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Abstract

Wind flow transfers forces to the wind turbine's rotor blades. These then set the rotor in

motion. The hub and the gearbox, where present, transfer this rotational energy to the

generator for conversion into electrical power. All the rotating components have significant

mass and are located at the head of a slender, elastic load-bearing tower in which they

induce dynamic effects. The resulting vibrations, generated at the upper end of the tower,

are modified by the dynamic properties of the tower structure and pass through the foun-

dations into the ground. Broadband seismometers record these ground vibrations not only

directly adjacent to the wind turbine but also at greater distances of (up to) several kilome-

ters from the turbine. We are aware that local residents and opponents of wind power

consider that these vibration phenomena bear potential negative health effects. In the con-

text of this paper, seismic vibrations were measured at the foundation of a 2 MW refer-

ence turbine. These seismic signals were compared to numerical simulations. Based on

this, we explain the physical background. In the past, any ground vibrations measured have

usually been attributed exclusively to the excitation frequencies from the rotor. However,

the investigations presented here show that the structural properties of the tower struc-

ture significantly influence the type and intensity of the vibrations induced in the ground

and dominate the ground motion amplitudes. Finally, we show that the targeted use of

absorbers can significantly reduce the vibrations induced in the ground.
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1 | WIND TURBINES ARE COMPLEX,
DYNAMIC SYSTEMS

1.1 | Terms and abbreviations

WT Wind turbine

Seismic vibrations Vibrations comprising one or more

wavelengths which propagate through

the ground

TBEF Natural tower bending frequency

(Continues)

Ω Angular frequency of the rotor speed

1P-excitation Excitation of the WT at a frequency which

corresponds to the rotational speed Ω

(See Section 3.3 for details).

3P-excitation Excitation of the WT at the rotor blade

transient frequency n � Ω, where n is the

number of rotor blades; usually n = 3;

the term 3P excitation has been

established for this (See Section 3.3 for

details).

Power density/power

density spectrum

This is used here as a reference value to

assess the power induced in the ground.

More generally, a power density

spectrum corresponds to the power

(Continues)
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2 | INTRODUCTION

In terms of steel wind turbines (WT), factors playing a key role in

design are: the large number of cycles which are relevant to fatigue;

the stability behavior of the tubular tower, and connections.2–5

Besides these constraints directly affecting measurement of the load-

bearing structure, cyclical excitation by the rotor also causes many

further dynamic phenomena in the area surrounding the WT. The

heated debate about thresholds for vibration and the disruptive influ-

ences uncovered during seismic measurements motivated the authors

to undertake the present study.

The authors aimed to identify the sources of sound and vibration

in a WT, investigate the propagation of dynamic excitation, and dem-

onstrate any potential for reducing the vibrations emitted.

The investigations under discussion here formed part of the

umbrella project TremAc. This is supported by the Federal German

Ministry for Economic Affairs and Energy, on the basis of a decision

made by the Bundestag.6 It aims to draw up objective criteria by

which to assess vibration and sound emissions from onshore WTs.

This involves identifying the main parameters needed for an objec-

tive assessment of turbine sound and vibration emissions. The

sources and transmission routes for sound in air and vibrations in

the ground are identified and investigated using numerical simula-

tion (finite element analysis, computational fluid dynamics, boundary

element method, multi-body simulation [MBS]) and measurements.

Accompanying environmental health and environmental psychology

investigations aim to provide an objective basis for the health risks

expected to result from WTs. The present paper discusses investiga-

tions into the background for the vibration phenomena occurring in

the area around WT foundations. The main focus for investigation in

the TremAc project as a whole is shown in Figure 1 and presented in

a wider context in Reference 7. Numerical studies on the propaga-

tion of sound and seismic vibrations are conducted by the Institute

of Soil Mechanics and Rock Mechanics (IBF) and the Geophysical

Institute (GPI) at the Karlsruhe Institute of Technology (KIT) and

described in Reference 8. A detailed linked flow simulation using

flexible tower and blade structures is being conducted at the

Institute of Aerodynamics and Gas Dynamics (IAG) at the University

of Stuttgart.9

2.1 | Sample turbine and generic simulation model

The research described below relates to a common 2 MW WT; the

type and location have been anonymized. The turbine has a hub

height of ~140 m. The combined mass of the rotor blades, nacelle

and generator is ~150 t. According to the information plate affixed

to the WT, the supporting structure is a hybrid tower10 with a mass

of ~1650 t. The bottom 90 m of the tower structure is built from

24 precast reinforced steel elements that are pretensioned against

each other; the top third consists of a tubular steel tower. Market

analysis which KIT performed based on the Register of Assets held

by the Bundesnetzagentur (Federal German Network Agency for

Electricity, Gas, Telecommunications, Post and Railway)11 shows

that this combination of two materials is the most common con-

struction method for towers of > 120 m built in Germany between

September 2014 and July 2016 (work package C2 in Reference 6).

The reason for this is the diameter required at the base of the tower

to provide the necessary rigidity. At hub heights of > 80 m this diam-

eter normally exceeds 4 m, thus making it difficult or practically

impossible to transport premanufactured tubular steel sections. The

alternative to tubular steel is precast concrete segments only a few

meters high, several of which would make up the circumference of

the tower. In addition to hybrid towers, alternative steel designs are

increasingly being used. These include chamfered segments bolted

together lengthways,12 which have also been investigated numeri-

cally as part of the TremAc study.

