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ABSTRACT
This disquisition aims for the study of turbulence intensity influence over the
power performance of different sizes of turbines with the intent to validate a
hypothesis. The hypothesis formulated for the analysis is the relationship between
the rotor diameter (turbine size) and turbulence intensity. The hypothetical
relationship is that the smaller turbines tend to experience more influence on the
power performance from the turbulence in comparison with larger ones. For this
examination, three different wind turbines of models Vestas V90, V100, V126 were
chosen from three Swedish wind farms. The power performance of turbines at
various levels of turbulence intensity were analyzed and the power deviation from
the mean value due to influence of turbulence were assessed. The power deviation
values of different turbines were compared at same level of wind speeds and also the
power coefficients at same level of tip speed ratios were compared to validate the
hypothesis. It was observed that the hypothesis seemed to appear true as higher
influence on power curves were observed on V90 compared to others. Nevertheless,
there were some obscene results which might be due to several factors such as
influence of variation in hub height, site and inadequacy of data.
Keywords: Turbulence intensity, power performance, power deviation, power
coefficient, tip speed ratio.
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SAMMANFATTNING
Detta examensarbete syftar till att studera hur ett vindkraftverks storlek
påverkar inflytande från turbulens på effektuttaget. Hypotesen är att vindkraftverk
med mindre rotordiameter påverkas mer av turbulens än de större. Tre
vindkraftverksmodeller (Vestas V90, V100 och V126) från svenska vindkraftsparker
valdes ut. De olika modellernas effektuttag för olika grader av turbulens
analyserades och avvikelsen från effektmedelvärdet jämfördes. Effektavvikelserna
samt verkningsgradsavvikelsen för de olika vindkraftverksmodellerna jämfördes vid
samma vindhastighet respektive löptal för att kunna testa hypotesen. Hypotesen
styrks då den mista modellen (Vestas V90) påverkas mest av turbulens. Resultatet
har dock troligtvis påverkats av andra faktorer såsom tornhöjd, terräng och en
begränsad mängd data.

Nyckelord: Turbulensintensitet, effektuttag, effektavvikelse, verkningsgrad, löptal
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PREFACE

Albeit the wind energy has developed to a great extent in recent years there
are some blind spots which have to be analysed for obtaining the best outcome. The
most significant among them is the wind shear and turbulence effects. Many
researches have been carried out in analysing the effects of turbulence. Still there
exists the need for a ubiquitous cognizance in measurement and analysis of
turbulence. This work can give a perception on how different sizes of turbines
respond to different classes of turbulences.
Chapter 1 – Introduction – elucidates the driving factors of the study with
background explaining the previous studies on the wind measuring methods, general
effects of turbulence, different approaches of analysing turbulence intensity. This
section also describes the aim and purpose of the study with the study hypothesis
and the delimitations.
Chapter 2 – Theory of Wind Energy – explains the basics of wind energy,
power co-efficience, tip speed ratio, turbulence intensity, and describes how the
power curves, power coefficient curves and power deviation curves are formulated.
This chapter also explains the basic methods for analysing turbulence intensity.
Chapter 3 – Data Acquisition – outlines the primary requirements – selection
of wind models and wind farms with brief description of the models and the details
of accumulated data.
Chapter 4 – Analytical Framework – explains about method of bins and data
rejection criteria. The sub-section – Approach – elucidates the structure of the
analysis.
Chapter 5 – Results and Discussion – presents and discusses the results of
turbulence intensity influenced power performance of the three models of wind
turbines and also a comparative discussion to validate the hypothesis.
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NOMENCLATURE

Symbol

Description

TI

Turbulence Intensity

TKE

Turbulence Kinetic Energy

P

Output power in kW or MW

Cp

Power Coefficient

R

Rotor Radius in meters

v

Wind velocity in m/s

λ

Tip Speed Ratio (TSR)

𝜎𝑚

Standard Deviation of Mean Wind Speed

A

Rotor Swept Area in m2
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CHAPTER

1

INTRODUCTION

Over the years the need for clean and green energy has been increased since
the fossil fuels are getting depleted at an alarming rate as well as the fact that
carbonization and the temperature of the atmosphere has to be kept within limits.
This has fueled the development of wind energy sector in recent years. Also, target
below 2°C set by world climate summit is achievable only if we strive to make the
renewables a more reliable and sustainable source of energy. It's been a great fact
that nearly 2% of global electricity demand is met by wind energy with China and
United States being largest wind energy markets in world [1].
1.1 BACKGROUND

Wind turbines mostly operate in an atmospheric height where high
turbulent winds are likely to flow. This creates an impact with wind turbine loading
and tends to increase the static loads of the turbine [2]. In recent years, the
contribution of electrical power from wind energy in the grid has increased. When it
comes to wind energy the requirements of grid seems to be distorted at several
points of time [3]. The common distortions are:





Disturbance in Voltage
Transient Overcurrent
Disturbance in frequency
System Collapse

