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As electricity production transitions to more renewable sources, wind has become one of the
top methods of energy generation. Therefore, research in the wind power systems has gained
high importance over the last two decades. The purpose of this study is to investigate the
turbulence intensity and wind shear influences on the power output of a wind turbine.
Dissimilar cases have been formed and comparisons have been represented in order to
understand the impacts on the produced power. Simulations are run by employing FAST
(Fatigue, Aerodynamics, Structures, and Turbulence) simulator and collected data is
analyzed. Physical measurements have been collected and examined for the purpose of
modelling and validating the simulator. The study has also illustrated the benefits and
drawbacks of using LIDAR (Light Detection and Ranging) measurements. The overall
results show how wind shear and turbulence intensity impact the power production and the
power curve derived from hub height wind speed.
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ABBREVIATIONS AND SYMBOLS
AEP

Annual Energy Production

ABL

Atmospheric boundary layer

CH4

Methane

CO2

Carbon Dioxide

COP

Conference of the Parties

Cp

Power Coefficient

EU

European Union

FAST

Fatigue, Aerodynamics, Structures, and Turbulence

GHG

Greenhouse Gases

HAWT Horizontal Axis Wind Turbine
IEC

International Electrotechnical Commission

kW

kilowatts

LIDAR Light Detection and Ranging
mps

Meter Per Second

MW

megawatts

NO2

Nitrogen Dioxide

NREL

National Renewable Energy Laboratory

Pr

Extracted power by the rotor

Pw

Power of the wind

R

Radius of the blades

rad/s

Radius Per Second

RES

Renewable Energy Sources

SONAR Sound Navigation and Ranging
TI

Turbulence Intensity

TSR

Tip Speed Ratio

U

Average Wind Speed

Uhub

Hub Height Wind Speed

VAWT

Vertical Axis Wind Turbine
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°C

Celcius

P

Power

Q

Generator Torque

λ

Tip Speed Ratio

Ω

Angular Velocity

𝛼

Wind Shear Exponent

𝛽

Pitch Angle

𝜌

Air Density

𝜎

Standard Deviation
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1.INTRODUCTION
The motivation of this thesis is to examine the wind shear and turbulence intensity impacts on
the power output of a horizontal axis wind turbine. Different case studies are implemented and
power curves are compared in terms of this purpose.
In this introductory chapter, firstly, the necessity of using renewable energy sources is explained
in Section 1.1. Secondly, the history of wind energy and wind turbine technology with a current
status are explained in Section 1.2 and 1.3, respectively. Afterwards the aim of the thesis and
methodology are defined in Section 1.4. Finally, the outline of the thesis is described in Section
1.5.

1.1 Importance of Renewable Energy Sources
Renewable energy sources (RES) play a vital role in the transition of current energy policy due
to their cleanliness and sustainability. They excel in variety in their applications and usage in
comparrison to fossil fuels. Furthermore, the production of energy does not cause carbon
emission or greenhouse gases (GHG) such as carbon dioxide (CO2), methane (CH4) and
nitrogen dioxide (NO2) (Wagner, 2014). However, the achievement of an accomplished
implementation of renewable energy systems requires a policy support from governmental
authorities and it appears that investment of RES has significantly increased past two decades.
The EU 2020 Climate and Energy Package is one of the numerous examples of these policies
which includes three main targets in Europe; reaching 20% of decline in GHG emission from
1990 levels, 20% advancement in the field of energy efficiency and increase the share of
renewable energy consumption (Anon., 2017). Hence, both small and utility-scale generation
systems based on renewable energy resources have been boosted for the purpose of decreasing
the cost of energy and dealing with the market development.
After the 21st Conference of the Parties (COP21) in Paris in 2015, 195 countries agreed to limit
global warming below 2 degrees Celsius (°C). The vast majority of countries accepted to
increase energy efficiency and the usage of renewables. Whilst 167 countries mentioned energy
efficiency, 147 countries made a consideration of renewable energy. Moreover, some countries
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decided to encourage investors to build power plants based on RES such as the wind, solar,
biomass, geothermal, tidal and so on with subsidies and shifted out fossil fuels from energy
generation. Therefore, renewables have been installed around the globe as the mainstream
source of energy because the positive effects of using RES have a bearing to commit legally
binding agreements (Lins, 2016).

1.2 History of Wind Energy and Wind Turbines
The first known use of wind energy is based on the acceleration of boats along the Nile River
in approximately 5000 B.C. In the 1st century AD, a Greek Engineer Heron Alexandria built a
windmill to use wind power. Between 7th and 9th centuries windmills were used to grind corn
and flour, and pump water in Seistan a region in Iran. Those windmills’ rotors designed with
the vertical axis and thus were driven by drag forces. After the Vikings travelled to the Middle
East, they introduced windmill technology in the northern part of Europe. Conversely, all the
northern European windmills emerged from the horizontal axis, so they were used by lift forces.
They mostly aimed to benefit water pumping, sawing wood and grinding grain (Manwell J.F.
et al., 2009).
In 1887, the first wind turbine was erected by James Blyth, a professor at the University of
Strathclyde in his summer cottage. It is shown in the Figure 1.1a. The year of 1888 was the
most remarkable date in the history of wind turbines. Because Charles Brush invented a high
solidity -the ratio of blade area to swept area- horizontal axis wind turbine (HAWT) that could
produce power output 12 kilowatts (kW) of a peak power, Figure 1.1b. In 1903, Poul La Cour,
a Danish scientist, found the wind turbines with fewer blades that spin faster and caused more
efficient than the turbine with more blades. After that 3-blade wind turbine became more
popular because of rotor speed and rotor solidity. Moreover, 120 degree of displacement ensures
the symmetric rotation and the balance of forces across the rotor (Jamieson, 2011).
In 1931, a French engineer Jean Marie Darrieus designed a vertical axis wind turbine (VAWT)
that is carried his surname. Nowadays, Darrieus wind turbines are still used namely on boats.
In the same year, one HAWT was built with a capacity of 100 kW, a 32-meter high tower, and
a 32% load factor. In 1957, Johannes Juul created a HAWT with 12-meter radius and 3 blades
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very close design of present wind turbines, Figure 1.1c. Consequently, the world’s first multimegawatt wind turbine was erected by Tvind lecturers, students and volunteers in 1978. It was
a downwind 3-bladed turbine that had 2 megawatts (MW) rated power, Figure 1.1d (Shahan,
2014).

(a) Blythe's wind turbine

(b) Brush's wind turbine

(c) Gedser wind turbine

(d) Tvind wind turbine

Figure 1.1: History of wind turbines (Jamieson, 2011)
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Furthermore, due to the improvement of technology and high competition between market
actuators the capacity and rotor diameter of wind turbines have significantly raised from 15
meters of diameter to circa 160 meters of diameter over the last three decades, Figure 1.2.
Currently, the largest commercial wind turbine is the Vestas V164-8MW 3-bladed offshore
wind turbine, Figure 1.3a-b. The rotor diameter of this turbine, 164 meters, is bigger than the
London Eye. It was installed at Burbo in the UK in 2016. This wind turbine can produce 260
MWh in 24 hours, which is enough electricity power to hundreds of homes for an entire month
(Dunne, 2017).

Figure 1.2 Growth in rotor diameters of wind turbines in 1985-2016 (IRENA, 2016)

(a) MHI Vestas V164 8MW Wind Turbine

(b) MHI Vestas V164 8MW located in Maade,Denmark

Figure 1.3: MHI Vestas V164 8MW Wind Turbine (Dunne, 2017)
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1.3. Wind Turbine Technology
Wind turbines are rotating machines that convert kinetic energy via inflow wind on the
atmospheric layer into the electrical energy. They produce electrical energy based on available
wind conditions and therefore, power output is naturally fluctuating.
Wind turbines are categorized according to their rotor axis displacement, the two common types
are HAWT and VAWT. The advantages of vertical axis wind turbines include having the drive
train on the ground, no need of yaw and constant chord of blades, however, horizontal axis wind
turbines are predominantly employed in the industry due to their higher efficiency and lower
cost.
The fundamental electrical and mechanical parts of the wind turbine are described as follows:


Rotor: It includes blades and the hub. The blades are considered the most important
part of the wind turbine in terms of their performances and overall costs. Moreover,
manufacturers produce blades using various composites that are mainly either fiberglass
or carbon fiber reinforced plastics.



Drive train: It covers rotating parts that follow the rotor such as a low-speed shaft, a
gearbox, and a high-speed shaft. The drive train may include supporting bearing and a
brake. Having a gearbox ensures a sufficient rotational speed on the rotor in order to
drive the electrical generator. However, some companies handle this issue without a
gearbox and they provide a gearless drive train option.



Generator: The vast majority of wind turbines contains either synchronous or induction
generator. The generator is the main component where mechanical power converts into
the electrical power. Furthermore, generators can operate at variable speeds with
developing power electronics technology nowadays.



Tower: Towers can be manufactured via concrete, steel lattice or tubular steel. The
selection of tower depends on the site where the wind turbine is located. On the other
hand, stiffness is a major consideration of wind turbine dynamics because of coupled
vibrations between the tower and the rotor.



Control: The control system of wind turbine plays a pivotal role in order to maximize
the power output and to sustain the mechanical operation. The basic control system
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includes several components, for instance sensors, controller, actuators, power
amplifiers and intelligence. Each component has dissimilar duty to provide an accurate
feedback in the system (Manwell J.F. et al., 2009) , (Ackermann, 2012).
Electrical and mechanical parts of a wind turbine are illustrated in Figure 1.4 below.

Figure 1.4. Main components of wind turbine (Turbinesinfo, 2011)

1.4 Objectives and Methodology
The objectives of the thesis could be summarized as follows;


The effect of turbulence intensity on the power output of a horizontal axis wind turbine
when the wind shear is constant.



The effect of wind shear on the power output of the horizontal axis wind turbine when
the turbulence intensity is constant.



To investigate the impacts both wind shear and turbulence intensity at the same time on
the behavior of produced power of a wind turbine

The methodology behind the project is divided into two parts. The first and second objectives
are investigated by simulations which are formed by a computer-aided engineering tool FAST.
The third aim is examined by employing the real measurement dataset from the terrain.
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Moreover, actual measurement conditions are modeled by the simulator in order to make a
comparison.

1.5 Overview of Thesis
This thesis is organized into five chapters. The present chapter delivers the information about
the introduction of wind energy, its background, and technology, as well as a description of the
entire project objectives.
In Chapter 2 theoretical information that addresses atmospheric boundary layer, wind shear,
turbulence, power production and power curves of the wind turbine are explained.

Chapter 3 describes the tools that are used in order to create a dynamic model of a horizontal
axis wind turbine. Therefore, FAST (Fatigue, Aerodynamics, Structures, and Turbulence) and
TurbSim turbulent-wind simulator by National Renewable Energy Laboratory (NREL) are
introduced. Furthermore, the information is given regarding the cases both modelled by
simulation tools and measured values from the site.
Chapter 4 is the crucial part of the thesis that represents the discussion of the results. These
assessments are reviewed individually unless the combination of the cases is necessary.
Chapter 5 contains a conclusion of this project work and recommendations for future work
concerning of employing same simulators or real measurement dataset.
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2. TECHNICAL REVIEW
In this chapter, the fundamental technical properties that mostly used in this thesis are explained.
In Section 2.1, the atmospheric boundary layer is depicted in detail. Basic laws in order to
calculate the wind shear and how the wind shear affects the wind speed are explained in Section
2.2. In the following section, turbulence theory is described briefly. However, turbulence
intensity is addressed additionally due to the core point of the thesis. The information about
wind power production and different power curve methods for wind turbines is given detailed
in Section 2.4 and 2.5 respectively. Last but not least, control options for a variable-speed wind
turbine are shown in Section 2.6.

2.1 Atmospheric Boundary Layer
The troposphere is the lowest surface to the Earth that lengthens from the ground to the elevation
of 11 kilometers. Atmospheric boundary layer (ABL) is a part of troposphere that is described
according to James Garret as “Atmospheric boundary layer is the layer of air directly above the
Earth’s surface in which the effects of the surface (friction, heating, and cooling) are felt directly on
time scales less than a day, and in which significant fluxes of momentum, heat and matter are carried
by turbulent motions on a scale of the order of the depth of the boundary layer or less” (Garrett,

1992). Therefore, the structure of atmospheric boundary layer is affected by surface friction and
heat fluxes. The temperature in ABL differs daily and seasonally and these fluctuations create
pressure differences that cause the ripple of wind. The wind velocity also depends on the height,
it means that the higher altitude reaches, the greater wind speed obtains. However, the direction
of the wind is very complex because of the different surrounding factors.
There are vertically three different layers that exist in ABL. From the bottom line, the first layer
extends only a few meters and the flow is laminated. The second layer is called surface layer or
Prandtl layer where the heat flux is constant. It is partly suitable for wind energy applications
in which wind velocity increases with the altitude because of the available turbulent viscosity
of the air. The third and upper layer is named Ekman layer and contains 90% of the ABL. The
direction of wind diverges related to the height and rotational Coriolis force which is the
dominant force in this layer. It can be also described as the direction of the wind around the
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surface is completely different to the direction of the geostrophic wind around the Ekman layer.
Because the Coriolis force affects the flow rotation (Emeis, 2013) , (P.A. Taylor, J.R. Garratt,
1996).
In general, the most important facts about the atmospheric boundary layer are mentioned below:


The length of ABL mostly depends on the elevation. It usually extends 1km depth in the
lower atmosphere. However, it might be from 100m to 3km at middle-altitudes.



The character of wind is influenced by heat fluxes and surface friction.



The turbulence and temperature differ daily and seasonally.



Vertical temperature difference plays a key role in the state of the turbulence (Garrett,
1992).

Furthermore, three different types of thermal effects have been taken into account when the
thermal stability is described in ABL. Atmospheric stability is classified as stable, neutral and
unstable (Kozmar, 2009) , (Balendra T., et al., 2002). To understand deeply in this content one
can have a look at the Høvsøre public project whose measurements are published in public
domain. Each classification of atmospheric stability is explained with depicted images on the
subdivisions below.
Recall: The adiabatic lapse rate
It is the ratio of temperature change occurring within an ascending or decreasing air parcel. The
characteristic of atmospheric stability conditions is defined as follows:


Neutral conditions are defined by an air temperature gradient of approximately -1°C
/100 meter.



Stable conditions are described by a small negative temperature gradient or even a
positive gradient.



Unstable conditions represent a large vertical temperature gradient (Garrett, 1992).
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i) Unstable Condition
The data from the Høvsøre public project of 9 May 2017 are depicted following figures. It can
be seen that between 09.00 and 18.00 atmospheric stability is an unstable condition. Because
the temperature gradient is more than -1℃ per 100 meters and it amplifies the vertical turbulent
wind fluctuations.

