
Assess the impact of advanced turbine designs

A e

STATE OF THE ART

Coincidence of structural resonances with wind turbine dynamic forces can lead to large amplitude stresses
and subsequent accelerated fatigue. For this reason, the wind turbine rotor blades and support structure are
designed to avoid resonance coincidence. In particular, the current practice is to design the wind turbine
support structure such that the tower fundamental resonance does not coincide with the fundamental
rotational (1P) and blade passing (3P for three-bladed turbines) frequencies of the rotor. These forcing
frequencies are dominant vibration sources and are associated with rotor imbalance and non-uniform flow
over the blades as they rotate. This design practice is reflected in the wind turbine period of vibration

requirements.

The state of the art approach for avoiding resonance coincidence is to position the fundamental resonance
such that it does not coincide with those dominant sources over the operating speed range of the wind
turbine. This can be achieved by positioning the resonance frequency below both forcing functions (i.e.
“soft-soft”), between both forcing functions (i.e. “soft-stiff”’), or above both forcing functions (“stiff-stiff”).
A resonance diagram, such as the one shown in Figure 1, is often used to visualize the important system

resonances and forcing mechanisms germane to the offshore wind turbine system.
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Figure 1: Structural Design Regimes for Offshore Wind Turbines

For offshore wind turbines, resonance avoidance is often achieved by using the “soft-stiff”” design approach,
ensuring that the tower fundamental resonance frequency lies in the frequency band between the rotor and
blade passing rates over the operating speed of the turbine. This approach requires a very stiff foundation
and has major implications for the structural design characteristics of the wind turbine. It is also sensitive to
the levels of damping in the design and requires soil characteristics within a particular range, limiting potential
sites for offshore wind turbine installation and introducing an implicit reliance on static soil properties to
achieve resonance avoidance. In addition, the “soft-stiff” design philosophy does not explicitly treat higher
structural modes of the wind turbine’s components. This is best understood by considering the differences
between sparse and dense Campbell diagrams, shown in Figure 2. The Campbell diagram is a classical way of
representing the dynamics of rotary machinery; it shows the relationship between forcing mechanisms, as a
function of the rotation rate of the system, relative to important system resonances over the system’s
operating range. Resonance coincidence is represented by a system forcing mechanism crossing a resonance

line.

The plot on the left in Figure 2 is a sparse Campbell diagram, showing the rotation rate (1P) and blade-
passing rate (3P) over the operating range of the turbine. Note that many important source frequencies occur

at multiples of the rotor rate, and are denoted as NP, where N is an integer multiple. Thus, 6P represents a
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frequency six times the rotor rate; this convention is used throughout this study. The operating range of the
turbine is represented by the vertical black lines, with a cut-in speed of 6.9 RPM, a design speed of 12.1 RPM.
As can be seen, between the cut-in speed and 15 RPM, 1P and 3P do not cross the support structure’s
fundamental resonance, which is approximately 0.35 Hz. Note also that the support structure fundamental
mode is between 1P and 3P throughout the operating range shown, which is consistent with a “soft-stiff”

offshore wind turbine design, as has been previously discussed.

Now, consider the plot on the right in Figure 2. This is a dense Campbell diagram, complete with resonances
for higher modes of the support structure and additional component degrees-of-freedom. Also included atre
harmonics of the 1P and 3P source mechanisms. This dense Campbell diagram shows resonance coincidence
among several sources and resonances above the cut-in speed, which implies the potential for large
displacement responses. It should be noted that some of these coincidences are with high frequency
resonances, which have the potential to contribute rapidly to the cumulative fatigue damage of the wind
turbine system. In additional, even if resonance avoidance is formally achieved, there still may be dynamic
amplification of the system’s structural vibrations in off-resonance conditions that can be important for the
limit state assessment. This suggests the need for modeling the interactions among all resonances and forcing
mechanisms explicitly and not relying on a resonance avoidance strategy that only treats the 1P and 3P