The turbine we investigated has flat circular reinforced concrete

foundations with a diameter of ~20 m, embedded to a depth of

~3.5 m. Its operating range starts at a mean wind speed of 2.5 m/s

and covers rotation speeds of 6 to 19.5 rpm.

We derived a generic MBS model from these macroparameters

(Section 4.5). This includes the blade geometry in order to deter-

mine the flow forces which depend on the incident flow speed, as

well as a control system and all structural components. The model is

based on a generic WT developed at the Technical University of

Munich Wind Energy Institute.13 This was scaled and modified for

the actual rated output and geometry using an integrated optimiza-

tion algorithm. The control system was modified at Stuttgart Wind

Energy (Germany's first university chair for wind energy) to reflect

the main characteristics of the reference turbine. The generic tower

structure was modified using publicly available data so that the

overall model has comparable geometric and structural dynamic

properties to the real WT. Static stress capacity and dynamic prop-

erties were also specifically added to the settings. We did not con-

duct individual investigations to find evidence of fatigue because

the task at hand only required a plausible overall model for dynamic

properties.

The rigidity of the foundations and the dynamic ground proper-

ties we applied were based on research by the IBF at the KIT and

contained in the seismic time signal over

a defined period as a function of the

frequency contained in the signal; the

calculation is performed on the basis of

the kinetic energy (Wkin = 0.5 � m � v2)
from the square of the ground motion

velocity (or suitable alternative values for

comparison purposes)

Ocean microseisms Movements of the Earth measurable inland

at frequencies ≤0.2 Hz which are caused

by the ocean waves.

DLC Design load cases—measurement scenarios

after1 which describe a WT's operating

and emergency states.

74 NAGEL ET AL.
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were depicted using analytical half-space approaches as frequency-

dependent translational and rotational degrees of freedom. The foun-

dations pass through a layer of sand and tie into limestone. For the

purposes of the present study, stratification has not been considered

and instead the reference values for limestone have been used for cal-

culations (density ρ ≈ 2600 kg/m3, shear modulus G ≈ 1.25e + 10 N/

m2, shear wave velocity cs = 2150 -2200 m/s).

These effects must be considered when calculating the propaga-

tion of vibrations. As we are primarily focusing on low frequency exci-

tations, these effects will be considered as the mean values in the

calculation models, regardless of frequency.14

3 | VIBRATION PHENOMENA IN WTs

3.1 | The principles of dynamic tower structure
design

The dynamic design of the whole turbine exerts a major influence on

load-bearing and fatigue-related safety analyses. Cases of resonance

where the structure's natural frequencies match the rotor excitation

must be avoided throughout the operating area. This can be achieved

by specifically coordinating the stiffness and weight ratios of the

tower structure and head weight (ie, nacelle, blades, generator and

gearbox). Similar action is recommended for all other turbine compo-

nents susceptible to vibration. The resonance diagrams shown in

Figure 2 explain the background to this (Campbell diagrams).15 These

diagrams plot the natural frequencies and excitation frequencies

against the rotor speed. The solid vertical lines (cut-in speed and rated

speed) mark out the operating range of common variable-speed tur-

bines. The dashed horizontal lines show the natural frequencies for

the structure as a whole (tower and head weight), which do not

depend on speed. It should be ensured that these natural frequencies

do not intersect within the operating range with one of the speed-

dependent rotor excitations (1P and 3P frequencies). Different coordi-

nation strategies will be applied according to tower design and hub

height.

As discussed in References 15 and 16 smaller WTs have in the

past been designed using a “stiff-stiff” approach as shown in Figure 2

(on the left). In this case the tower is so stiff that the natural frequen-

cies for the entire system lie above both dominant excitationF IGURE 1 The main topics researched by the TremAc project

F IGURE 2 Campbell diagram for the dynamic design of a wind turbine; left: stiff-stiff, middle: soft-stiff, right: soft-soft

NAGEL ET AL. 75
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frequencies (1P and 3P). The natural frequency for a single mass oscil-

lator is determined by the ratio of stiffness to mass using the square

root, so that a doubling in stiffness when mass remains the same

increases the natural frequency by a factor of 1.41.16

For larger WTs this is not economically viable, which means that

their tower structures are normally built according to the “soft-stiff”
principle. Figure 2 shows this combination (in the middle). The first

natural system frequency lies within the operating range, below the

3P (soft) but above the 1P frequency (stiff). Every time the WT begins

to operate, the system must pass through the points of resonance

(marked with a circle) for both 3P excitation and the first natural fre-

quency. Compared to a single mass oscillator undergoing harmonic

force excitation, this means subcritical operation with regard to the

1P excitation and supercritical operation with regard to the 3P excita-

tion. The amplification functions explained in Reference 17 show that,

given an appropriate design, the dynamic loads arising in the super-

critical state can be lower than the statically relevant stress; this also

allows for additional savings in materials. Figure 2 (on the right) out-

lines the “soft-soft” design identified in Reference 16 as especially

economical for large turbines, although in practice such WTs remain

rare.With this design, the tower's construction is so soft that the first

system natural frequency within the operating range lies below both

the 3P and 1P excitations.