Figure 2.1 Wind speed vs day time for different height of meteorological mast stations (Eisenberg, 2004)

Figure 2.2 Temperature vs day time (Eisenberg, 2004)

ii) Stable Condition
The data from the Høvsøre public project of 3 August 2017 are illustrated below. Between 3am
to 6am the feature of atmospheric stability is a stable condition. The temperature gradient is a
positive value between 3am to 5am then it decreases to minus degrees till 6am. However, it
remains less than -1℃. Therefore, the atmospheric condition is stable during these time
intervals. The flow becomes almost laminar and vertical turbulent fluctuations are damped.
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Figure 2.3 Wind speed vs day time for different height of met. stations (Eisenberg, 2004)

Figure 2.4 Temperature vs day time (Eisenberg, 2004)

iii) Neutral Condition
The data from the Høvsøre public project of 6 March 2017 are illustrated below. The
Atmospheric stability is neutral between 06.00 and 00.00. Because the temperature gradient is
-1℃ per 100 meters approximately. In the meantime neutral atmospheric boundary layer is
often used for wind energy simulations.

Figure 2.5 Wind speed vs day time for different height of met. stations (Eisenberg, 2004)
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Figure 2.6 Wind speed vs day time for different height of met. stations (Eisenberg, 2004)

2.2 Wind Shear
Vertical wind shear is getting more and more important due to the increase of wind turbine rotor
sizes. Hence, it is debatable whether the estimated wind speed is accurate whilst the power
output is estimated. In this reason, two different theoretical approaches developed in order to
calculate better wind speed profile. These approaches employ interpolation of the wind velocity
vertically and ensure the data about wind speed at different heights while only wind information
that measured at the reference point is available.

2.2.1. The Logarithmic Law
The logarithmic law is a function of fluid mechanics that is a combination of eddy viscosity
theory, length theory, and similarity theory. It is usually applied to the lower ABL conditions
less than 100-150 meters and it does not provide reasonably precise wind speed values at the
upper boundary layer conditions.
The fundamentals of this law are developed by Wortman and basic equations are given as
follows:
The momentum equation reduces near the surface of the ground:
𝜕𝑝
𝜕𝑥

=

𝜕
𝜕𝑧

𝜏xz
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(2.1)

where 𝑥 and 𝑧 represent horizontal and vertical coordinates, 𝑝 is the pressure and 𝜏xz is the shear
stress in the direction of 𝑥 whose normal cross section with 𝑧.
The pressure is independent of 𝑧 and integration yields:

τxz = τo + 𝑧

𝜕𝑝

(2.2)

𝜕𝑥

where τo is the surface value of the shear stress. The shear stress is calculated differently with
Prandtl mixing length theory:
𝜕𝑈

τxz = 𝜌 ℓ2 ( )2

(2.3)

𝜕𝑧

where ρ is the air density, 𝑈 is the horizontal wind velocity and ℓ the mixing length.
After combining equations (2.2) and (2.3), another one is obtained:

𝜕𝑈
𝜕𝑧

=

1
ℓ

τo

√ρ =

𝑢∗
ℓ

(2.4)

𝜏𝑜

where u* =√ 𝜌 is called as the friction velocity. ℓ = 𝑘 𝑥 𝑧 and for a smooth surface 𝑘 = 0.4
as a von Karman’s constant.
If Equation (2.4) is integrated directly from 𝑧o to 𝑧 where 𝑧o is the surface roughness length,
then main logarithmic wind profile equation can be obtained:

U(z) =

𝑢∗
𝑘

𝑧

In ( ) . 𝑧 ≥ 𝑧o
𝑧𝑜

(2.5) (Wortman, 1982)

The table below gives some approximate values of roughness length for several types of terrain.
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Table 2.1. Values of surface roughness length for various types of terrain (Manwell J.F. et al., 2009).

Terrain Description
Very smooth, ice or mud
Calm open sea
Blown sea
Snow surface
Lawn grass
Rough pasture
Fallow field
Crops
Few trees
Many trees, hedges, few buildings
Forest and woodlands
Suburbs
Centers of cities with tall buildings

z0 (mm)
0.01
0.20
0.50
3.00
8.00
10.00
30.00
50.00
100.00
250.00
500.00
1500.00
3000.00

In the literature, the logarithmic wind profile law is often used for an estimation of the mean
velocity at a specific height from the reference point and reference mean velocity is also
required. The final logarithmic law equation is given below:

𝑈(𝑧)
𝑈(𝑧𝑟)

=

𝑧
𝑧𝑜
𝑧𝑟 (2.6)
𝐼𝑛 ( )
𝑧𝑜

𝐼𝑛 ( )

2.2.2. The Power Law
The power law is a function of thermal stability and surface roughness. It is also an empirical
equation that used one parameter to determine the mean wind velocity. Therefore, it is a
straightforward model for the vertical wind speed profile. In contrast to the logarithmic law, the
power law yields better result higher than 90 meters height and its usable range is between 30
meters to 300 meters in general (Cook, 1997). Its equation is:
𝑈(𝑧)
𝑈(𝑧𝑟)

𝑧 𝛼

= ( )
𝑧𝑟
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(2.7)

where 𝑈(𝑧𝑟) is the mean wind velocity at the reference height (𝑧𝑟) and 𝑈(𝑧) is the mean wind
speed at height 𝑧. The power law exponent 𝛼 mainly depends on the surface roughness of the
location. According to Schlichting, 𝛼 is equal to 1/7 under certain conditions, representing a
correspondence between wind profiles and flow over flat plates in the early study on this
subject.
The following table is created for a better understanding of the power law exponent effect at
the power density.
Table 2.2 Effect of a on estimates of wind power density at higher elevations

U30m (mps)
P/A (W/m2)
% increase over 10m

𝜶 = 0.1
3.35
23.03
39

1/7
3.51
26.49
60.2

0.3
4.17
44.41
168.5

The reference wind speed 𝑈(𝑧𝑟) = 3 mps at 10 m is assumed and the wind power density at 10
m, P/A = 16.53 W/m2 and 𝜌 = 1.225 kg/m3 at this example. The Table 2.2 illustrates that the
power exponent has highly impacted the wind power density.
Subsequently, it has been discovered that the height, the time of the day, the season, type of the
terrain, ambient temperature and several mechanical and thermal parameters influence the
power law exponent. Additionally, during the night time, the average power law exponent is
measured high and it is low during the day time for all seasons (GeoResearch, 1987). It is also
measured as a negative value if the wind shear is rising up with the elevation, but mostly it is
calculated positive with real measured data (Wagner, 2010).

Therefore, scientists developed other empricial methods to define better 𝛼. Two more popular
correlations are given below:

𝛼 = 0.096 log10 zo + 0.016 (log10 zo)2 + 0.24

(2.8)

In the equation 2.8 , the power law exponent is dependent on the surface roughness and it is
valid for 0.001m < zo < 10 m (Counihan, 1975).
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𝛼=

0.37−0.088 𝐼𝑛(𝑈𝑟)
𝑧𝑟

1−0.088 𝐼𝑛(10)

(2.9)

In the equation 2.9 , the power law exponent is a function of velocity and elevation (Justus,
1978).

2.3 Turbulence
Turbulence is another important parameter that has been considered to determine the mean wind
speed. There are two distinct kinds of turbulence exist in ABL. Thermal turbulence is induced
by the vertical temperature gradient in the atmosphere and it varies depending on either the day
time or night time. Because the temperature of the Earth’s surface is different in the day and
night due to the Sun’s radiation. Another type of turbulence is mechanical turbulence that is
induced by the velocity gradient throughout the elevation of the layer. Above 10 mps wind
speed, mechanical turbulence is more appropriate to be taken into account than thermal
turbulence. Conversely, mechanical turbulence can be neglected under 10 mps wind velocity
when the thermal effect has to be considered (Bowen, A.J. , D. Lindley., 1977).
It is a fact that turbulence is a complicated feature to describe mathematically due to irregular
fluctuation in the airflow and chaotic motion in the turbulent flow. Moreover, small changes in
primary conditions such as temperature, pressure, and humidity may cause major differences in
the later assumptions. Therefore, it is inevitably more convenient to analyze the turbulence in
respect to statistics. These statistical features are:


Turbulence intensity



Wind speed probability density function



Integral time scale/length scale



Power spectral density function



Autocorrelation

Turbulence intensity is explained in the following part. However, other statistics that are named
above are not represented in this work. Because the main purpose of this thesis is to investigate
wind shear and turbulence intensity effects on the power output of the wind turbine.
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2.3.1. Turbulence Intensity (TI)
Turbulence intensity is the fundamental measurement in the turbulence. It is the ratio of the
standard deviation of the wind speed to the mean wind velocity. The mean speed and standard
deviation have to be calculated over a period of time longer than the longest fluctuation of the
turbulence. However, it is common that this period is set to ten minutes for the atmospheric
measurements in wind engineering and the sample rate is at least 1 Hz. The equation of TI is:

TI =

𝜎n
𝑈

(2.10)

where 𝜎n is the standard deviation and it is calculated as follows:

𝜎n = √

1
𝑁𝑠−1

2
∑𝑁𝑠
𝑖=1(𝑢𝑖 − 𝑈)

(2.11)

Turbulence intensity is often between 0.1 and 0.4. In general, the highest turbulence intensities
are formed at the lowest wind speeds, but minimum limiting value at the site depends on the
terrain properties and the surface conditions (Manwell J.F. et al., 2009).

2.4 The Production of Wind Power
The key purpose of wind turbines is to produce power. Firstly, inflow wind that is in operational
velocity rotates blades to the direction of blowing the wind. On this stage, the kinetic energy
from inflow wind is converted to the mechanical energy. However, it is not possible to
transform all kinetic energy to mechanical energy due to leftover energy in the air blocking by
the turbine. The overall energy that is captured by inflow wind can be calculated with the
following equations:

Ek =

1
2

𝑚 𝑈2
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(2.12)

m = 𝜌 .𝐴 .U
Pw =

1
2

(2.13)

𝜌 . 𝐴 . 𝑈 3 (2.14)

As the equation 2.14 demonstrates that the amount of energy which the wind transfers to the
rotor depends on the air density (𝜌) , the rotor area (A) , the wind speed (U) and mass is
abbreviated to m to the previous equations.
Secondly, wind turbine power coefficient (Cp) has to be taken into account while the power
output is calculated. Basically, Cp is the ratio of the rotor power (Pr) and total power of the wind.

Cp =

Pr
Pw

(2.15)

Furthermore, the rotor power equals to the multiplication of an acting wind force on the blades
(FD) and wind speed at the actuator disc (VD). VD is defined as multiplication of wind speed
that is measured in front of the rotor and an axial flow interference factor (𝛼𝑖). The axial flow
interference factor “can be defined as the fractional reduction in wind velocity between the free
stream and the energy extraction device” (Anon., 1999).

Pr = FD . VD (2.16)
UD = 𝑈. (1 − 𝛼𝑖)

(2.17)

FD = 2 . ρ . A . 𝑈 2 . 𝛼𝑖 . (1 − 𝛼𝑖)

(2.18)

Pr= 2. ρ . A . 𝑈 3 . 𝛼𝑖 . (1 − 𝛼𝑖)2

(2.19)

When the equation 2.15 is rearranged via replacing the extracted formulates 2.14 and 2.19, Cp
is calculated as follows:
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Cp =

Hence, Cp = 4 ×

𝛼𝑖

2.ρ .A .𝑈 3 .𝛼𝑖 .(1−𝛼𝑖)2
1
2

𝜌 .𝐴 .𝑈 3

(2.20)

× (1 − 𝛼𝑖)2 . In order to maximize the power coefficient, the

derivation of a has to be taken at the previous equation.

Cp = f(𝛼𝑖) = 4𝛼𝑖 − 8𝛼𝑖 2 + 4𝛼𝑖 3

(2.21)

4

1

3

3

𝑓(𝛼𝑖)′ = 4 − 16 𝛼𝑖 + 12𝛼𝑖 2 = 12(𝛼𝑖 2 − 𝛼𝑖 + )

(2.22)

1

The roots of 𝑓(𝛼𝑖)′ are 𝛼𝑖 = 3 and 𝛼𝑖 = 1. The latter one is eliminated due to the result of
1
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Cp. Because it cannot be 0. When 𝑎 is chosen as 3, Cp will be equal to 27 and refers to 59.3 %
which is a theoretical limit. It is called as The Betz Limit in the literature. In other words, Cp
can be defined as a function of tip speed ratio (λ) and pitch angle (𝛽). Tip-speed ratio(TSR) is
the ratio of the speed of the rotating blade tip to the velocity of the free stream wind. It is
calculated with the equation 2.23 below.

λ =

Ω ×𝑅
𝑈

(2.23)

In the formula 2.23, Ω represents angular velocity in rad/s, 𝑅 refers to the radius of the blade in
meter and 𝑈 demonstrates the speed of the wind in mps. On the other hand, the pitch angle is a
control parameter that enables to either increase or decrease the inflow wind speed towards to
the rotor in order to maximize power efficiency. Figure 2.7 demonstrates the relation power
coefficient versus tip-speed ratio and pitch angle below. The lines with different colors display
different pitch angle values that indicated on the legend of the figure.
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Figure 2.7: Power Coefficient characteristic with different TSR and 𝛽

(Samuele G., et al., 2011)

Finally, the output power of wind turbine can be formulated with the following equations.

Pr = Pw × Cp (λ , 𝛽)
Pr =
Pr =

1
2

1
2

(2.24)

𝜌 . 𝐴 . 𝑈 3 . 𝐶𝑝 (𝜆 , 𝛽)

(2.25)

𝜌 . 𝜋 . 𝑅 2 . 𝑈 3 . 𝐶𝑝 (𝜆 , 𝛽 )

(2.26)

Where:

Pr: Extracted power by the rotor [W]
Pw: Power of the wind [W]
𝜌: Air density [kg/m3]
𝑅: Radius of the blades
𝑈: Wind Speed [mps]
𝐶𝑝: Power Coefficient

2.5 Power Curves for Wind Turbines
The power curve of a wind turbine illustrates the relationship between wind velocity at the hub
height and power output. It is an important feature of the turbine in order to predict the annual
energy production (AEP) regardless of the technical details of each component in the turbine
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(Schlechtingen M., et al, 2013). Furthermore, the power production of a wind turbine depends
on different parameters such as air density, turbine parameters and wind velocity which are
demonstrated in equation 2.26 previously. A typical power curve for a variable-speed pitch
regulated turbine and the power curve of MHI Vestas V164 8MW wind turbine are depicted on
the following figure 2.8 and figure 2.9 respectively.