sources and their interaction with the fundamental support structure resonance [6].
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| | | |
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Figure 2: Sparse (left) and dense (right) Campbell diagrams for a representative offshore wind

turbine design.
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APPROACH

In order to develop successful vibration mitigation and resonance avoidance strategies and identify potential
vulnerabilities in the “soft-stiff” period of vibration requirement, a thorough understanding of the wind
turbine system is needed. This understanding must encompass a view of the aerodynamic and hydrodynamic
forces acting on the system, the system’s coupled structural dynamic response to those forces, and how these
structural responses result in cyclic stresses that cause accumulated damage in the support structure and can
eventually lead to fatigue failure. The approach outlined in Figure 3.requires several assumptions related to
meteorological and oceanographic (METOC) conditions, site-specific details such as foundation properties, a
canonical offshore wind turbine design to drive the analysis, and numerical models for the forcing
mechanisms, structural dynamics, mechanics, and fatigue assessment. The application of these models is
intended to yield insights that help identify vulnerabilities in the soft-stiff approach and offer a comparative
view of potential resonance avoidance and vibration mitigation approaches. A set of sensitivity studies based
on these models and assumptions attempt to quantify the effect of changing different aspects of the system’s
design on the fatigue life of the support structure, which is currently the limiting structural design criterion for
offshore wind turbines. The results of these sensitivity studies also provide insight into potential limitations
and vulnerabilities associated with the current “soft-stiff” structural design philosophy and give context for

choosing different resonance avoidance and vibration mitigation strategies

_____ Coupled response
Forcing Functions |+~ STl | Requires assumptions
* Aerodynamic . \ on foundation & soil i
» Hydrodynamic | | characteristics i
. MachlneAry \ | (e.g. monopile, stiff clay)

R . Dynamic Response O St
| Requires assumptions | | + Resonance - ' Requires stresses

. on wind, ocean, & 1| characteristics PR Strength of matls. |
| operating conditions || * Forced response: .- P !
"""""""""""""""" deflections, resultant

forces, & moments

Design Impact:
* Fatigue

* Ultimate strength

Key Themes: « Practical concerns

» Comparative view of resonance

avoidance approaches
» Impact of uncertainties in soft-
stiff approach

Figure 3: Approach for synthesizing analyses for the purposes of this effort.
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While several design tools for wind turbine systems are available, including the NREL simulation tool FAST
[10], the approach for this project was to leverage and tailor APS’ existing physics-based computational
models and corporate experience in structural dynamics, fluid structure interaction, and vibration control for
the analysis efforts required to successfully realize alternative vibration mitigation and resonance avoidance
strategies for offshore wind turbines. The primary motivation for this approach is that many of the vibration
mitigation and resonance avoidance strategies identified in the proposal and kickoff meeting, such as designs
leveraging vertical-axis turbine or jacketed foundations, cannot be explored using FAST and other tools
which are designed for the analysis of more conventional offshore wind turbine systems. In addition, FAST
is inherently a time-domain simulation tool, but many of the objectives of this current effort can be
successfully addressed using linearized frequency domain models. These frequency domain models offer
insight into the relevant physics that can easily be overlooked when analyzing time domain results from
simulation. Finally, one of the important deliverables for this current task is to assess shortcomings of the
“soft-stiff” design methodology. In order to adequately do that, it is important to be keenly aware of the
physics relevant to the wind turbine system — its design, operation, and failure mechanisms. Formulating
analysis tools from first principles is an effective way of ascertaining the weaknesses in the current approach.
It should be noted that wherever possible, results from the models and computational tools APS developed
for this effort are benchmarked against results from FAST and other published data to ensure consistency

and identify and understand inconsistencies.

REFERENCE OFFSHORE WIND TURBINE

In order to organize and focus the analysis to be performed in this project, a reference offshore wind turbine
that adheres to the “soft-stiff” design methodology was identified. For this project, the 5-MW NREL
offshore wind turbine design [1] is used as a reference. The principal characteristics of this turbine design are
shown in Table 1. Note that all values are taken or derived from [1] unless otherwise noted. Figure 4

delineates the different structural portions of the offshore wind turbine referenced in Table 1.

