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ABSTRACT 

The need for optimizing wind farms’ production and maximizing the profitability 

of projects necessitates power performance analysis. Nowadays, the use of remote sensing 

devices for this purpose becomes more and more popular due to many advantages 

this technology has over traditional met masts. The main objective of this study is to assess 

the performance of a wind turbine in wake and wake-free conditions through 

measurements performed with a nacelle mounted lidar. The analysis is based on the data 

obtained during a Power Curve Measurement campaign performed on an onshore wind 

farm in Sweden. The power production and power curves are compared for a range 

of wind direction sectors in order to assess turbine performance in different wake 

conditions.  Surprisingly low power output is observed in wake-free sectors [180°, 240°) 

and [240°, 300°), whereas production in wake wind directions [300°, 360°) is relatively 

high. The main reason for this is the wind speed distribution, however the terrain 

complexity and roughness should also be considered as possible factors. Generally, 

the wind speed distribution seems to have more influence on the results than the wake 

conditions. Moreover, the correlation between the met mast and lidar datasets 

is investigated in the study. The results indicate a good agreement between the wind speed 

measurement from the two devices, however, a poor correlation is found for turbulence 

intensity and wind shear exponent. Additionally, the influence of turbulence intensity 

and wind shear on the power production was analyzed. Generally, the results were in line 

with the reviewed literature: at low and moderate wind speeds the power production 

was higher for higher TI values, while the opposite was observed for higher wind speeds, 

where the higher TI resulted in lower production. As for the wind shear, a pattern 

is observed for moderate wind speeds, where the higher wind shear resulted in lower 

power production. 
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NOMENCLATURE 

ABL – Atmospheric Boundary Layer  

AEP – Annual Energy Production 

CFD – Computational Fluid Dynamics 

LOS - Line-of-Sight 

MCP – Measure – Correlate – Predict 

MPO – Measured Power Output 

NML - Nacelle-Mounted Lidar 

NSC – Numerical Site Calibration 

NTF – Nacelle Transfer Function 

PCM - Power Curve Measurement 

PDAC - pair-derived average then calculate wind field reconstruction algorithm 

RB – Bulk Richardson Number 

REWS – Rotor Equivalent Wind Speed 

RMM - Reference Met Mast 

SCADA - Supervisory Control and Data Acquisition  

TI - Turbulence Intensity 

TKE – Turbulence Kinetic Energy 

TOA - Terrain and Obstacle Assessment 

WPO – Warranted Power Output 
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1. INTRODUCTION 

1.1. Background 

The issue of disparity between the estimated energy production and the actual energy 

production can be observed in numerous operating wind farms. Wind turbine 

underperformance is particularly challenging as it negatively affects the project 

profitability. Several factors are known to cause turbine underperformance including, 

among others, wake losses, wind measurement inaccuracy, icing effects, turbine control 

issues, yaw and pitch misalignment and turbine unavailability (Turkyilmaz, Hannson & 

Undheim, 2016). Furthermore, turbine power output is influenced by atmospheric 

parameters such as turbulence intensity (TI), wind shear and atmospheric stability 

(Antoniou, Pedersen & Enevoldsen, 2009; Dörenkämper et al.,  2014; Han et al., 2018, 

Hansen et al., 2011; Wharton & Lundquist, 2012).  

Analysis of turbine operational data allows to evaluate its performance, identify power 

losses and plan optimization measures. One way of assessing the wind turbine 

performance is by analyzing its power curve, namely by comparing the contractual power 

curve provided by the manufacturer with the actual power curve derived from operational 

data. Measured power curve is obtained based on the turbine supervisory control and data 

acquisition system (SCADA) data and wind measurements carried out at the site. Despite 

the mentioned relevance of TI, wind shear and atmospheric stability in power performance 

assessment, power curves are typically derived from a hub-height wind speed alone. 

According to the IEC 61400-12-1 standard (2017), the wind measurements should 

be carried out with traditional mast-mounted anemometers or remote sensing devices 

coupled with anemometers. Given that the turbine rotor dimensions are increasing, remote 

sensing technology may be a more suitable solution for power performance assessment. 