Figure 2.8 Typical power curve of variable-speed pitch regulated WT (Anon., 2008)

Figure 2.9 MHI Vestas V164 8MW power curve (MHIVestas, 2014)
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As it can be seen on the figures there are three critical points cut-in speed, rated wind speed and
cut-out speed which indicate the different behavior of power production.
Cut-in speed: It is the minimum wind speed that starts to rotate the blades and to get torque.
The electrical power generation begins at that point. It is typically between 3 and 4 meters per
second(mps) in modern wind turbines.
Rated wind speed: When the wind velocity rises up, the electrical power output increases
significantly as it is shown in the figures above. In the modern wind turbines between 12 mps
and 15 mps, the power output reaches the peak power which the generator produces the most.
This point is called the rated wind speed and the power is called rated power output. Moreover,
even the wind speed increases the output power does not rise up the rated power due to the
maximum capacity of the electrical generator. It is usually ensured by adjusting the blade pitch
angle which supports to keep the power at constant level.
Cut-out speed: It is the maximum wind speed where the turbine can generate useful power.
Above the cut-out wind speed, the wind turbine has to be stopped immediately due to increasing
the forces on the blades, a high risk of fall of the turbine or the damage on the structure. The
cut-out wind speed is usually around 25 mps (Manwell J.F. et al., 2009).
On the other hand, exact power curve models can be used for different purposes such as wind
power assessment and forecasting, the estimation of capacity factor, turbine choices and so on.
Therefore, the modelling of power curves are essential and the more accurate model obtains the
much more profit is gained. However, some incalculable parameters exist if one has to calculate
instant power output values. Therefore, the International Electrotechnical Commission (IEC)
defines standards to avoid these uncertainties on the extracted power (IEC, 2015).

2.5.1. Standard Power Curves with IEC 61400-12-1
It is the most accepted standard for power curve measurement of the wind turbine. IEC defined
the procedure of power performance in 2005 and titled IEC 61400-12-1 is introduced to use.
This procedure contains a common methodology to maintain accuracy, reliability, and
representativeness both during the measurement and the analysis of power performance of the
turbines. Accuracy and reliability reflect that the sensors are placed at the right position and
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they should be precise in the whole measurement time. Moreover, the hub height wind speed
that is measured by a cup anemometer with available measurement sectors is used to derive
power curve (IEC, 2015). However, there might be a large fluctuation over the rotor swept area
and it causes a significant difference between the hub height wind velocity and the average wind
speed over the entire rotor swept area. Therefore, great prediction errors can be driven. To
minimize these errors and obtain better wind measurement data remote sensing technology such
as LIDAR and SONAR is used. Thus, the rotor equivalent wind speed is taken into account
(Mellinghoff H., 2012).
The IEC standards employ ten-minute averaged wind data that are grouped into 0.5 mps wind
speed intervals. Because ten-minute of averaged wind speed values might contain standard
errors that are based on the standard deviations. For this reason, a normalization has to be
applied to the measured data. Once normalized values are obtained using the bins method that
is splitting 0.5 mps intervals the IEC power curve is derived. The power output and wind speed
are calculated for each bins as follows:

ui =

1
𝑁𝑖

∑𝑁𝑖
𝑖=1 𝑢𝑛𝑜𝑟𝑚, 𝑖, 𝑗 and Pi =

1
𝑁𝑖

∑𝑁𝑖
𝑖=1 𝑃𝑛𝑜𝑟𝑚, 𝑖, 𝑗

(2.27)

where;
ui is the normalized and averaged wind speed in bin i,
unorm,i,j is the normalized wind speed of data set j in bin i,
Pi is the normalized and averaged power output in bin i,
Pnorm,i,j is the normalized power output of data set j in bin i,
Ni is the number of 10 min data sets in bin i.
Moreover, each bin should include at least 30 minutes of sampled data and duration of
measurement has to cover 180 hours of data sampling period in terms of the reliable power
curve. The range of wind speeds widens from 1 mps below cut-in speed to 1.5 times the wind
speed at 85% of the rated power Pr of the wind turbine (IEC, 2015). An example of multi-MW
wind turbine power curve by applying this method is illustrated in figure 2.10 below.

31

Figure 2.10 Multi-MW WT power curve based on IEC standards (Sohoni V., et al., 2016)

2.5.2. Parametric Models of Power Curve
Parametric models are one of the most common and the simplest methods that have been used
for wind turbines power curve models. The output power is represented in the equation 2.28
below:

𝑃(𝑣) = {

0, 𝑣 < 𝑣𝑐 , 𝑣 > 𝑣𝑓
𝑞(𝑣), 𝑣𝑐 < 𝑣 < 𝑣𝑟
Pr 𝑣𝑟 ≤ 𝑣 ≤ 𝑣𝑓

(2.28)

where vc is cut-in wind speed, vf is cut-off wind speed, vr is rated wind speed, and P(v) is power
output at instant wind speed. As it can be seen from the equation above wind turbine does not
produce any power either under the cut-in or over the cut-off wind speeds. The pitch-regulated
wind turbines produce a constant power that is rated power at the interval between the rated and
cut-off wind speed. Moreover, to model the extracted power of wind turbine within cut-in and
rated wind speed is a crucial point in order to obtain accurate results. Therefore, q(v) is a
function that can be implemented various polynomial approximations. These are given in the
table below. (Sohoni V., et al., 2016).
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Table 2.3 Details of polynomial expressions (Sohoni V., et al., 2016)

Firstly, linear model is a simple way to describe power values with a straight line in region 2 in
figure 2.8 (Yang H., et al, 2007). Secondly, the quadratic model indicate an equation of degree
2 for non-linear curve in region 2 (Diaf S. , et al, 2008) and the binomial model is developed by
many researchers to obtain fitted power output (Giorsetto P. , Utsurogi K.F., 1983). Thirdly,
cubic model defines the relationship between non-linear power and wind speed by cubic law
(Chedid R. , et al, 1998). It displays quite accurate results in the region 2, so to apply this model
for region 2 and to use the linear expression for region 1 and 3 serve a simple and accurate result
(Kaviani A.K., et al, 2009). In addition to that Weibull based model can be used if the shape
factor k is known. On the other hand, even though IEC power curves take into account the wind
condition in the specific site, it is not always convenient to implement these conditions to the
other sites. Furthermore, power curve methods that rely on only wind speed as an input do not
consider other changes caused by different parameters. Therefore, other advanced methods are
also proposed and these type of models that allow other parameters on the power curve result
more precise. Such models are called data preprocessing, maximum likelihood method,
algorithms for parameter estimation and artificial neural networks (Sohoni V., et al., 2016).
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2.6 Control Options of the Variable Speed Wind Turbine
The wind is an uncontrolled renewable energy source and wind speed can fluctuate significantly
as free-stream in the atmosphere due to unstable characteristics of wind. Therefore, control
systems either supervisory or dynamic play a vital role for wind power in order to produce
power while extending the lifespan of the wind turbine. Supervisory control generally performs
with SCADA (Supervisory Control and Data Acquisition) application. It enables the turbine
operation under permissive conditions and sustains a tracking as well. Once hazardous
conditions such as storm, low wind speed or maintenance occur, it allows brake release or
closing the contactor so as to shutting down the turbine or untwisting cables at the tower. On
the other hand, dynamic control is responsible for turbine performance outcomes during the
operational time (Manwell J.F. et al., 2009). There are two common methods implement as
dynamic control option generator torque control and blade pitching. The primary method
employs under the rated power (region 2, in figure 2.8) to maximize power conversion. It can
be done by obtaining maximum Cp which is mentioned as function of tip speed ratio (λ) and
pitch angle (𝛽) before. In region 2, 𝛽 is at the optimal value and cannot be changed, so it is
necessary to ensure the optimum λ. Moreover, total torque defines the rotational acceleration.
Therefore, by rising or declining the generator torque, the rotor accelerates or decelerates in
order to maintain the optimal λ. The latter method pitch control applies above the rated power
(region 3, in figure 2.8). Its objective is to limit the turbine power output so that safe mechanical
and electrical loads are not exceeded. Blade pitch angle is controlled to limit aerodynamic
torque while keeping the rotational speed constant (Bianchi F.D.,et al, 2007). Consequently, the
figure 2.11 depicts the information described below.
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Figure 2.11 Variable speed pitch-regulated operation control (Manwell J.F. et al., 2009)
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3. NREL-FAST SIMULATOR & CASE STUDIES
In this chapter, firstly, the computer-aided engineering tool NREL-FAST is introduced and its
fundamental settings are described in section 3.1. Secondly, the used model that is 5 MW
baseline wind turbine is defined in section 3.2 since it has been employed for all simulations in
this project. For this reason, it is important to understand the characteristic features of the
turbine. Moreover, the controller options of the baseline wind turbine are given briefly in the
subsection 3.2.1. In section 3.3 the importance of to set an accurate wind model is mentioned
in order to obtain relevant results as the wind is the main component of the wind energy.
Therefore, turbulent-wind simulator TurbSim is introduced as well. Finally, case studies are
introduced in section 3.4 and the initial setting values are given in the table 3.3.

3.1 NREL-FAST Simulator
The FAST Code is an exhaustive aeroelastic simulator that enables the analysis of some wind
turbine features such as generator torque, rotor speed, generator power, blade pitch angle and
so on with given suitable input files. It is also efficient to estimate the fatigue and extreme loads
of two and three bladed horizontal-axis wind turbines. It was developed in National Renewable
Energy Laboratory in the United States of America. FAST employs dissimilar sub-files in the
input file. Each sub-file provides different dynamics that are electrical and control system as
servo dynamics, aerodynamics models, hydrodynamics models for offshore structures and
elastic (structural) dynamics. The linkage between all models is achieved with a modular
interface and coupler. In more details, the electrical and control system models simulate the
controller logic, sensors, generator-torque, actuators of the blade-pitch, nacelle and other
control devices. The aerodynamics models operate inflow wind data and solve for the rotor
wake effects containing dynamic stall. The structural dynamics models apply the control and
electrical system reactions, simulate the flexibility of the rotor, drivetrain and support the
structure. Appendix-1 contains input file, servodynamic, aerodynamic and elastrodynamic as
sample files of 5 MW baseline wind turbine respectively. This turbine model is introduced in
the following section because it is used as a unique turbine model for the entire thesis.
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Furthermore, using a combination of these models makes FAST enable coupled nonlinear aerohydro-servo-elastic simulation in the time domain. Therefore, a proper wind turbine might be
modelled for onshore or offshore with different foundation structures either fixed-bottom or
floating. FAST is derived from fundamental laws such as blade element momentum (BEM)
theory and kinematic laws. However, in the meantime, it makes some simplifications and
assumptions, for instance, the flow passes around the airfoil is in equilibrium that does not cover
the whole possibility in the case. Once all computations are performed, FAST supplies reliable
results corresponding a given input file (Jonkman J., Buhl M., 2005).

3.2 5-MW Baseline Wind Turbine
The NREL 5-MW baseline wind turbine is an accurate model in order to reflect current
improvement of capacity of wind turbines. Hence, it is chosen for this project. This is a notional
three-bladed upwind variable-speed pitch-to-feather regulated wind turbine. Therefore, the
model allows the user to work different purposes and/or to make various changes. The full
details of aerodynamic, blade structures, drivetrain, controllers and so on can be obtained from
the published report definition of a 5-MW reference wind turbine (Jonkman J. , et al., 2009).
However, the fundamental properties of the turbine are illustrated in Table 3.1.
Table 3.1 NREL 5 MW wind turbine parameters (Jonkman J. , et al., 2009)

Rated Power
Rotor orientation
Rotor diameter
Cut-in wind speed
Rated wind speed
Cut-out wind speed
Rated generator speed
Rated generator torque
Control
Drivetrain
Transmission ratio
Optimal tip speed ratio

5 MW
Upwind, 3-blade
126 m
3 mps
11.4 mps
25 mps
122.9 rad/s
43093,55 N.m
Variable speed, collective pitch
High-speed multiple-stage gearbox
97:1
7.55
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3.2.1. NREL Baseline Controller
The NREL 5-MW wind turbine is operated by two main controllers that are pitching the blade
and generator torque controller. As the influence of wind shear and turbulence intensity on the
power output is investigated in this thesis it is more beneficial to understand the theory behind
the principle of generator torque controller than pitch controller. Because the power output
above the rated wind speed can only be equal to rated power and it can be adjusted by pitch
controller. The related data i.e. between above the rated wind speed and cut-off wind speed is
collected under the steady condition –without any turbulence- and the curve in figure 3.1 is
drawn to verify that pitch control is working properly.

Wind Speed vs Pitch Angle
Blade Pitch Angle (degrees)
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5
0
0
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Wind Speed (mps)
Figure 3.1 Blade pitch as a function of wind speed

On the other hand, generator torque controller applies in five control regions that are illustrated
on figure 3.2. Moreover, it is necessary to recall some equations in order to obtain the
relationship between generator torque (Q) and rotational speed (Ω). If the wind speed from the
equation (2.23) is embedded in equation (2.26) then following one is obtained.

P=

1
2

𝜌 . 𝜋 . 𝑅5 .

Ω3
𝜆3

. 𝐶𝑝 (𝜆 , 𝛽)

(3.1)

Cp value must be maximum in order to extract maximum power below the rated wind speed
and pitch angle is constant at this operation. Ω refers to rotor rotation speed above and if the
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equation re-arranges with respect to generator rotational speed and Cpmax then equation 3.2 is
obtained.

Pmax =

1
2

𝜌 . 𝜋 . 𝑅5 .

Ω𝑔𝑒𝑛3
𝑁𝑔𝑒𝑛3 𝜆𝑜𝑝𝑡 3

. 𝐶𝑝𝑚𝑎𝑥

(3.2)

where Ngen is the gearbox ratio which is 97:1 for NREL 5MW machine and 𝜆𝑜𝑝𝑡 is optimum
TSR (Wright A.D. , Fingersh L.J., 2008).

Then the generator torque is calculated as

Qgen =

𝑃𝑚𝑎𝑥
Ω𝑔𝑒𝑛

=

1
2

𝜌 . 𝜋 . 𝑅5 .

Ω𝑔𝑒𝑛2
𝑁𝑔𝑒𝑛3 𝜆𝑜𝑝𝑡 3

. 𝐶𝑝𝑚𝑎𝑥

One letter can be assigned to keep the overall equation simple.

Qgen = k . Ω𝑔𝑒𝑛2

where k =

1
2

𝜌 . 𝜋 . 𝑅5 .