Table 1: Principal Characteristics NREL 5-MW Reference

Offshore Wind Turbine

Description Symbol Value
Tower Length (m) L, 87.6
Support Structure Material - Steel
Steel Young’s Modulus (GPa) E 210
Steel Shear Modulus (GPa) G 80.8
Steel Density (kg/m?3) 0 8500
Support Structure Damping Ratio ¢ 0.01 [6]
Foundation Depth (m) L, 25
Water Depth (m) L, 15
Pile Length (m) L, 40
Support Structure Length (m) L 128
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Tower Diameter (m) D

At RNA D; 3.87

At Pile D, 6
Tower Thickness (m)

At RNA t 0.025

At Pile 7 0.035
Pile Diameter (m) D, 6 [6]
Pile Thickness (m) A 0.06 [6]
Wind Speed (m/s)

Design \Y 11.4

Cut-In Viow 3

Cut-Out Vhigh 25
Rotor Speed (rad/s)

Design Q 1.27

Cut-In Qiow 0.72
Rotor Diameter (m) D, 126
Rotor and Hub Mass (tonne) 7y 110

Hub Mass (tonne) 56

Blade Mass (tonne) 18
Tower Mass (tonne) y 347
Pile Mass (tonne) 7y 663
Nacelle Mass (tonne) 7, 240
Rotor-Nacelle Assembly Mass (tonne) MIRNA 350

There are three relevant coordinate systems for the reference offshore wind turbine; two are shown in Figure
4. The first, the RNA coordinate system, has an origin at the junction between the centerline of the tower
and the RNA. The second coordinate system is the reference against which displacements of the support
structure are referenced and has an origin at the extreme pile depth on the pile centerline. The third
coordinate system, which is not shown in Figure 4, has its origin at the rotor hub in the plane of the rotor;

this coordinate system is denoted with the subscript “turbine.”
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Figure 4: Coordinate Systems and Terminology for
Support Structure Vibration Model

For all coordinate systems, the following directionality definitions apply:

e xis defined as the horizontal coordinate aligned with the wind direction, with positive x into the
wind. Motions in the x-direction are referred to as “surge” and deflections of the support structure
in the x-direction are referred to as .
_y1s defined as the horizontal coordinate normal to the wind direction motion, with positive y defined
such that the cross product of x and y is consistent with g up. Motions in the y-direction are referred
to as “sway” and deflections of the support structure in the y direction are referred to as .
e zis defined as the vertical coordinate, with positive g up. Motions in the g direction are referred to as
“heave.”
Rotations about the x axis atre referred to as “roll.”
Rotations about the y axis ate referred to as “pitch.”
Rotations about the g axis are referred to as “yaw” and deflections of the support structure about the
z-axis are referred to as 6.

It should be noted that these coordinate systems are consistent with those defined in the FAST

documentation [10].
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With these coordinate systems defined, it is possible to define the inertial properties of the RNA for the 5-
MW reference offshore wind turbine; the inertial properties relevant to the derivation of the structural

dynamics model are given in Table 2.

Table 2: RNA Inertial Characteristics NREL 5-MW
Reference Offshore Wind Turbine

Description Symbol Value
RNA Mass Moment of Inertia (tonne-m?)
About RNA x-axis JXRNA 3.6e4
About RNA y-axis JyrRNA 2.0e4
About RNA z-axis JzrnA 2.3c4
Rotor & Hub Mass Moment of Inertia (tonne-m?)
About turbine x-axis Jrutbine 3.5e4
RNA Mass Centroid (m)
x-axis component in RNA frame CGxpna 0.3
z-axis component in RNA frame CGzrna 1.6

The identification of a reference wind turbine design serves as the basis for all analyses involving the potential
vulnerabilities of the “soft-stiff” period of vibration design methodology and is the benchmark against which

the proposed vibration mitigation and resonance avoidance strategies are evaluated.
Wind Turbine Blade Properties