The greater deformation of the whole turbine which accompanies

a soft design can, for example, mean that the aerodynamic attenuation

described in Section 3.4 plays a greater role in dynamic balancing.

Lange and Elberg16 discuss further advantages and disadvantages of a

soft design and assess these against load spectra. With a real WT, nor-

mative rules1,18 such as variations in the natural frequencies or in the

speed which need to be considered, are used alongside the above

design principles.

3.2 | Types of load

Besides quasi-static loads, for example, from dead weight or mean

rotor thrust arising from mean wind speed, temporal variations in load

have different characteristic effects on the load-bearing structure.

Periodic excitation correlating to the rotational speed and its multiples

determines the dynamic design of all the components in a WT in the

operating state.

The causes of some major types of excitation are discussed below

and form the heart of the present research. Even where the rotor is

stationary, a K�arm�an vortex17 can cause periodic excitation of the

tubular WT tower at right angles to the incident flow, for example,

due to interaction between the tubular tower and the flow. The peri-

odic effects and the associated stress range which impacts on fatigue

come into play in many cases when dimensioning WT components.

For example, over a projected 20-year lifetime or operation, figures

for load cycles on the rotor axle may be in the order of 10919 load

cycles, calling into question established fatigue concepts. However,

findings currently referred to by the terms giga-cycle fatigue or ultra-

high-cycle fatigue20–22 do not form the basis for the lack of durability

in the S-N curves from Reference 18. Erratic gusts in the turbulent

wind field lead to further stochastic, transient time signals. The pre-

sent paper records these in the numerical simulation of operating con-

ditions. For example, they cause variations in rotational speed and

therefore a lack of clarity in the results. Pulse loads arising from the

turbine control or an emergency shutdown lie outside the scope of

our investigation.

3.3 | Describing selected excitation phenomena

The typical excitation of a WT arises in line with the rotor speed Ω

and its multiples. These excitations can be ascribed to various sets of

causes. For example, we will present typical examples to represent

the “rotating mass” and “aerodynamic excitation” sets. These are

intended to give an impression of how diverse vibration phenomena

are and enable the reader to follow our subsequent assessments.

If the rotor turns at an angular velocity Ω, then the tangential cen-

trifugal forces shown in Figure 3 act on the rotor blades.

Within the rotor blades, tensile loads dependent on the rotation

velocity are dominant; ideally these would be canceled out where

they affect the hub or tower head. Unavoidable divergences in the

geometry and mass of the rotor blades, resulting from their

F IGURE 3 The effect of mass
imbalances in the rotor of a WT

76 NAGEL ET AL.
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manufacture, disrupt this equilibrium. The unbalanced mass in the

rotor which results from this Reference 23 applies the relevant peri-

odic differential force to the entire system. As there is no evidence of

significant natural frequencies in the vertical direction, only horizontal

excitation is considered important. This mainly leads to 1P excitation

of the WT's lateral vibrations.

Besides the type of excitation arising from the rotating masses,

we discuss below three further effects arising from the aerodynamic

incident flow to the rotor blades and the tower. If we assume a mean

wind speed, increasing with height, then on average the greatest

flow forces apply to the rotor blades at the point where they point

vertically upwards, and the lowest apply at the point where their tips

point vertically downwards. This differential in forces means the

center of pressure in a three-bladed turbine shifts upwards on the

rotor plane, and the hub is exposed to 1P circumferential bending.

Higher harmonics play less of a role here due to aerodynamic non-

linearity.

The most marked effect of the rotor loads arises through the

aerodynamic interaction between blades and tower. The wind speed

which is reduced locally due to the tower shadow effect causes a

short-term, impulse-like dip in the aerodynamic blade forces when the

blade passes in front of the tower. This impulse-like excitation arises

with every cycle, that is, with n � Ω (3P excitation), and is input into

the tower structure via the drivetrain.

Figure 4 above shows developments over time in the moment of

impetus at the blade root, calculated and normalized using a MBS. A

rectangular impulse can clearly be seen to recur with each cycle. As

the Fourier analysis confirms (bottom of Figure 4), higher harmonics

(f = n � Ω) only subside a little and the whole system is excited to a

non-negligible degree. The short-term dip in flow forces on the rotor

blade is dependent on the distance from the hub, as shown on a dia-

gram in Reference 15. In comparison, the effect of the mass imbal-

ances presented in Figure 3 only lead to a dominant peak at f = Ω.

Where there is no rotor movement in a WT, flow surrounds the

cylindrical cross-section of the tower structure. The phenomenon of a

K�arm�an vortex,17 with which we are familiar from chimneys and other

building elements with circular (hollow) profiles, can excite the load-

bearing structure, causing vibrations. In order to determine the

excitation frequency for a circular cylinder, a simplified Equation (1)

applies with a Strouhal number of St = 0.20, an average wind speed

v and a circle diameter d.24 According to Reference 19, this phenome-

non has not yet been observed in the WT's operating state, as the

field of flow generated by the rotor disrupts the formation of a vortex.

In numerical flow simulations performed by the IAG, vortices are visi-

ble even in the operating state, but these lose their dominance when

compared to a stationary turbine.

f ¼0:2 v=d ð1Þ
The structural excitation effects show that both the 1P and 3P

excitation are dominant, but also that their multiples bring significant

vibrations into the WT system. This is presented in detail in Refer-

ences 15 and 19.