1
𝑁𝑔𝑒𝑛3 𝜆𝑜𝑝𝑡 3

. 𝐶𝑝𝑚𝑎𝑥
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(3.4)

(3.3)

Figure 3.2 Generator torque vs generator speed on of the variable-speed controller (Jonkman J. , et al., 2009)

The table below demonstrates equations corresponding to generator torque and speed in each
control regions.
Table 3.2 Generator torque equations

Region 1:

Qgen = 0

Region 11/2: Qgen
Region 2:

𝑄2

= (Ω2−Ω1) (Ω𝑔𝑒𝑛 − Ω1)

Qgen = k . Ω𝑔𝑒𝑛2

Region 21/2: Qgen = 𝑄3 +
Region 3:

𝑄𝑟𝑎𝑡𝑒𝑑−𝑄3
(Ω𝑟𝑎𝑡𝑒𝑑−Ω3)

(Ω𝑔𝑒𝑛 − Ω3)

Qgen = Qrated

3.3 Inflow Wind and TurbSim
The velocity of wind is the most important component when the power is calculated on the wind
turbine. It has already explained with details in the second chapter. Therefore, it is crucial to set
the relevant inflow wind in order to build a solid model at the FAST simulator. Inflow wind file
allows the users adjust different types of wind structure. These options are steady wind, uniform
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wind, binary TurbSim Full-Field(FF) wind file, binary Bladed-style FF wind file, binary
HAWC-style FF wind files and user defined respectively (Platt A.,et. al, 2016). The third option
binary FF wind is chosen as an input wind file during the simulation tests in terms of obtaining
realistic results which can be observed in real cases as well. This kind of wind file can be created
by using TurbSim that was developed by US Department of Energy’s NREL. It is an advanced
turbulent-wind simulator which supplies a numerical simulation of a full-field flow and to
generate coherent turbulent structures efficiently. FAST can employ the output of TurbSim as
an input inflow wind data. Moreover, TurbSim uses Taylor's frozen turbulence hypothesis to
get local wind velocities and interpolates the generated fields in time and space.
On the other hand, one can set turbine specifications and meteorological boundary conditions
precisely. The power spectral density of the turbulence can be modeled mostly Kaimal
spectrum. However, other options such as von Karman, GP_LLJ, NWTCUP, SMOOTH and
NONE can be selected. Furthermore, International Electrotechnical Commission (IEC)
standards are taken into account in this simulator (B.J. Jonkman, L. Kilcher, 2012). Therefore,
the turbulence types and characteristics can be implemented based on them. Normal turbulence
model (NTM) refers that the standard deviation of the turbulence in the direction of the mean
wind, 𝜎x, is assumed to be given by:

𝜎x = Iref (0.75 Uhub + 5.6)

(3.5)

where Iref is TI at 15 mps and Uhub is the wind velocity at hub height (Manwell J.F. et al., 2009).
In general, TurbSim simulator performs wind fields which contain TI and wind shear. At the
same time, there is also an option that user can adjust the exact TI as a percentage. Simulator
has also a flexibility to define such as wind profile type, average wind speed at the reference
height, surface roughness length and so on. One example of both inflow wind and the related
TurbSim input file samples that are used during the simulations is given at Appendix-2.
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3.4 Case Studies
In this project, different case studies are implemented by using FAST and TurbSim in order to
make an accurate analysis of wind shear and turbulence intensity effects on the power output
and the baseline wind turbine results are validated against a few wind turbine designs as well.
In total 1100 simulations have been made that include combinations of hub height wind speed
from 3 to 25 mps, hub height TI as 0, 10, 15 and 20%, and wind shear exponent as 0, 0.1, 0.2,
0.3 and 0.5 respectively. Once the simulations have been executed, related output values are
collected. Thus, a large database is obtained in order to employ creating power curve by the
binning method. This is a method that quantifies the power output of a wind turbine against
each wind velocity. Moreover, generator power output values begin with the rated power of the
turbine regardless of the defined hub height wind speed for each value due to internal code
design of FAST. Afterwards, the accurate values are achieved when they reach steady
conditions. For this reason, generator power output values are normalized by using a written
simple code.
On the other hand, the real measurements are also implemented as a case study in this project.
The used dataset is received from one of the wind farms in Finland and includes 10-minute
LIDAR wind measurements and produced power values over a year. Furthermore, some
filtrations are done during the evaluation of LIDAR measurements in order to obtain more
precise results. For example, icing period of the wind turbine is excluded and the wind direction
is filtered. Because the adjacent turbine might block the inflow wind and it absolutely affects
the extracted power. For this reason, free sectors for LIDAR measurement have been taken into
account. The free sector to use is 198-349 degrees in this case. Additionally, the details of wind
turbines on the site cannot be given due to the reasons of confidentiality. However, it is possible
to illustrate the power performances by using per unit scale that is the ratio of measured power
and rated power of the turbine in this project. Consequently, each power performance for real
case is depicted corresponding to per units.
Furthermore, in order to take a further step, the power output values of 1 minute are examined
considering wind shear and turbulence intensity values. However, there is no possibility to
choose constant TI values for employing the binning method from the available dataset due to

42

the unsteady atmospheric conditions. Similarly, TI values vary widely for 10-minute analysis
as well. These ranges are shown in Table 3.3. Ultimately, to verify the FAST, the simulator has
been run in accordance with the real measurements and it is possible to make a power curve
both simulator results and measured values from the real case. Thus, one can make a comparison
between the simulator and real measurements and ensure the accuracy of the simulator.
Table 3.3 Overview of case studies

Case Name

Shear Exponent

Turbulence Intensity [ % ]

α = 0.2

TI = 0

α = 0,2

TI = 10

α = 0.2

TI = 15

α = 0.2

TI = 20

α=0

TI = 20

α = 0.1

TI = 20

α = 0,2

TI = 20

α = 0.3

TI = 20

α = 0.5

TI = 20

Case 3

α = 0.2

15 < TI < 27

(real case – 10-minute

α = 0,3

7 < TI < 23

α = 0.5

4 < TI < 25

Case 4

α = 0.2

12 < TI < 33

(real case – 1 minute

α = 0,3

4 < TI < 40

α = 0.5

7 < TI < 44

Case 5

α = 0.2

15 < TI < 27

(real case vs FAST)

α = 0,3

7 < TI < 23

α = 0.5

4 < TI < 25

Case 1

Case 2

analysis)

analysis)
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4. DISCUSSION AND RESULTS
Once all simulations have been run via FAST for 5MW baseline wind turbine, the peak power
coefficient is calculated as 0.453 at a tip speed ratio of 7.55 when the TI is equal ‘0’ and shear
exponent α is 0.5. It is observed that the combination of the lowest TI and higher α causes the
greatest power yield. In other words, this is a natural condition of maximum power production
in the theory. The power curve and Cp (λ,β) values under these conditions are depicted in figure
4.1 below. It is also beneficial to mention that wind speed refers the one at the hub height in
this graph.

Figure 4.1 Generator Power Output and Power Coefficient as a function of wind velocity

Additionally, the exact power extraction at the wind speed where the highest Cp achieved is
illustrated in figure 4.2. The figure shows the power output from 50th second because the
generator output starts from the rated power regardless the wind speed in FAST as it was
mentioned in the previous chapter. Therefore, an accurate power output is shown when the
turbine sets steady working conditions itself and it is obtained in 50 seconds after the rotor
rotates in this case.
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Figure 4.2 Extracted power as a function of time at the highest Cp

After this minor example is given, case studies can be discussed. In Case 1, the effect of
turbulence intensity is investigated on the power output of the 5 MW baseline wind turbine.
Except for the TI values, other initial conditions such as turbulence model, IEC standards, and
shear exponent have been adjusted cautiously to the same conditions or constant –if these are
digits- in order to examine effects correctly. For example, the wind shear exponent is 0.2
constant at each different TI value. The reason to choose 0.2 is that the wind turbine
manufacturers publish their wind turbines power curves with this value. It can be said that 0.2
shear exponent is one of the standards for the industry. The results from FAST simulator for
various TI are demonstrated in figure 4.3 below.
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Figure 4.3 Power curves for dissimilar TI values

The subplot top left indicates the reference analysis without any turbulence intensity. This is
only a theoretical approach since such condition is extremely rare to occur in real cases. Other
subplots display different turbulence intensities with comparing to the reference analysis. The
common trend seen on the plots is power curve lines are closely fitted from cut-in wind speed
to 8 mps neighborhood. Subsequently, evident deviations begin from this point and they
continue till the rated power is obtained. Hence, the main focus of the comparison should be in
this range of wind velocity. The following plot has depicted a summary of generator power
outputs for each different TI values as a function of hub height wind speed in figure 4.4.
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Figure 4.4 An overview of different TI values

As can be seen from the plot above, the increase of turbulence intensity leads to significant
reductions in the power output especially in the transition region where is between 10 mps and
13 mps. Furthermore, the differences of power output are not linear at each bin due to the
complexity of turbulence effects. Conversely, low TI allows the wind turbine to produce more
power on the intervals between 8 mps to 13mps. Additionally, previous researchers discovered
the similar behavior of turbulence on the power output at the rated power neighborhood (St.
Martin C.M. et al, 2016), (Clifton A. & Wagner R., 2014).
In addition to the figure 4.3 and figure 4.4, power coefficient and power output as a function of
wind speed at the hub height for 0%, 10% and 20% are drawn in figure 4.5 below. This plot is
created by using all related simulation results within the range of 0 mps to 25 mps.
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Figure 4.5 Power Output and Power Coefficient as a function of wind velocity

Case 2 is formed in order to analyze the wind shear effect on the power output of the 5 MW
baseline wind turbine. In this case, turbulence intensity has been chosen as a constant value of
20 % and other initial conditions such as turbulence model, IEC standards have been adjusted
to the same conditions. Hence, distinct wind shear values are isolated from other possible
conditions. Examined wind shear exponents are 0, 0.1, 0.2, 0.3, and 0.5 respectively when
FAST simulator is carried out. Similar to the TI effects, subplots are illustrated the different
shear exponent in figure 4.6 and display comparisons with reference condition that is α = 0 in
this case.
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Figure 4.6 Power curves for different wind shear values

Unlike the previous example of TI effects, the power outputs are almost overlapped at each bin
on the power curves. For this reason, there is no considerable power output difference between
different shear exponents. Moreover, if the power curves are illustrated for all shear exponents
in the one plot by using the same scale in Case 1, the effect of wind shear on the power output
might be neglected due to the extremely little power output distinction.
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Figure 4.7 An overview of different shear exponents

However, these little power output differences should be taken into account due to the growing
wind turbine capacities. Therefore, one can investigate how wind shear actually affects the
power output on a narrower scale. For this purpose, the wind speed at the hub height is filtered
between 10 mps and 11 mps and the power output is scaled with 300 kW intervals. Once the
filtration is done the figure below is obtained.

Figure 4.8 The effect of wind shear on the power output with filtered wind speed
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The figure 4.8 allows these little power output differences visible. If one calculates the annual
energy production (AEP) even for a single wind turbine, the minor differences make a great
impact on the produced energy. To understand the effect of wind shear better, sensitivity
analysis has been carried out from cut-in speed 3 mps to 13 mps where the rated power is
achieved. In this analysis, the percentages of power changes for each wind speed bin
corresponding to different wind shear exponent is calculated. Again, the reference investigation
is taken when α is equal to 0. Therefore, the percentages of power changes define a function of
different shear exponent that either decreases or increases with respect to the reference power
output.

Power change vs Shear Exponent

Power Change [%]

3,0
2,0
1,0
0,0
-1,0
-2,0
-3,0
-4,0
0,20

0,30

Shear Exponent α

0,40

0,50

3mps

4mps

5mps

6mps

7mps

9mps

10mps

11mps

12mps

13mps

8mps

Figure 4.9 Sensitivity Analysis for different wind shear exponents

The line graph above illustrates that power change is around between -3.5 % and 3 % depending
on the wind speed and shear exponent. It has been seen that the extracted power for both 0.2
and 0.3 shear exponent is less than the reference research (α=0) at each bin from the cut-in wind
speed 3 mps to 12 mps. The highest power production reduction is seen as -3.336 % when the
shear exponent is equal to 0.2 and the wind velocity is 5 mps. Conversely, the minimum power
extraction decrease is obtain to -0.218% at the shear exponent is 0.3 and the wind speed is 3
mps.
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The results display differences for 0.5, which is the highest wind shear exponent in this case. It
can be seen that the percentage of power change might be either positive or negative depending
on the wind speed. The generator power output for 0.5 shear value is more than the reference
investigation for wind speed interval from 3 mps to 8 mps in the operational region 2 for the 5
MW baseline wind turbine. However, it is also observed that during the transition region, in
other words rated wind speed neighborhood, the generator produces less power than the
reference study. For 0.5 wind shear exponent, the peak power change is 2.556 % when the wind
speed is equal to 3 mps, whereas the lowest power change is -1.232 % at the wind speed of 10
mps. Furthermore, when the wind speed is 13 mps there is no power change for all conditions
as a natural result of achieving the rated power.
The investigation of turbulence intensity and wind shear effects on the power output of a wind
turbine in Case 3 is made by using 10-minute LIDAR measurements on the site and measured
power production from the company that is responsible for one of wind farms in Finland. The
used database contains approximately three months measurement information excluding the
icing condition. Because of a small period of dataset availability, the research is not conducted
as it is done with FAST simulator. In other words, selected wind shear exponent 0.2, 0.3 and
0.5 for each wind speed bin is analyzed with fluctuating turbulence intensities. Because the TI
greatly differs in actual measurements, so there is no constant TI for each wind speed and shear
exponent. The chosen timestamps and exact TI values for each wind speed are given at
Appendix-3. Red colored timestamps and related turbulence intensity and wind shear exponents
correspond to the rough assumptions that are made by analyzing the neighborhood values.
Before discussing the third case it is important to mention that one can face some difficulties
when dealing with actual measurements. The quality of wind data has a key role in order to
make a better analysis. From the used LIDAR dataset, although the accuracy and reliability are
high the representativeness of the data is not great. It means that there are several missing data
because of calibration problems, service quality and so on. Figure 4.10 and figure 4.11 illustrate
these missing values even for a short period of time. Even the best possible timestamps may
contain interruptions because of the lack of measured values. An example of this between 17th
and 19th of September 2014 is shown in figure 4.12 and figure 4.13 as well.
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Figure 4.10 The representativeness of measured wind speed

Figure 4.11 The representativeness of calculated TI values

Figure 4.12 Calculated TI between 17th and 19th of September 2014
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Figure 4.13 Measured wind speed between 17 th and 19th of September 2014

Because of difficulties that are described above, the cases related to LIDAR dataset are formed
cautiously in order to analyze the behavior of power output corresponding to wind shear and
TI. The following power curves are drawn for each wind speed according to the turbulence
intensities, which show large variations in the same time slots versus different constant wind
shear values.

Figure 4.14 Power Curves with different wind shear from 10-minute measured values

Apart from the effect of different shear exponents, highly fluctuated turbulence intensity causes
different power outputs values which cannot be predicted by simulations if they cannot model
individually. Therefore, the generator power output could be investigated when both turbulence
intensity and the shear exponent are taken into account for real measurement.
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Figure 4.15 Power Curves for 0.2 and 0.5 shear exponent using 10-min LIDAR measurement

Figure 4.15 illustrates that extracted power for 0.5 shear values is larger than the produced
power for 0.2 shear value almost each bin. One of the main reasons is the value of turbulence
intensities when shear is equal to 0.5 is significantly less than at the same wind speed ranges
for 0.2 shear. In other words, the combination of lower TI and higher wind shear exponent
causes larger power output compared to the mixture of high TI and low wind shear exponent in
general. However, there is an interesting result occurs when the hub height wind speed is equal
to 5 mps. The power output for 0.2 shear exponent is slightly bigger than the power output for
0.5 shears even though turbulence intensity values are 20.74 % and 7.96 % respectively. This
might be due to other internal reasons. Furthermore, it is seen that TI in the transition region
which is between 7 and 12 mps from the plot above plays a vital role to the amount of produced
power. This behavior is also observed by the simulations in the Case 1.
Case 4 is formed in order to investigate the turbulence intensity and wind shear effects on the
power output for each wind speed for 1 minute time intervals. The timestamps are selected
within the time intervals of 10-minutes analysis as possible and the steady conditions in 1
minute time range are taken into account when obtaining the measured power output values.
For this reason, same wind shear exponents as in the 10-minute analysis are being investigated
in Case 4. However, due to the atmospheric conditions, TI values might be either slightly or
reasonably different than 10-minute analysis depending on the wind shear exponent. The chosen
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timestamps and exact TI values for each wind velocity are given at Appendix-3 like the previous
research. The following power curves are drawn for each wind speed according to the
turbulence intensities, which show large variations in the same time slots versus different
constant wind shear values and the curves are similar to the 10-minute analysis with few
exceptions.