The canonical SMW offshore wind turbine blades are defined in [1]. The principal characteristics of the
turbine itself are duplicated in Table 1. The characteristics of the turbine blades themselves vary significantly
over the diameter, in part to attain aerodynamic twist. Near the hub, the turbine blade is essentially cylindrical
and therefore develops no lift. The blade gradually fairs into a more traditional foil section, with the precise
foil sections defined in [1]. The structural bending rigidity for the flapwise and edgewise modes, the torsional
rigidity, and the blade mass per unit length are shown in Figure 5 as a function of radius. The blade material

is a uni-directional fiber-reinforced plastic composite.
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Table 3: Turbine Characteristics for NREL 5-MW
Reference Offshore Wind Turbine

Description Symbol Value
Turbine Diameter, m D 126
Rotor and Hub Mass Moment of Inertia (tonne-m?)

About turbine x-axis Jrutbine 3.5e4
Blade Mass, tonne Tonne 18

—— Mass Density, tonne/m

—— Flapwise Stiffness, 1010 N-m2
—— Edgewise Stiffness, 1010 N-m2 B
—— Torsional Stiffness, 1010 N-m2

‘ | ¥
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Non-dimensional radius, r/R

Figure 5: Distributed blade properties for canonical 5MW offshore wind turbine.

A coordinate system has been assumed that passes through the quarter-chord location and is aligned with the
local blade section nose-tail line. Thus, the vibrations along the radius are referenced from a local-coordinate

system that explicitly accounts for aerodynamic twist and blade skew.

Canonical Wind Turbine Site

The site for the notional 5SMW NREL wind turbine assumed for this report is in the Block Island Sound.
NOAA maintains a METOC buoy (Station 44017 at 40.7N 72.1W) that records wind and wave conditions
near Block Island. Notional soil properties are also needed to model the structural dynamics of the offshore
wind turbine system accurately. Off the eastern coast of the United States, the soil is typically sandy with

porosity varying between 30% and 60% and densities between 1.7 and 2.3 tonne/m? [8]. Soil in Block Island
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Sound can be classified as “silty sand” with an angle of internal friction of approximately 35 degrees and a

density of 1.8 tonne/m? [8]. According to Figure 6, the soil subgrade modulus, related to the resistance of the

soil against lateral loading, is roughly £=20 MPa/m.

¢ Angle of internal friction [deg]

28° 29° 30° 36° 407  45°
Very| Loose Medium Dense Very
Loose| Dense Dense
80
Sand above the
water table
60
é
= 40
&
201 Sand below the
/ water table
oL |
0 20 40 60 80 100

Relative density [ %]
Figure 6: Soil subgrade modulus for estimation of “p-y” cutve characteristics [4].

The DNV standard [5] outlines the procedure for estimating the ultimate soil strength in static lateral loading
as well as the construction of the non-linear “p-y”” curve, which effectively describes the reaction force per
unit length p provided by the soil as a pile displaces the soil a lateral distance y as a function of depth below

the mudline. DNV gives the following equation for the non-linear “p-y” curve:

kz
~0.9p tanh| —Z2—
p="2Py (0.9 . j

Here, p is the non-linear relationship between lateral motion of a pile and reaction force provided by the soil
per unit length of the pile, p, is the ultimate lateral strength of the soil per unit length, zis the distance along
the pile, with the origin at the mudline and positive into the earth, and y is the lateral coordinate (either x or y
in the reference wind turbine coordinate systems). This equation can be linearized about the equilibrium

condition of the pile to arrive at an effective linear stiffness coefficient as follows:

.
dy
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This shows that the spring coefficient (per unit length of the pile) is a linear function of depth.

