


















 

Abstract 

Vertical axis wind turbines (VAWTs) have with time been outrivaled by the today 
common and economically feasible horizontal axis wind turbines (HAWTs). However, 
VAWTs have several advantages such as the possibility to put the drive train at ground 
level, lower noise emissions and better scaling behavior which still make them 
interesting for research. 

The work within this thesis is made in collaboration between the Department of 
Construction and Energy Engineering at Halmstad University and the Division for 
Electricity at Uppsala University. A 200 kW VAWT owned by the latter and situated 
close to Falkenberg in the southwest of Sweden has been the main subject of the 
research even if most learnings has been generalized to fit a typical vertical turbine. This 
particular turbine has a wooden tower which is semi-guy-wired, i.e. the tower is both 
firmly attached to the ground and supported by guy-wires. 

This thesis has two main topics both regarding VAWTs: eigenfrequency of the tower 
and the noise generated from the turbine. The eigenfrequency of a semi-guy-wired tower 
is studied and an analytical expression describing this is produced and verified by 
experiments and simulations. The eigenfrequency of the wire itself and how it is affected 
by wind load are also studied.  The noise characteristics of VAWTs have been 
investigated, both theoretically and by noise measurement campaigns. Both noise 
emission and frequency distribution of VAWTs has been studied. 

The work has resulted in analytical expressions for tower and wire eigenfrequency of 
a semi-guy-wired tower as well as recommendations for designing future towers for 
VAWTs. The noise emission of VAWTs has been studied and proven low compared to 
HAWTs. The noise frequency distribution of the 200 kW VAWT differs significantly 
from that of a similar size HAWTs with for example lower levels for frequencies below 
3000 Hz. 
 
Keywords: VAWT, H-rotor, eigenfrequency, semi-guy-wired tower, noise emission, 
sound power level 
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Nomenclature 

Structural dynamics 
Symbol Unit Quantity 
푘 N/m Effective horizontal spring constant of guy-wires 
µ kg/m Linear density 
d m Inner diameter of the pipe cross-section 
D m Outer diameter of the pipe cross-section 
Et Pa Elasticity modulus of tower material 
Ew Pa Elasticity modulus of wire 
EwA N Nominal axial stiffness of wire 
f Hz First mode eigenfrequency 
F1-3h N The horizontal component of Fw of wire 1-3 
Fw  N Net force from one guy wire acting on tower 
Fwd  N Wind load acing on rotor 
Fz  N Effective horizontal spring force acting on tower 
H m Height of tower 
h m Height of guy-wire attachment 
I m4 Second moment of area 
k N/m Spring constant of guy wire 
L M Length of guy wire 
m kg Top mass on tower 
mtower kg Mass of tower 
n rpm Rotational speed 
T N Tension 
Tp N Pre-tension of guy wire 
α - Wire inclination angle 
ΔF1-3h N Addition to F1-3h due to tower displacement 
ΔT N Tension from wind force 
ΔW m Extension of wire 
ΔZ m Horizontal deviation of tower at height h 
ω rad/s Angular velocity 

 
  



 

Noise 
Symbol SI unit Quantity 
c dB(A) Coherent addition of sound pressure level 
H m Height of tower 
Lp dB(A) Sound pressure level 
Lp.bg dB(A) Sound pressure level from background sound (i.e., not from wind turbine) 
Lp.rec dB(A) Recorded sound pressure level 
Lp.wt dB(A) Sound pressure level due to wind turbine noise (noise immission) 
Ls m Blade span 
LW dB(A) Sound power level (noise emission) 
LW.wt dB(A) Wind turbine sound power level  
M - Blade mach number 
P W Acoustic power emitted from source 
p Pa Pressure in the sound wave 
P0 W Reference power level used for deciding sound power level 
p0 Pa Reference pressure level used for deciding sound pressure level 
R m Distance between wind turbine and observer 
Rh m Horizontal distance between tower and place of noise recording 
S0 m2 Reference area used when calculating spherical sound distribution 
αabs dB(A)m-1 The frequency dependent air absorption factor 
β - Blade position angle 
δ* M Displacement thickness of the boundary layer at the trailing edge of blade 
θ - Angle between the blade chord line and the source-observer line 
φ - Angle between blade plane and plane including chord direction and observer point 
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1.  Introduction 

Wind turbines can be categorized by the orientation of their axis of rotation into two 
groups: horizontal axis wind turbines (HAWTs) and vertical axis wind turbines 
(VAWTs). By using a shaft to transfer the torque, VAWTs can have the generator and 
other key parts located at ground level which enables designing them focusing on 
performance and economy rather than size and weight. Furthermore, maintenance and 
modifications are made easier with these parts placed on the easy accessible tower base. 
Yaw motors are superflous since VAWTs are omni-directional which allows for a design 
with essentially only one moving part, which is made up of the rotor, shaft and generator 
rotor which are all jointed. Also, the concept has shown potential for lower noise 
emissions [1]. Furthermore, in [2] it has been shown that the concept is more suitable for 
up-scaling than the HAWT concept. However, torque ripple on the shaft and bending 
moments on the blades due to constantly changing angle of attack are issues that are only 
addressed for VAWTs, making dimensioning for fatigue more complex. [1, 3, 4] 

Throughout the last decades the HAWT concept has derived by far the most interest 
and financial support which has led to the development of the large and economically 
feasible wind turbines of today [1]. However, VAWTs have some advantages as 
mentioned above that have led to a renewed interest in the concept. Also, the research of 
VAWTs is not nearly as comprehensive as for HAWTs which by itself can motivate 
further studies. 

1.1 History of vertical axis wind turbines 
European style grain grinding windmills, like the ones attacked by Don Quijote, is what 
usually comes to mind when thinking of early-age wind power. However, even if these 
types of horizontal axis windmills was introduced in Europe no later than the 12th 
century, the first recordings of wind turbines are from the 9th century describing Persian 
vertical axis windmills [5]. Actually, vertical axis windmills might have been in use in 
the Afghan highlands as early as the 7th century BC [6]. These early VAWTs where 
simple devices based on aerodynamic drag, the wind was simply pushing the blades of 
the turbine and thus creating torque. Using aerodynamic lift created by pressure 
difference due to the shape of the blade is far more efficient than using drag and the first 
lift-based vertical axis wind turbines were invented by Darrieus in 1931. Darrieus patent 
[7] cover both the troposkein “egg beater” shaped turbine with curved blades mounted 
directly to the rotating tower/shaft that is supported by guy wires at the top and the so 
called H-rotor with straight blades and struts connecting them to the shaft placed inside 
the tower. 
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During the 1970-80s there where large research programs in North America focusing 
on the Darrieus concept, for example Sandia National Laboratories1 tested different 
configurations and sizes of the Darrieus turbine [4]. A company called The FloWind 
Corp utilized much of the Sandia technology to build commercial wind farms using 
turbines ranging up to 300 kW which initially proved to be quite reliable and efficient [4, 
8]. In Quebec, a record-breaking 4.2 MW Darrieus turbine known as Éole C was built in 
the late 1980s [8]. However, during this period the blades which were designed to flex, 
were usually made of aluminum which is not very endurable to cyclic stress, so with 
time problems with fatigue on the blades started to appear which ultimately lead to 
failures [8]. These problems together with withdrawal of funding finally stalled the 
development. Today most of the VAWT projects regard small scale turbines like 
Ropatec [9] from Italy, Turby [10] from the Netherlands or the innovative Swedish 
offshore concept SeaTwirl [11] which features a floating tower and kinetic energy 
storage using sea water. In recent years there has been a renewed interest in larger 
VAWTs, not least because of findings within the VAWT research project at the Division 
for Electricity at Uppsala University which the author of this thesis takes part in. 

1.2 The 200kW VAWT “T1-turbine” 
A 200 kW VAWT, a so called H-rotor which is a Darrieus- type [7] turbine with straight 
blades, was designed and erected by the company Vertical Wind AB2 in 2010. The 
turbine is hereafter referred to as the T1-turbine. The turbine is located just outside of 
Falkenberg at the west coast of Sweden. It is today owned by Uppsala University and 
serves as a subject of research in a variety of fields. It has a direct drive synchronous 
generator with a 36-pole rotor that is permanent magnetized with neodymium-iron-boron 
magnets. The generator is designed to have high overload capacity so that all possible 
operational conditions can be handled. The generator is connected to a full frequency 
converter, situated in a nearby substation, which allows variable speed. Furthermore, the 
generator is mounted at the bottom of the tower and connected to the rotor by a steel 
shaft. The shaft is jointed in the middle and supported by two bearings in the top of the 
tower as well as the bearings of the generator. Since all the moving parts are connected 
and rotating with the same speed, this configuration can be said to have only one moving 
part in the entire turbine. The generator has the ability to brake electrically, serving as 
primary brake system. A hydraulic disc brake placed at the top of the tower works as 
secondary brake and is used for emergency braking and parking during maintenance. 
 The rotor consist of three 24 m long straight blades that are connected to the shaft by 
two struts each, both blades and struts are made out of fiberglass. The blades are fixed, 
but the variable speed of the turbine is used to control the stall effect so that the rated 
power can be attained between the rated wind speed and the cut-out wind speed. As 
power control, this can be said to be a sort of active stall. 