Figure 4.16 Power Curves with different wind shear from 1-minute analysis

When the power outputs are compared between 10-minute and 1-minute analysis, it can be seen
that 0.5 wind shear sub-case is the most stable one in order to the differences of produced power.
On the other hand, it is observed that when the hub height wind speed is equal to 8 mps for both
0.2 and 0.3 shear exponent, extracted power from the wind turbine are significantly different
each other. For 0.3 wind shear exponent at this wind velocity, measured produced power is seen
as almost 0.8 per unit. However, it is theoretically impossible to obtain with a wind speed of 8
mps for the type of wind turbine at the site. This value can be supplied with at least 9 mps wind
speed at the hub height. Otherwise, the Cpmax, which is a maximum of 0.59 according to the
Betz Limit, is exceeded. Therefore, either measured wind speed or the value of power output
from the database at this point is inaccurate. Similarly, there is also a contradiction between the
measured power production and wind speed where the wind velocity is 5 mps and wind shear
exponent is 0.3. These examples show one of the difficulties of analyzing the actual
measurements. Fortunately, these are rare situations at the database and they might be called
measurement errors.
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Figure 4.17 demonstrates the power curves of the turbine for two distinct shear exponent
corresponding to different TI values each wind speed bin like figure 4.15 displayed previously.
Here again, power production for 0.5 shear exponent outweighs the generated power at 0.2
shear exponent mostly. Alike in figure 4.15 in the Case 3, when the hub height wind speed is 5
mps extracted power for 0.2 shear exponent is higher than 0.5 shear exponent and as it can be
seen from the plot below TI values are 22.18 % and 7.71 % respectively. One can also observe
that the turbulence intensity does not affect the generated power much around the cut-in wind
speed from this line graph. This impact was illustrated with FAST simulator in the first case as
well.
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Figure 4.17 Power Curves for 0.2 and 0.5 shear exponent using 1-min LIDAR measurement

Unlike the simulation cases, the effects of wind shear and turbulence intensity on the power
output are investigated together in the Case 3 and Case 4. However, as both 10-minute and 1
minute measured dataset are available, it is possible to compare them. Therefore, the effect of
TI can be separated while the wind shear exponent is constant. For this purpose, the extracted
power as a function of turbulence intensity is demonstrated in figure 4.18 when the wind shear
exponent is equal to 0.5 for both 1 minute and 10-minute measurements. Similarly, figure 4.19
is illustrated for the same reason when α is equal to 0.3.
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In figure 4.18 the differences between TI values are very high at 3 mps afterwards these are
getting lower. Moreover, the fluctuation tendencies of the turbulence density are quite similar
at the range of 6 and 9 mps. When the hub height wind speed is equal to 8 mps, the measured
produced power from 1 minute analysis is less than 10-minute analysis because TI values are
23.2 % and 14.09 %. Conversely, the value of turbulence intensities are 15.87 % from 1 minute
analysis and 19.58 % from 10-minute analysis at the wind speed of 10 mps. Therefore, the
extracted power from 1 minute analysis is measured higher than 10-minute analysis
measurement at this wind velocity. One can also monitor the same relationship between TI and
measured generated power when hub height wind speeds are 9 mps and 11 mps from the power
curve in figure 4.18. The TI values measured at these points are very close to each other and
the measured power output values are also related to these TI values.
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Figure 4.18 Power Curves for different TI values while wind shear is 0.5

Figure 4.19 represents the most unstable atmospheric conditions when α is equal to 0.3. It can
be viewed that the fluctuation of TI varies greatly especially from 1 minute analysis
measurement. Additionally, the inaccuracy of the either TI or power output measurements for
both wind speed of 5 mps and 8 mps are mentioned previously. Therefore, these points can be
neglected in order to understand the TI effects on the power output more precise. When the
wind speed is 10 mps, the 1 minute analysis shows a much lower turbulence intensity than the
10-minute measurement, and as a result, the output power measured in the 1-minute analysis is
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higher than the 10-minute measurement. On the other hand, although the measured TI values
are different when the wind speed is 11 mps the power outputs are almost same because of rated
wind speed neighborhood. However, there is one contrary point which does not reflect the
behavior of TI effect when the wind speed is equal to 9 mps in figure 4.19. The main reason for
it is probably the turbulence intensity which fluctuates considerably due to the unstable
atmospheric conditions at this point.
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Figure 4.19 Power Curves for different TI values while wind shear is 0.3

Case 5 contains simulation models that are created by employing the FAST simulator. To
validate the precision of the simulator, same TI values related to each wind speed bin from the
10-minute actual measurements are formed by using TurbSim wind-turbulent simulator as well.
Once all simulations is made, the power curves are drawn for wind shear exponents 0.2 and 0.5.
Generated power outputs are depicted as per unit scale as they did for the real measurements. It
can be seen that when α is 0.5 each power output from 6 mps to 13 mps is greater than power
outputs at the same wind speeds when α is 0.2. When uhub is equal to 5 mps extracted power
values are 0.72 and 0.81 per unit in order of 0.2 and 0.5 shear exponents. In contrast to this
result, the measured power output for 0.2 shear exponent is slightly bigger than the power output
for 0.5 shear at the same conditions in Case 3. However, this unforeseen result is explained by
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internal reasons before. As a result, similar results related to power outputs are obtained for all
other wind speeds except for wind speeds of 5 mps both in this case and Case 3.
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Figure 4.20 Power Curves based on FAST integration

Furthermore, since the same conditions can be modeled by using FAST and TurbSim, both the
simulated power output values and real measured power corresponding to 0.2 and 0.5 shear
exponent can be illustrated on the same graph below.
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Figure 4.21 Power Curves for actual measurement and simulator
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The results for simulations and actual measurement values demonstrate the effects of wind shear
and turbulence intensity on the power output of a wind turbine in a similar way. It can be
questioned that why the values cannot be overlapped at each bins although the same shear
exponent and TI values are used both simulation models and real measurement. The main
reason is that the characteristics of the wind turbines such as rotor diameter, rated wind speed,
and rated power are different. Moreover, control options might vary for the 5 MW baseline
wind turbine and the one on the field. The obstacles on the field might cause such differences
as well. Unfortunately, FAST cannot allow the user specify them while creating a model.
However, investigated cases have been sufficient to understand the effects of the wind shear
and turbulence intensity on the power output of a wind turbine. Because simulations and
measured values show similar tendencies on power outputs at varying wind shear and
turbulence intensities.
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5. CONCLUSION AND FUTURE RECOMMENDATIONS
The main purpose of this thesis is to investigate the influence of wind shear and turbulence
intensities on the power output of a wind turbine. NREL 5 MW reference wind turbine is chosen
for simulations in order to achieve the aim of thesis. The MATLAB is employed to collect and
analyze the simulation results. Moreover, actual measurements are also examined for the same
purposes.
Firstly, the results from Case 1 display the influences of turbulence intensity when wind shear
is constant. It has been clearly viewed that higher TI causes less power production in the
transition region of the wind turbine. Likewise, low TI brings about more produced power.
Secondly, it is shown that when TI is constant different wind shear values have minor effects
on the power output than turbulence intensity. From Case 2, it has been seen that high shear
exponent like 0.5 ensures more power production between cut-in and 8 mps wind speed.
Another result is obtained that both 0.2 and 0.3 shear values cause less power production at
each wind speed compared to no shear effect. Thirdly, the effects of wind shear and turbulence
intensity on power output are examined together by using actual dataset. Measurements from
the field represents similar influences like simulations with few exceptions. Last but not least,
the simulator is modeled with same conditions as the turbine on the field. Both simulation and
actual measurement results are compared with per unit scale on power curves.
Finally, a few recommendations are proposed from this project:


Re-run simulations with higher turbulence intensity values



Develop a generator torque controller in the Simulink environment and test control
options based on this controller



Implement the equivalent wind speed instead of hub height wind speed for
understanding the impact of wind shear and TI on the power output as rotor diameters
of wind turbines are increasing day by day.



Model individual pitch control for blades and add yaw control option in order to obtain
more precise results
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Appendix-1 FAST Input Files
1.1 Main Input .fst file
------- FAST v8.16.* INPUT FILE -----------------------------------------------FAST Test for shear 0.2: NREL 5.0 MW Baseline Wind Turbine (Onshore)
---------------------- SIMULATION CONTROL -------------------------------------false
Echo
- Echo input data to <RootName>.ech (flag)
"FATAL"
AbortLevel
- Error level when simulation should abort (string)
{"WARNING", "SEVERE", "FATAL"}
300
TMax
- Total run time (s)
0.005
DT
- Recommended module time step (s)
2
InterpOrder
- Interpolation order for input/output time history () {1=linear, 2=quadratic}
0
NumCrctn
- Number of correction iterations (-) {0=explicit
calculation, i.e., no corrections}
99999
DT_UJac
- Time between calls to get Jacobians (s)
1E+06
UJacSclFact
- Scaling factor used in Jacobians (-)
---------------------- FEATURE SWITCHES AND FLAGS -----------------------------1
CompElast
- Compute structural dynamics (switch) {1=ElastoDyn;
2=ElastoDyn + BeamDyn for blades}
1
CompInflow
- Compute inflow wind velocities (switch) {0=still air;
1=InflowWind; 2=external from OpenFOAM}
2
CompAero
- Compute aerodynamic loads (switch) {0=None; 1=AeroDyn
v14; 2=AeroDyn v15}
1
CompServo
- Compute control and electrical-drive dynamics (switch)
{0=None; 1=ServoDyn}
0 CompHydro
- Compute hydrodynamic loads (switch) {0=None; 1=HydroDyn}
0
CompSub
- Compute sub-structural dynamics (switch) {0=None;
1=SubDyn}
0
CompMooring
- Compute mooring system (switch) {0=None; 1=MAP++;
2=FEAMooring; 3=MoorDyn; 4=OrcaFlex}
0
CompIce
- Compute ice loads (switch) {0=None; 1=IceFloe;
2=IceDyn}
---------------------- INPUT FILES --------------------------------------------"5MW_Baseline/NRELOffshrBsline5MW_Onshore_ElastoDyn.dat"
EDFile
- Name of
file containing ElastoDyn input parameters (quoted string)
"5MW_Baseline/NRELOffshrBsline5MW_BeamDyn.dat"
BDBldFile(1)
- Name of file
containing BeamDyn input parameters for blade 1 (quoted string)
"5MW_Baseline/NRELOffshrBsline5MW_BeamDyn.dat"
BDBldFile(2)
- Name of file
containing BeamDyn input parameters for blade 2 (quoted string)
"5MW_Baseline/NRELOffshrBsline5MW_BeamDyn.dat"
BDBldFile(3)
- Name of file
containing BeamDyn input parameters for blade 3 (quoted string)
"5MW_Baseline/NRELOffshrBsline5MW_InflowWind_TurbSim_7ms_0.2.dat"
InflowFile
Name of file containing inflow wind input parameters (quoted string)
"5MW_Baseline/NRELOffshrBsline5MW_Onshore_AeroDyn15.dat"
AeroFile
- Name of
file containing aerodynamic input parameters (quoted string)
"5MW_Baseline/NRELOffshrBsline5MW_Onshore_ServoDyn.dat"
ServoFile
- Name of
file containing control and electrical-drive input parameters (quoted string)
"unused"
HydroFile
- Name of file containing hydrodynamic input parameters
(quoted string)
"unused"
SubFile
- Name of file containing sub-structural input parameters
(quoted string)
"unused"
MooringFile
- Name of file containing mooring system input parameters
(quoted string)
"unused"
IceFile
- Name of file containing ice input parameters (quoted
string)
---------------------- OUTPUT -------------------------------------------------True
SumPrint
- Print summary data to "<RootName>.sum" (flag)
5
SttsTime
- Amount of time between screen status messages (s)
99999
ChkptTime
- Amount of time between creating checkpoint files for
potential restart (s)
"default"
DT_Out
- Time step for tabular output (s) (or "default")
0
TStart
- Time to begin tabular output (s)
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1 OutFileFmt
- Format for tabular (time-marching) output file (switch)
{1: text file [<RootName>.out], 2: binary file [<RootName>.outb], 3: both}
True
TabDelim
- Use tab delimiters in text tabular output file? (flag)
{uses spaces if false}
"ES10.3E2"
OutFmt
- Format used for text tabular output, excluding the
time channel. Resulting field should be 10 characters. (quoted string)
---------------------- LINEARIZATION ------------------------------------------False
Linearize
- Linearization analysis (flag)
2
NLinTimes
- Number of times to linearize (-) [>=1] [unused if
Linearize=False]
30,
60
LinTimes
- List of times at which to linearize (s)
[1 to NLinTimes] [unused if Linearize=False]
1
LinInputs
- Inputs included in linearization (switch) {0=none;
1=standard; 2=all module inputs (debug)} [unused if Linearize=False]
1
LinOutputs
- Outputs included in linearization (switch) {0=none;
1=from OutList(s); 2=all module outputs (debug)} [unused if Linearize=False]
False
LinOutJac
- Include full Jacobians in linearization output (for
debug) (flag) [unused if Linearize=False; used only if LinInputs=LinOutputs=2]
False
LinOutMod
- Write module-level linearization output files in
addition to output for full system? (flag) [unused if Linearize=False]
---------------------- VISUALIZATION -----------------------------------------0
WrVTK
- VTK visualization data output: (switch) {0=none;
1=initialization data only; 2=animation}
1
VTK_type
- Type of VTK visualization data: (switch) {1=surfaces;
2=basic meshes (lines/points); 3=all meshes (debug)} [unused if WrVTK=0]
true
VTK_fields
- Write mesh fields to VTK data files? (flag) {true/false}
[unused if WrVTK=0]
15
VTK_fps
- Frame rate for VTK output (frames per second){will
use closest integer multiple of DT} [used only if WrVTK=2]