STRUCTURAL DYNAMICS MODEL

A structural dynamics model of the support structure was implemented and tested. The model includes
support structure lateral bending and torsional degrees of freedom and blade edgewise, flapwise, and torsion
degrees of freedom. The modeling philosophy is consistent with the approach shown in Figure 7, with the
lateral degrees of freedom modeled as a continuous beam element with appropriate boundary conditions and
the tower torsional degree of freedom modeled with a continuous shaft element; external forces due to
vibrations of the support structure, such as hydrodynamic added mass and damping effects, are included as
linear lumped parameters distributed along the length of the beam/shaft. The blade structural dynamics
model was then explicitly coupled to the support structure response model by introduction of appropriately

matched boundary conditions at the RNA.

|

Figure 7: Structural Dynamics Beam Model for Wind Turbine Support Structure with Lumped
Parameter Treatment of Foundation and Fluid-Structure Interaction

The model was implemented in Matlab and verified against analytic solutions for canonical problems. The
vibrations were assumed to be harmonic in time and the spatial solution was obtained via a pseudo-spectral
discretization. Support structure, blade, and coupled mode shapes and frequency response functions were
generated for the lateral and torsional degrees of freedom. These were used to gain insight into the vibrations
of the wind turbine system, to perform design sensitivity studies, and to understand potential shortcomings
associated with the current “soft-stiff” structural design methodology. The support structure has additional

degrees of freedom that are important for accurately modeling the relevant structural dynamics for an
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offshore wind turbine; these include the rigid body motions of the nacelle independent of the tower and the
rotor independent of the nacelle. In the derivations that follow, perfect fixity among the tower, rotor, and
nacelle is assumed. However, particularly for yaw of the RNA about the tower, this is not a good assumption
because the yaw control mechanism introduces dissipative and elastic effects. Other degrees-of-freedom that
should be included in the structural dynamics model are surge and roll of the rotor relative to the nacelle due
to elastic and dissipative effects in the drive-train. Follow-on work could involve implementing these degrees
of freedom to improve the fidelity of the structural dynamics model; however, for the purposes of this study,
which is used for sensitivity purposes, only support structure and blade bending and torsion degrees of

freedom are considered.

Support Structure Lateral Vibrations

The lateral support structure vibrations were modeled using a beam element with appropriate boundary
conditions at the foundation and RNA. The governing equation for the lateral motion of the support

structure is the dynamic Euler-Bernoulli beam equation:

0’ o*w w9 ow
2 Er ALY 2P rop
azz[ afj“) at2+az( azj !

Here,  is the lateral deflection of the beam in the x-direction relative to the origin of the support structure
coordinate system, E is the Young’s modulus of the constitutive tower material, [ is the second moment of
area of the tower cross section, g is the mass density of the constitutive tower material, A4 is the cross-
sectional area of the tower, P represents tower axial compressive loading due to the RNA mass as well as the
mass distribution of the support structure along its length, and frepresents forcing on the tower. All variables

are understood to be functions of the vertical position along the tower length, z, and time, 2

The Euler-Bernoulli beam equation is fourth-order in space and second-order in time and thus is subject to
four spatial boundary conditions and two initial conditions. The boundary conditions impose a shear force
and bending moment at the tower’s extremities consistent with the dynamics at the foundation and RNA.
For any position along the tower, the shear force and bending moment can be expressed as a function of the

tower displacement as follows:

Shear Force Bending Moment
d 0’ 2
9l Er VZV Bl 0w
oz 0z dz”

Specifically, at the tower’s foundation, the soil imparts a shear force resisting the tower’s motions. This force
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is comprised of an elastic component, equal to the product of the soil stiffness £, and the tower

displacement, and a damping component equal to the product of the soil dashpot coefficient 4,,; and the

2
i E I a ‘;V = (kmilw + bmil a_wj
0z 0z o ot

It is assumed that the bending moment tends to zero at the foundation:

2
{Ela ﬂ -0
aZ z,=0

At the RNA, the shear force is due to the turbine’s acrodynamic effects as well as the inertia of the RNA.

tower velocity. Mathematically:

The shear force can be expressed as:

0 o*w ow *w
2l Er =—|p 2 W
8z( 0z j . [ “r ot M or’ j

Here, L represents the tower length, 4., is the aerodynamic dashpot coefficient for linear motion of the rotor

parallel to the rotor axis, and 7gn.4 is the mass of the RNA. The negative sign on the right hand side results

from the chosen sign convention for shear forces and bending moments along the tower length.