3.4 | Attenuation

Besides the exciting effects described above, the real oscillation

amplitude in a WT is determined by various other effects. Structural

attenuation in steel and reinforced concrete structures plays a sec-

ondary role. It could, for example, reach δ = 0.015 (logarithmic decre-

ment17) for steel chimneys, according to Reference 25.

Thus, with the WT observed for the present research, attenuation

in the ground only caused a negligible reduction in amplitudes.

When a WT is operating, aerodynamic or aerodynamic force

attenuation is dominant and directly dependent on the turbine's tip

speed ratio λ15 (in this case, λ = 6).

One way to depict this using a simplified model is as a viscous

damper which influences the translational degree of freedom in the

head of the tower.

A more precise observation also shows a tilting motion of the rotor

to cause attenuating effects. Measurements of aerodynamic attenua-

tion and step-by-step instructions are available in Reference 19. For the

reference turbine simulated in the present study we assumed that, at a

wind speed of 10 m/s, viscous attenuation would be 12 Ns/mm. A sim-

ulated test to show vibration dissipating gave a logarithmic decrement

of δ = 0.1. This value may rise in the nominal load range.

F IGURE 4 A rectangular time course
of the normalized blade root moment
(top) due to the tower shadow, leading to
the excitation of higher harmonic
frequencies; results from the associated
Fourier analysis (bottom) at an average
rotational speed of 18 rpm

NAGEL ET AL. 77
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4 | SIMULATION METHODS

4.1 | Depth of modeling and model design

If we are to capture the dynamics of a WT appropriately, we need to

simulate the overall dynamics. Such simulations are not only used

to optimize turbine control but are also needed to determine those

loads at play on the tower that are relevant to measurements, as in

Reference 18. This contrasts with a quasi-static measurement proce-

dure. In these simulations, the individual loads affecting the turbine

are normally simulated for the time interval using the design load

cases (DLCs). The simulations consider the properties relevant to

structural dynamics, such as the stiffness and mass distribution in all

WT components (hub, rotors, gearbox, tower and foundations), the

aerodynamic interaction with the turbulent incident flow, and the WT

control system. We examine the best simulation method for this,

MBS, in more detail in Section 4.5. However, a precise knowledge of

the blade geometry and control system parameters is required in

order to perform the simulations.

It is not possible to simply estimate the effects to be expected for

a particular WT. If the intention is to capture only the major character-

istics of the vibrations induced in the ground, one option is to apply a

reduced model of the WT as a tower structure/head mass model

(Figure 5). As we determine in Section 6 below, the frequency of blade

passage as explained in Section 3.3 and its higher-harmonic multiples

play a key role, which in turn means that the rotational velocity must

be known in order to produce a simplified observation. This can be

estimated for a given wind speed using the power coefficients and

curves—which depend on the mean wind speed—and the outer limit

values for the rotational speed range. For many types of turbine, the

information required will be provided by the manufacturer.

The tower structure must reflect the geometric and material

properties outlined in Figure 5. In addition to this, as part of our

research we created a finite element model based on beam elements

and a high-definition surface model based on shell elements. The shell

model aims both to depict more precisely the variation in stiffness

and mass distribution with height, and to identify any shell modes

which contribute to sound radiation (on the right-hand side of

Figure 5). The comparison in Table 1 of calculated natural frequencies

shows divergences of < 2% between the two modeling approaches.

For the purposes of quick pre-dimensioning, the approximation after

Morleigh17 with a divergence of ~ 6% is an efficient alternative tool,

which considers both the variation in stiffness and mass distribution

with tower height, and the head mass. In this particular case, the

tower structure was divided into seven segments for these purposes

(Index i).

The segment-dependent masses were raised on a horizontal can-

tilever arm as individual horizontal loads (Fi) and a deformation calcu-

lation was performed. Evaluation was performed taking account of

acceleration due to gravity g, and horizontal deformations (ui) of the

mass points in accordance with Equation (2). Due to the large tower

mass involved in the vibrations, the simplest estimate as a cantilever

arm vibration with a single head mass, such as that in Reference 24.

Annex F, diverges by 23% from the numerical solution.

f¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g
P

Fi �uið ÞP
Fi �ui2ð Þ

r

2π
ð2Þ

For the more precise numerical observation, a preferred direction

for the natural modes should be identified. An example of this is

shown in the “beam model” in Table 1. This direction arises from the

F IGURE 5 Modeling depth of the hybrid tower, beam and shell models, shell modes in the tubular steel tower

TABLE 1 Comparison of the natural frequencies in Hz assuming stiff foundation clamping

Type of vibration
Cantilever arm vibration
after EC1-4

Estimate after
Morleigh

Beam model in/across
wind direction Shell model MBS

First TBEF 0.43 0.37 0.35/0.35 0.35 0.36

Second TBEF – – 1.45/1.46 1.46 1.52

Third TBEF – – 3.30/3.30 3.33 3.33

Fourth TBEF – – 6.17/6.19 6.22 6.69

78 NAGEL ET AL.
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eccentricity of the head mass in relation to the center of gravity for

the tower diameter, but only plays a minor role at low natural fre-

quencies. Depending on the local conditions on the ground, natural

frequencies may diverge from the upper limit value when a fully rigid

foundation clamping system is applied. Small divergences can be

observed in comparison to the MBS. Some of these can be traced

back to interaction between the vibrations in the blades and in the

tower, and some to the mass's second moment of area—which is not

mapped in the lumped head mass.