1.2 ServoDyn .dat Sub-File
------- SERVODYN v1.05.* INPUT FILE -------------------------------------------NREL 5.0 MW Baseline Wind Turbine for Use in Offshore Analysis. Properties from Dutch
Offshore Wind Energy Converter (DOWEC) 6MW Pre-Design (10046_009.pdf) and REpower 5M
5MW (5m_uk.pdf)
---------------------- SIMULATION CONTROL -------------------------------------False
Echo
- Echo input data to <RootName>.ech (flag)
"default"
DT
- Communication interval for controllers (s) (or "default")
---------------------- PITCH CONTROL ------------------------------------------5
PCMode
- Pitch control mode {0: none, 3: user-defined from routine
PitchCntrl, 4: user-defined from Simulink/Labview, 5: user-defined from Bladed-style
DLL} (switch)
0
TPCOn
- Time to enable active pitch control (s) [unused when
PCMode=0]
9999.9
TPitManS(1) - Time to start override pitch maneuver for blade 1 and
end standard pitch control (s)
9999.9
TPitManS(2) - Time to start override pitch maneuver for blade 2 and
end standard pitch control (s)
9999.9
TPitManS(3) - Time to start override pitch maneuver for blade 3 and
end standard pitch control (s) [unused for 2 blades]
2
PitManRat(1) - Pitch rate at which override pitch maneuver heads toward
final pitch angle for blade 1 (deg/s)
2
PitManRat(2) - Pitch rate at which override pitch maneuver heads toward
final pitch angle for blade 2 (deg/s)
2
PitManRat(3) - Pitch rate at which override pitch maneuver heads toward
final pitch angle for blade 3 (deg/s) [unused for 2 blades]
0
BlPitchF(1) - Blade 1 final pitch for pitch maneuvers (degrees)
0
BlPitchF(2) - Blade 2 final pitch for pitch maneuvers (degrees)
0
BlPitchF(3) - Blade 3 final pitch for pitch maneuvers (degrees) [unused
for 2 blades]
---------------------- GENERATOR AND TORQUE CONTROL ----------------------------
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1
VSContrl
- Variable-speed control mode {0: none, 1: simple VS, 3:
user-defined from routine UserVSCont, 4: user-defined from Simulink/Labview, 5: userdefined from Bladed-style DLL} (switch)
1
GenModel
- Generator model {1: simple, 2: Thevenin, 3: user-defined
from routine UserGen} (switch) [used only when VSContrl=0]
94.4
GenEff
- Generator efficiency [ignored by the Thevenin and userdefined generator models] (%)
True
GenTiStr
- Method to start the generator {T: timed using TimGenOn,
F: generator speed using SpdGenOn} (flag)
True
GenTiStp
- Method to stop the generator {T: timed using TimGenOf,
F: when generator power = 0} (flag)
9999.9
SpdGenOn
- Generator speed to turn on the generator for a startup
(HSS speed) (rpm) [used only when GenTiStr=False]
0
TimGenOn
- Time to turn on the generator for a startup (s) [used
only when GenTiStr=True]
9999.9
TimGenOf
- Time to turn off the generator (s) [used only when
GenTiStp=True]
---------------------- SIMPLE VARIABLE-SPEED TORQUE CONTROL -------------------1173.7
VS_RtGnSp
- Rated generator speed for simple variable-speed generator
control (HSS side) (rpm) [used only when VSContrl=1]
43093.55
VS_RtTq
- Rated generator torque/constant generator torque in
Region 3 for simple variable-speed generator control (HSS side) (N-m) [used only when
VSContrl=1]
0.0255764 VS_Rgn2K
- Generator torque constant in Region 2 for simple variablespeed generator control (HSS side) (N-m/rpm^2) [used only when VSContrl=1]
10
VS_SlPc
- Rated generator slip percentage in Region 2 1/2 for
simple variable-speed generator control (%) [used only when VSContrl=1]
---------------------- SIMPLE INDUCTION GENERATOR -----------------------------9999.9
SIG_SlPc
- Rated generator slip percentage (%) [used only when
VSContrl=0 and GenModel=1]
9999.9
SIG_SySp
- Synchronous (zero-torque) generator speed (rpm) [used
only when VSContrl=0 and GenModel=1]
9999.9
SIG_RtTq
- Rated torque (N-m) [used only when VSContrl=0 and
GenModel=1]
9999.9
SIG_PORt
- Pull-out ratio (Tpullout/Trated) (-) [used only when
VSContrl=0 and GenModel=1]
---------------------- THEVENIN-EQUIVALENT INDUCTION GENERATOR ----------------9999.9
TEC_Freq
- Line frequency [50 or 60] (Hz) [used only when VSContrl=0
and GenModel=2]
9998
TEC_NPol
- Number of poles [even integer > 0] (-) [used only when
VSContrl=0 and GenModel=2]
9999.9
TEC_SRes
- Stator resistance (ohms) [used only when VSContrl=0 and
GenModel=2]
9999.9
TEC_RRes
- Rotor resistance (ohms) [used only when VSContrl=0 and
GenModel=2]
9999.9
TEC_VLL
- Line-to-line RMS voltage (volts) [used only when
VSContrl=0 and GenModel=2]
9999.9 TEC_SLR
- Stator leakage reactance (ohms) [used only when VSContrl=0
and GenModel=2]
9999.9
TEC_RLR
- Rotor leakage reactance (ohms) [used only when VSContrl=0
and GenModel=2]
9999.9
TEC_MR
- Magnetizing reactance (ohms) [used only when VSContrl=0
and GenModel=2]
---------------------- HIGH-SPEED SHAFT BRAKE ---------------------------------0
HSSBrMode
- HSS brake model {0: none, 1: simple, 3: user-defined
from routine UserHSSBr, 4: user-defined from Simulink/Labview, 5: user-defined from
Bladed-style DLL} (switch)
9999.9
THSSBrDp
- Time to initiate deployment of the HSS brake (s)
0.6
HSSBrDT
- Time for HSS-brake to reach full deployment once initiated
(sec) [used only when HSSBrMode=1]
28116.2
HSSBrTqF
- Fully deployed HSS-brake torque (N-m)
---------------------- NACELLE-YAW CONTROL -------------------------------------
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0
YCMode
- Yaw control mode {0: none, 3: user-defined from routine
UserYawCont, 4: user-defined from Simulink/Labview, 5: user-defined from Bladed-style
DLL} (switch)
9999.9
TYCOn
- Time to enable active yaw control (s) [unused when
YCMode=0]
0
YawNeut
- Neutral yaw position--yaw spring force is zero at this
yaw (degrees)
9.02832E+09
YawSpr
- Nacelle-yaw spring constant (N-m/rad)
1.916E+07
YawDamp
- Nacelle-yaw damping constant (N-m/(rad/s))
9999.9
TYawManS
- Time to start override yaw maneuver and end standard yaw
control (s)
2
YawManRat
- Yaw maneuver rate (in absolute value) (deg/s)
0
NacYawF
- Final yaw angle for override yaw maneuvers (degrees)
---------------------- TUNED MASS DAMPER --------------------------------------False
CompNTMD
- Compute nacelle tuned mass damper {true/false} (flag)
"NRELOffshrBsline5MW_ServoDyn_TMD.dat"
NTMDfile
- Name of the file for nacelle
tuned mass damper (quoted string) [unused when CompNTMD is false]
False
CompTTMD
- Compute tower tuned mass damper {true/false} (flag)
"NRELOffshrBsline5MW_ServoDyn_TMD.dat"
TTMDfile
- Name of the file for tower
tuned mass damper (quoted string) [unused when CompTTMD is false]
---------------------- BLADED INTERFACE ---------------------------------------[used only with Bladed Interface]
"ServoData/DISCON_win32.dll"
DLL_FileName - Name/location of the dynamic library
{.dll [Windows] or .so [Linux]} in the Bladed-DLL format (-) [used only with Bladed
Interface]
"DISCON.IN"
DLL_InFile
- Name of input file sent to the DLL (-) [used only with
Bladed Interface]
"DISCON"
DLL_ProcName - Name of procedure in DLL to be called (-) [case sensitive;
used only with DLL Interface]
"default"
DLL_DT
- Communication interval for dynamic library (s) (or
"default") [used only with Bladed Interface]
false
DLL_Ramp
- Whether a linear ramp should be used between DLL_DT time
steps [introduces time shift when true] (flag) [used only with Bladed Interface]
9999.9
BPCutoff
- Cuttoff frequency for low-pass filter on blade pitch
from DLL (Hz) [used only with Bladed Interface]
0
NacYaw_North - Reference yaw angle of the nacelle when the upwind end
points due North (deg) [used only with Bladed Interface]
0
Ptch_Cntrl
- Record 28: Use individual pitch control {0: collective
pitch; 1: individual pitch control} (switch) [used only with Bladed Interface]
0
Ptch_SetPnt - Record 5: Below-rated pitch angle set-point (deg) [used
only with Bladed Interface]
0
Ptch_Min
- Record 6: Minimum pitch angle (deg) [used only with
Bladed Interface]
0
Ptch_Max
- Record 7: Maximum pitch angle (deg) [used only with
Bladed Interface]
0
PtchRate_Min - Record
8: Minimum pitch rate (most negative value
allowed) (deg/s) [used only with Bladed Interface]
0
PtchRate_Max - Record 9: Maximum pitch rate (deg/s) [used only with
Bladed Interface]
0
Gain_OM
- Record 16: Optimal mode gain (Nm/(rad/s)^2) [used only
with Bladed Interface]
0
GenSpd_MinOM - Record 17: Minimum generator speed (rpm) [used only with
Bladed Interface]
0
GenSpd_MaxOM - Record 18: Optimal mode maximum speed (rpm) [used only
with Bladed Interface]
0
GenSpd_Dem
- Record 19: Demanded generator speed above rated (rpm)
[used only with Bladed Interface]
0
GenTrq_Dem
- Record 22: Demanded generator torque above rated (Nm)
[used only with Bladed Interface]
0
GenPwr_Dem
- Record 13: Demanded power (W) [used only with Bladed
Interface]
---------------------- BLADED INTERFACE TORQUE-SPEED LOOK-UP TABLE -------------
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0
DLL_NumTrq
- Record 26: No. of points in torque-speed look-up table
{0 = none and use the optimal mode parameters; nonzero = ignore the optimal mode
PARAMETERs by setting Record 16 to 0.0} (-) [used only with Bladed Interface]
GenSpd_TLU
GenTrq_TLU
(rpm)
(Nm)
---------------------- OUTPUT -------------------------------------------------True
SumPrint
- Print summary data to <RootName>.sum (flag) (currently
unused)
1
OutFile
- Switch to determine where output will be placed: {1: in
module output file only; 2: in glue code output file only; 3: both} (currently unused)
True
TabDelim
- Use tab delimiters in text tabular output file? (flag)
(currently unused)
"ES10.3E2"
OutFmt
- Format used for text tabular output (except time).
Resulting field should be 10 characters. (quoted string) (currently unused)
0
TStart
- Time to begin tabular output (s) (currently unused)
OutList
- The next line(s) contains a list of output parameters.
See OutListParameters.xlsx for a listing of available output channels, (-)
"GenPwr"
- Electrical generator power and torque
"GenTq"
- Electrical generator power and torque
END of input file (the word "END" must appear in the first 3 columns of this last
OutList line)
--------------------------------------------------------------------------------------

1.3 AeroDyn .dat Sub-File
------- AERODYN v15.03.* INPUT FILE -----------------------------------------NREL 5.0 MW offshore baseline aerodynamic input properties.
====== General Options =====================================================
False
Echo
- Echo the input to "<rootname>.AD.ech"? (flag)
"default"
DTAero
- Time interval for aerodynamic calculations {or
"default"} (s)
1
WakeMod
- Type of wake/induction model (switch) {0=none,
1=BEMT}
2
AFAeroMod
- Type of blade airfoil aerodynamics model (switch)
{1=steady model, 2=Beddoes-Leishman unsteady model}
1
TwrPotent
- Type tower influence on wind based on potential
flow around the tower (switch) {0=none, 1=baseline potential flow, 2=potential flow
with Bak correction}
False
TwrShadow
– Calculate tower influence on wind based on
downstream tower shadow? (flag)
True
TwrAero
- Calculate tower aerodynamic loads? (flag)
False
FrozenWake
- Assume frozen wake during linearization? (flag)
[used only when WakeMod=1 and when linearizing]
====== Environmental Conditions =============================================
1.225
AirDens
- Air density (kg/m^3)
1.464E-05
KinVisc
- Kinematic air viscosity (m^2/s)
335
SpdSound
- Speed of sound (m/s)
=====Blade-Element/Momentum Theory Options ===== [used only when WakeMod=1]
2
SkewMod
- Type of skewed-wake correction model (switch)
{1=uncoupled, 2=Pitt/Peters, 3=coupled} [used only when WakeMod=1]
True
TipLoss
- Use the Prandtl tip-loss model? (flag) [used only
when WakeMod=1]
True
HubLoss
- Use the Prandtl hub-loss model? (flag) [used only
when WakeMod=1]
true
TanInd
- Include tangential induction in BEMT calculations?
(flag) [used only when WakeMod=1]
False
AIDrag
- Include the drag term in the axial-induction
calculation? (flag) [used only when WakeMod=1]
False
TIDrag
- Include the drag term in the tangential-induction
calculation? (flag) [used only when WakeMod=1 and TanInd=TRUE]
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"Default"
IndToler
- Convergence tolerance for BEMT nonlinear solve
residual equation {or "default"} (-) [used only when WakeMod=1]
100
MaxIter
- Maximum number of iteration steps (-) [used only
when WakeMod=1]
========Beddoes-Leishman Unsteady Airfoil Aerodynamics Options ============= [used
only when AFAeroMod=2]
3
UAMod
- Unsteady Aero Model Switch (switch) {1=Baseline
model (Original), 2=Gonzalez’s variant (changes in Cn,Cc,Cm), 3=Minemma/Pierce variant
(changes in Cc and Cm)} [used only when AFAeroMod=2]
True
FLookup
- Flag to indicate whether a lookup for f' will be
calculated (TRUE) or whether best-fit exponential equations will be used (FALSE); if
FALSE S1-S4 must be provided in airfoil input files (flag) [used only when AFAeroMod=2]
====== Airfoil Information ==================================================
1
InCol_Alfa
- The column in the airfoil tables that contains the
angle of attack (-)
2
InCol_Cl
- The column in the airfoil tables that contains the
lift coefficient (-)
3
InCol_Cd
- The column in the airfoil tables that contains the
drag coefficient (-)
4
InCol_Cm
- The column in the airfoil tables that contains the
pitching-moment coefficient; use zero if there is no Cm column (-)
0
InCol_Cpmin
- The column in the airfoil tables that contains the
Cpmin coefficient; use zero if there is no Cpmin column (-)
8
NumAFfiles
- Number of airfoil files used (-)
"Airfoils/Cylinder1.dat"
AFNames
- Airfoil file names (NumAFfiles lines)
(quoted strings)
"Airfoils/Cylinder2.dat"
"Airfoils/DU40_A17.dat"
"Airfoils/DU35_A17.dat"
"Airfoils/DU30_A17.dat"
"Airfoils/DU25_A17.dat"
"Airfoils/DU21_A17.dat"
"Airfoils/NACA64_A17.dat"
====== Rotor/Blade Properties ================================================
True
UseBlCm
- Include aerodynamic pitching moment in calculations?
(flag)
"NRELOffshrBsline5MW_AeroDyn_blade.dat"
ADBlFile(1)
- Name of file containing
distributed aerodynamic properties for Blade #1 (-)
"NRELOffshrBsline5MW_AeroDyn_blade.dat"
ADBlFile(2)
- Name of file containing
distributed aerodynamic properties for Blade #2 (-) [unused if NumBl < 2]
"NRELOffshrBsline5MW_AeroDyn_blade.dat"
ADBlFile(3)
- Name of file containing
distributed aerodynamic properties for Blade #3 (-) [unused if NumBl < 3]
======
Tower Influence and Aerodynamics ===================== [used only when
TwrPotent/=0, TwrShadow=True, or TwrAero=True]
12
NumTwrNds
- Number of tower nodes used in the analysis (-)
[used only when TwrPotent/=0, TwrShadow=True, or TwrAero=True]
TwrElev
TwrDiam
TwrCd
(m)
(m)
(-)
0.0000000E+00 6.0000000E+00 1.0000000E+00
8.5261000E+00 5.7870000E+00 1.0000000E+00
1.7053000E+01 5.5740000E+00 1.0000000E+00
2.5579000E+01 5.3610000E+00 1.0000000E+00
3.4105000E+01 5.1480000E+00 1.0000000E+00
4.2633000E+01 4.9350000E+00 1.0000000E+00
5.1158000E+01 4.7220000E+00 1.0000000E+00
5.9685000E+01 4.5090000E+00 1.0000000E+00
6.8211000E+01 4.2960000E+00 1.0000000E+00
7.6738000E+01 4.0830000E+00 1.0000000E+00
8.5268000E+01 3.8700000E+00 1.0000000E+00
8.7600000E+01 3.8700000E+00 1.0000000E+00
====== Outputs ==================================================================
True
SumPrint
- Generate a summary file listing input options and
interpolated properties to "<rootname>.AD.sum"? (flag)
0
NBlOuts
- Number of blade node outputs [0 - 9] (-)
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1,
9,
19
BlOutNd
- Blade nodes whose values
will be output (-)
0
NTwOuts
- Number of tower node outputs [0 - 9] (-)
1,
2,
6
TwOutNd
- Tower nodes whose values
will be output (-)
OutList
- The next line(s) contains a list of output
parameters. See OutListParameters.xlsx for a listing of available output channels,
(-)
END of input file (the word "END" must appear in the first 3 columns of this last
OutList line)
--------------------------------------------------------------------------------------