                                     
1 Sandia National Laboratories is best known for their research within the United States nuclear 
weapon program regarding non-nuclear components of thermonuclear weapons. 
2 A spinoff company from the Division of Electricity at Uppsala University 



 15

Furthermore, it has a tower made out of laminated wood covered by fiberglass 
laminate. From the start the tower was free standing, but after two years it was 
complemented with support from three guy-wires. The construction may therefore be 
described as semi-guy wired. The guy wires were added because small fatigue cracks 
appeared in some of the glue joints attaching the steel flanges to the glue laminated 
wood. This is a critical teething problem, as the steel flanges fasten the wood tower to 
the foundation, which is not intrinsic to the wood tower but rather an effect of bad 
selection of glue. The problem has been solved and tested by Vertical Wind AB but the 
solution has not been fitted to the T1-tower for logistic reasons, it would involve the full 
disassembly of tower and turbine. After adding the guy-wires a new upper limit of the 
rotational speed was set to 22 rpm. The reason for this is that the added guy-wires 
stiffens the tower so that the first mode eigenfrequency of the tower is excited at 23 rpm. 

The T1-turbine is a first prototype and the noise level was not considered during 
design. If commercially produced, means to minimize noise would probably be taken, 
for example by altering the blade shape and choosing a blade profile developed to 
minimise noise rather than the standard blade profiled used for the T1-turbine. 
 The turbine is operated from a substation situated 60 m away and wind speed is 
measured at a mast 100 m from the turbine. The turbine can also be fully operated by 
remote desktop. 
 

 

Figure 1.1: The T1-turbine. 
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Figure 1.3: Interior and 3D-CAD cross-sections of the T1-turbine. 

 

 

  

Figure 1.2: Dimensions of the T1-turbine. 
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Table 1.1: Properties of T1. 

Rated power 200 kW 
Turbine diameter 26 m 

Wing length 24 m 
Swept area 624 m2 

Cut-in wind speed 4 m/s 
Rated wind speed 12 m/s 

Cut-out wind speed 25 m/s 
Survival wind speed 60 m/s 

Rotational speed 16-33 rpm3 
Tip speed ratio 3.8 

Wing/strut material Fiberglass composite 
Tower material Laminated Wood 

Tower shape Conical dodecagon 

 

Table 1.2: Supplementary tower/turbine properties used in calculations. 

Tower height 38 m (above ground) 
Tower diameter 2946  mm (base) and 1449 mm 

(top) Wall thickness 78 mm 
Top mass estimated 10600 kg 

Tower and interior mass 
estimated 

17000 kg 
Density ρ 430 kg/m3 

Elastic modulus Et 10500 MPa 
Maximum power coefficient Cp 0.35 

 

Table 1.3: Wire properties used in calculations. 

Length of wire L 70 m 
Height of guy wire attachment h 30 m 

Nominal axial stiffness EwA 124 MN 
Inclination angle between wire and horizon α 27.2° 

Linear density µ 5.91 kg/m 
Minimum breaking load MBL 1.19 MN 

 

                                     
3 33 rpm was the original intended upper limit for rotational speed. After adding guy wires 22 rpm 
is the new upper limit. 
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1.3 Aim of thesis 
The work in this thesis aims to take a closer look at the eigenfrequencies of a semi-guy-
wired wind turbine tower as well as the characteristics of the noise emitted from a 
VAWT. This should be done by performing theoretical and analytical studies as well as 
computer simulations and experiments. Work could for example lead to usable analytical 
expressions, highlighting of concept characteristics and drawn conclusions for future 
turbine design. In this thesis, the theory, results and conclusions is presented in such a 
way that the scientific contribution is pointed out. 

The purpose for studying the VAWT concept is to better understand its future 
chances of being an alternative to HAWTs. Further learning of the advantages and 
disadvantages of the concept can also help to find application areas that are especially 
suitable for VAWTs.  Also, by drawing knowledge from existing VAWTs, the 
possibilities for building well functioning turbines in the future increases. 
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2.  Theory 

2.1 Eigenfrequencies of vertical axis wind turbines 
An eigenfrequency is a frequency at which a construction tends to oscillate in the 
absence of driving or damping forces [12]. If the eigenfrequency coincide with a forced 
frequency, a so called dynamic load, the amplitude of vibration escalates and a so called 
resonance occurs. A construction has several different eigenfrequencies, different modes, 
where for each frequency the construction is moving in a different way. In figure 2.1 the 
first four mode shapes for an unsupported cylindrical tower attached to the ground can 
be seen. Eigenfrequencies of a structure depend on material, shape, height, mass as well 
as motion constraints such as guy wires.  
 

 

Figure 2.1: Four eigenfrequency modes for an unsupported tubular tower attached to the 
ground with the first mode at the far left. 

 
Instability due to eigenfrequencies are of concern regarding wind turbines as well as 
most other tall structures. Different components of a wind turbine can have their own 
eigenfrequency and besides the tower which is the main subject of this work, the T1-
turbines mode shapes due to the elasticity of the struts has been examined in [13] and for 
the driveshaft in [14]. In [13] it was found that by careful dimensioning it is possible to 
obtain a large resonance free operational rotational speed range regarding the struts. The 
aerodynamic damping of the eigenmodes of interest was also found to be good. In [14] it 
was found that by using a directly-driven generator the shaft can be made considerably 



 20

smaller. Furthermore, the Sandia National Laboratories VAWT research of the 1970-80s 
includes work on guyed VAWTs, for example vibration and damping issues of the guy 
wires [15, 16]. Sandia studies a Darrieus turbine supported entirely by guy wires 
attached to the top, whereas the VAWT studied in this work is only partly guy wire 
supported. 

For the tower of a typical wind turbine it is mainly the first mode eigenfrequency that 
is of interest since it may coincide with a dynamic load of the turbine. The dynamic 
loads of significance are imbalances in the shaft or rotor as well as aerodynamic loads of 
the passing blades. The frequencies of these loads are 1P and 3P respectively, where P is 
the rotational speed of the turbine. The rotational speeds where the eigenfrequencies are 
excited by the dynamic loads are 푛 = 60 ∙ 푓	(푟푝푚) and 푛 = 20 ∙ 푓	(푟푝푚) for 1P and 3P 
respectively where f is the eigenfrequency itself. 

When designing a wind turbine tower different strategies can be used to avoid the 
dynamic loads. The tower can be made stiff which means that the eigenfrequency is 
placed above the 3P load for the entire operational range. The tower can also be made 
soft which means that the eigenfrequency is placed between the 1P and 3P or even soft-
soft with the eigenfrequency placed below the 1P load. In figure 2.2 these strategies for 
an operational range typical for a modern 3MW HAWT can be seen. For the soft and 
soft-soft towers the eigenfrequencies are briefly excited when ramping up rotational 
speed during start up but are not located within the operational range. For modern large 
scale turbines soft towers are the most common, this because it usually is a good trade of 
between stability and economy. 

 

 

Figure 2.2: A Campbell diagram showing a stiff tower (blue), soft tower (magenta) and 
soft-soft tower (green). Operational range marked with red dashed lines. 
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2.1.1  First mode eigenfrequency of a semi-guy-wired tower 
For a typical freestanding tower the first mode eigenfrequency can be approximated by 
using a fairly straightforward expression (1) for a vertical weightless uniform beam of 
length H, with the lower end attached to the ground and a point mass m attached to the 
top [17]. 
 

푓 =              (1) 

 
Where Et is the elasticity modulus of the tower material, and I the second moment of 
area of the beam. However, the T1-turbine is a near unique case since it was freestanding 
from the start but since has been complemented with guy wires thus making it both 
firmly bolted to the ground and constrained at a certain height by the guy wires – hence 
there is no suitable ready-made expression available to use. 

If the guy wires are attached to the tower at height h, a force has to be included that 
counteracts the tower movement, making the frequency calculation more complex. The 
net force from the guy wires can be divided into z- and x-components, Fz and Fx, where 
the verticaly acting Fx can be neglected due to its minimal effect on the tower movement 
for small deviations.  

 

 

Figure 2.3: The tower modeled as a weightless uniform beam with a mass m on top. H is 
the height of the tower, h is the height of guy wire attachment point and z is the 
horizontal deviation. 

 
The z-deviation of the tower may be written on the form 푧 = 푤(푥)sin	(휔푡) where we 
further split 푤(푥)	according to 
 



 22

푤(푥) = 푤 (푥), 0 ≤ 푥 ≤ ℎ,
푤 (푥), ℎ ≤ 푥 ≤ 퐻.        (2) 

 
Since there are no distributed forces along the beam, the fourth derivate 
vanishes,	푤( )(푥) = 0, at all heights excluding 푥 = ℎ and 푥 = 퐻. The third derivate 
relates to the shear force, which in this case implies that 
 

−퐸 퐼푤 (푥) sin(휔푡) = 퐹 + 퐹 ,
−퐸 퐼푤 (푥) sin(휔푡) = 퐹 .