There is also a bending moment at the RNA; this is due to the rotational inertia of the RNA:

o*w o*w
EI =—J —_—
|: aZZ :|z ., yRNA atz aZ

Here, [yrn.4 is the mass moment of inertia of the RNA about the yrn.4-axis.

It should be noted that the tower has two lateral degrees of freedom in which it can vibrate: in a direction
parallel to the wind and in a direction normal to the wind. The foregoing discussion assumed surge lateral
motions into the wind. For the sway lateral vibration degree of freedom, the governing equation and
foundation boundary conditions are identical; however, to first order, acroelastic effects are negligible, and
thus byero 1s zero in the boundary condition expression for the shear force at the RNA. In addition, the mass
moment of inertia of the RNA appearing in the bending moment boundary condition should be computed

about the xrp4-axis.
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The tower is also subject to forces along its length that result from its vibrations. These are accounted for by
the term f in the dynamic Euler-Bernoulli equation. The forces ate due to the elasticity and damping of the
foundation soil and the added mass and viscous damping of the water on the submerged portion of the pile.

The function fcan be expressed as follows:

(bm, a—W+ k wj 0<z < Lf

f at soil
B o°w ow
(ma ?+CD EJ L <z <L +L,

Here, b,y and £,,; are as defined previously, 7, is the added mass per unit length of the submerged portion of
the support structure, and Cp is a linearized drag coefficient for the submerged portion of the support
structure. The function fis defined separately over two different portions of the support, defined by the
depth of the pile penetration (or the foundation length) Iand the depth of the submerged portion of the
tower above the seabed L, in order to represent appropriately the different forcing mechanisms acting on

different portions of the tower.

The tower is also subject to external forcing mechanisms, such as those resulting from wave and water
current loading, aerodynamic excitation from the velocity deficit seen by the blades as they pass by the tower,
spatial and temporal fluctuations in the wind field encountered by the turbine, and vortex shedding off the

tower and turbine blades.

A solution of the following form was assumed:
w(z,1)= SK{W (Z)e“’”}

Here, w represents the lateral displacement of the tower as a function of time and position g along the tower’s
length, IV is an unknown function of z only, and the complex exponential term is an assumed harmonic time-
dependence of the vibrations. This expression was substituted into the governing equation and the boundary
conditions for the tower lateral motions. Chebyshev differentiation matrices were used to approximate the
spatial derivatives and the governing equation and boundary conditions were expressed as a set of linear
equations specifying the lateral deflection of the tower at Chebyshev nodes along its length; this is commonly
referred to as a pseudo-spectral solution method. The time-dependent complex exponential term is a factor

common to all terms in each equation and thus was dropped from the formulation.

The assumption of a harmonic response is consistent with a frequency-domain solution and allows structural

damping to be accounted for using hysteretic damping model, which is preferred to viscous damping for
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quantifying dissipative effects in built-up steel structures. In order to include the hysteretic damping, a
complex stiffness modulus E* is used in lieu of the Young’s Modulus E in the governing Euler-Bernoulli

beam equation. The complex modulus E* can be written as follows:
Ex=E(1+ni)

Here, 7 is a structural loss factor (multiplied by the imaginary constant 7 to account for the fact the structural
damping is in phase with the velocity of the structure’s vibrations but proportional to its displacement) and E
is the real value of Young’s Modulus, as given above. Many references, including [1] and [6], recommend
treating the structural damping by use of a constant non-dimensional damping ratio {; which is the level of
damping relative to critical damping, for all normal modes of tower deflection. A typical value is (=0.01. For

lightly-damped structures, v is twice {"at the natural frequency.