1.4 ElastroDyn .dat Sub-File
------- ELASTODYN v1.03.* INPUT FILE ------------------------------------------NREL 5.0 MW Baseline Wind Turbine for Use in Offshore Analysis. Properties from Dutch
Offshore Wind Energy Converter (DOWEC) 6MW Pre-Design (10046_009.pdf) and REpower 5M
5MW (5m_uk.pdf)
---------------------- SIMULATION CONTROL -------------------------------------False
Echo
- Echo input data to "<RootName>.ech" (flag)
3
Method
- Integration method: {1: RK4, 2: AB4, or 3: ABM4} (-)
"DEFAULT"
DT
- Integration time step (s)
---------------------- ENVIRONMENTAL CONDITION --------------------------------9.80665
Gravity
- Gravitational acceleration (m/s^2)
---------------------- DEGREES OF FREEDOM -------------------------------------True
FlapDOF1
- First flapwise blade mode DOF (flag)
True
FlapDOF2
- Second flapwise blade mode DOF (flag)
True
EdgeDOF
- First edgewise blade mode DOF (flag)
False
TeetDOF
- Rotor-teeter DOF (flag) [unused for 3 blades]
True
DrTrDOF
- Drivetrain rotational-flexibility DOF (flag)
True
GenDOF
- Generator DOF (flag)
True
YawDOF
- Yaw DOF (flag)
True
TwFADOF1
- First fore-aft tower bending-mode DOF (flag)
True
TwFADOF2
- Second fore-aft tower bending-mode DOF (flag)
True
TwSSDOF1
- First side-to-side tower bending-mode DOF (flag)
True
TwSSDOF2
- Second side-to-side tower bending-mode DOF (flag)
False
PtfmSgDOF
- Platform horizontal surge translation DOF (flag)
False
PtfmSwDOF
- Platform horizontal sway translation DOF (flag)
False
PtfmHvDOF
- Platform vertical heave translation DOF (flag)
False
PtfmRDOF
- Platform roll tilt rotation DOF (flag)
False
PtfmPDOF
- Platform pitch tilt rotation DOF (flag)
False
PtfmYDOF
- Platform yaw rotation DOF (flag)
---------------------- INITIAL CONDITIONS -------------------------------------0
OoPDefl
- Initial out-of-plane blade-tip displacement (meters)
0
IPDefl
- Initial in-plane blade-tip deflection (meters)
0
BlPitch(1) - Blade 1 initial pitch (degrees)
0
BlPitch(2) - Blade 2 initial pitch (degrees)
0
BlPitch(3) - Blade 3 initial pitch (degrees) [unused for 2 blades]
0
TeetDefl
- Initial or fixed teeter angle (degrees) [unused for 3
blades]
0
Azimuth
- Initial azimuth angle for blade 1 (degrees)
12.1
RotSpeed
- Initial or fixed rotor speed (rpm)
0
NacYaw
- Initial or fixed nacelle-yaw angle (degrees)
0
TTDspFA
- Initial fore-aft tower-top displacement (meters)
0
TTDspSS
- Initial side-to-side tower-top displacement (meters)
0
PtfmSurge
- Initial or fixed horizontal surge translational
displacement of platform (meters)
0 PtfmSway
- Initial or fixed horizontal sway translational displacement
of platform (meters)
0
PtfmHeave
- Initial or fixed vertical heave translational displacement
of platform (meters)
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0
PtfmRoll
- Initial or fixed roll tilt rotational displacement of
platform (degrees)
0
PtfmPitch
- Initial or fixed pitch tilt rotational displacement of
platform (degrees)
0
PtfmYaw
- Initial or fixed yaw rotational displacement of platform
(degrees)
---------------------- TURBINE CONFIGURATION ----------------------------------3
NumBl
- Number of blades (-)
63
TipRad
- The distance from the rotor apex to the blade tip (meters)
1.5
HubRad
- The distance from the rotor apex to the blade root (meters)
-2.5
PreCone(1) - Blade 1 cone angle (degrees)
-2.5
PreCone(2) - Blade 2 cone angle (degrees)
-2.5
PreCone(3) - Blade 3 cone angle (degrees) [unused for 2 blades]
0
HubCM
- Distance from rotor apex to hub mass [positive downwind]
(meters)
0
UndSling
- Undersling length [distance from teeter pin to the rotor
apex] (meters) [unused for 3 blades]
0
Delta3
- Delta-3 angle for teetering rotors (degrees) [unused for
3 blades]
0
AzimB1Up
- Azimuth value to use for I/O when blade 1 points up
(degrees)
-5.0191
OverHang
- Distance from yaw axis to rotor apex [3 blades] or teeter
pin [2 blades] (meters)
1.912
ShftGagL
- Distance from rotor apex [3 blades] or teeter pin [2
blades] to shaft strain gages [positive for upwind rotors] (meters)
-5
ShftTilt
- Rotor shaft tilt angle (degrees)
1.9
NacCMxn
- Downwind distance from the tower-top to the nacelle CM
(meters)
0
NacCMyn
- Lateral distance from the tower-top to the nacelle CM
(meters)
1.75
NacCMzn
- Vertical distance from the tower-top to the nacelle CM
(meters)
-3.09528
NcIMUxn
- Downwind distance from the tower-top to the nacelle IMU
(meters)
0
NcIMUyn
- Lateral distance from the tower-top to the nacelle IMU
(meters)
2.23336
NcIMUzn
- Vertical distance from the tower-top to the nacelle IMU
(meters)
1.96256
Twr2Shft
- Vertical distance from the tower-top to the rotor shaft
(meters)
87.6
TowerHt
- Height of tower above ground level [onshore] or MSL
[offshore] (meters)
0
TowerBsHt
- Height of tower base above ground level [onshore] or MSL
[offshore] (meters)
0
PtfmCMxt
- Downwind distance from the ground level [onshore] or MSL
[offshore] to the platform CM (meters)
0
PtfmCMyt
- Lateral distance from the ground level [onshore] or MSL
[offshore] to the platform CM (meters)
0
PtfmCMzt
- Vertical distance from the ground level [onshore] or MSL
[offshore] to the platform CM (meters)
0
PtfmRefzt
- Vertical distance from the ground level [onshore] or MSL
[offshore] to the platform reference point (meters)
---------------------- MASS AND INERTIA ---------------------------------------0
TipMass(1) - Tip-brake mass, blade 1 (kg)
0
TipMass(2) - Tip-brake mass, blade 2 (kg)
0
TipMass(3) - Tip-brake mass, blade 3 (kg) [unused for 2 blades]
56780
HubMass
- Hub mass (kg)
115926
HubIner
- Hub inertia about rotor axis [3 blades] or teeter axis [2
blades] (kg m^2)
534.116
GenIner
- Generator inertia about HSS (kg m^2)
240000
NacMass
- Nacelle mass (kg)
2.60789E+06
NacYIner
- Nacelle inertia about yaw axis (kg m^2)
0
YawBrMass
- Yaw bearing mass (kg)
0
PtfmMass
- Platform mass (kg)
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0
PtfmRIner
- Platform inertia for roll tilt rotation about the platform
CM (kg m^2)
0 PtfmPIner - Platform inertia for pitch tilt rotation about the platform
CM (kg m^2)
0
PtfmYIner
- Platform inertia for yaw rotation about the platform CM
(kg m^2)
---------------------- BLADE --------------------------------------------------17
BldNodes
- Number of blade nodes (per blade) used for analysis (-)
"NRELOffshrBsline5MW_Blade.dat"
BldFile(1) - Name of file containing properties
for blade 1 (quoted string)
"NRELOffshrBsline5MW_Blade.dat"
BldFile(2) - Name of file containing properties
for blade 2 (quoted string)
"NRELOffshrBsline5MW_Blade.dat"
BldFile(3) - Name of file containing properties
for blade 3 (quoted string) [unused for 2 blades]
---------------------- ROTOR-TEETER -------------------------------------------0
TeetMod
- Rotor-teeter spring/damper model {0: none, 1: standard,
2: user-defined from routine UserTeet} (switch) [unused for 3 blades]
0
TeetDmpP
- Rotor-teeter damper position (degrees) [used only for 2
blades and when TeetMod=1]
0
TeetDmp
- Rotor-teeter damping constant (N-m/(rad/s)) [used only
for 2 blades and when TeetMod=1]
0
TeetCDmp
- Rotor-teeter rate-independent Coulomb-damping moment (Nm) [used only for 2 blades and when TeetMod=1]
0
TeetSStP
- Rotor-teeter soft-stop position (degrees) [used only for
2 blades and when TeetMod=1]
0
TeetHStP
- Rotor-teeter hard-stop position (degrees) [used only for
2 blades and when TeetMod=1]
0
TeetSSSp
- Rotor-teeter soft-stop linear-spring constant (N-m/rad)
[used only for 2 blades and when TeetMod=1]
0
TeetHSSp
- Rotor-teeter hard-stop linear-spring constant (N-m/rad)
[used only for 2 blades and when TeetMod=1]
---------------------- DRIVETRAIN ---------------------------------------------100
GBoxEff
- Gearbox efficiency (%)
97
GBRatio
- Gearbox ratio (-)
8.67637E+08
DTTorSpr
- Drivetrain torsional spring (N-m/rad)
6.215E+06
DTTorDmp
- Drivetrain torsional damper (N-m/(rad/s))
---------------------- FURLING ------------------------------------------------False
Furling
- Read in additional model properties for furling turbine
(flag) [must currently be FALSE)
"unused"
FurlFile
- Name of file containing furling properties (quoted string)
[unused when Furling=False]
---------------------- TOWER --------------------------------------------------20
TwrNodes
- Number of tower nodes used for analysis (-)
"NRELOffshrBsline5MW_Onshore_ElastoDyn_Tower.dat"
TwrFile
- Name of file
containing tower properties (quoted string)
---------------------- OUTPUT -------------------------------------------------True
SumPrint
- Print summary data to "<RootName>.sum" (flag)
1
OutFile
- Switch to determine where output will be placed: {1: in
module output file only; 2: in glue code output file only; 3: both} (currently unused)
True
TabDelim
- Use tab delimiters in text tabular output file? (flag)
(currently unused)
"ES10.3E2"
OutFmt
- Format used for text tabular output (except time).
Resulting field should be 10 characters. (quoted string) (currently unused)
0
TStart
- Time to begin tabular output (s) (currently unused)
1
DecFact
- Decimation factor for tabular output {1: output every
time step} (-) (currently unused)
0
NTwGages
- Number of tower nodes that have strain gages for output
[0 to 9] (-)
10,
19,
28
TwrGagNd
- List of tower nodes that have
strain gages [1 to TwrNodes] (-) [unused if NTwGages=0]
3
NBlGages
- Number of blade nodes that have strain gages for output
[0 to 9] (-)
5,
9,
13
BldGagNd
- List of blade nodes that have
strain gages [1 to BldNodes] (-) [unused if NBlGages=0]
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OutList
- The next line(s) contains a list of output parameters.
See OutListParameters.xlsx for a listing of available output channels, (-)
"OoPDefl1"
- Blade 1 out-of-plane and in-plane deflections and tip
twist
"IPDefl1"
- Blade 1 out-of-plane and in-plane deflections and tip
twist
"TwstDefl1"
- Blade 1 out-of-plane and in-plane deflections and tip
twist
"BldPitch1"
- Blade 1 pitch angle
"Azimuth"
- Blade 1 azimuth angle
"RotSpeed"
- Low-speed shaft and high-speed shaft speeds
"GenSpeed"
- Low-speed shaft and high-speed shaft speeds
"TTDspFA"
- Tower fore-aft and side-to-side displacements and top
twist
"TTDspSS"
- Tower fore-aft and side-to-side displacements and top
twist
"TTDspTwst"
- Tower fore-aft and side-to-side displacements and top
twist
"Spn2MLxb1"
- Blade 1 local edgewise and flapwise bending moments at
span station 2 (approx. 50% span)
"Spn2MLyb1"
- Blade 1 local edgewise and flapwise bending moments at
span station 2 (approx. 50% span)
"RootFxb1"
- Out-of-plane shear, in-plane shear, and axial forces at
the root of blade 1
"RootFyb1"
- Out-of-plane shear, in-plane shear, and axial forces at
the root of blade 1
"RootFzb1"
- Out-of-plane shear, in-plane shear, and axial forces at
the root of blade 1
"RootMxb1"
- In-plane bending, out-of-plane bending, and pitching
moments at the root of blade 1
"RootMyb1"
- In-plane bending, out-of-plane bending, and pitching
moments at the root of blade 1
"RootMzb1"
- In-plane bending, out-of-plane bending, and pitching
moments at the root of blade 1
"RotTorq"
- Rotor torque and low-speed shaft 0- and 90-bending moments
at the main bearing
"LSSGagMya"
- Rotor torque and low-speed shaft 0- and 90-bending moments
at the main bearing
"LSSGagMza"
- Rotor torque and low-speed shaft 0- and 90-bending moments
at the main bearing
"YawBrFxp"
- Fore-aft shear, side-to-side shear, and vertical forces
at the top of the tower (not rotating with nacelle yaw)
"YawBrFyp"
- Fore-aft shear, side-to-side shear, and vertical forces
at the top of the tower (not rotating with nacelle yaw)
"YawBrFzp"
- Fore-aft shear, side-to-side shear, and vertical forces
at the top of the tower (not rotating with nacelle yaw)
"YawBrMxp"
- Side-to-side bending, fore-aft bending, and yaw moments
at the top of the tower (not rotating with nacelle yaw)
"YawBrMyp"
- Side-to-side bending, fore-aft bending, and yaw moments
at the top of the tower (not rotating with nacelle yaw)
"YawBrMzp"
- Side-to-side bending, fore-aft bending, and yaw moments
at the top of the tower (not rotating with nacelle yaw)
"TwrBsFxt"
- Fore-aft shear, side-to-side shear, and vertical forces
at the base of the tower (mudline)
"TwrBsFyt"
- Fore-aft shear, side-to-side shear, and vertical forces
at the base of the tower (mudline)
"TwrBsFzt"
- Fore-aft shear, side-to-side shear, and vertical forces
at the base of the tower (mudline)
"TwrBsMxt"
- Side-to-side bending, fore-aft bending, and yaw moments
at the base of the tower (mudline)
"TwrBsMyt"
- Side-to-side bending, fore-aft bending, and yaw moments
at the base of the tower (mudline)
"TwrBsMzt"
- Side-to-side bending, fore-aft bending, and yaw moments
at the base of the tower (mudline)
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END of input file (the word "END" must appear in the first 3 columns of this last
OutList line)