The comparisons between simulation and measurement data dis-

cussed in Section 6.3 do not elicit any points of note within the fre-

quency range observed which could be traced back to the excitation

of shell modes. This shows that the significantly greater modeling and

calculation effort for a shell model is not necessary for the ground

vibrations observed in the present research. We therefore performed

all subsequent research using the beam model. Several procedures are

suitable for calculating the dynamic behavior. Unless otherwise stated,

calculations have been made using Ansys v19.2.26

The present study does not explore the dynamic basis for oscillat-

ing systems. We recommend that readers who are interested look at

the thorough presentation in Reference 17 or the summary of linear

and non-linear vibration problems and the numerical treatment of

these in References 27 and 28.

For all our calculations, we have assumed a linear vibration prob-

lem in the operating state. If this condition is not met, additional chal-

lenges arise in both the numerical solving of equations29 and the

interpretation of results.30

4.2 | Eigenvalue analysis

If a system capable of vibrating moves out of its resting state or is

subjected to an impulse load, the dissipating vibration can be

described using the homogeneous differential equation of motion.

The frequency at which it settles corresponds to the relevant natural

frequency, and the movement mode corresponds to the relevant nat-

ural mode. It is determined by solving an eigenvalue problem based

on system matrices. Given the usual degree of attenuation for struc-

tures, the influence on the resulting natural frequency is negligible.

4.3 | Harmonic analysis

For a harmonic load, the homogeneous solution of the differential

equation dissipates due to attenuation and the structure follows the

pattern of load applied over time with a phase shift and modified ampli-

tude. The amplitude ratio between excitation and response signals is

described using the amplification function. In the simulation, this sta-

tionary state is reflected in a frequency response analysis or harmonic

analysis. The calculation allows turbine builders to record the effects of

harmonic excitations on other system components and is restricted to

structures with linear geometric and material properties. When observ-

ing WTs, the basic idea of a steady state should not be disregarded.

Some real excitations, such as the first tower natural frequency in oper-

ating state (see Section 7), do not normally affect this stationary state,

but present as dominant due to the resonance in the simulation results.

If these phenomena are evaluated appropriately, the calculation process

will help to record the effects of structural changes quickly. Besides the

amplitudes applied constantly over the whole frequency range under

observation, the current finite element programs can also apply phase

angles and other frequency-dependent loads, and thus account more

precisely for the excitation characteristics.

In the context of the present research, the results prepared using

a Fourier analysis were subjected to a MBS (Section 4.5) for our sub-

sequent investigations.

4.4 | Transient analysis

Transient analysis calculates the movement equation for each time inter-

val. We say that this equation is solved in the time domain. For the pre-

sent research, these calculations were normally only performed when

testing to show vibration dissipating or when assessing selected states.

We performed the actual solution in the time domain using MBS.

4.5 | Multi-body simulation

MBS is a numerical simulation process not used as standard in con-

struction. Multiple stiff or soft bodies are connected using kinematic

constraints to form an overall model. This ensures their interactions

can be calculated efficiently. The solution can either be in a linearized

state, for example, to determine the natural frequencies of the overall

system, or in the time domain using numerical integration processes.

We used the Simpack MBS software31 for the present research. The

methods of analysis described in Sections 4.2-4.4 can be applied to

this procedure.

The MBS topology for a horizontal axis WT comprises the basic

components: foundations, tower, nacelle, drivetrain, hub and rotor

blades. The tower, rotor blades and some components of the drive-

train are normally incorporated into the beam formulation as flexible

bodies. With more complex building elements that have elasticities

which cannot be disregarded in the analysis case, their structure is

meshed in an external FE tool, modally reduced and incorporated into

the MBS. Examples of these include the machine frame and the shell

model for the tower. The system matrices transferred between pro-

grams contain mass and stiffness distributions, natural modes and nat-

ural frequencies. Time integration for the model as a whole is clearly

accelerated in this case and the deformation of a body is described by

superposing a limited number of natural modes.

When designing a WT and calculating the relevant turbine loads

according to DLCs, it is sufficient to consider the natural frequencies

of tower and rotor blades up to a limit of 20 Hz. However, should

more complex phenomena be observed, such as the propagation of

higher-frequency drive vibrations, higher natural frequencies must

be activated accordingly. When partial models are being meshed,
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the frequency range under observation should be taken into

account.

The turbine model interacts aeroelastically with the turbulent

incident flow. The distribution of wind speed over space and time is

stochastic and can be described spectrally, for example, using the

Kaimal spectrum.32 An “inverse transform” builds the time signal for a

3D wind field which is subject to turbulence from this frequency spec-

trum. It can be compared to generating synthetic processes for paths

of motion in the earth caused by earthquakes. The relative move-

ments between the rotor blade profile and the local wind speed

induce changeable flow forces over the rotor blade. These can be cal-

culated using the blade element impulse method.15

5 | SEISMIC MEASUREMENTS

Seismic measuring stations, such as the Gräfenberg array in the Fran-

conian Jura, are employed to identify earthquakes or to monitor the

nuclear Non-Proliferation Treaty. In order to ensure measurements

are valid, such measuring stations will ideally be located in places with

few disruptive influences, for example, in the galleries of abandoned

mines. With the increase in numbers of onshore WT in recent years,

an increase in influences on these measurements has been observed.