Flicker is the term used to describe the sudden variations in voltage or current
levels in the consumer end. Normally flickers starts at the grid level. For analyzing
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the power performance of the grid connected wind turbine, turbulence intensity has
to be assessed which lies in some kind of proportional relationship with flicker [4].
The following are identified as potential reasons for flicker [4].
1. Due to fluctuations in output voltage of the wind turbine.
2. Due to changes in grid load flow.
3. Due to sudden variations in wind speed (turbulence), gradient of the
wind and directional changes.
The first reason is assumed to be the effect of the second which forms the
interest of this study while the load flow changes at grid are assumed to be
independent and lies beyond the proximity of this study.
When the wind speed varies by ±1 m/s the power fluctuates by a magnitude
of ±20%. The flicker level is found to be linear with the increase in the intensity of
turbulence. During the times of turbulent winds the flicker severity is relatively
more than the normal [4]. This causes a severe disturbance in the grid system both in
terms of voltage and frequency. This scenario has more effect in weak grids than the
strong grids.
The sudden variation of wind speed in short duration of time is termed as
turbulence. There are two different turbulences – atmospheric turbulence and
ambient turbulence. Atmospheric turbulence is created when convectively heated
hot air rises above from the ground. Also when it flows over relatively slow air
causes wind shear which creates shear generated turbulence but it is less intensive
and accounts for shorter duration than the convectively generated turbulence. There
also arises turbine generated turbulence over the downwind turbines in wind farms
[5]. Turbulence causes chaotic and wake effects which results in increased stress on
downstream turbines [6].
This turbulence has an impact on the power performance of wind turbines
and it also causes fatigue and other structural problems. Also, noise propagation
increases with turbulence. The turbulence statistics has been derived earlier through
the three known models. They are: Fine-scale, Large eddy simulations model and
Numerical-weather prediction models. These models are also used for power
prediction of wind turbines. Turbulence is usually depicted in terms of turbulence
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intensity and total kinetic energy. The wind can be resolved into horizontal and
vertical components [5].
The turbulence intensity is defined as the ratio of standard deviation of
horizontal wind speed for a certain period of time to the average wind speeds over
the same period of time.
Turbulence Kinetic Energy (TKE) is the only factor which took into account
of both the components of wind when quantifying turbulence. The total kinetic
energy is given by the standard deviation of sum of all squares of individual
components of wind divided by two [5].
The cubic variation of power with wind speed gets more important when it
comes to turbulent wind. The fact that cubic effect is not considered in the standard
IEC 61400-12-1 [7], leads to overestimation of power and power co-efficient curves
in lower wind profiles [8]. It is difficult to generalize the effects of turbulence on
the turbine performance as it affects the power control, alignment of wind and
performance of airfoil [9]. The mean wind speed is not constant at all points over the
rotor swept area. So, the measured mean wind speed at hub height will certainly be
different from effective mean wind speed of the rotor area.
In [10], Wagner. R et al. have described about equivalent wind speed method
which utilizes the equivalent wind speed calculated from the nacelle or LIDAR
measurements. This method includes the factor of wind shear with two variables,
namely the direction and speed of shear alongside with the turbulence factor. This
study displays power curves with wind speed as function of laminar flow and
uniform flow, at different turbulence intensity levels. The shortcomings of this
method are collecting shear information requires a set of experimental configuration
which involves either measuring wind speed at 11 points with vertical masts or with
50 points in the form of circle near nacelle. This configuration also assumes
horizontal homogeneity of wind flow. As Antoniou. I, Wagner. R and Albers. A,
stated in [11], [12] the increasing size of turbines with larger hub heights and rotor
diameters, tend to experience higher variations of wind speeds and directions of
winds. Also, the variations are temporal and of shorter durations which makes it
difficult to analyze its effects on the power curve. Results of this study picturized
how small deviations in direction gradient of shear can have a large effect on the
power curve. However, this equivalent wind speed method suffers in distinguishing
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the individual effects of shear and turbulence, since turbulence intensity was
calculated utilizing total kinetic energy (TKE) with approximated equivalent wind
speed variable which showed no variation when utilizing the normal wind speed
profile.
In [13], Kaiser et al. described the difficulty in assessing the site specific
turbulence due to the fact that the anemometer and the turbine itself responds in
different ways to turbulent winds. Also it describes that the binning method will
result in numerical errors because of factors like complex wind turbine system,
topography of site, non-linear response in the cut-in and rated speed regions. It
concluded that increase in turbulence intensity will lead to an overestimation at
moderate speeds and an underestimation at rated and beyond rated speeds.
Under stable atmospheric conditions, the wind shear is found to be high while
the turbulence intensity is found to be low. The converse of this appears in the case
of unstable wind conditions [14], [15]. In [16], Honrubia et al. presented how
turbulence intensity changes at various heights and how it impacts the power
performance of the turbine. This study concluded that there exists some anomalous
response over the power curve with varying turbulence intensities at different
heights. However, it couldn’t prove the cause of anomaly due to short measurement
periods. This forms the added interest of the present study on analyzing the
turbulence intensity variations with different sizes of turbines with different hub
heights.
Axel Albers et al. in [12], came up with a new approach for normalization of
power curve with respect to turbulence intensity. They developed a normal
distribution model which showed up the ability to model the time averaging effect
(10 min) at higher turbulence intensity and rated speed transition ranges. However
this model was only sufficient enough to explain the partial effects of turbulence.
But this study presented a hidden hypothesis since it concluded that out of the three
compared turbines one showed up decreasing power coefficient below the rated
speed transition which might be due to lower hub height of that wind turbine.
Some researchers have pivoted around the effects of atmospheric stability
over the power performance. Also, it is observed that contrast conclusions were
drawn over the effects. In [17], Rareshide et al. concluded that high and moderate
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disturbances in atmospheric stability resulted in positive variations in power
performance while Wagner et al. reported conversely in [15] that same atmospheric
stability disturbance resulted in negative variations. Average power variations of
about 15% between the normal conditions and higher turbulent or conditions
involving higher disturbances in atmospheric stability was observed by Wharton and
Lindquist in [18].
As stated earlier the measurement of effective wind speed over the rotor
swept area can minimize the uncertainties in turbulence effect assessment. Antoniou
et al. addressed this problem in [11] by assessing wind shear measurements taken at
three heights and it was concluded with large observations of uncertainties in power
curve. Also it suggested that hub height wind speed measurement is inadequate for
power performance analysis of large (rotor) size turbines.
The works of Antoniou. I and Wagner. R on multi point measurement
concept in [19] and time series simulations on analyzing the power performance
variations in [15] with respect to turbulence and vertical inflow gives us a better
view over the influences of turbulence at different levels of hub height. It has to be
noted that the power performance was analyzed as a function of equivalent wind
speed.
1.2 AIM AND PURPOSE

This thesis aims to examine the impact of turbulence intensity on the power
performance of horizontal axis wind turbines. The intent of this work heads towards
analyzing the hypothesis which are identified from the background of this study and
to ensure that the findings of this analysis can enlighten new perspectives aiding
revision of standards. Also, Wind energy resource assessment and Power forecasting
can be benefited if the gained knowledge in the effect of turbulence are subsumed.
1.3 HYPOTHESIS

The hypothesis that gears up the intent of study is the anomalous relation
between turbulence and the turbine size. Rotor diameter is the normal parameter
which expresses the size of turbine. As turbine size (rotor diameter) increases the
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turbine becomes more stable to turbulent wind and power curve variations is
observed to be minimal.
But as the turbine size increases the hub height is also gets increased in most
cases. Several studies as briefed in background have analyzed the effects of
turbulence at different hub heights. It is reported that anomalous power variations
are observed at different hub heights too.
1.4 DELIMITATIONS

 As realized from literature, the disturbance in atmospheric stability is not
caused by a single variable rather two variables – wind shear and turbulence
which are dependent on one another. This creates hindrance in distinguishing
the individual effects on power performance.
 Also, it is realized from literature that usage of the method of bins introduces
inherent numerical error to some extent during the process of normalization.
 It is obvious that turbulence levels varies with sites and its effects on different
turbines is disparate. So, the formulation of an orthodox solution is elusive.
 Errors may be incurred in the results of analysis due to the normalization of
air density.
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CHAPTER