Appendix-2 Inflow Wind & TurbSim Sample Files
2.1 Inflow Wind .dat file
------- InflowWind v3.01.* INPUT FILE --------------------------------------------7 m/s turbulent winds on 31x31 FF grid and tower for NREL 5.0 MW Baseline Wind Turbine
(Onshore)
----------------------------------------------------------------------------------False
Echo
- Echo input data to <RootName>.ech (flag)
3
WindType
- switch for wind file type (1=steady; 2=uniform; 3=binary
TurbSim FF; 4=binary Bladed-style FF; 5=HAWC format; 6=User defined)
0
PropagationDir - Direction of wind propagation (meteoroligical rotation
from aligned with X (positive rotates towards -Y) -- degrees)
1
NWindVel
- Number of points to output the wind velocity
(0 to
9)
0
WindVxiList
- List of coordinates in the inertial X direction (m)
0
WindVyiList
- List of coordinates in the inertial Y direction (m)
90
WindVziList
- List of coordinates in the inertial Z direction (m)
======= Parameters for Steady Wind Conditions [used only for WindType = 1] =====
3
HWindSpeed
- Horizontal windspeed
(m/s)
90
RefHt
- Reference height for horizontal wind speed
(m)
0
PLexp
- Power law exponent
(-)
======= Parameters for Uniform wind file
[used only for WindType = 2] ===========
"Wind/90m_12mps_twr.bts"
Filename
- Filename of time series data for uniform
wind field.
(-)
90 RefHt
- Reference height for horizontal wind speed
(m)
125.88
RefLength
- Reference length for linear horizontal and vertical
sheer (-)
==== Parameters for Binary TurbSim Full-Field files
[used only for WindType = 3]
====
"Wind/90m_7mps_0.2shear_twr.bts"
Filename
- Name of the Full field wind file
to use (.bts)
===Parameters for Binary Bladed-style Full-Field files
[used only for WindType = 4]
===
"Wind/90m_12mps_twr"
FilenameRoot
- Rootname of the full-field wind file to use
(.wnd, .sum)
False
TowerFile
- Have tower file (.twr) (flag)
==== Parameters for HAWC-format binary files [Only used with WindType = 5] ====
"wasp\Output\basic_5u.bin"
FileName_u
- name of the file containing the ucomponent fluctuating wind (.bin)
"wasp\Output\basic_5v.bin"
FileName_v
- name of the file containing the vcomponent fluctuating wind (.bin)
"wasp\Output\basic_5w.bin"
FileName_w
- name of the file containing the wcomponent fluctuating wind (.bin)
64
nx
- number of grids in the x direction (in the 3 files
above) (-)
32
ny
- number of grids in the y direction (in the 3 files
above) (-)
32
nz
- number of grids in the z direction (in the 3 files
above) (-)
16
dx
- distance (in meters) between points in the x direction
(m)
3
dy
- distance (in meters) between points in the y direction
(m)
3
dz
- distance (in meters) between points in the z direction
(m)
90
RefHt
- reference height; the height (in meters) of the vertical
center of the grid (m)
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------------Scaling parameters for turbulence
-------------------------------------------------------1
ScaleMethod
- Turbulence scaling method
[0 = none, 1 = direct
scaling, 2 = calculate scaling factor based on a desired standard deviation]
1
SFx
- Turbulence scaling factor for the x direction (-)
[ScaleMethod=1]
1
SFy
- Turbulence scaling factor for the y direction (-)
[ScaleMethod=1]
1
SFz
- Turbulence scaling factor for the z direction (-)
[ScaleMethod=1]
12
SigmaFx
- Turbulence standard deviation to calculate scaling
from in x direction (m/s)
[ScaleMethod=2]
8
SigmaFy
- Turbulence standard deviation to calculate scaling
from in y direction (m/s)
[ScaleMethod=2]
2
SigmaFz
- Turbulence standard deviation to calculate scaling
from in z direction (m/s)
[ScaleMethod=2]
------------Mean wind profile parameters (added to HAWC-format files)
-------------------------------5
URef
- Mean u-component wind speed at the reference height
(m/s)
2
WindProfile
- Wind profile type (0=constant;1=logarithmic,2=power
law)
0.2
PLExp
- Power law exponent (-) (used for PL wind profile type
only)
0.03
Z0
- Surface roughness length (m) (used for LG wind profile
type only)
====================== OUTPUT ==================================================
False
SumPrint
- Print summary data to <RootName>.IfW.sum (flag)
OutList
- The next line(s) contains a list of output parameters.
See OutListParameters.xlsx for a listing of available output channels, (-)
"Wind1VelX"
X-direction wind velocity at point WindList(1)
"Wind1VelY"
Y-direction wind velocity at point WindList(1)
"Wind1VelZ"
Z-direction wind velocity at point WindList(1)
END of input file (the word "END" must appear in the first 3 columns of this last
OutList line)
--------------------------------------------------------------------------------------

2.2 TurbSim .inp file
TurbSim Input File. Valid for TurbSim v1.50; 17-May-2010; Example file that can be
used with simulations for the NREL 5MW Baseline Turbine; note that UsableTime has
been decreased in this file so that the file distributed with the FAST CertTest isn't
as large
---------Runtime Options----------------------------------13428
RandSeed1
- First random seed (-2147483648 to 2147483647)
RanLux
RandSeed2
- Second random seed (-2147483648 to 2147483647) for
intrinsic pRNG, or an alternative pRNG: "RanLux" or "RNSNLW"
False
WrBHHTP
- Output hub-height turbulence parameters in binary
form? (Generates RootName.bin)
False
WrFHHTP
- Output hub-height turbulence parameters in formatted
form? (Generates RootName.dat)
False
WrADHH
- Output hub-height time-series data in AeroDyn form?
(Generates RootName.hh)
True
WrADFF
- Output full-field time-series data in TurbSim/AeroDyn
form? (Generates RootName.bts)
False
WrBLFF
- Output full-field time-series data in BLADED/AeroDyn
form? (Generates RootName.wnd)
True
WrADTWR
- Output tower time-series data? (Generates RootName.twr)
False
WrFMTFF
- Output full-field time-series data in formatted
(readable) form? (Generates RootName.u, RootName.v, RootName.w)
False
WrACT
- Output coherent turbulence time steps in AeroDyn
form? (Generates RootName.cts)
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True
Clockwise
- Clockwise rotation looking downwind? (used only for
full-field binary files - not necessary for AeroDyn)
0
ScaleIEC
- Scale IEC turbulence models to exact target standard
deviation? [0=no additional scaling; 1=use hub scale uniformly; 2=use individual
scales]
--------Turbine/Model Specifications----------------------31
NumGrid_Z
- Vertical grid-point matrix dimension
31
NumGrid_Y
- Horizontal grid-point matrix dimension
0.05
TimeStep
- Time step [seconds]
630.0
AnalysisTime
- Length of analysis time series [seconds]
300.0
UsableTime
- Usable length of output time series [seconds] (program
will add GridWidth/MeanHHWS seconds) [bjj: was 630]
90.0
HubHt
- Hub height [m] (should be > 0.5*GridHeight)
145.0
GridHeight
- Grid height [m]
145.0
GridWidth
- Grid width [m] (should be >= 2*(RotorRadius+ShaftLength))
0
VFlowAng
- Vertical mean flow (uptilt) angle [degrees]
0
HFlowAng
- Horizontal mean flow (skew) angle [degrees]
--------Meteorological Boundary Conditions------------------IECKAI
TurbModel
- Turbulence model ("IECKAI"=Kaimal, "IECVKM"=von
Karman, "GP_LLJ", "NWTCUP", "SMOOTH", "WF_UPW", "WF_07D", "WF_14D", or "NONE")
"1-ed3"
IECstandard
- Number of IEC 61400-x standard (x=1,2, or 3 with
optional 61400-1 edition number (i.e. "1-Ed2") )
"20"
IECturbc
- IEC turbulence characteristic ("A", "B", "C" or the
turbulence intensity in percent) ("KHTEST" option with NWTCUP, not used for other
models)
NTM
IEC_WindType
- IEC turbulence type ("NTM"=normal, "xETM"=extreme
turbulence, "xEWM1"=extreme 1-year wind, "xEWM50"=extreme 50-year wind, where x=wind
turbine class 1, 2, or 3)
default
ETMc
- IEC Extreme turbulence model "c" parameter [m/s]
PL
WindProfileType - Wind profile type ("JET"=Low-level
jet,"LOG"=Logarithmic,"PL"=Power law, or "default", or "USR"=User-defined)
90.
RefHt
- Height of the reference wind speed [m]
7.0
URef
- Mean (total) wind speed at the reference height [m/s]
default
ZJetMax
- Jet height [m] (used only for JET wind profile, valid
70-490 m)
0.2
PLExp
- Power law exponent [-] (or "default")
default
Z0
- Surface roughness length [m] (or "default")
--------Non-IEC Meteorological Boundary Conditions-----------default
Latitude
- Site latitude [degrees] (or "default")
0.05
RICH_NO
- Gradient Richardson number
default
UStar
- Friction or shear velocity [m/s] (or "default")
default
ZI
- Mixing layer depth [m] (or "default")
default
PC_UW
- Hub mean u'w' Reynolds stress [(m/s)^2] (or "default")
default
PC_UV
- Hub mean u'v' Reynolds stress [(m/s)^2] (or "default")
default
PC_VW
- Hub mean v'w' Reynolds stress [(m/s)^2] (or "default")
default
IncDec1
- u-component coherence parameters (e.g. "10.0 0.3e3" in quotes) (or "default")
default
IncDec2
- v-component coherence parameters (e.g. "10.0 0.3e3" in quotes) (or "default")
default
IncDec3
- w-component coherence parameters (e.g. "10.0 0.3e3" in quotes) (or "default")
default
CohExp
- Coherence exponent (or "default")
--------Coherent Turbulence Scaling Parameters------------------"M:\coh_events\eventdata" CTEventPath
Name of the path where event data files
are located
"Random"
CTEventFile
- Type of event files ("random", "les" or "dns")
true
Randomize
- Randomize disturbance scale and location? (true/false)
1.0
DistScl
- Disturbance scale (ratio of dataset height to rotor
disk).
0.5
CTLy
- Fractional location of tower centerline from right
(looking downwind) to left side of the dataset.
0.5
CTLz
- Fractional location of hub height from the bottom of
the dataset.
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10.0
CTStartTime
- Minimum start time for coherent structures in
RootName.cts [seconds]
==================================================
NOTE: Do not add or remove any lines in this file!
==================================================

Appendix-3 Timestamps, TI and α Values from LIDAR
3.1 10-minute analysis table
uhub
[mps]
0

Time Stamps

TI [%]

α ~ 0.2

Time Stamps

Time Stamps

-

TI [%] α ~
0.3
-

-

TI [%] α ~
0.5
-

-

-

-

1

-

-

-

-

-

-

-

-

-

2

-

-

-

-

-

-

-

-

-

3

12.9.2014 10:40

38,44

0,24

19.5.2014 21:40

7,17

0,31

24,25

0,50

4

12.9.2014 09:50

20,74

0,20

4.4.2014 07:40

23,94

0,29

11.9.2014
23:20
14.9.2014 15:50

7,96

0,52

5

6.6.2014 17:50

17,79

0,22

11.5.2014 08:30

18,82

0,30

6.6.2014 21:30

4,52

0,51

6

23.5.2014 07:50

15,67

0,20

2.4.2014 10:10

23,22

0,30

8.6.2014 23:00

4,50

0,53

7

29.3.2014 11:40

22,80

0,19

14.5.2014 09:30

20,40

0,31

17.6.2014 22:40

13,41

0,51

8

14.5.2014 13:30

18,66

0,22

14.5.2014 11:10

20,42

0,34

17.6.2014 21:10

14,09

0,51

9

5.4.2014 10:40

19,80

0,18

13.5.2014 18:30

17,46

0,30

17.6.2014 18:20

20,77

0,44

10

No available time stamp

18.6.2014 00:00

18,82

0,36

17.6.2014 02:40

19,58

0,43

11

25.5.2014 11:40

11.4.2014 10:50

16,61

0,28

No available time stamp

19,69

0,20
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3.2 1-minute analysis table
uhub

Time Stamps

TI [%]

α ~ 0.2 Time Stamps

TI [%]

α ~ 0.3 Time Stamps

TI [%]

α ~ 0.5

0

-

-

-

-

-

-

-

-

-

1

-

-

-

-

-

-

-

-

-

2

-

-

-

-

-

-

-

-

-

3

14.9.2014
13,23
08:44
11.6.2014
27,83
13:07
6.6.2014 17:46 22,18

0,21

19.5.2014 21:34 39,60

0,30

43,92

0,50

0,22

4.4.2014 07:40

29,57

0,29

17,00

0,51

0,25

11.5.2014 08:26 30,97

0,30

7,71

0,50

23.5.2014
07:48
25.5.2014
10:44
14.5.2014
13:28
17.6.2014
02:10
25.5.2014
11:37
25.5.2014
11:31

18,31

0,18

2.4.2014 10:07

14,07

0,28

11.9.2014
23:19
14.9.2014
16:23
11.6.2014
13:09
8.6.2014 22:53

13,33

0,51

18,39

0,23

14.5.2014 11:03 24,11

0,30

13,68

0,50

15,14

0,20

14.5.2014 11:06 11,81

0,30

23,02

0,50

9,77

0,23

13.5.2014 18:30 24,36

0,29

20,68

0,53

32,60

0,23

18.6.2014 00:03 4,06

0,28

15,87

0,57

32,54

0,22

11.4.2014 10:42 10,01

0,31

17.6.2014
22:34
17.6.2014
21:01
17.6.2014
02:39
17.6.2014
02:37
17.6.2014
02:35

[mps]

4
5
6
7
8
9
10
11
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unknown unknown