       (3) 

 
where Fz is the z-component of the net force from the guy wires, and Fm is the inertial 
force from the top point mass at the top. Fz is a spring force and depends on the deviation 
at the height h, 
 

퐹 = −푘푤 (ℎ) sin(휔푡)         (4) 
 
where 푘 is the effective spring constant for Fz with respect to the horizontal deviation of 
the tower at 푥 = ℎ. The relation between 푘 and the spring constant k of the individual 
guy wire is derived in section “2.1.3.1 Spring constant of guy-wire” below. The inertial 
force is given by 
 

퐹 = −푚 	푤 (퐻)sin(휔푡) = 푚휔 푤 (퐻)sin(휔푡)     (5) 
 
Defining 퐶 = 푚휔 /(퐸 퐼) and 퐶 = 푘/(퐸 퐼) we can now write 
 

푤 (푥) = 퐶 푤 (ℎ)− 퐶 푤 (퐻),
푤 (푥) = −퐶 푤 (퐻).																         (6) 

 
This differential equation for 푤(푥) may be solved using the boundary conditions 
 

( ) ( ) ,							 ( ) 	
( ) ( ),	 ( ) ( ),	 ( ) ( ).    (7) 

   
The conditions at 푥 = 0 is due to the beam being fixed to ground. 푤 (퐻) = 0 is a 
consequence of the absence of moment of inertia at the top. The conditions at 푥 = ℎ 
follows from continuity of the beam position, beam slope and moment at that point. 
Using these boundary conditions to eliminate the integration constants, we arrive at 

 

1− 1 + = − 퐻ℎ −       (8) 
 
which together with 푓 = 휔/(2휋) implies a frequency  
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푓= ∙
	

	 	 	
        (9) 

 
We note that the frequency without guy wires is retrieved for	푘 = 0. 

It would be relatively straightforward to extend the model to allow for different 
second moment of area above and below x = h. This would to some extent mimic the 
tapering of the beam. Such an extension has however not been further explored here. See 
section “2.1.3.2 Second moment of area” for how the second moment of area of the T1-
turbine tower was chosen when used in the model. 
 

2.1.2  Effect of wind force upon guy-wire first mode eigenfrequency 
In the case of a guyed tower the eigenfrequencies of the wires also becomes of 
significance. Resonance of the guy wires will produce amplified motions that in worst 
case can destroy the entire tower [18]. Just as for the tower it is mainly the first mode of 
eigenfrequency that is of interest since it may be excited by the tower or blade passing 
frequencies. The eigenfrequency of the wire can be described as that of a vibrating string 
 

푓 =           (10) 

 
Where T is the tension, µ is the linear density and L is the length of the string. For an 
unloaded tower the tension T is simply the pre-tension which are applied to the wire. 
However, a structure which is subject to large loads, like a wind turbine, T will alter and 
the eigenfrequency will vary with the load, in this case with the wind speed.  

We can divide the tension T in pre-tension Tp and tension from the wind force ∆푇, 
where ∆푇 can be obtained by ∆푇 = 푘 ∙ ∆푊 where k is the spring constant and 훥푊 is the 
extension of the wire.  

For a supporting guy wire 훥푊 can be described by 훥푊 = 훥푍 ∙ cos훼 where ΔZ is the 
horizontal deviation at the height of guy wire attachment and α is the angle between the 
guy wire and the horizon. 
 

푓 = ∙ ∙
         (11) 

 
Using the same method as in “2.1.1 First mode eigenfrequency of a semi-guy-wired 
tower” but modifying (3) for static displacement instead of motion we get  
 

−퐸 퐼푤 (푥) = 퐹 + 퐹 ,
−퐸 퐼푤 (푥) = 퐹 ,

        (12) 
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where Fwd is the wind load acting on the rotor. Modifying (4) for static displacement Fz 
can be described by, 
 

퐹 = −푘푤 (ℎ)          (13) 
 
Defining 퐶 = 퐹 /(퐸 퐼) and 퐶 = −퐹 /(퐸 퐼)  we can now write 
 

푤 (푥) = 퐶 − 퐶 ,				
					푤 (푥) = −퐶 															       (14) 

 
which can be integrated to 
 

푤 (푥) = ( ) + + 퐶 푥+ 퐶 ,

		푤 (푥) = − + + 퐶 푥 + 퐶 														
    (15) 

 
where 퐶  are integration constants. This equation for 푤(푥) may be solved using the 
boundary conditions in (7) which gives us 
 

푤 (ℎ) = 훥푍 = 퐻 − −        (16) 
 
which together with definitions of C3, C4 and Fz gives 

 

푤 (ℎ) = 훥푍 = ∙
	

	           (17) 

 
Combining (17) with (11) will give us the eigenfrequency of a windward wire in line 
with wind direction the wire for different wind loads. Using a negative ∆푍 in (11) will 
give the eigenfrequency for a leeward wire. Since ∆푍 will be largest for a wire in line 
with the wind, the eigenfrequencies of all wires independent of angle towards wind 
direction will be covered within those of the windward and leeward wires, creating a 
frequency range where resonance might occur. 
 

2.1.3  Effective spring constant, second moment of area and tower 
mass 

2.1.3.1  Spring constant of guy-wire 
The spring constant of a single guy wire is given by 푘 = 퐸 퐴/퐿 where 퐸 퐴 is the 
nominal axial stiffness of the wire which in turn is a product of the elasticity modulus of 
the wire material and the cross section area of the wire. 퐿 is the length of the wire. The 
spring constant 푘 used in the model of section “2.1.1 First mode eigenfrequency of a 
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semi-guy-wired tower”, on the other hand, is related to the horizontal component Fz of 
the net force from all the guy wires and the displacement ∆푍 of the tower, so that 
푘 = 퐹 /∆푍. 

Consider initially the force Fw from one guy wire, see figure 2.4. The horizontal 
component of this force is 퐹 = 퐹 ∙ cos훼 where α is the wire inclination angle. A 
displacement ∆푍 of the tower, in the direction of the guy wire, changes the wire length 
by the amount	∆푊 = ∆푍 ∙ cos훼. Since	∆퐹 = 푘 ∙ ∆푊, we get 
 

∆퐹 = 푘 ∙ ∆푍 ∙ cos 훼         (18) 
 
Now, including the second and third guy wire into the picture, we note that these wires, 
as seen from above, form an angle 60° to the displacement direction	∆푍, see figure 2.5. 
As a consequence, the length of these wires changes by	훥푊 = ∆푍 ∙ cos 60° ∙ cos훼 =
∆푍 ∙ . This means that the horizontal force component F2h and F3h of these wires 
changes according to 
 

∆퐹 = ∆퐹 = 푘 ∙ ∆푧 ∙          (19) 
 

The net horizontal force Fz now becomes 
 

퐹 = ∆퐹 + ∆퐹 ∙ cos 60° + ∆퐹 ∙ cos 60° = 1.5 ∙ 푘 ∙ ∆푍 ∙ cos 훼		   (20) 
 

from which we deduce that 푘 = 1.5 ∙ 푘 ∙ cos 훼.                  (21) 
 

 

Figure 2.4: Spring forces seen from side. Left: Forces acting when in rest. Right: Forces 
acting after displacement. 
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Figure 2.5: Spring forces seen from above. Upper: Forces acting when in rest. Lower: 
Forces acting after displacement. 

 

2.1.3.2  Second moment of area 
The second moment of area for a circular pipe can be calculated by [17] 
 

퐼= (퐷 − 푑 )         (22) 
 
where D is the outer diameter and d is the inner diameter of the pipe cross- section. For a 
conical tower the simplest approach is to use the mean outer and inner diameter of the 
conical tower to represent the pipe. A more correct approach would be to take the 
average of 퐼 using the diameter at the top and the bottom, this since D and d is raised 
with an exponent 4. However, when using guy wires the impact of the second moment of 
area should be largest where the wires are attached since the lower part of the tower will 
be prevented from moving and thus this height will be the reference position for 
oscillation. Therefore, for the case with guy wires, 퐼 is calculated using D and d for x = 
h. 

In reality, the cross-section shape of the T1-tower is not round but dodecagonal. 
However, using a round cross-section for simplicity is estimated to have a small impact 
on the results. 
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Table 2.1: The second moment of area of the tower of the T1-turbine by using a) the 
average inner and outer diameter, b) the average of the second moment of area for the 
top and bottom and c) the inner and outer diameter for the height h. 

 D (m) d (m) I (m4) 
a 2.198 2.042 0.292 
b 2.946 and 1.449 2.790 and 1.293 0.401 
c 1.764 1.608 0.147 

 

2.1.3.3  Tower mass 
In equation (1) and (9) only the mass on top of the tower is accounted for and not the 
weight of the actual tower and its interior. It is possible to incorporate tower mass by 
including a mass distribution along the beam when deriving (9). However, the main 
effect is captured by correcting the 푚퐻 –term in (1) according to 
 

∫ 푥 푑푥 = 퐻         (23) 
 

and thus replacing 푚 with 푚 + 	 in (1). The same correction could be used for 
(9) as well, even though it is reasonable to expect that the true correction should be 
somewhat smaller in this case, as the guy wires prevent the lower part of the tower from 
moving. 

2.1.4  Analytical results 

2.1.4.1  Eigenfrequency of the semi-guy-wired tower 
Using equation (9) and (21) as well as tower properties, wire properties and second 
moment of area from table 2.1 we are able to calculate the eigenfrequency of the tower. 
By calculating for all combinations of the suggested ways of choosing second moment 
of area and tower weight, the effect of these choices could be evaluated one by one in 
“3.1.2 Simulation of tower eigenfrequency set-up and results”. In table 2.2 results can be 
seen where the first case A1 uses the simplest formula for the second moment of area (a 
in table 2.1) and the top mass alone. In A2 the mass of the tower and interior was taken 
into account as suggested in “2.1.3.3 Tower mass”. In A3 the conical shape and the 
height of guy wire fixation where taken into account (b and c in table 2.1) when 
calculating the second moment of area. In A4 the measures taken in both A2 and A3 
where combined. 

Table 2.2: Analytical results from 1) the simple pipe approach, 2) pipe with weight, 3) 
weightless with conical shape and h taken in account for second moment of area and 4) 
as 3 but with weight. 