2

THEORY OF WIND ENERGY

2.1 PHYSICS OF WIND ENERGY

Current horizontal axis wind turbines follow the principle of lift which has a
maximum power co-efficient of 50% compared to the old turbines with the principle
of drag which had a maximum power co-efficient of 12%. The higher performance
was due to the high lift to drag ratio. The energy harvested by a wind turbine equals
the difference of lifting force and the resistive force in the swept area [20].
The power of wind which is derived from kinetic energy depends on the mass
of air. Regarding the physics of wind energy, the power of wind is proportional to
the wind cube, i.e. if the wind speed gets doubled, the power increases by factor of
eight. This is commonly termed as cubic effect [21].
The power output of a wind turbine depends mainly on the area swept by the
rotor. It can be said that when rotor blade diameter increases by a factor of two then
the power is said to be increased by a factor of four [22]. The relation is expressed in
figure 1.
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Figure 1: Relationship of Rotor diameter and Wind speed with Power output.
[Source: M. Ragheb & A. M. Ragheb, 2011] [22].
2.2 POWER OUTPUT OF A WIND TURBINE

As we know the power output is proportional to cubic relation with the wind
speed and proportional to air density as well proportional to the swept area of rotor
which all together can be put together in a mathematical expression,
𝑃=

1
𝜌𝐴𝑣 3
2

(2)

Where,
P  Power output of wind turbine (Watts)
𝜌  Density of air (kg/m3)
A  Swept area (m2)
v  Velocity of wind (m/s)
The actual power output of a turbine depends on many factors like the type of
rotor utilized and the friction losses, design of blade - viscous and pressure drags on
rotor blades, losses at the electrical system components and swirl conferred by rotor
movement against air. These factors were analyzed and generalized by Betz who
stated the limit of power output of wind turbine which is commonly known as Betz
limit. This value equals 0.59 which is the maximum power that can be fetched from
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the wind. Present wind turbines can reach a maximum of 50% which agrees with the
limit [22]. This forms the Coefficient of performance of a wind turbine. So the
power output can be transformed as
1

𝑃 = 𝐶𝑝 𝜌𝐴𝑣 3
2

(3)

2.3 CO-EFFICIENT OF POWER

The International Electro technical Commission defines power coefficient in
its standard 61400-12-1 as the ratio of net electrical output fetched by a wind turbine
to the maximum free stream energy carried by the wind over the area swept by rotor.
The relation can be mathematically expressed as
𝐶𝑝 =

𝑃𝑒
𝑃𝑤

(4)

Where,

𝑃𝑒  Electrical power output of a wind turbine
𝑃𝑤  Free stream energy carried by the wind
The free stream energy in the wind can be computed by the relation
1

𝑃𝑤 = 𝜌𝐴𝑣 3
2

(5)

The swept area (A) for a horizontal axis wind turbine as defined in standard is
the projected area of a rotor moving upon the plane normal to axis of rotation.
2.4 TIP-SPEED RATIO

An interesting feature that is implicitly linked with the power output of wind
turbines is the Tip-Speed Ratio (TSR). This is defined as ratio of tangential speed of
the rotor tip to the free stream wind velocity. The wind turbines are usually designed
to be able to operate at its optimal tip speed ratios (i.e. having the right rotational
speed) to extract maximum power from the wind.
The rotor blades cannot extract much energy if it is operated at low tip speed
ratios which mean it allows more amount of free stream wind to pass through
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undisturbed. Also, it cannot operate at high tip speed ratios which creates high
amount of drag resulting in decreased lift to drag ratio [22]. This is an undesirable
scenario.
So the optimal tip speed ratio can be computed by considering several
parameters namely the blade profile, number of blades and type of wind turbine. At
present for a three blade horizontal axis wind turbine the optimal tip speed ratio lies
in the range 6 to 8 with 6 and 7 being most desirable for higher coefficient of
performance [22]. The tip speed ratio can be expressed as
𝑇𝑆𝑅 (𝜆) =

𝑡𝑎𝑛𝑔𝑒𝑛𝑡𝑖𝑎𝑙 𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑏𝑙𝑎𝑑𝑒 𝑡𝑖𝑝 𝜔𝑅 2𝜋𝑓𝑅
=
=
𝑤𝑖𝑛𝑑 𝑠𝑝𝑒𝑒𝑑
𝑣
𝑣

(6)

Where ,
𝜔  Angular velocity (rad/s)
R  Rotor radius (m)
v  Wind velocity (m/s)
f  Rotational frequency (rad/s)
2.5 TURBULENCE INTENSITY

The horizontal turbulence is the resultant of frequent fluctuations in the wind
field in a short period of time. This can be directly measured as a quantity called
turbulence intensity. It is usually calculated from the measurements of a cup
anemometer (horizontal component of wind). If using a SODAR both horizontal and
vertical components of the wind can be measured [18].
The turbulence intensity depends on the roughness of surface at neutral
atmosphere and for vertical component of turbulence intensity, the standard
deviation is said to be approximately constant with the height. Also, it was observed
that turbulence intensity decreases with height [21].
The standard deviation of wind speed although often used as a measure of
uncertainty the standard deviation is a measure of variation between the wind speeds
for a certain period of time [7].
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The turbulence intensity is defined as the ratio of standard deviation of
horizontal wind speed to the average wind speeds over a period of time.
𝑇𝐼 =

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 10 min 𝑤𝑖𝑛𝑑 𝑠𝑝𝑒𝑒𝑑
𝜎𝑢
=
𝑀𝑒𝑎𝑛 𝑤𝑖𝑛𝑑 𝑠𝑝𝑒𝑒𝑑
𝑣̅𝑚𝑒𝑎𝑛

(7)

The SODAR and Cup anemometer measurements are different to each other
and it has been reported that the SODAR measurements overestimated the
horizontal turbulence. Though there has been developments in SODAR
measurements by inclusion of standard deviation of vertical velocity, as discussed in
background TKE is the only variable which is the direct measure of threedimensional turbulence [23].
𝑇𝐾𝐸 =

1 2
(𝜎 + 𝜎𝑣2 + 𝜎𝑤2 )
2 𝑢

(8)

Though computation of TKE can result in better aspect of study it is difficult
to incorporate three-dimensional turbulence because of inadequacy of data since
modern turbine measurements measures only the horizontal component. The usage
of turbulence intensity as a measure enables quantifying the turbulence at different
locations as cup anemometers are the most common ways of measuring wind speeds.
And wind turbines are usually equipped with cup anemometers on the nacelle.
2.6 POWER CURVE