Nowadays, lidar (Light Detection and Ranging) allows to measure, in addition to wind 

speed and direction, wind conditions such as wind sheer, wind veer, turbulence and rotor 

equivalent wind speed (REWS) and therefore, understand the wind flow characteristics 
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beyond the hub height wind speed and direction (Mikkelsen, 2014). Nacelle-mounted 

lidars (NML) are particularly advantageous as they eliminate the need for installing costly 

met masts. The use of NML for power performance testing offshore and in simple terrain 

became standardized in January 2022, with the publication of IEC 61400-50-3. 

A Power Curve Measurement (PCM) campaign is currently being carried out at a wind 

farm in Sweden located in a forested and semi-complex terrain, owned by Vasa Vind. 

The data collected with a nacelle-mounted lidar and a reference met mast (RMM) will 

be utilized for the purpose of this study, to assess the turbine performance in different 

wake conditions, while considering various meteorological parameters, such as TI and 

wind shear. This research will contribute to the growing body of literature on power 

performance testing of wind turbines and the use of NML in these assessments. 

1.2. Objective and Research Questions 

The main objective of this study is to assess the performance of a wind turbine in wake 

and wake-free conditions through measurements performed with a lidar. This will 

be achieved by comparing power curves and power output for disturbed and undisturbed 

sectors. Furthermore, the research aims to investigate the influence of TI and wind shear 

on the performance. 

The research will be guided by the following research questions: 

• How does the dataset derived with the NML compare to measurements 

from the RMM? 

• How does the wind turbine performance change with different wake conditions? 

• How do turbulence intensity and wind shear affect wind turbine performance?  

The study will be performed for a wind farm owned and operated by Vasa Vind 

and the results will be of great use to the company. Furthermore, it may be relevant 

for other wind farm operators to understand how the performance of wind turbines varies 

under different wake conditions and atmospheric parameters. 
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1.3. Outline 

Chapter 2 provides background information on subjects discussed in this report, such 

as wakes, turbulence intensity, wind shear and atmospheric stability, in order to give 

the reader a basic understanding of these topics. In Chapter 3, relevant and recent research 

papers are summarized in a literature review. The methodology applied in this project 

is described in Chapter 4, including the case background and information about 

the analyzed data. Results of the study are presented and discussed in Chapter 5. Finally, 

Chapter 6 provides a conclusion of the findings regarding the research questions. 
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2. THEORY 

2.1. Atmospheric Boundary Layer 

The lowest part of the atmosphere, which is 100 m to 3 km deep, is called the Atmospheric 

Boundary Layer (ABL). Here, the influence of surface friction and heat fluxes 

is significant, leading to diurnal variations of temperature and turbulence. The friction 

causes the wind speed to decrease to zero near the surface. In the ABL structure, we can 

distinguish two main components: the surface layer and the Ekman layer. The former, also 

called the Prandtl layer, is located closer to the ground. The depth of this layer varies 

diurnally, and can extend to around 100 m. Here, a large increase in wind speed 

with height is observed. The latter is the upper layer which makes up around 90% of ABL. 

The vertical wind gradients are not as significant here as in the surface later. This layer 

is characterized by the fact that the wind direction turns with height due to the Coriolis 

force (Emeis, 2018). 

An ABL feature which is the most relevant for wind power generation is the horizontal 

wind profile that varies in vertical direction, which describes the change in wind speed 

with height. Wind profile in ABL can be expressed either by power law or by logarithmic 

law. In the former, the wind speed 𝑢(𝑧) at certain height 𝑧 can be found with the following 

equation: 

𝑢(𝑧) = 𝑢(𝑧𝑟) ∗ (
𝑧

𝑧𝑟
)

𝛼 

 

Equation 1 Power law (Emeis, 2018). 

where 𝑢(𝑧𝑟) is a reference wind speed at the reference height  𝑧𝑟, and α is a power law 

exponent. The α value is typically around 0.14 in stable atmosphere, however, it can vary 

depending on thermal stability and surface roughness. The higher the value, the smaller 

the wind speed gradient, meaning the wind profile is flatter (see Figure 1). 
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Figure 1 Theoretical wind profiles for different values of wind shear exponent (α = 0.08, 0.14, 0.20, 0.35). A speed of 

8.5 m/s at 120 m is assumed (Brower et al., 2012). 