An eigen-decomposition was performed on the set of linear equations defining the deflection of the beam, W.
This decomposition results in a collection of normal modes and natural frequencies. Each normal mode is
characterized by the oscillation of the entire system at a discrete natural frequency; the mode shapes are
linearly independent, which implies that if the support structure is displaced in one of the mode shapes, no
displacements occur in the others. The lowest natural frequency, also called the fundamental resonance, and
its placement relative to the major turbine excitation forces at the rotor rate and the blade passing rate, is the

basis for the “soft-stiff” structural design philosophy.

In order to verify that the model was implemented correctly, it was modified slightly to solve a canonical

problem for which the answer is known analytically. The mode shapes and natural frequencies for a uniform
cantilevered beam were estimated using the following governing equation, which is the Euler-Bernoulli beam
equation without the external forcing and pre-compression terms and uniform structural properties along its

length:

o*w o*w
+pAl Y-
P or

El 0

For a cantilevered beam, the appropriate boundary conditions are zero shear and bending moment at the top
of the beam and zero slope and displacement at the bottom of the beam. These conditions can be written as

follows:
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The same solution technique described above was used to solve this canonical problem. The mode shapes

and natural frequencies resulting from the eigen-analysis correlate extremely well with analytic solutions given

in [2]. Figure 8 shows a qualitative comparison of the first five calculated mode shapes against the analytic

mode shapes for a cantilevered beam. The calculated natural frequencies for the first five modes matched

those predicted by theory within 0.01%.

Non-Dimensional Length, x/L

Analytic
O  Numerical
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Figure 8: Verification of Lateral Support Structure Mode Shapes against

Non-Dimensional Lateral Deflection, wiw, .

Canonical Cantilever Beam Solution [2]
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Support Structure Torsional Vibrations

The torsional support structure vibrations were modeled using a shaft element with appropriate boundary
conditions at the foundation and RNA. The governing equation for the torsional motion of the support
structure is the shaft equation:
2
2’0 0 ( 96

Js—-2—| GI —j—M =0
of oz 0z

Here, 0 1s the torsional deflection of the shaft, G is the shear modulus of the constitutive support structure
material, [ is the second moment of area of the support structure cross section (note, the factor of two is the
conversion from area moment of inertia to polar moment of inertia and relies on a planar symmetric cross-
section), [sis the polar mass moment of inertia of the support structure about its centetline per unit length,
and M represents external torques on the support structure. All variables are understood to be functions of

the vertical position along the support structure length, z, and time, #

The shaft equation is second-order in space and second-order in time, and thus is subject to two spatial
boundary conditions and two initial conditions. The boundary conditions impose a torque or displacement at
the supportt structure’s extremities consistent with the dynamics at the foundation and RNA. For any
position along the support structure, the torque can be expressed as a function of the torsional displacement

as follows:

2Gla—0

oz

Specifically, at the RNA, the boundary condition accounts for torque due to the inertia of the RNA. The
boundary condition at the RNA can be expressed as:

00 2°6
2|GI— =—JZ s —
[ 3z l . ZRNA o

Here, L represents the tower length, J3rn.4 is the mass moment of inertia of the RNA about the shaft
centerline. The negative sign on the right hand side is a result of the chosen sign convention for torques
along the tower length. Note that there is also an aerodynamic effect that dissipates torsional motion of the

wind turbine.

At the tower’s foundation, the soil imparts a dissipative torque suppressing the support structure’s torsional
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vibrations. According to [5], the effect of this dissipation can be adequately modeled by truncating the shaft
at 1/3 the penetration depth of the pile beneath the mudline and using a clamped boundary condition at this
location. This is likely an excellent model for the lower frequency vibratory modes, but may neglect
important effects for higher frequency modes where nodes approach the mudline.

=0

s <%L./'
Here, Isis the penetration depth of the pile, and the support structure can be truncated below 1/3 this depth.

A solution of the following form was assumed:
9(z,t) = %{@(z)e”‘”}

Here, 6 represents the torsional displacement of the tower as a function of time and position g along the
tower’s length, @ is an unknown function of g only, and the complex exponential term is an assumed
harmonic time-dependence of the vibrations. The solution technique is identical to that described for the

lateral vibrations.