A power curve is obtained by plotting electric power output against mean
wind speed. It picturizes the mechanical-electrical conversion of energy with
absorbed rotor power in response to the wind frequency distribution within the
maximum power limit of the generator [20].
The IEC 61400-12-1 standard defines measured power curve as a graph that
is representing the measured, corrected and normalized output power of a wind
turbine as a factor of measured wind speed with all the measurements taken under
the well-defined measurement procedure. At some cases the extrapolation of a
power curve occurs when the power output is estimated from the measured
maximum wind speed to the cut out wind speed.
The power curve can be sectioned by following components [20]:
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 Cut-in velocity:
The wind velocity at which the turbine starts to deliver power is
marked as cut in velocity. This accounts also for compensating the internal
consumption and power losses in drive train.
 Rated velocity:
Rated wind speed is the wind speed at which the turbine reaches its
rated output power. It is also said that due to turbulence and pitch control
strategies the power curve is mostly rounded off near the rated wind speed.
 Cut-out velocity:
This component can be further classified into:
 Furling velocity: The wind velocity at which the turbine is
turned out of wind to prevent damage.
 Maximum design velocity: The wind velocity at which possible
damage can happen to turbine.
The power curve of a wind turbine forms the guaranteed certificate of
performance given by the manufacturer which is the reason why the power curve
should incorporate utmost accurate description and corroboration [20]. Most real
time cases shows that the power curves issued by the manufacturers differs with the
actual power curves due to shortcomings in the IEC standard.
Principle shortcomings of IEC 61400-12-1 power curve measurement as
stated by Albers in [12] are:
 Measurement of wind speeds only at the hub height of turbines.
 Secondary variables apart from air density like turbulence intensity,
vertical wind speed gradient, atmospheric stability and vertical wind
direction are not included.
 There arises a question of how far the measured power curve is influenced
by the large distance between the turbine and wind measuring masts
(approximately 2-4 diameters in practice).
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2.7 POWER COEFFICIENT CURVE

Power coefficient curves are procured on plotting power coefficient factor as
function of either mean wind speeds or tip speed ratios. It was common in practice
following IEC 61400-12-1 standard [7] to measure power coefficient as a factor of
mean wind speed. But quantifying power co-efficience as function of tip speed ratio
tells more about the actual turbine than power co-efficience as a function of wind
speed curve.
Measuring power coefficient as a function of tip speed ratio Cp (𝛌) helps in
acquiring more information aerodynamic properties of turbine as well as information
of how to control the turbine operation close to optimum tip speed ratios. This
power coefficient derived as a function of tip speed ratio gives the aerodynamic
efficiency of a wind turbine [24].
The power coefficient is maximum at a particular tip speed ratio and gets
reduced for other values of tip sped ratios as seen in figure 2. For a typical
horizontal axis wind turbine the Cp increases as tip sped ratio gets increased which
implies that the power harnessed from the wind increases. However, after the
optimal tip speed ratio being reached (mostly between 7-8) Cp starts decreasing,
meaning beyond that point the aerodynamics of blade respond in such a way that no
more power is harnessed from the wind.

Figure 2: Power Coefficient as a function of tip speed ratio.

13

2.8 POWER DEVIATION CURVE

This study includes power deviation analysis which depicts how the turbine’s
power output deviates from the mean value at different levels of turbulence
intensities. The analysis considers the positive deviation and negative deviation from
the mean power curve. Positive deviation is expected to occur when high energy
turbulent winds flow at below rated speeds as well as low energy turbulent winds at
beyond rated speeds. Negative deviations occur when high energy turbulent winds
flow at beyond rated speeds. The power deviation analysis aids in analyzing the
influence of turbulence on power curves and to improvise in forecast of power
outputs.
2.9 ALBERS’ METHOD

Equivalent wind speed methods studied from the works of Wagner. R et al in
[10] and Wharton. S et al in [18] was mainly used to overcome the uncertainties in
single point measurement of wind speed which considerably affected the turbulence
intensity calculations. This method truly facilitated in assessing turbulence with a
modified ‘true-flux’ equivalent wind speed. This aided in analyzing the effects of
turbulence intensity since it include the excess kinetic energy induced by turbulence.
1

𝐾. 𝐸 = 𝜌(𝑢3 )(1 + 3𝑇𝐼2 )𝐴
2

3

𝑈 = √∑𝑖(𝑢𝑖 )3 (1 +

3𝜎𝑖2
𝑢𝑖2

)

(9)
(10)

Where,
𝑢𝑖  Horizontal wind speed
3𝜎𝑖2
𝑢𝑖2

 Turbulence intensity

But this method produced desirable results only when utilizing fast (>1 Hz)
data. So, Wagner. R et al in [10] suggested that Albers’ method is most suitable for
the power curve verification utilizing 10 minute average data.
Albers’ method is of two steps:
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 Estimation of 0% turbulence intensity power curve.
 The simulation of power curve for chosen levels of TI%.
2.10 METHODS FOR ANALYSING TURBULENCE INTENSITY

This section presents the methods that could possibly include the effects of
turbulence in the power performance analysis. The turbulence renormalization
method presented by Albers in 2010 [25] is identified to be one of promising
methods in analyzing the effects of turbulence intensity over power curves. Random
forests method follows the regression tree model which is a sort of machine learning
approach. The two methods are briefed out in the following sections.
2.10.1 TURBULENCE RENORMALIZATION METHOD

Turbulence renormalization method follows Gaussian distribution of wind
speed in 10 minute period and the power output in that period is the function of
mean wind speeds at that region. With this assumption a model was created which
on first created a reference power curve with zero turbulence intensity and simulates
the power curves based on the reference zero turbulence intensity power curves [25].
The incorporation of this method can be done by splitting up the datasets
based on the turbulence intensity level, normally into two one on higher TI and other
on lower TI as seen in figure 7: (a) and (b). One being used to train the developed
model and the results of other is compared with the earlier. Though this method is
able to fetch the power deviations it tends to overestimate the effect of turbulence
intensity [26].

(a)

(b)

Figure 3: TI divided power curves (a) Power curve at high TI trained on low TI dataset (b) (a) Power
curve at low TI trained on high TI dataset. [Source: A. Clifton & R. Wagner, NREL, 2014] [26]
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2.10.2 RANDOM FORESTS METHOD

The regression trees model presented in [26] includes the variables such as
hub height wind speed, hub height turbulence intensity and shear exponent to train
the decision tree model to account for the effects of turbulence intensity and wind
shear.
Using this method the large datasets can be reduced to subsets with wind
speeds based on the levels of turbulence intensities the power curves are divided as
observed in figure 8. This limitation fact of this model is that it could only respond
for the conditions for which it is trained [26].

Figure 4: TI divided power curves on application of random forests method. [Source:
A. Clifton & R. Wagner, NREL, 2014] [26].