Discrete frequencies which can clearly be ascribed to WTs were iden-

tified when many sets of measurement data were evaluated.33–35

These ground motion have been observed at distances of up to sev-

eral kilometers away, and interpreted as a superposition of specific

WT natural frequencies with the 3P excitation and its multiples.

For the research conducted in the context of the present study,

broadband seismometers were installed along a profile at distances of up

to ~1.8 km from the reference WT, as described in Section 2.1. In order

to measure the WT as a source of vibrations, free from other disruptive

influences wherever possible and without any additional changes while

the waves were propagating, we aimed to achieve a strong coupling

between a sensor and the WT. The seismometer was installed under-

ground at a distance of around 3 m from the external wall of the tower,

near the outer edge of the foundations. The layer of soil above the WT

foundation can be neglected for the frequencies observed (<10 Hz). We

ensured that the sensor was well connected to the ground when it was

installed, in order to minimize any coupling effects. At a sampling rate of

100 Hz, the recording instruments detected very small seismic vibrations

(<1 μm/s ground motion velocity), both in two horizontal directions (N-S

and E-W) and vertically (Z). Time synchronization for the sensors was

achieved using the GPS signal, and the specific influences of the measur-

ing equipment on the measurement signal were eliminated by

deconvoling the instrument response at a software level.

During the measurement campaign, the WT was intentionally

switched off for 20 minutes every 2 hours. In this study we only

account for the vertical ground vibrations measured by the sensor on

the WT foundations, as this characterizes the source of vibration

without any influence from propagation through the subsoil. Both the

IBF and the GPI at the KIT are currently researching work for publica-

tion about azimuth-dependent effects on signal amplitudes with

regard to wind direction, wave propagation along the propagation

path, the influence of the ground and stratification, and the near field

and far field effects. Figure 6 shows the spectrogram for the ground

motion velocity over a 3-hour period. Using the Fourier transform for

overlapping time intervals of 20 seconds, the frequency components

were calculated in the frequency range 0.1 to 30 Hz and are shown as

a power spectral density over time. The colors reflect the intensity of

power spectral density in dB relative to the spectrogram's maximum.

The period when the WT is switched off can be seen clearly in

Figure 6 from t = 100 minutes. The time intervals marked on the

spectrogram (Figure 6, red and blue) form the basis for calculating

the mean power spectral density over a period of 10 minutes. Using

the power density spectra, Section 6 illustrates and interprets the

influence of the rotor motion through comparison with a non-rotating

WT under the same wind conditions.

Wind measurements performed by the Wind Energy group of

Stuttgart University at the same time, at a height of 10 m in the imme-

diate surroundings of the WT (around 150 m away) with an extrapola-

tion to hub height, gave a mean wind speed of 8 to 9 m/s. Combined

with the estimate procedure set out in Section 4.1, this gives a rota-

tional velocity of around 16 rpm: a sample operating state in the par-

tially loaded range. In the research project described, additional

operating states were studied both using measurements and numeri-

cal simulations. As the present paper outlines fundamental principles,

we will not explore these findings in any further detail.

The power spectral densities of the ground vibrations measured dur-

ing the present research are of an order of magnitude comparable to that

of microseismicity at sea, but in a higher frequency range. It is not possi-

ble to make a direct statement on the propagation path, or any possibility

of perceiving this, in the context of the results presented here.

F IGURE 6 The frequency spectrum for the vertical ground
vibration velocity at the seismic sensor on the foundation of the WT
within a 3 hours time interval
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6 | DISCUSSION OF RESULTS

6.1 | Interpreting measurement data

The spectrogram presented in Figure 6 forms the starting point for

our observations. The mean rotor thrust caused an average excursion

in the WT head of 0.15 m under the applicable wind conditions. The

head of the tower oscillated by ±0.13 m in the horizontal plane.

These values can grow to 0.2 m ± 0.2 m subject to a full load.

In the turbine's operating state, discrete frequencies with a high-

power density can be identified across the entire frequency range.

Some of these frequencies (such as 0.8, 1.6 or 2.4 Hz) vary little over

time and arise at regular intervals as multiples of 0.8 Hz. Similar dis-

crete frequency components have already been registered in the

vicinity of WTs using other seismic sensors and can be correlated to

the rotational velocity. We therefore assume that the frequency com-

ponents we observed, which varied over time, were the 3P excitation

and its multiples. The variation in frequencies measured can therefore

be said to have been caused by a change in the turbine's rotational

velocity. A further, very pronounced example of a signal for a variable

frequency was identified in the 20 Hz range. This signal seemed to

follow the turbine's rotational movement and was probably due

to effects arising from the generator technology. Research is currently

underway into the extent to which the measured signal is due to an

electromagnetic input into the sensor or whether it is a true seismic

vibration signal.

Besides these bands in Figure 6 which vary across frequencies,

lines of increased power density also arise at constant frequency. Some

of these frequency bands could also be identified when the turbine was

switched off and must therefore have arisen from the natural frequen-

cies of individual structural components in the WT. When considered

across the entire frequency spectrum, significantly fewer vibrations

were emitted into the ground when the turbine was switched off.