[Hz] A1 A2 A3 A4 
Freestanding 0.634 0.536 0.742 0.627 
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With Guy Wires 1.535 1.297 1.364 1.153 

2.1.4.2  Eigenfrequency of guy wire 
On site behavior has showed that resonance occurs at 17 rpm and 23 rpm [3] with the 17 
rpm likely originated from the guy wires. Using equation (10) the current pre-tension can 
be estimated to 83 kN which together with equations (9), (11), (17) as well as tower and 
guy wire properties gives the Campbell diagram for the current setup, seen in figure 2.6. 
If using guy wires it would be desirable to keep them resonance free for the operational 
range by letting the lower limit of the wires frequency range lie above the 3P load at 
nominal rotational speed, this is also illistruated in figure 2.6. 

Altering the guy wire eigenfrequency can be done by changing the pre-tension but 
also by using a wire with different properties (µ and EwA) or changing wire attachments 
(h, L and α). By combining (11), (17) and the relations between EwA, k and 푘, a diagram 
can be produced (figure 2.7) showing which EwA and pre-tension that are needed for 
keeping the wire resonance free for different inclination angles. This diagram is hereafter 
called an EA-T diagram. As an approximation the linear density µ is set to vary linearly 
with the nominal axial stiffness EwA. The wire length L is set to vary with the inclination 
angle α, but the height of guy wire attachment h is kept constant since a high guy wire 
attachment is desirable, and a certain clearance to the turbine blades is required.  

The effect upon the tower - the effective spring force 푘 - can also be seen in the EA-
T diagram which allows comparing different options which are resonance free regarding 
the wire and also gives the same	푘. As an example, the current guy wire setup of α=27.2° 
and EwA=124MN, which gives an effective spring force 푘=2.10 MN/m, requires a pre-
tension of 334 kN to stay resonance free. Using the diagram it can be seen that using an 
inclination angle α=40° enables using a slightly lighter wire with EwA ≈115MN, as well 
as a remarkably lower pre-tension of 167 kN with the same	푘. The EA-T diagram is an 
illustrative tool for choosing wire setup for a pre-defined effective spring force. The 
diagram can in a similar way be retrieved and used for larger VAWTs as well as other 
guyed wired structures who has a given upper limit for eigenfrequency excitement by the 
dynamic loads. 
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Figure 2.6: Campbell diagram for the T1-turbine with current setup of 83 kN wire pre-
tension (green) and resonance free guy-wire with 334 kN pre-tension (magenta). 

 

Figure 2.7: EA-T diagram showing which combination of EA, pre-tension and α that is 
needed for achieving a certain 푘 (MN/m) as well as a resonance free wire. 

2.2 Noise from vertical axis wind turbines 
Sound is a pressure wave that travels through a medium. When discussing sound levels it 
is important to distinguish between sound power level (noise emission) and sound 
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pressure level (noise immission). The sound power, expressed in watts, represents the 
rate of sound energy production of a source. Sound power level is proportional to the 
logarithm of the accosutic power emmited by the source compared to that of a reference 
level 푃  of 10-12 W  and is given in decibels (dB) by [19]:  

퐿 = 10 ∙ log
푃
푃  (24) 

 
Even if sound power is the most fundamental property of the source, it is not for the 
receiver. The effect of one or multiple sources at a specific location can be determined 
by measuring the sound pressure, which is the root mean square value of the pressure 
fluctuations that constitutes the sound wave. The sound pressure level is proportional to 
the logarithm of the square of that pressure compared to that of a reference level 푝  of 20 
µPa (for air). The equivalent sound pressure level is given in decibels (dB) by [19]: 
 

퐿 = 10 ∙ log
푝
푝  (25) 

The most common way of measuring sound is by measuring all frequencies hearable by 
humans (20-20000 Hz) and presenting it as one single weighted reading [19]. Since the 
human ear does not have the same perception for all frequencies a filter can be used to 
account for the relative loudness perceived by the human ear. The most common weight 
for environment noise assessment and the one generally used in public regulations is the 
A weight which gives the unit dB(A). The definition of noise is simply unwanted sound. 
Distinguishing noise from sound is to a large extent subjective, but sound from wind 
turbines is generally considered as unwanted and therefore it may be referred to as noise. 

Noise is considered as one of the disadvantages with wind turbines and noise 
immissions at dwellings and other sensitive areas is generally regulated in national 
legislation which restrains potential locations when planning for wind power. For 
example, in Sweden the sound intensity recommendations for noise created by wind 
turbines is set by the Swedish Environmental Protection Agency (SEPA) [20] to 40 
dB(A) at dwellings which is further lowered to 35 dB(A) if obvious tones are present in 
the spectrum. 35 dB(A) is also the limit for specifically sensitive areas such as nature 
conservation areas and planned recreational areas. These limits are based on the sound 
intensity created at a wind speed of 8 m/s, 10 m above ground and measured during 4 
hours. 

Noise from operating wind turbines can be divided into aerodynamic and mechanical 
noise. Aerodynamic noise is of broadband character and occurs when the air flows 
around the blade and originates from various complex flow phenomena and generally 
increases with tip speed and hence the most sound is produced at or close to the tip of the 
blade. Mechanical noise originates from the relative motions of mechanical components 
in the gearbox, the generator, yaw drives, cooling fans, hydraulics and power electronics. 
For modern turbines the aerodynamic noise is generally dominant and in [21] it is shown 
that for a modern HAWT the most noise is created close to the wing tip when the blade 
travels downwards towards the receiver, a result of the directivity of aerodynamic noise 
emitted from a moving airfoil [19]. The characteristically swishing sound of a wind 
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turbine is due to amplitude modulation and has been proven to be the sound feature from 
wind turbines that is the most annoying [19]. This mid frequency phenomena (400-1000 
Hz) is created by the directivity of the trailing edge noise. 

Extensive research has been presented regarding noise from wind turbines. For 
example, interesting work can be found in [22] where the effects of natural sounds on 
sound modelling,  masking and propagation has been studied and in [23] where the 
human response to wind turbine noise has been investigated. However most research has 
been aimed at the more common HAWT concept and little attention has been given to 
the alternative VAWT which has shown potential for lower noise levels.  

VAWTs usually has lower tip speed ratio (TSR) than HAWTs. The entire length of a 
VAWT blade travels at tip speed which for a HAWT is only true for the actual blade tip. 
Since it has been shown that most of the aerodynamic noise from a HAWT is generated 
close to the tip [21], the blade velocity where noise is produced is lower for a VAWT 
then for a HAWT, an argument for lower levels of aerodynamic noise. However, the 
reality is more complex, mainly due to the unsteadiness of the flow. An additional 
difference is that VAWTs usually has support arms carrying the blades, a feature not 
needed for HAWTs. However, the support arms can be made streamlined, in which case 
they will not be expected to generate much noise. Furthermore the drive train of a 
VAWT can be located at ground level which limits mechanical noise propagation [1].  

Work that has been performed regarding noise from VAWTs include [24] and [25] 
where numerical methods are used to simulate aerodynamic noise from VAWTs and 
which for both studies indicates lower noise levels compared to HAWTs. In [26] the 
noise characteristics of a model VAWT was investigated and the applicability of 
different noise prediction models was examined. 

2.2.1 Noise prediction model 
In order to estimate the expected difference in sound pressure level between large 
VAWTs and HAWTs, we use the empirical model for airfoil self-noise in [27]. It is 
generally agreed that the dominant noise source for modern HAWTs is well modelled by 
the turbulent-boundary-layer trailing edge (TBL-TE) noise contribution [21]. For small 
VAWTs (low Reynold numbers) laminar-boundary-layer trailing edge noise has been 
observed to be important [26], but for the T1-turbine the Reynolds number is of the order 
of 1 ∙ 10 , so the TBL-TE is expected to be dominant here. Applying the equations of 
TBL-TE noise from [27] heuristically gives very high sound levels for the VAWT as the 
angle of attack approaches the static stall angle during normal operation. For the optimal 
TSR of 3.8, and utilizing a simple model where the flow is unperturbed by the turbine, 
the angle of attack ranges up to 15°. For more realistic models (not considered here), the 
flow will halt and the maximum angle of attack on the downwind side will be even 
larger. At these angles the displacement thickness 훿∗ of the boundary layer at the trailing 
edge becomes very large if the static situation is considered.  

However, the unsteady flow of the VAWT gives rise to a dynamic stall effect, which 
means that flow separation will effectively be delayed. In [26] it was observed that the 
dynamic stall effect seems to constitute a measurable source of noise, probably due to 
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large force fluctuations when the flow eventually separates. This was however only 
observed for low TSR, indicating that strong flow separation will not occur for the 
higher TSR of 3.8 considered here. In [28], dynamic stall was measured at different 
frequencies, and in particular a linear lift curve was maintained up to 15° when the angle 
of attack is varying with a reduced frequency close to the one for the current situation 
(the amplitude of the oscillation was however larger in [28]). We therefore propose to 
use, as an estimate to account for dynamic stall, the low angle parameterization of the 
suction side 훿∗, as defined in [27], for the entire range of angles of attack. 

In the current estimate the simplest possible approach is adopted regarding air flow 
and conditions along the blade span. The flow is assumed to be unperturbed by the 
turbine. The HAWT noise source is modelled as arising from a segment located at 25% 
of the blade span from the tip. This segment is then given a span of 50% of the original 
blade span. This simplification is guided by the visualized noise source map in [21]. 