As Clifton. A and Wagner. R discuss in [26] the answer to ‘Is there a best
method?’ is still clueless since all the models are trained on specific conditions and
fail to produce homogeneity.
Though the actual turbulence renormalization or random forests regression
tree model are not utilized in the study, the process of splitting up of datasets based
on the levels of turbulence intensities and analyzing the power deviation with
respect to mean power curve finds some basis with the above described models.
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2.11 THRESHOLDS OF STABILITY CLASS

Wharton. S et al classified thresholds for turbulence into five major stability
classes in [18],
Table 1: Thresholds of Turbulence intensity classes

Stability class

Wind speed at hub-height

Turbulence

Strongly stable

Strong (predominantly at night)

Lowest; TI < 8%

Stable

Strong (predominantly at night)

Low; 8% < TI < 10%

Near-neutral

Mostly strongest

Moderate; 10% < TI < 13%

Convective

Low

High; 13% < TI < 20%

Strongly convective

Lowest

Highest; TI > 20%

17

CHAPTER

3

DATA ACQUISITION

This chapter delineates several fragments that are essentially required for
performing the analysis. First the general requirements for the study are analyzed
and a draft is built up with more precision that all vital needs are met. Most
important stipulation for turbulence intensity analysis is the real time data from a
working wind farm(s). So, potential wind farm owner(s) who can aid with data are
identified and contacted. The descriptions about the chosen wind turbines for the
study are also presented in this chapter. Furthermore, explanation about measuring
instruments used in wind turbines and how the data are collected from those devices
are incorporated.
3.1 GENERAL REQUIREMNETS

 The basic entities needed for the analysis are 10 minute logged data of wind
turbines of three different sizes. It would have been better to compare the
effects of turbulence if all three were in the same site.
 The 10 minute logged data is comprised of mean wind speed and standard
deviation of wind speed, rotor rpm and standard deviation of rpm, average
ambient temperature and average grid production.
 A yearlong logged data from 2015/01/01till 2016/01/01is fetched.
 The analysis also requires some basic meteorological information like
elevation above sea level and atmospheric pressure. These variables are
required to compute the density of air which is utilized in power coefficient
calculation.
 MATLAB® or other similar simulation tool is required to process the
acquired data.
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3.2 WIND FARMS OVERVIEW

Three Swedish wind farms are chosen for this study:
1. Five Vestas V90 – 2.0 MW turbines from Jung Åsa wind farm also owned
by Eolus Vind at Västra Götaland County.

Figure 5: Jung Åsa - Wind farm layout. [Source: Eolus Vind AB, 2016]

2. Five Vestas V100 – 2.0 MW turbines underrated to 1.5 MW from
the Rockneby wind farm owned by Eolus Vind at Kalmar County.

Figure 6: Rockneby - Wind farm layout. [Source: Eolus Vind AB, 2016]
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3. One Vestas V126 – 3.45 MW turbine from a wind farm (anonymous) in
Sweden.
3.2.1 VESTAS V90 – 2.0 MW

The Vestas V90 – 2.0 MW pitch regulated variable speed turbines perfectly
fit for medium and low wind profile site which involves comparatively at a low
investment cost. These IEC IIA/IIIA turbines are designed for sites with high
turbulence [27].
Table 2: Technical Specifications of Vestas V90
Hub height
Rotor diameter
Rated Output
Cut-in velocity

105m
90m
2.0 MW
4 m/s

Cut-out velocity

25 m/s

3.2.2 VESTAS V100 – 2.0 MW

The Vestas V100 – 2.0 MW pitch regulated variable speed turbines are
designed for the low and medium wind sites since their 49 meters blades can pick-up
and provide considerable rotor to generator ratio even at the speeds of just 3 m/s
[28].
Table 3: Technical Specifications of Vestas V100
Hub height
Rotor diameter

Cut-in velocity

95m
100m
2.0 MW (down rated
to 1.5 MW)
3 m/s

Cut-out velocity

22 m/s

Rated Output
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3.2.3 VESTAS V126 – 3.45 MW

The Vestas V126 – 3.45 MW pitch regulated variable speed turbine is best
suited for the medium wind profile site. The greater rotor diameter of this turbine
helps in higher seizure of wind [29].
Table 4: Technical Specifications of Vestas V126
Hub height
Rotor diameter
Rated Output
Cut-in velocity

137m
126m
3.45 MW
3 m/s

Cut-out velocity

22.5 m/s

3.3 DATA ACQUISITION

In accordance with the standard IEC 61400-12-1 a digital data acquisition
system is used to gather measurements having no less than 1 Hz of sampling rate per
channel with an exemption for the variables like air temperature and air pressure
(but at least once in a minute). The system’s recording, conditioning and
transmission is well calibrated with negligible uncertainty [7].
3.3.1 SCADA

Supervisory Control and Data Acquisition helps to gather multiple data with
simultaneous control over it. This interface bridges all wind turbines, wind masts
and substations in a wind farm. It controls all the components and communicates
with them through optical fiber network [30].
The functions of SCADA are [30]:
1. Monitor and acquire data

2. Diagnose and report
3. Integrate the wind farm
4. Make the farm secure and reliable
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Figure 7: SCADA. [Source: C. Nicolae, 2011] [30]

3.3.2 ACCUMULATED 10-MINUTE AVERAGE DATA

The SCADA accumulates all the 10 minute average pre-processed logged
data in database. Following the data collection procedures mentioned in standard,
the sampled data or data sets includes the following for every variable [7]:
1. Mean value

2. Standard deviation
3. Maximum value
4. Minimum value
The SCADA collects the signals from the sensors at designed data points.
The measured variables include wind speed, wind direction, rotor rpm, air
temperature, humidity. The power production average is usually measured at the
point of common coupling [30].
Various analyses on the collected turbine performance parameters can greatly
aid wind power economics and could improvise the reliability, predictability and
availability of turbines [31].
This study is greatly aided by the 10 minute average logged data by SCADA
which are processed for analyzing the effects of turbulence intensity on the
performance of wind turbines.
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CHAPTER

4

ANALYTICAL FRAMEWORK

The analytical framework or methodology of this study is broadly
characterized to three categories which are: 1. Methods aiding analysis 2. Approach
3. Viable dimensions of analysis.
4.1 METHODS AIDING ANALYSIS

The power performance analysis is done with utmost consent to the
procedure and methods prescribed in the standard IEC 61400-12-1 [7]. The basic
entities advised by the standard under measurement procedure are addressed while
performing the analysis. They are as follows: 1. Data collection 2. Data rejection 3.
Data correction or normalization. The process of acquisition of data and types of
data that are collected are discussed earlier in Chapter 3. The data rejection process
and the data normalization process are performed by certain criteria and
methodology. They are discussed in following topics:
 Criteria for data rejection