Figure 7 compares the measured time signals in both operating and

switched-off states, showing that the oscillation amplitudes right at the

WT foundation differed by several orders of magnitude.

6.2 | Interpretation of vibration components

Next, we analyzed in details the time intervals marked in Figure 6

(in red and blue) as snapshots of the power spectral density

(0.1-5 Hz). This frequency range is particularly relevant for investigat-

ing the tower structure on which we focused in our research. Figure 8

presents the mean power spectral densities of the vertical ground

motion velocity for these two time intervals. Those phenomena

derived from the simulation models that are attributable are depicted

using vertical markings. The natural frequencies marked relate to the

generic turbine. In this low-frequency range, the determining struc-

tural properties of actual and generic turbines are very similar, mean-

ing that the frequency bands of the generic turbine form a sound

basis for phenomenological mapping of the measured spectra.

With the turbine in an operating state, the 3P excitation and

some of its multiples could be identified clearly. If these excitations

were close to blade or tower natural frequencies, they amplified the

amplitudes. The 3P excitation was so intense that it resulted in a sig-

nificant system reaction, even where there was no natural frequency

nearby. The highest power spectral density was induced in the ground

in the range of the second TBEF (1.5 Hz), the next highest by the third

TBEF (3.33 Hz) and then the 3P excitation (0.8 Hz). At this point the

second multiple of 3P excitation matches a rotor blade natural fre-

quency and the tower vibration.

When compared with the results in the time interval when the

WT was switched off, the amplitudes which can be identified over

time (Figure 7) are significantly lower and can also be seen in a semi-

logarithmic representation. Some of the frequency peaks which arose

when the WT was operating, especially close to the TBEFs (marked

with an a), could also be identified when it was switched off.

Some frequency peaks in the operating state which could not be

explained (marked with a b) also arose in a weaker form when the tur-

bine was switched off. Other frequency peaks which were identified

in the operating state (marked with a c) were overshadowed by other

effects. The maximum ground excitation close to the second TBEF

dropped away to a significantly lower level (marked with a d). It is

F IGURE 7 Variation over time of the
vertical vibrations velocity measured at
the outer edge of the foundation in the
operating state (red) and with the turbine
switched off (blue)
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striking that the first TBEF was at almost the same level here as in the

operating state, and now dominated the vibration behavior (marked

with an e). At the applicable wind speed of 8 to 9 m/s and with a

tubular steel tower diameter of 2.1 to 4.2 m, Equation (1) shows that

K�arm�an vortices may occur at a shedding frequency of 0.38 to

0.76 Hz. These vortices will thus lie very close to the first TBEF of

0.36 Hz and may explain the excitation when the turbine is

switched off.

The aerodynamic attenuation described in Section 3.4 does not

affect this state.

6.3 | Comparing measurements and simulation

In order to evaluate the simulation model, the measurements pres-

ented in Section 5 were compared with simulations in accordance

with DLC 1.1 (normal operation as per IEC 61400-11) for similar mean

incident flow velocities. In Figure 9, the power density spectrum, aver-

aged over the time interval, for seismic measurements of the rotating

WT (Figure 6, red) is compared with the results of an MBS. Both the

simulated and the measured progressions have been scaled to their

respective maximum values. This was necessary because, for the sim-

ulation results, the restraining moment at the foot of the tower or the

square of its change over time is considered to be an equivalent vari-

able (vibrations My in and Mx across the wind direction).

In general, a correlation can be identified between the simulation

and the measurement, both in terms of the amplitude ratio and in

terms of the frequency of the peaks which arise. The effects described

in Section 6.2, such as 3P excitation and its multiples or the domi-

nance of the second and third TBEFs, are reflected in the numerical

model. However, some individual effects which have not been

explained (marked with an a) arise either in the simulation or in the

measurements, but none is reflected in both. By way of an example,

the dominance of the second and third TBEFs can be explained using

the modeling. Four key mechanisms interact:

1. Excitation close to the natural frequency leads to resonance phe-

nomena and major amplitude responses, even in an attenuated

system.

2. Instinctively, the first natural bending frequency would perhaps be

ascribed to the largest mass involved in vibration, due to the size

of the head mass. However, calculation of modal masses (as a

byproduct of eigenvalue analysis)36 shows that more masses are

involved with the second TBEF (Figure 10). This can be explained

by the hybrid construction of the tower and would not be

expected to occur with a purely tubular steel tower. The greatest

displacements with the first natural bending mode occur at the

head of the tower. This is where a head mass of some 150 t sits

atop a relatively light tubular steel tower (~220 t).

With the second natural bending mode, the excursion of the head

is significantly lower and the maximum excursion lies in the area of

the tower where the tubular steel and concrete meet. Hence a sig-

nificantly larger proportion of the concrete structure is involved in

this vibration mode.

3. A determining factor in the vibrations observed is the tilting

motion of the elastically embedded foundations. As can be seen in

F IGURE 8 Comparison of the power spectral density for measurement 1 in the operating state (red) and when the turbine was switched off
(blue); the colors correspond to the marked time windows in Figure 6. Markings a-e denote vibration phenomena which are explained in the text
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Figure 10, local curvature in the elastic line increases as the num-

ber of bending half cycles increases. This local curvature indicates

the restraining moment and correlates directly to movement of the

foundations.