As with the lateral structural dynamics formulation, the assumption of a frequency-domain solution allows
the structural damping to be treated with a hysteretic damping model. Its effect is incorporated by including

a structural loss factor in the shear modulus used in the governing shaft equation as follows:
G*=G(1+mi)

Here, 7 is a structural loss factor (multiplied by the imaginary constant 7 to account for the fact the structural
damping is in phase with the velocity of the tower vibrations but proportional to the tower’s torsional
displacement). Similar to the formulation for the lateral vibrations, the value of 7 is set based on values of

non-dimensional damping coefficient { found in the literature (typically {=0.01).

The tower is also subject to torques along its length that result from torsional vibrations. These are
accounted for by the term M in the shaft equation. In addition, other external mechanisms can excite torque,
such as spatial fluctuations in the wind field near the turbine and vortex shedding phenomena along the

support structure length.

In order to verify that the model was implemented correctly, it was modified slightly to solve a canonical
problem for which the answer is known analytically. The mode shapes and natural frequencies for a fixed-

free uniform shaft were estimated. The governing equation is the same as the shaft equation previously
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given. For a fixed-free beam, the appropriate boundary conditions are zero displacement at the fixed end and

zero torque at the free end. These conditions can be written as follows:

Bottom of Shaft Top of Shaft
00
[ ]zXZO [ aZ }ZS_L

The same solution technique described above was used to solve this canonical problem. The mode shapes
and natural frequencies resulting from the eigen-analysis correlate extremely well with analytic solutions given
in [2]. Figure 8 shows a qualitative comparison of the first five calculated mode shapes against the analytic
mode shapes for a fixed-free shaft. The calculated natural frequencies for the first five modes matched those

predicted by theory within 0.01%.

Analytic
O  Numerical
Mode 3 Mode 4 Mode 5
1 I \ \ )

| ) | |
S 1 | |
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075 A rA T L R
N

0.5

0.25

Non-Dimensional Length, (x
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Figure 9: Verification of Torsional Support Structure Mode Shapes against
Canonical Fixed-Free Shaft Solution [2]
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Coupling Degrees of Freedom

The lateral and torsional degrees of freedom of the offshore wind turbine support structure are coupled:
torsional motion results in a gyroscopic precession effect causing lateral surge motions of the support
structure and zice versa. This gyroscopic effect is due to the changes in the rotor’s angular momentum vector

as the support structure vibrates with 6 or » motions.

This gyroscopic effect can be expressed by modifying the appropriate boundary conditions at the RNA for
the » and ¢ degrees of freedom. The bending moment boundary condition at the RNA for the w lateral

degree of freedom should be expressed as follows to account for the gyroscopic coupling:

o’w o’w 1 060
El =| =J — |+=(] . Q)—
|: aZZ :|zv_L [ yRNA atZ azj-i_ 2( turbine ) at

Note that this is the similar to the bending moment boundary condition given before for », except for the

additional term on the right-hand side that defines the coupling. Here, [y 1s the mass moment of inertia of

the rotor about an Xy and €2 is the rotational speed of the rotor.

Similarly, the following modified expression is valid for the torsional boundary condition at the interface
between the RNA and tower (again, note the similarity between this boundary condition and the one

previously given for the torsional degree of freedom at the RNA):

00 2’ 1 o’w
2|GI— =|-Jzpn— |—=(], . &
|: aZ } ( ZRNA atz J 2( turbine ) at aZ

z,=L

In addition, there is also coupling between the degrees of freedom due to the fact that the center of gravity of
the RNA is not located at the interface between the tower and nacelle. For example, torsional motions of the
tower excite lateral vibrations in the #direction due to the fact that the »-component of the RNA’s gravity

centroid is not aligned with the vertical centerline of the support structure.

Boundary conditions at the RNA for the support structure degrees of freedom must be modified to account
for this coupling. Only linear terms in the Euler rigid body equations of motion are retained for the coupling

effects. The equations are 