The basic empirical equation for the sound pressure due to the TBL-TE noise for an 
airfoil [21, 27] is 
 

푝 ~
	훿∗푀5퐿푠

푅 ∙
2	푠푖푛 (휑/2)	푠푖푛휃

(1 +푀	푐표푠휃)  (26) 

 
where 훿∗ is the displacement thickness of the boundary layer at the trailing edge, M is 
the blade Mach number, Ls is the blade span and R the distance from the source of 
observer. For the angles, 휃 is the angle between the blade chord line and the source-
observer line while 휑 is the angle between blade plane and plane including chord 
direction and observer point. The angles are illistruated in figure 2.8 below. 
 

 
Figure 2.8: Definitions of angles	휃 and 휑 [27]. 
 
When calculating R and the angles the motion of the air flow need to be taken into 
account, using retarded coordinates for the source. In the current geometry, however, this 
is easily achieved by simply offset the observer position according to the wind speed and 
sound travel time. There are three contributions to	푝 , one from the suction side, one 
from the pressure side and one additional term due to the angle of attack. The last two 
contributions are proportional to the suction side displacement thickness,	훿∗, which is 
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much larger than the pressure side displacement thickness 훿∗ even at small angles of 
attack. We therefore use 훿∗ = 훿∗ in (26). The expression for displacement thickness at 
low angles for untripped boundary layer in [27], however here used for all angles, is 
 

훿∗ = 훿∗10 .  (27) 
 
where the angle of attack α is given in degrees, and 훿∗ is the displacement thickness for 
zero angle of attack, as parameterized in [27] as a function of the chord Reynolds 
number. 
 The turbine data used in this comparison is given in table 2.3. The HAWT resembles 
a Vestas V27 which is similar in size to the T1-turbine, but the hub height is set to be the 
same as for the VAWT. Positioning the observer downwind at a certain horizontal 
distance Rh to the hub, the angles 휃 and	휑, and source-observer distance R, are 
determined as a function of the turbine dimensions and the blade position angle β 
(azimuth for VAWT). The squared pressure (26) is then averaged over the angles β. The 
difference in sound pressure level between the VAWT and HAWT is now 

퐿 . = 10 ∙ log
푝 ,

푝 ,
 (28) 

 
The result is, for wind speeds in the range of 5 to 10 m/s, and at distances Rh of 40 to 50 
m downwind, that the VAWT sound pressure level is around 1 dB lower than the one for 
HAWT. The result is however quite dependent on the different assumptions and 
simplifications made. Perhaps the most interesting result of this calculation is that 
dynamic stall has a crucial impact in the produced noise as it delays separation. 
Adopting the static relations where the displacement thickness gets very large results in 
sound pressure levels not compatible with the measurements presented in this work. 

Table 2.3: Turbine data used in noise prediction model. 

VAWT  
Hub height 40 m 

Blade length 24 m 
Blade chord 0.75 m 

Radius 13 m 
TSR 3.8 

HAWT  
Hub height 40 m 

Blade chord at 75% 0.73 m 
Radius 13.5 m 

TSR 7 
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2.2.2  Measuring noise emission from a wind turbine 
When recording noise from a wind turbine, the sound recorded 퐿 .  consists of the 
sound pressure level due to the wind turbine noise 퐿 .  as well as the background sound 
퐿 .  which are related by [19]: 
 

퐿 . = 10 ∙ log (10 . / + 10 . / ) (29) 
 
Recording with the wind turbine sequentially turned on and shut down, (29) can be used 
to separate the wind turbine sound pressure level from the total sound level, if the wind 
and background sound conditions are unchanged. In reality, the conditions are never 
unchanged. But by keeping track on the wind speed and using long enough recordings, 
the effect of wind speed can be taken into account and the effect of background sound 
conditions will be evened out. The emitted sound pressure levels of the wind turbine and 
background can, by taking the spherical sound distribution and the coherent addition of 
sound reflected from the ground c (dB), be used to calculate the emitted sound power 
level 퐿 .  of the wind turbine by [29]: 
 

퐿 . = 퐿 . − 푐 + 10 ∙ log
4휋푅
푆  

 
(30) 

Where S0 is a reference area of 1 m2 and R is the distance between the rotor centrum at 
hub height and the place of recording. R is calculated from the hub height H of the 
turbine, and the horizontal distance Rh between tower and place of recording, by 

 

푅 = 푅 +퐻  (31) 

 
The standardized measurement procedure for deciding the noise emission of a wind 
turbine is described in the international standard IEC61400-11 [29]. 

2.2.3  Noise propagation of wind turbines 
For an observer standing at a distance R from a wind turbine (for long distances 푅 ≈
푅 ), a simple model of a hemispherical sound propagation over a reflective surface and 
including air absorption is given by [5]: 
 

퐿 . = 퐿 . −10 ∙ log (2휋푅 )− 훼 푅 (32) 
 
The frequency dependent air absorption factor can for most conditions be set to 훼 =
0.005 dB(A)m-1. A more accurate model must take several other aspects into account, 
for example various atmospheric conditions, reflection on ground and effects of different 
bariers [19]. Since both the air absorption and the absorption from the surrounding 
terrain increases with the frequency, noise of lower frequency travels further than that of 
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higher. This in combination with that low frequency noise appears to be more disturbing 
[19], makes low levels at low frequencies an attractive attribute for wind turbines. 
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3.  Experiments and simulations 

3.1 Eigenfrequency experiments and simulations 

3.1.1  Tower frequency g-force measurements set-up and results 
An inclinometer SCA121T-D03 (part of the turbines active monitoring system) was used 
for g-force measurements. The analog signal was logged in 100 Hz and then treated in 
MATLAB for Fast Fourier Transform (FFT) analysis. In figure 3.1, a plot of the FFT can 
be seen, the eigenfrequency can be read to 1.158 Hz. In [30] a similar study was 
performed on the same turbine but before the guy wires were mounted, here the 
eigenfrequency for the first mode was measured to 0.757 Hz. 
 

 

Figure 3.1: Plot from FFT of tower performed in MATLAB. Blue and green lines 
represent the x- and y-axis of the accelerometer. 
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Figure 3.2: A zoomed in section of the plot in figure 3.1. 

3.1.2  Simulation of tower eigenfrequency set-up and results 
FEM (Finite Element Method) -simulations for eigenfrequencies of the tower were 
carried out using SolidWorks Simulation. Several models were simulated to evaluate the 
different options for choosing second moment of area and tower weight that are 
calculated in “figure 3.7 
”. First a much simplified 3D-model was used with a weightless pipe representing the 
tower with a mass at the top. The reason for this was to verify the FEM-results with the 
results from the analytical calculation “A1” in “2.1.4.1 Eigenfrequency of the semi-guy-
wired tower”. The top mass consisted of the estimated weight of the wings and struts and 
other parts situated at the upper part of the tower. This simulation will be referred to as 
FEM1. 

A more realistic model was then used where the towers own weight was included. 
The weight of parts suspended to the tower such as the shaft, flanges, ladders etc. was 
compensated for by raising the density of the tower with an equivalent amount. This 
simulation will be referred to as FEM2 and results from this model are expected to come 
close to that of “A2”. 

Then a weightless model with the actual cone-shape of the real tower was analyzed 
and referred to as FEM3. Results from this model was expected to come close to that of 
“A3” where the shape of the tower is somewhat accounted for by taking the tower shape 
into consideration when calculating the second moment of area. 

Then a combination of FEM2 and FEM3 was analyzed where both the tower weight 
and the actual shape were used, this is called FEM4 and results are expected to come 
close to that of “A4”. 
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Finally a model “FEM5” was analyzed similar to that of FEM4 but with the mass on 
the top replaced by simple versions of wings and struts in addition to a center mass 
placed on top of the tower. The sum of mass is still the same but a moment of inertia will 
be added which will affect movement of the turbine. 

Guy wires were then added for all four cases by simulating a spring connector with 
an adequate spring constant calculated from the wire properties. The spring connector in 
the software were only available as an extension and compression spring, this should 
have no impact on the results as long as deviation of the tower does not get large enough 
to slacken any of the wires. The pre-load of the wires is not expected to have much effect 
on the eigenfrequency since the horizontal components of the pre-load forces will cancel 
each other out. 

Influence on the results from the main shaft in addition to its weight was neglected 
for all models as the shaft is only attached to the tower by bearings at the bottom and the 
top which in combination with splines at the bottom and the middle adds minimal 
stiffness to the tower.  
 

 

Figure 3.3: The model geometry for the different FEM-simulations. From left: FEM1/2, 
FEM3/4, FEM5. 

 
For all cases, adding guy wires will increase the value of the eigenfrequency which is 
expected since the wires stabilizes the tower. The differences between FEM1-5 are what 
could be expected. Additional weight will lower the eigenfrequency, guy wires present 
or not. The conical shape of the tower will increase the sum of second moment of area 
and thereby increase the eigenfrequency. However for the guy wire case the frequency is 
lowered, probably because the second moment of area of the tower has largest effect at 
the height of guy wire fixation. This because the anchoring of the guy wires will make 
the tower move around this point rather than the base of the tower. Finally, the 
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distribution of mass away from the mass center in FEM5 gives a moment of inertia to the 
mass which will slow down movement and lowering the value of the eigenfrequency. 

Table 3.1: Result comparison of the different FEM-simulations. 

 FEM1  FEM2  FEM3  FEM4  FEM5  
Freestanding (Hz) 0.632 0.538 0.783 0.700 0.663 
With Guy Wires 1.549 1.365 1.483  1.368 1.236 

 
 

 

Figure 3.4: Maximum displacement for first mode eigen without (left) and with guy 
wires (right) for FEM5. Deformation scale 700:1. 