4. Compared to the first natural bending mode, the horizontal move-

ments of the tower head in the wind direction are much lower with

the second natural bending frequency. Thus the first TBEF is

attenuated to a much greater extent by the aerodynamic damping

arising from the horizontal movement.

Hence deviations between the simulation and measurement

results can arise for a variety of reasons. First, the simulation model

cannot access the original WT data, but only the generic

model described in Section 2.1. The simulated incident flow condi-

tions used here were measurement scenarios and assumed statistical

turbulence models which diverge from the real conditions. The posi-

tion of the seismometer could not be adjusted to reflect the changing

wind direction. This meant it was not possible to categorize the vibra-

tion directions clearly as “in” or “across” the wind direction or,

F IGURE 9 Comparison of the normalized power spectral density of the rotating WT (red) and the multi-body simulation (green)

F IGURE 10 Tower natural modes
including foundation tilting and associated
modal masses
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therefore, to compare these directly with the simulated values. Sec-

ond, deviations are inherent in modeling. However, it is clear from the

model that vibrations induced in the ground and the underlying vibra-

tion phenomena depicted using the simulation model can be explained

and influenced by turbine parameters.

7 | REDUCTION USING A VIBRATION
ABSORBER

Slender skyscrapers such as Taipei 101 and lightweight pedestrian brid-

ges, chimneys and stairways normally use vibration absorbers. The basic

principles for reducing natural frequency oscillation in a system suscep-

tible to vibration using suspension and damping elements to connect a

mass were developed theoretically by Den Hartog as early as 1937 and

made accessible for construction applications in Reference 17.

The theoretical calculation approaches can only be directly

applied to systems with no damping or weak damping. The aerody-

namic attenuation described in Section 3.4 and the particularities of

WTs described above give us cause to investigate the effect

of absorbers. As discussed in Section 6, the second and third natural

bending modes of the WT tower observed dominate the vibrations

induced in the ground. The power density of these two TBEFs should

be reduced. To that end, each of these types of vibration must be

TABLE 2 Details of the absorber design

Name

Natural mode/

frequency in Hz

Modal

mass in t

z position

in m

Absorber

mass in t

Stiffness

in N/mm

Damping

in Ns/mm

Natural frequency of absorber

element in Hz

Absorber

1

Second TBEF/1.52 457 93.7 9.14 801 13.4 1.49

Absorber

2.1

Third TBEF/3.33 245 111 2.45 1051 6.12 3.30

Absorber

2.2

Third TBEF/3.33 245 65.5 2.45 1051 6.12 3.30

F IGURE 11 Normalized natural
modes of the second and third natural
frequency with absorber position

F IGURE 12 Effects of the absorbers
on the power density spectrum of the
vertical movement at the foundation's

outer edge in the steady state
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investigated individually and the dynamic properties of the allotted

absorber elements determined. The parameters shown in Table 2

should be applied to the generic reference turbine.

As shown in Figure 11, the absorber is positioned at the local

extremity of the bending curve for the relevant type of vibration. To

simplify, the effects in the harmonic analysis shown in Figure 12 were

investigated given both the aerodynamic damping and the founda-

tions' elastic support and viscous attenuation.

An assessment was made of power density at an observation point

on the outer edge of the foundations, behind the tower structure in the

direction of incident flow. The frequency-dependent amplitude of force

excitation results from the MBSs and is only pronounced in the incident

flow direction at the tower head. The values correspond to the operat-

ing state described in Section 5 at wind speeds of 8 m/s.

Unrealistic amplitudes appear in the results close to the first natu-

ral bending mode.

It is particularly important to assess these, as they bear no com-

monalities with the behavior subject to real excitation.

In both sets of load circumstances, comparing structures with and

without absorbers, an optimized absorber distribution reduces power

spectral density by a factor of between 250 and 600. It is not possible

to transfer these values directly; this can only be quantified using the

MBSs depicted in Figure 13. Subject to the real excitation with vari-

able rotational speeds observed in these, and with an associated non-

harmonic influence, decrease in the power spectral density induced in

the soil reduces by a factor of 10.

To summarize, we have established that vibration absorbers rep-

resent a suitable means of reducing the vibrations which the WT

induces in the ground. They can be used selectively to positively influ-

ence individual vibration phenomena and the associated frequency

ranges, in other words to reduce them.

The aerodynamic attenuation which appears in the present sam-

ple calculations does not significantly influence the process of eradi-

cating these vibration phenomena.

8 | CONCLUSION

In the research we have presented here, the results of simulations and

measurements of vibrations emitted by a 2 MW WT have been com-

pared. Our aim has been to investigate the technical circumstances at the

turbine and thereby describe the source of potential emissions. In so

doing we have observed the power density of vibration emissions arising

at the foundations of the turbine, both while it is operating and while it is

not. We identified and explained effects of both the rotor motion and the

structural properties of the tower's load-bearing structure, and we pro-

posed measures to reduce the vibrations induced in the ground.

Employing vibration absorbers means the oscillation amplitude

arising at discrete frequencies can be reduced. Please note that the

results presented as part of the present paper do not permit us to

draw direct conclusions about far field impact, as we have not consid-

ered the propagation mechanisms.
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