 Method of bins
4.1.1 CRITERIA FOR DATA REJECTION

In accordance with IEC 61400-12-1 standard [7], it has to be ensured that the
data fetched are from time of normal operation of turbine. Also some of the datasets
can be excluded from the database when they fail to meet certain criteria.
Followings are the premises on which some datasets are excluded.
1. Conditions other than wind speed which doesn’t lie in the operating range of
wind turbine.
2. At fault conditions of wind turbines.
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3. At times of manual shutdowns for maintenance operations.
4. Periods of wind direction those are completely outside the site calibration
sector.
5. Faults on test equipment due to external factors.
6. Periods of wind direction outside measurement sector.
The criteria set for this study during the analysis – with reference to the first
premise advised by the standard, the datasets which had grid average power output
lesser than 10 kW are rejected. This rejection can enhance the performance of
analysis since it excludes the periods of non-operation of turbines or in other words,
the periods which had merely no output. This could be due to several factors like
non-availability of cut-in wind speed, automatic pitching due to the non-uniform
loading on blades, maintenance shutdowns or imposed shutdowns due to over
currents.
4.1.2 METHOD OF BINS

In accordance with IEC 61400-12 standard [7] the bin method is used for the
data reduction procedure or in other words, to group the wind speed into bin
intervals based on some parameter. In this study the binning method is applied at
several parts of the analysis – while analyzing the power curves, power coefficient
curves, turbulence intensity divided power curves and turbulence intensity divided
power coefficient curves. For the analysis of power curves the mean wind speeds
(vm) are binned at 0.5 m/s intervals as in figure 6: (b) and for the analysis of power
coefficient curves the mean tip speed ratios (𝛌m) are binned at 0.5 intervals as in
figure 6: (a). For instance, the mean value of datasets in each bin is calculated using
the formula,
𝑁𝑖

1
𝑏𝑖 = ∑ 𝑏𝑖𝑗
𝑁𝑖
𝑗=1

Where,
𝑏𝑖  bin ‘i’ with 𝑁𝑖 number of datasets
𝑁𝑖  Number of datasets in bin ‘i’
𝑏𝑖𝑗  jth 10 min average value in the bin ‘i’
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In this study, the standard deviation represent the variation of wind speed in
certain time interval. Though there prevails uncertainty in measurement due to the
influence on the measuring equipment by turbulent winds, wind shear, and
roughness of blade due to icing and rain [21] it is considered to be indirect effect to
the measured variations.
The standard deviations (variations) in wind speeds are normally expressed as
‘error bars’ in the analysis to get an idea how far the measurements are meticulous.
The Power coefficient and power curve showing error bars is presented in figure 8:
(a) and (b) respectively.

(a)

(b)

Figure 8: (a) Power Coefficient curve using method of bins with error bars. (b) Power
curve using Method of bins with error bars.

4.2 APPROACH

4.2.1 INTERFACING DATA

The data collected from the resources is interfaced with MATLAB through
Excel workbook. The excel spreadsheet data are read through the call (xlsread) from
MATLAB and datasets are stored with the separate variables. Some of the site
specific data like air pressure, elevation above sea level are fetched from the
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Swedish Meteorological Institute website (SMHI). These values are then utilized for
the calculation of air density. Then the power coefficient and tip speed ratios are
calculated with fetched datasets. For the ease of experiment the main code was
divided into sub-codes each handling one specific task. The results from the sub
functions are returned to the main code and results are plotted with use of graphical
figures.
4.2.2 DATA REJECTION

The second step in the analysis is to exclude the datasets which are identified
to introduce variations in the results. In addition to that there are some more reasons
for the exclusion which are earlier discussed in this chapter.
For this study, the datasets which are lesser than 10 kW are excluded for all
the eleven turbines.
4.2.3 CALCULATION OF TURBULENCE INTENSITY

After the exclusion of data, the turbulence intensity (TI) values are calculated
by dividing the mean wind speed dataset by the standard deviation of wind speed
dataset.
𝐹𝑜𝑟 𝑖 = 1 𝑡𝑜 𝑁𝑖
𝑇𝐼𝑖 =

𝜎𝑖
𝑣𝑖

(11)

Where,
𝜎𝑖  ith value of standard deviation of wind speed dataset
𝑣𝑖  ith value mean wind speed value dataset
𝑁𝑖  Number of elements in the dataset
4.2.4. DATA SPLIT ON LEVELS OF TURBULENCE INTENSITY

In this part of analysis, divide or segregate the turbulence intensities with
reference to threshold levels. For this study we divide the turbulence intensity into
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three levels. Based on these levels division all the variables – power output, air
temperature, power coefficient and tip sped ratio is performed and these divided
variables are stored in three subsets. It has to be made sure that all the divided
subsets are of equal sizes so that error during binning process is avoided.
The upper and lower threshold levels for the three wind farms are mentioned
below:
Table 5: Upper and Lower thresholds of Turbulence intensity

Wind farm

Lower limit
of TI

Upper limit
of TI

0.12

0.17

Jung Åsa V90
Rockneby V100
Anonymous V126

4.2.5 TI DIVIDED POWER CURVES

In accordance with IEC 61400-12-1 standard, method of bins was used to bin
the turbulence intensity divided mean wind speeds with the interval of 0.5 m/s with
equal sized bins. The mean values of the TI divided wind speeds and power outputs
were calculated. The average output of each bin was utilized to develop the curve.
The experiment was repeated for different classes of turbulence intensities. The
normal power curve was simulated after applying binning method to the normal
mean wind speed.
4.2.6 TI DIVIDED POWER COEFFICIENT CURVES

Power coefficient Cp (𝛌) curve involves binning of turbulence intensity
divided tip speed ratio (𝛌) with equal intervals of 0.5. The mean values are then
calculated for each bin and average output of each bin is then used to formulate the
power coefficient Cp (𝛌) curve for respective class of turbulence intensity. The
process is repeated for other classes of turbulence intensities.
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4.2.7 POWER DEVIATION CURVES

Power deviation curves are used to picturize how far the turbulence has
influenced the power curve by measuring the deviations in the power curve with the
mean curve. This deviation curve for various classes of turbulence intensity can be
calculated by the expression,
For TI divided wind speeds lesser than the mean wind speed,
𝑁𝑗

𝑁𝑗

∑ 𝑃𝑖𝑛𝑡,𝑖 = ∑ (𝑃𝑡1,𝑖 + (𝑣𝑚,𝑖 − 𝑣𝑡1,𝑖 ) ∗ 𝑃𝑡1,𝑖+1 −
𝑖=1

𝑖=1

𝑃𝑡1,𝑖
(𝑣𝑡1,𝑖+1 − 𝑣𝑡1,𝑖 )

)

(12)

)

(13)