The logarithmic wind profile is described with the following formula: 

𝑢(𝑧) =
𝑢∗

𝜅
ln (

𝑧 − 𝑑

𝑧0
) 

Equation 2 Logarithmic law (Emeis, 2018). 

where 𝑢∗ is the friction velocity, 𝜅 is the von Kármán constant (equal to 0.4), 

𝑧0 is the roughness length and 𝑑 is the displacement height. The displacement height 

𝑑 is relevant when analyzing areas of dense forest, and otherwise can be disregarded. 

The roughness length 𝑧𝑜 depends on the type of surface, for instance, this value is high 

for forests and low for water. This parameter significantly affects the wind profile.  

2.2. Wind Shear 

Generally, the velocity of wind increases with height, while the rate of this change 

decreases with height. This rate of change is referred to as the wind shear. Since wind 

speed directly influences the wind power production, wind shear is highly relevant 

for wind farm projects, and especially large wind turbines. As the hub heights and rotor 

diameters are increasing, the swept area expands beyond the Prandtl layer into more 
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complex flows, where the wind profile may deviate from the expected (Bardal et al., 2015; 

Wharton & Lundquist, 2012b). Therefore, more accurate results can be obtained when 

measuring the wind profile over the entire rotor disk. The power law exponent, also called 

the wind shear exponent, extracted from Equation 1 is typically used to quantify the wind 

shear based on measurements at two heights: 

𝛼 =
log (

𝑢(𝑧)
𝑢(𝑧𝑟)

)

log (
𝑧
𝑧𝑟

)
 

Equation 3 The wind shear exponent.. 

2.3. Wind turbulence 

Velocity fluctuations, referred to as wind turbulence, originate from two mechanisms, 

the first one being thermal gradients causing vertical air movements (thermal turbulence), 

and the second one being the friction between the air and the surface, which generates 

turbulent eddies (mechanical turbulence). The simplest method of quantifying wind 

turbulence is through turbulence intensity (TI), which is calculated as a ratio 

of the standard deviation of wind velocity 𝜎 and the corresponding value of average wind 

velocity 𝑢: 

𝑇𝐼 =
𝜎

𝑢
 

Equation 4 Turbulence instensity (Landberg, 2015). 

This scale allows to measure the turbulence level in relation to mean wind velocity. High 

TI values demonstrate turbulent flow, while low TI values suggest the wind flow is more 

laminar. Sonic anemometers and SODARs allow to calculate three component TI 

(horizontal, latitudinal and longitudinal) (Wharton & Lundquist, 2012b), however, 

according to IEC 61400-12-1 measuring only the horizontal component is sufficient 

and can be done with a cup anemometer (Stival et al., 2017).  
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Wind turbulence is highly relevant for wind farm projects, not only because of the effects 

on power production, but also due to the generated loads causing fatigue damage 

to the turbines. 

2.4. Atmospheric stability 

In this part of the report the discussion will be based on the concept of air parcel, 

which is a unit of air that acts as a whole and does exchange heat or mix 

with the surrounding air. Any temperature changes occurring inside the discussed air 

parcel are therefore adiabatic, meaning that no heat is transferred, and the process 

is caused by changes in the internal energy (Ahrens, Jackson & Jackson, 2012). 

Near the ground, the temperature and pressure of the air parcel match 

that of the surrounding air. When lifting the parcel above the ground, the pressure 

of the neighboring air becomes lower since pressure decreases with height. In this case, 

when the pressure outside the parcel is lower, the molecules inside the parcel begin 

to expand it adiabatically. This process requires energy and, as no other source of energy 

is available, the molecules expand at the expense of their own energy. As the energy in the 

air parcel decreases, so does its temperature. When we bring the parcel back to the ground, 

it gets adiabatically compressed due to the surrounding higher pressure, thus the increase 

of its internal temperature (Ahrens, Jackson & Jackson, 2012). 