3.1.3 Simulation of tower deflection due to wind load set-up and 
results 
To verify results from equation (17), simulations were performed using SolidWorks 
Simulation. The simulation setup is similar to FEM4 in “3.1.2 Simulation of tower 
eigenfrequency set-up and results”, with spring forces to compensate for the guy wires 
but with one additional static force acting on the top to simulate the wind force acting on 
the turbine. The results, which confirms well to that of equation (17), can be seen in 
figure 3.5. 
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Figure 3.5: The correlation between ΔZ derived analytically by (17) and by using 
SolidWorks Simulation. 

3.2 Noise emission measurement campaign 

3.2.1  Experimental setup 
The microphone used was a BSWA MP201, which together with preamplifier MA211, 
gives a flat frequency response and Class 1 accuracy according to the international 
standard for sound level meters, IEC61672-1 [31]. A Norsonic Nor140 was used as field 
recorder. For calibration an acoustic calibrator, Brüel & Kjær type 4231, was used. For 
setting the distance to the tower a laser rangefinder, Leica Pinmaster, with an accuracy of 
±1m, was used. 

For recording the sound pressure level of the wind turbine, the microphone was 
mounted on an acoustically hard circular board with a primary 90 mm and a secondary 
250 mm wind protection. The circular board gives a coherent addition4 c of 6 dB. The 
total acoustic attenuation of the wind protections is 0.5 dB with the largest effect on 
higher frequencies, this effect is deemed negligible and has not been accounted for in the 
result. The entire setup is consistent with the IEC61400-11 standard [29]. 
 

                                     
4 See “ Measuring noise emission from a wind turbine” 
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Figure 3.6: The mounted and wind shielded BSWA MP201 microphone with Norsonic 
Nor140 field recorder. 

3.2.2 Observations 
The T1-turbine is situated in a plain field with a freeway with heavy traffic 750 m to its 
southwest. Interfering noise from this freeway was evened out due to the distance and 
was approximately at the same level during the entire recording. Furthermore there is a 
farm located nearby with its access road just 70 m from the turbine but there were no 
interfering traffic during the time of recording. The microphone was placed at a distance 
of 40 m from the tower base and a recording was performed with the turbine first turned 
on for 60 minutes, then turned off for 24 minutes and then turned on again for another 11 
minutes. Wind speed for both turbine and background recordings was measured with a 
40 m high measurement mast situated 100 m from the turbine and logged together with 
the electrical output from the turbines own control system. 

3.2.3  Measurement limitations 
According to the standard [29], for VAWTs, a distance Rh=H+D, where H is the hub 
height and D the equatorial rotor diameter, should be used between the measuring point 
and the turbine. A 20% or maximum 30 m deviation is allowed as long as the distance is 
measured with an accuracy of ±2%. However in this study a distance Rh=H was used 
which is below the minimum distance allowed. Since the value of Rh is accounted for 
when calculating the noise emission with (30) and (31), only a small influence on the 
result should be expected as a result of this. 

The measurements were performed with an upper limit of the rotational speed set to 
22 rpm, the reason for this is described in “1.2 The 200kW VAWT “T1-turbine”. The 
limitation means that the turbine was operated at optimum tip speed for the 
measurements done at 6 m/s but for higher wind speeds the tip speed was below 
optimum and thus the turbine was stalling. The stalling contributes to the creation of 
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noise while the lower velocity of the blade counteracts it [19]. However, the unsteady 
loading of the blade aerofoil, created by the more pronounced dynamic stall, is likely to 
give rise to an intense sound source which is significantly greater than that of static stall 
[26]. Therefore it is expected that the stall effect is more important than the lower blade 
velocity and thus noise emissions measured at wind speeds above 6 m/s should be higher 
than they would have been with normal operation. 

3.2.4  Results 
The noise level during the entire recording is presented in figure 3.7 as mean values, 
both per second and minute. The logged values of electrical output and wind speed (re-
calculated to 10 m height), can be seen in figure 3.8 and figure 3.9 respectively. By using 
the minute based values from figures 3.7 to 3.9 and assuming that the turbine is turned 
off when the electric output is below 5% of rated power, the total and background noise 
can respectively be presented as functions of wind speed, see figure 3.10. Using the 
trend lines from figure 3.10 together with (29) and (30) the sound emission of the turbine 
can be determined for different wind speeds. 
 

Table 3.2: Noise emission for different wind speeds calculated from results of 
recordings. 

Wind speed at 10 m height m/s 5 6 7 8 
Noise emission dB(A) 91.4 95.1 96.7 97.8 

 
 

 
Figure 3.7: Recorded noise level in dB(A) presented as an average per second and per 
minute. The turbine was turned on between 09:00-10:00 and 10:24-10:35. 
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Figure 3.8: The electrical output (kW) of the turbine during recording presented as an 
average per second and per minute. 

 
 
 

 
Figure 3.9: Wind speed at 10 m height (recalculated from 40 m height) during recording 
presented as an average per second and per minute. 
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Figure 3.10: Noise level presented as an average per minute with turbine turned on 
(blue) and off (red). 

3.3 Noise frequency and propagation measurement 
campaign 

3.3.1  Experimental Setup 
For recordings, two channels were used at each measuring position, with one of the 
microphones having a wind protection muff which the other lacked. The two 
microphones were mounted on the same support, 1.5 m above ground and 0.6 m from 
each other. The microphones used were DBX-RTA-M measuring microphones normally 
used for reference measurements of wide bandwidth noise. This microphone is nearly 
omni-directional and has a very straight spectral response in the range of 20 to 20 000 
Hz. The field recorder used were FOSTEX-2LE which samples with 24 bits sampling 
depth and at a speed of 44100 samples per seconds which is sufficient to measure signals 
at the higher end of the hearable sound spectrum. This entire setup was compiled for [32] 
where further information of the equipment can be found. 
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Figure 3.11: The mounted DBX-RTA-M microphone with the FOSTEX-2LE field 
recorder in case. 

3.3.2 Data Processing 
Data recorded from each of the instruments was read into Matlab as a wav-file from the 
compact flash card used in the digital recorder. Calibration data for each microphone 
was used to ensure correct mapping of the wav-data to sound pressure. Spectral 
information was then extracted using FFT on consecutive one second parts. 
Representative background sequences and wind-turbine-turned-on sequences were 
selected for each measurement (ensuring a near-constant background noise level). By 
using the difference in mean sound power of these sequences togheter with (29), the 
sound pressure level from the wind turbine could be calculated. 

3.3.3  Calibration 
One of the instruments was calibrated by the Swedish National test laboratory SP in 
Borås, Sweden. The rest of the instruments where then similarly calibrated against the 
one tested by SP. For further details of this procedure see [32]. Furthermore, a second 
calibration was done on-site with all microphones placed in a row at the same distance 
from the wind turbine. 

3.3.4  Observations 

3.3.4.1  The T1-turbine 
The noise from the freeway was evened out due to the distance, which is described in 
“3.2.2 Observations”. On the closer farm road, occasionally heavy trucks passed by 
which interfered some with the recordings. However, these interferences are appreciated 
to have small impact on the results due to the small part of the recording time they 
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constitute and for the propagation results all microphones should have been interfered by 
approximately the same amount as the distance to the road is about equal, see figure 
3.12. A number of recording units were set in line, downwind, starting 20 m from the 
turbine. Recordings of approximately 45 minutes were performed with the turbine first 
turned on and then off. Wind speed for both turbine and background recording was 
logged from the turbines own control system using the measurement mast situated 100 m 
from the turbine. In addition to these measurements, an earlier single microphone 
measurement at a mean wind speed 9.4 m/s (hub height) was used for comparing 
frequency distribution for different wind speeds. At this higher wind speed the turbine 
was operated at a tip speed below optimum and thus was stalling. The reason for this is 
the added upper limit of rotational speed described in “1.2 The 200kW VAWT “T1-
turbine”. Since the rotational speed only was slightly lower than optimum, it is estimated 
that the effect of the stall was small and thus the appearance of the frequency spectrum 
not substantially influenced.  

Table 3.3: Measurements conditions. 

Length of wt segment 8 min 
Length of bg segment 15 min 

Wind speed hub height 6.4 m/s (mean) 
Wind speed 10 m 5.2m/s (calc) 
Rotational speed 16-21 rpm 

Mic distances from wt 20, 40, 70, 100, 130, 160, 200 
Recording date 2014-04-09 

3.3.4.2  Kistinge Vestas V27 HAWT 
A Vestas V27 with two fixed rotational speeds and pitch regulated blades were chosen to 
act as a reference when comparing the T1-turbine to a typical HAWT. This was chosen 
both because of its accessibility and its similarities regarding in size and the surrounding 
terrain compared to the T1 turbine. The V27 turbine is situated in a field with two 
identical turbines to its north, the closest one which could be accessed and thus was 
turned off during all measurements. The last turbine, which is situated 260 m away, was 
in operation during all measurements. Furthermore there is a medium trafficked road 
approximately 160 m northeast of the turbine. On the opposite side of the road there is 
an industry and to the west there is a freeway 1100 m away at its closest but most of the 
possibly interfering noise is anticipated to come from the closer road or the neighboring 
turbine. A number of recording units were set in line, downwind, starting 20 m from the 
turbine. Recording of approximately 30 minutes were performed with the turbine first 
turned off and then turned on. The wind speed was estimated from viewing of the 
turbines own logging system and was relatively steady, around 9 m/s during the entire 
recording. 

Table 3.4: V27 Properties. 

Rated power 225 kW 
Tower height 31.5 m 
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Rotational speed 33/43 rpm 

 

Table 3.5: Measurements conditions. 