For TI divided wind speeds higher than the mean wind speed,
𝑁𝑗

𝑁𝑗

∑ 𝑃𝑖𝑛𝑡,𝑖 = ∑ (𝑃𝑡1,𝑖 + (𝑣𝑚,𝑖 − 𝑣𝑡1,𝑖 ) ∗ 𝑃𝑡1,𝑖−1 −
𝑖=1

𝑖=1

𝑃𝑡1,𝑖
(𝑣𝑡1,𝑖−1 − 𝑣𝑡1,𝑖 )

Where,
𝑃𝑖𝑛𝑡,𝑖  Intermediate power value for ith value of TI bin class j wind speed
𝑃𝑡1,𝑖  ith value of power in TI bin class j
𝑣𝑚,𝑖  ith value of mean wind speed
𝑣𝑡1,𝑖  ith value of wind speed in TI bin class j
𝑁𝑗

 Size of TI bin class j

TI bin class ‘j’ refers to three different classes of turbulence intensity.
The intermediate values are then deducted from the mean power output
values to get the deviated power.
In addition to that TI divided power curves of different classes of turbulence
intensity are not necessarily to have the same range of mean in their bins. While
calculating the power deviation from mean when first and last average values lie in
different ranges it creates logical errors. So the values shall be extrapolated in those
cases to avoid such errors.
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4.2.9 TI VS CP CURVES

Turbulence intensity vs. power coefficient curve depicts how the power
coefficient varies with the different classes of turbulence intensity. For the
experiment of this curve the tip speed ratio is divided into three classes. Based on
the threshold levels of these classes the turbulence intensity is divided as well as
power coefficient. The threshold levels vary for the windfarms which are presented
below:

Table 6: Upper and Lower thresholds for TSR

Wind farm

Lower limit of
TSR

Upper limit of
TSR

Rockneby V100

5.0

9.0

Jung Åsa V90

5.0

9.0

Anonymous V126

6.5

9.0

On segregation of variables the binning method is applied and the mean
values of power coefficient and turbulence intensity are calculated. The average
values obtained are plotted to obtain the curve.
4.3 VIABLE ASPECTS OF ANALYSIS

After simulating the data the viable aspects that satisfy interests of the study
are assessed. Following are the sectors that on analysis fulfill the interests of this
study:
1. TI divided power curves:
 Examining variations with classes of TI to the size of turbines.
 So as variations near the cut-in and cut-out ranges.
2. TI divided power coefficient curves:
 Examining how power coefficient varies with change in size of turbines in
response to turbulence intensity (w.r.t individual classes).
3. Power deviation curve:
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 Analyzing how power deviates from mean curve w.r.t different classes of
TI and also with turbine sizes.
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CHAPTER

5

RESULTS AND DISCUSSION

5.1 PRIMARY RESULTS AND DISCUSSION

5.1.1 POWER CURVES

In accordance with IEC 61400-12-1 standard [7], method of bins was used to
bin the mean wind speed variable of three model of wind turbines at the interval of
0.5 m/s. The mean values of mean wind speed and power output of each bin is
calculated and a curve can be created by lining together the bin centers.

Figure 9: Jung Åsa V90 – Power curve with standard deviation at each bin (black).
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Figure 10: Rockneby V100 – Power curve with standard deviation at each bin (black).

Figure 11: V126 – Power curve with standard deviation at each bin (black).
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5.1.2 POWER COEFFICIENT CP (𝛌) CURVES

With the calculated tip speed ratio and power coefficient variables the Cp (𝛌)
curve is plotted. The method of bins was applied to tip speed ratio variable to find
the mean value of tip speed ratio and power coefficient at each interval. All three
models of wind turbines are simulated with the bin interval of 0.5.
The V90 turbines of 2.0 MW with rotor diameter 90m and hub height of
105m had the maximum power coefficient of 44.8% (Turbine 4) at a TSR of 8.31.
The windfarm had an average maximum power coefficient of 43% at average TSR
of 8.31 which is seen in figure 12.

Figure 12: Jung Åsa V90 – Power coefficient curve with standard deviation at each
bin (black)

The V100 turbines of rotor diameter 100m and a hub height of 95m, which
were down rated to 1.5 MW had the maximum Cp of 51.8% (Turbine 3) at a TSR of
9.71. The windfarm had average maximum power coefficient of 48.4% at average
TSR of 9.42 as observed in figure 13.
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Figure 13: Rockneby V100– Power coefficient curve with standard deviation at each
bin (black)

The V126 turbine with a rotor diameter of 126m and a hub height of 137m
had a maximum power coefficient of 37.7% at a TSR of 8.79 as observed in figure
14.
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Figure 14: V126 -3.45 MW Power Coefficient Curve with standard deviation at each
bin (black)

It is observed from the above images that the optimal tip speed ratios lies
between 8 and 9 which agrees with the theory. The power coefficient reduces both
above and below the optimal tip speed ratio.
5.1.3 POWER PERFORMANCE

As described in Chapter 4 the power curves and power coefficient
curves were divided based on the levels of turbulence intensity. The experimental
results of all three models of turbines are presented below. Based on the turbulence
stability class described in Chapter 2, the thresholds of turbulence intensity are as
follows:
(1) Low/Moderate – Stable/Near neutral turbulence of less than or equal to
12% (2) Moderate/High – Near neutral/Convective turbulence of 12% - 17% (3)
High/Highest – Convective/Strongly convective turbulence of greater than or equal
to 17%.
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Among the five turbines1 respectively in Jung Åsa and Rockneby wind farms,
Turbine 2 is selected for discussion from both windfarms as interesting power coefficience variations at different levels of turbulence intensity was observed
compared to other turbines.
5.1.3.1 JUNG ÅSA V90 – 2.0 MW
The power performance of Turbine 2 of Jung Åsa windfarm is
presented for discussion.

(a)

(b)

Figure 15: V90 (a) TI divided Power curve (b) Power Deviation from mean.

The power co-efficience of Turbine 2 for three different classes of turbines at
high and low tip speed ratios are presented in figure 16.

1

The results of all five turbines in Jung Åsa and Rockneby windfarms can be referred at Appendix.
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Figure 16: V90 - TI divided Power Coefficient curve.

Observation of power curve in figure 15: (a) depicts the effects near the cutin and rated speed ranges. The higher turbulent energy winds has a positive effect at
the cut-in range compared to moderate and low turbulent winds. But the observation
of power deviation curve in figure 15: (b) shows great variations. The low energy
turbulent winds gave positive deviations in power output at near rated speed range.
However, the low energy turbulent winds have decreased power co-efficience
compared to the mean. The turbine seemed to absorb higher energy from high
energy turbulent wind at most of the speeds. This is effective in the power coefficience curve in figure 16: as high turbulence intensities appears to have higher
power co-efficience.