Length of wt segment 24 min 
Length of bg segment 10 min 

Wind speed hub height 9 m/s (approx.) 
Wind speed 10 m 7.6 m/s (calc) 
Rotational speed 43 rpm 

Mic distances from wt 20, 40, 70, 90, 120, 150, 200 
Recording date 2014-04-02 

 

 
Figure 3.12: The T1 (left) andV27 turbine (right) with surroundings. Wind direction (red 
arrow) and microphone placement line (dashed). Upwards is north. 5 

3.3.5 Results 

3.3.5.1  Noise frequency distribution 
In figures 3.13 to 3.15, the frequency spectrum respectively the frequency distribution 
for the T1 and V27 turbines can be seen, all recorded downwind at a distance of 40 m 
from the tower base. Looking at the spectrum, the V27 seem to have a broader spectrum 
with significant levels from 0 to around 2600 Hz whilst the T1-turbine seem to have 
lower levels at frequencies over 2000 Hz and slightly lower for frequencies below 500 
Hz. In figure 3.15 it can also be seen that the T1-turbine has lower levels in the range of 
600 to 1200 Hz. Comparing the frequency spectrums in figure 3.13, it seem like VAWT 
noise occur more around the same frequencies as the natural background noise, which 
increases masking probability [19]. In figure 3.16 it can be seen that the behavior from 
the 6.4 m/s recordings is similar to that of the 9.4 m/s recording but the recording at 
higher wind speed shows even clearer that the T1-turbine has lower levels for all 
frequencies below 3000 Hz. 
 

                                     
5 Source: kartor.eniro.se & maps.google.com 
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Figure 3.13: Frequency spectrum for T1 (left) and V27 (right). Turbines turned off at 
approx. 1600 and 1900 sec, respectively. 

 
Figure 3.14: Frequency distribution for T1 (left) and V27 (right). Total noise in blue 
(highest for high frequencies), background noise in red (in middle for high frequencies) 
and difference between total and background noise in green (lowest for high 
frequencies). 

 

 

Figure 3.15: Comparison between T1 (red, lower) and V27 (blue, higher) regarding total 
noise (left) and turbine noise with background subtracted (right) by using (29). 
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Figure 3.16: The frequency spectrum for the 9.4 m/s recording of the T1-tuirbine (turned 
on at approx. 1900 sec) and a comparison between the frequency distribution with 
background noise subtracted for the 6.4 m/s (red) and 9.4 m/s (green) recordings for the 
T1-turbine as well as the V27 recording (blue). 

3.3.5.2  Noise propagation 
The performed measurements indicates more rapid noise decline with distance for the 
T1-turbine compared to the V27. This can be seen in figure 3.17 where the noise levels 
as a function of distance are plotted for the T1 and V27 turbines respectively. The V27 
curve is also projected on the T1 curve for easier comparison. 

When creating the curves, appropriate segments representing background and wind 
turbine noise were chosen for both the V27 and T1 recordings. For the T1 recording the 
wind speed varied extensively so rather narrow segments had to be chosen to achieve the 
same mean wind speed for both background and turbine noise. This influences the 
reliability of the results which seem sensitive for how the segments are chosen, with this 
in mind, the more rapid noise decline of the T1-turbine still seem like a pattern. 
However, further measurements, preferably with longer data sets, are needed to establish 
these findings. 
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Figure 3.17: Noise propagation between T1 (red o) and V27 (blue *) turbines. Dashed 
blue line is the blue line projected for comparison. 
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4. Discussion 

4.1 Eigenfrequencies of tower and guy wires 

4.1.1  Verifying analytical expression 
In addition to analytical, FEM and experimental analysis, an indication of the first eigen 
mode can also be derived from on-site experience of turbine behavior at different 
rotational speeds. Before the turbine was equipped with guy wires resonance was shown 
at approximately 15 rpm, after attaching guy wires resonance was instead shown at 17 
rpm and 23 rpm [3]. The 15 rpm and 23 rpm resonances can be assumed to originate 
from the towers eigenfrequency being excited by the blade passing frequency and thus 
an eigenfrequency of 0.75Hz and 1.15Hz respectively. An increase in tower 
eigenfrequency after adding guy-wires is expected since an additional restoring force is 
added to the tower. The 17 rpm resonance can be assumed to originate from the guy-
wires eigenfrequency being excited by the blade passing frequency and thus an 
eigenfrequency of 0.85 Hz. 

In table 4.1 below results are compared for the simplest along with the most realistic 
of the analytical and FEM models, as well as for experimental results and on-site 
observations. First of all the analytical results from A1 agree very well with the 
corresponding FEM1-results, this is an indication that the derived analytical model is 
correct. The most realistic analytic result A4 seem to underestimate compared to the 
corresponding FEM4, especially with guy wires This indicates that the approaches for 
choosing second moment of area and including the tower mass in section “2.1.3.2 
Second moment of area” and “2.1.3.3 Tower mass” probably are too simple to agree 
with reality. With the approximations made in the estimation of tower mass as well as 
total mass on top of tower, the estimation of material properties and the neglect of 
second moment of area added by the internal structure, the FEM5 results come quite 
close to experimental and observational results. This is suggesting that other model 
simplifications done have been reasonable.  

Table 4.1: Comparison of first mode eigenfrequency by different methods (Hz). 

 A1 A4 FEM 1 FEM4 FEM 5 Exper. Observ. 
Freestanding 0.634 0.627 0.632 0.700 0.663 0.76 0.75 

Guy Wires 1.535 1.153 1.549 1.368 1.236 1.16 1.15 
There are several sources of discrepancies. Masses on top and inside the tower have been 
estimated as have some of the material properties. Effects upon the second moment of 
area from the main shaft and other structures on the inside of the tower have been 
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neglected. Vertical effects from the guy wires as well as effects from the wires “hanging 
down” have also been neglected. With these simplifications and generalizations in mind 
the results from the FEM5-analysis lies well within the error margin. The analytical 
results confirm with the FEM-results with the same simplifications but seem to slightly 
underestimate the result without guy wires and overestimate it with. However, the 
derived analytical expression can surely be used to indicate the magnitude of change in 
eigenfrequency when modifying a tower or guy wire property.  

4.1.2  Resonance free guy wires 
In excess of discrepancies mentioned in “4.1.1 Verifying analytical expression Verifying 
analytical expression”, the pre-tension of the guy wire has been estimated and the ratio 
between the nominal axial stiffness and linear density of the wire has been approximated 
as linear. With these simplifications and generalizations in mind the analytical 
expression for the horizontal deviation of the tower corresponds well with the FEM-
simulations indicating that the analytical model for the wire eigenfrequency as a function 
of wind speed is reasonably accurate. 

As can be seen in figure 2.6 the guy wire frequency is excited within operational 
range by the 3P load somewhere around 17 rpm. If using guy wires it would be 
preferable to keep them stiff enough to avoid resonance for all modes. This is done 
easiest by adding more tension to the wires making the pre-tension 334 kN as also can be 
seen in figure 2.6. However, if re-planning the entire guy wire installment using figure 
2.7, a resonance free wire could with the same effective spring force 푘, be achieved with 
a much more moderate pre-tension of 167 kN. This with the same wire dimension, only 
by altering the inclination angle to 40°. Using an EA-T diagram or similar tool is a 
convenient and quick way of comparing different options for the same effect. 

If designing a new tower it is desirable to have a total resonance free operational 
range without using guy wires. This can be achieved by designing the freestanding tower 
to be soft (3P resonance below and 1P above the operational range) or stiff (3P and 1P 
above operational range). 

4.1.3  Recommended approach for designing future VAWT tower 
Using guy wires ads complexity to the issue of avoiding resonance since the 
eigenfrequency of the wire itself needs addressing. Programming the operational routine 
for passing the rotational speed where the guy wire frequency is excited would have a 
negative impact on the efficiency of the turbine and furthermore programming might be 
difficult since there will be an insecurity regarding the wire frequency since an 
unplanned decrease of the pre-tension will lower it. Therefore, a resonance free 
freestanding tower is to be preferred over a guy-wired tower. This was also the case for 
the T1-turbine before the guy wires were added due to issues with foundation 
attachement, see “1.2 The 200kW VAWT “T1-turbine””. 

The tower should preferably be made soft to avoid resonance without the additional 
material needed for a stiff tower. Using a Campbell diagram (figure 4.1) it can be seen 
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that a tower with an eigenfrequency of 0.65Hz would avoid being excited within the 
operational range, including a safety margin of 20%. For a certain tower height and 
material the wall thickness can be altered to achieve a certain eigenfrequency and thus 
operational range. Issues other than resonance, such as buckling and compressive tension 
of the material, must also be addressed when dimensioning the tower. 
 

 

Figure 4.1: Campbell diagram showing proposed tower frequency and current 
operational range (red) for the T1-turbine. A safety margin of 20% is also marked 
(green). 