5.1.3.2 ROCKNEBY V100 – 2.0 (1.5) MW
The results of Turbine 2 from Rockneby windfarm is presented for discussion.
The power performance of the turbine at the post cut-in speed region and rated
(near) speed regions at different classes of turbulences are presented below in figure
17.
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(a)

(b)

Figure 17: V100 (a) TI divided Power curve (b) Power Deviation from mean

Turbulence intensity divided power coefficient curve for Turbine 2 is
constructed after obtaining the mean values of the tip speed ratios and power
coefficient from each bins. The power co-efficience of the turbine at different
classes of turbulences at the regions below (post cut-in) and above (near rated)
optimal tip speed ratios is observed at figure 18.
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Figure 18: V100 - TI divided Power Coefficient curve

On comparing power and power deviation curves in figure 15 and figure 17,
it is observed that turbine at speeds near the cut-in range tends to extract higher
energy from higher turbulences in both models. But the amount of influence
becomes significantly less by a margin compared to V90. As the turbine approaches
the rated speed the higher turbulent energy becomes difficult to extract resulting in
negative power deviation. The vice versa occurs with lower turbulent winds which
gives positive power deviation at rated speed range while this becomes insignificant
at the cut in range.
Energy rich turbulent winds has an influence up to the optimal tip speed ratio
and then starts to decrease at higher tip speed ratios. Though the power extraction
from available low energy turbulent winds gives positive power deviation at near
rated speeds the amount of power extracted is comparatively not much greater which
is observed with decreased power co-efficience. As seen in figure 18: the moderate
turbulent energy winds appears to have good power co-efficience at the rated speed
region.
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5.1.3.3 V126 – 3.45 MW
The power performance of V126 turbine at post cut in and cut out ranges are
presented in figure 19.

(a)

(b)

Figure 19: V126 (a) TI divided Power curve (b) Power Deviation from mean.

The power co-efficience for different classes of turbulence at the regions of
higher and lower tip speed ratios are presented in figure 20.
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Figure 20: V126 - TI divided Power Coefficient curve.

The observed power curve of V126 in figure 19: (a) shows that the high
energy turbulent winds had a very small positive effect over the cut-in speed region.
The power deviation of 43 kW measured at post cut-in range (6.7 m/s) is compared
to be relatively smaller with turbine size (MW). Furthermore, figure 19: (b) shows
the low energy turbulent winds had influenced significant positive power deviations
at rated speed. Though the power deviation values both negative and positive
appears to be higher, it is comparatively small in comparison with the rated output.
Power co-efficience of V126 is observed to have relatively lower variations
with the mean for higher as well as lower and moderate turbulent winds at rated
speed range. It is evident from the figure 20 that albeit the power deviations the high
energy turbulent winds doesn’t seem to have appreciable power co-efficience at post
cut-in as well as rated which implies the turbines resilience towards turbulence.
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5.2 DISCUSSION ON HYPOTHESIS

The key factor of motivation of this study is the hypothesis stating anomalous
behavior of turbulence with different sizes of turbines. As the size of turbine
increases it becomes more resilient to effects of turbulence. To analyze and validate
this hypothesis the following table is drawn by considering all three models of
turbines at same wind speeds and at same tip speed ratios. The power coefficient is
given as function of TSR and power deviation as function of mean wind speed.

Table 7: Comparison of Power deviations and Power coefficients.

Turbine

Power Deviation (kW)

Power Coefficient

Mean wind speeds
6 m/s
8 m/s
10 m/s
-23.47
-9.34
-1.82

Tip Speed Ratios
7
9
11
0.39
0.35
0.27

12-17%

32.91

19.93

3.5

0.40

0.42

0.37

>17%

31.13

1.96

-3.11

0.40

0.44

0.38

<12%

18.83

-10.17

41.18

0.24

0.43

0.37

12-17%

13.66

27.5

23.96

0.26

0.45

0.43

>17%

25.45

-19.01

-44.76

0.27

0.46

0.42

<12%

-8.1

-14.9

36.15

0.26

0.34

0.11

12-17%

20.51

48.77

-168.61

0.26

0.33

0.11

>17%

61.78

121.95

-306.15

0.23

0.30

0.07

TI%

<12%
V90

V100

V126

From the above table it is observed that smaller turbine (V90) tends to extract
more amount of energy from high energy turbulent winds at 6 m/s compared to
others. Though there appears numerical difference (~30kW) compared to the larger
turbine (V126) it has to be noted that, compared to turbine size (MW) the deviation
appears to be small. This is also emphasized by the power co-efficience values at
TSR of 7 has higher Cp value of 0.40 (V90) compared to other models. While the
larger turbine has the lower power coefficient of 0.23.
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When observing higher wind speeds at high tip speed ratios of 11, the smaller
turbine (V90) has better power coefficient (0.38) for high energy turbulent winds
compared to the larger turbine. When assessing the low energy turbulent winds at
high wind speeds the V90 has better power co-efficience than the others compared
to the mean.
In contrast to hypothesis, it can be seen from the power deviation curves of
V126 in figure 16: (b) the power deviation at the rated speed region appears to be
quite high in case of high turbulent winds. There are visible large power deviations
in V126 at same wind speed in comparison with smaller one at high energy turbulent
winds. This is due to the fact that different turbines have different rated speeds. So
the comparison becomes tedious, in which case it can be understood from power
coefficient comparisons.
But, in all together the hypothesis seems to be true, from individual analysis
as well as comparative analysis as the small turbine (V90) experienced more
influence on the power performance than the others which is observed in figures 15,
17 and 19. The deviations from the mean power coefficient is more for V90 (both
positive and negative) for high and low energy turbulent winds respectively in
comparison with V100 and V126 where the deviations appear to get reduced
significantly.
However, the turbulence analysis often involves some unorthodox results
which is purely haphazard due to the delimiting factors like the site dependency,
influence of hub height, lacking equivalent wind speed around rotor area (LIDAR
measurements). The obscene variations in V126 might be due to insufficient datasets
(3 months) as the others were tested with yearlong datasets.
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CHAPTER

6

CONCLUSION

6.1 CONCLUSIONS

The comparative analysis of turbulence influence over power performance of
different sizes of turbines was carried out to validate the hypothesis. The power
deviation from the mean curve was calculated to know how much the power curve is
influenced by the levels of turbulence intensities. As different models have different
rated speed and optimal tip speed ratios it was difficult to generalize the comparison.
So, the models were compared on general grounds at same wind speeds and tip
speed ratios. The influence levels on the larger turbine V126 was significantly less
compared to the smaller one V90 in terms of power deviations as well as power coefficience with respect to different levels of turbulences. The observation gives
positive sign for the hypothesis of study alongside with some obscene observations.
The comparative study would have been more benefited if it had incorporated equal
amount of datasets for all the turbines and effective wind speed data from LIDAR
measurements.
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