 
An option for the laminated wood tower is using a conventional steel tower with 
advantages such as well proven technology, economy and large availability of 
manufacturers if out-sourcing. However, since the blades of the H-rotor cannot pitch in 
line with the wind, the storm load, i.e. the load on a parked turbine at extreme winds, is 
considerably higher for an H-rotor than a conventional HAWT. Because of this, thicker 
walls are needed which dismisses using standard tower designed for HAWTs. Since 
laminated wood has a higher strength to elasticity modulus ratio then steel, a stronger 
construction to withstand the higher storm load can more easily be combined with a soft 
tower. Also, laminated wood has a lower price to strength ratio then steel, making the 
wooden tower the cheaper option. So, with proper foundation attachment, the wooden 
concept may very well be the most suitable alternative. 
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4.2 Noise 

4.2.1  Noise emission 
The noise emission of the T1-turbine at 8 m/s 10 m above ground was,  as presented in 
“3.2.4 Results”, measured to 97.8 dB(A). At this wind speed the turbine was stalling due 
to the upper limit of the rotational speed added after installing the guy wires. The noise 
emission at 6 m/s 10 m above ground was measured to 95.1 dB(A), this while running 
optimum tip speed. Available noise surveys performed on similar sized HAWTs [33-36] 
has established noise emissions of 95.1 to 100.2 dB(A) and 97.3 to 102.4 dB(A) for 6 
and 8 m/s respectively, see table 4.2 for details. 

Using this for comparison, the T1-turbine indicates a noise emission at the absolute 
lower range of the similar size HAWTs while running at optimum tip speed. At 8 m/s the 
noise emission of the T1-turbine is still in the lower range compared to the HAWTs, this 
even as the effect of stalling most probably increases the noise level. 

The slightly lower noise emission of the VAWT is consistent with the theoretical 
evaluation made in “2.2.1 Noise prediction model”. However, noise origination from 
VAWTs is more complex compare to that of HAWTs, and the less explored nature of 
VAWT noise makes it more difficult to predict. For example, lack of empirically 
established modelling of the displacement thickness 훿∗ during dynamic stall ads 
uncertainty. Addressing VAWTs, the static relations commonly used when evaluating 
HAWT noise are clearly inadequate as the displacement thickness and thereby also the 
sound levels gets exaggerated. 

Table 4.2: Noise emission and specifications of HAWTs in comparison. Wind speeds for 
noise emissions are stated for 10 m above ground [33-36].   

Turbine model Power 
(kW) 

Rotor 
diameter (m) 

No of 
blades 

Power 
reg. 

dB(A) 
at 6 m/s 

dB(A) 
at 8 m/s 

Vestas V27 225 27 3 Pitch 96.7 97.3 
GEV-MP R 200-275 32 2 Pitch 100.2 102.4 

WTN250 250 30 3 Stall 95.1 99.8 
Norwin 29/225 225 29 3 Stall 95.2 97.5 

 
 

4.2.2  Frequency distribution 
In ”3.3.5.1 Noise frequency distribution”, it is shown that the frequency spectrum differs 
between the T1-turbine and the similar size HAWT with lower levels for the VAWT 
turbine for frequencies under 3000 Hz, especially within 600 to 1200 Hz. Furthermore, 
VAWT noise seems to occur more around the same frequencies as the natural 
background noise, increasing masking probability. Wind power establishment in quiet 
areas with low background noise can be particulary problematic. Since natural ambient 
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sounds often are dominant in such areas [22], masking ability by these sounds will be 
important for how noise from a specific wind turbine will be perceived. 
 When recording wind turbine noise, unrelated noise sources may disturb the results. 
Presenting the frequency spectra in a 3D plot, brief noises are more apparent. In figure 
4.2 a 3D noise spectra of the noise recorded 40 m downwind of the operating T1-turbine 
can be seen. The broadband noise appearing around 1240 sec is a truck passing by the 
nearby road. Night recordings would be desirable for undisturbed recordings with low 
anthropogenic background noise. 
 

 
Figure 4.2: 3D noise spectra from recording of noise from the T1-turbine. 

4.2.3  Noise propagation 
Results from propagation measurements seem to indicate that noise declines more 
rapidly with distance for the T1-turbine then for the reference HAWT which could be 
explained by the lower levels at low frequencies. However, more and longer recordings 
are needed to determine this difference in decline. 
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5.  Conclusions 

In this thesis a vertical axis wind turbine has been examined, both by analytical work, 
simulations and experiments. The 200 kW VAWT, in this work refered to as the T1-
turbine, has been the main research subject but learnings has been generalized where 
possible. Below, you will find the main conclusions. 
 
Regarding the semi-guy-wired tower: 

 
 The derived analytical expression (9)  can be used to give an indication of the 

magnitude of change in eigenfrequency when modifying a tower or guy wire 
property. 

푓=
1

2휋
퐸 퐼
푚

∙
1 + 	푘ℎ

3퐸 퐼
퐻
3 + 	푘

퐸 퐼
퐻 ℎ

9 −	14 퐻ℎ −	ℎ3

 

 Likewise (17) can together with (11) be used to find the approximate range of 
eigenfrequencies for all three wires for a given wind speed. 

푤 (ℎ) = 훥푍 = ∙
	

     푓 = ∙ ∙
 

 For future vertical axis wind turbines, a freestanding tower is to be preferred 
over a guyed wired tower. 

 
Regarding noise from vertical axis wind turbines: 
 

 A theoretical evaluation indicates noise levels for VAWTs just below that of 
HAWTs. However, lack of empirically established modelling of the 
displacement thickness during dynamic stall ads uncertainty to the results. 

 The noise emission of the 200 kW VAWT T1-turbine was measured to 95.1 
dB(A) at 6 m/s 10 m above ground which is at the absolute lower range 
compared to similar size HAWTs. At 8 m/s the noise emission was measured to 
97.8 dB(A), however, at this wind speed the turbine was not run at optimum tip 
speed but stalling, which likely added to the noise. 

 Comparing the T1-turbine with a similar size HAWT, there is a clear difference 
in frequency distribution. The VAWT seem to have lower levels for frequencies 
below 3000 Hz, especially within 600 to 1200 Hz. 
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6. Future work 

The 200 kW T1-turbine creates an opportunity for further investigations on VAWT noise 
by utilizing arguably the largest operational VAWT existing today. As an example, noise 
directivity meassurements are planned. It would also be highly desirable to perform an 
investigation using an acoustic camera, also called a microphone array, to locate and 
quantify the noise sources of the turbine.  Furthermore, a deeper and more detailed 
analysis of the noise frequency spectrum of the T1-turbine could be performed so that 
further conclusions can be drawn regarding noise from VAWTs, for example 
propagation, masking and effect on people. A comparison with both similar size and 
commercial size HAWTs would highlight differences regarding noise characteristics 
between the two concepts. 

Regarding future work on the tower structure it would be interesting to perform a 
theoretical study on wooden wind turbine towers, and how they compare to conventional 
steel towers, especially when up-scaled. 
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7.  Summary of papers 

This chapter contains a summary of all papers included in this thesis and the author’s 
contribution to each paper. 
 
Paper I 
Eigenfrequencies of a vertical axis wind turbine tower made of laminated wood and 
the effect upon attaching guy wires 
An analytical model describing the first mode eigenfrequency of a semi-guy-wired 
vertical axis wind turbine tower is derived. The model is evaluated using FEM-
simulations as well as experimental g-force measurements on the T1-turbine. The model 
is found to be useful for estimating the eigenfrequency when adding guy-wires or 
altering guy-wire setup for a tower firmly attached to the ground. 

The paper is published in Wind Engineering, Volume 38, no 3 (2014). 
The author has written the paper and done the majority of the work. Work with the 

analytical derivations was made together with Fredric Ottermo. 
      

 
Paper II 
Avoidance of resonances in a semi-guy-wired vertical axis wind turbine 
The analytical model from Paper I is modified to an expression of how the first mode 
eigenfrequency of a guy wire is affected by wind load. Thus a range growing with wind 
speed containing the eigenfrequencies of all three guy wires is created. The expression is 
evaluated by FEM-simulations and then a diagram is created (here called EA-T diagram) 
showing how to combine wire size, inclination angle and pre-tension for a resonance free 
wire with a certain effective spring force acting on the tower. 
 The paper was presented with a poster at the EWEA 2014 Annual Event in Barcelona 
and is published as a reviewed conference paper in the proceedings. 

The author has written the paper and done the majority of the work including design 
of the EA-T diagram. The analytical work was made together with Fredric Ottermo. 
 
 
 
 
 
 
 
 
Paper III 
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Noise propagation from a vertical axis wind turbine 
Initial noise measurements are performed on the T1-turbine and a similar size HAWT. 
Multiple recording units are placed in line downwind of the turbines to investigate and 
compare noise propagation. The frequency distribution of the noise is also analyzed and 
compared. Results indicate lower relative levels for frequencies under 3000 Hz, 
especially within 600-1200 Hz, for the T1-turbine as well as a more rapid noise decline, 
possibly explained by the lower levels at low frequencies. 
 The paper was presented oraly at the inter.noise2014 conference in Melbourne and is 
published as a reviewed conference paper in the proceedings. 
 The author has written the paper and done the majority of the work.  
 
Paper IV 
Noise emission of a vertical axis wind turbine 
Noise measurements similar to that described by IEC61400-11, the international 
standard for deciding noise emissions from wind turbines, are performed on the T1-
turbine. Furthermore, a noise prediction model suitable for HAWTs is modified for 
VAWTs, a more complex case since the effect of dynamic stall is difficult to estimate. 
This model indicates slightly lower noise emission for VAWTs then for HAWTs. This 
confirms with the experimental results when compared to accessible noise emission 
statements of similar size HAWTs where the T1-turbine is found to be as quiet as the 
HAWT with the lowest noise emission. 
 The paper was submitted to Renewable Energy in October 2014. 
 The author has written the paper, evaluated data from meassurements and done the 
majority of the work. The theoretical comparison between VAWTs and HAWTs was 
made togheter with Fredric Ottermo. The meassurements was performed by consultant 
company ÅF Infrastructure.  
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