The temperature of the rising air parcel is relevant when discussing the atmospheric 

stability. During the day, when the sun is heating the surface, the air parcel near the ground 

is warmer than the surrounding air. The parcel rises until it reaches a state of balance, 

where its temperature matches that of the surroundings. The colder air from above sinks 

due to a higher density. In this case, the atmosphere is unstable since the air parcels 

are mixing and creating turbulence.  

The opposite takes place at night when the surface is not heated. As the rising air parcel 

is colder and more dense than the surroundings, it descends to its original position. 

This situation prevents the vertical mixing of air parcels, thus the stable stratification. 

The vertical gradients are larger than in the unstable conditions.  
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The neutral atmosphere occurs when the temperature of the air parcel is the same 

as the temperature of the surrounding air and the vertical air movements are neither 

impeded nor fostered (Ahrens, Jackson & Jackson, 2012; Nugent et a., no date). 

The local atmospheric stability at a wind farm can be determined by analyzing wind shear 

exponent and turbulence intensity. High wind shear values generally indicate stable 

atmosphere where the wind profile is strongly stratified. In this situation the vertical 

mixing and the turbulence intensity are low. Unstable conditions are typically 

characterized by larger turbulence and low wind shear exponent occurring for uniform 

wind profile. It should be noted, that although measuring wind shear exponent and TI can 

be used for estimating the condition of atmosphere, these are not direct measures 

of stability (Wharton & Lundquist, 2012b). Methods frequently used to measure 

atmospheric stability are bulk Richardson number and Obukhov length method.  

2.5. Wakes 

Wake is an area behind the turbine, where the wind speed, and consequently the available 

energy, are reduced due to a partial conversion of wind’s kinetic energy. To illustrate this 

we can imagine two turbines located one in front of the other (Figure 2). As wind passes 

through the first turbine rotor, part of its kinetic energy is extracted by the turbine and 

converted into mechanical energy. When the wind reaches the second turbine, its speed 

and kinetic energy are reduced, which results in lower energy production comparing 

to the upstream turbine (Landberg, 2016).  
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Figure 2 A three-dimensional visualization of the flow in the simulated windfarm in LES. The blue regions indicate 

low velocity wind-regions (David Bock as part of the Extended Collaborative Support Services of XSEDE; in Steven, 

Gayme & Meneveau, 2016). 

The area close behind the rotor, called the near wake, is where helical tip vortices 

are formed by rotating blades. Not only do these vortices cause a turbulent flow 

in the wake, but they also generate noise and blade vibrations. The near wake region 

is influenced by rotor and blades geometry, and inflow conditions (Massouh & Dobrev, 

2007; Odemark, 2012). These characteristics become less relevant in the far wake region, 

where the flow is mainly affected by the topography and the wakes from other wind 

turbines in the wind farm. Here, the vortex formations disintegrate into smaller scale 

turbulence and, as the wake gets further from the turbine, it dies out due to the mixing 

with the surrounding air (Ivanell, Nilsson & Eriksson, 2018; Landberg, 2016). 

The simulation of a wind turbine wake is illustrated in Figure 3. 

Since wakes are regions of reduced wind speed, they directly affect wind farm power 

production. This can be seen not only in turbine-to-turbine interaction inside the wind farm 

but also in interactions between different wind farms. Wakes from individual turbines 

in a wind farm overlap and mix, creating a long-distance wake behind the wind farm, 
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which impacts the neighboring projects. Therefore, this phenomenon is highly relevant 

for wind power industry.  

 

Figure 3 LES simulation of a wind turbine wake (Benard et al., 2018). 
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3. LITERATURE REVIEW 

3.1. Power performance analysis 

The need for optimizing wind farms’ production and maximizing the revenues 

from the sale of generated electricity necessitates power performance analysis. 

Calculating the power curve and the annual energy production (AEP) are the main parts 

of the power performance assessment. A power curve shows the relationship between 

wind speed and the generated power, and is based on the wind measurements and turbine 

signals. After calculating the operational power curve, it is typically compared 

to the contractual power curve provided by the turbine manufacturer. The power curve 

together with wind speed frequency distribution, can be used to calculate the AEP. 

In 2005, the International Electrotechnical Commission (IEC) published an international 

standard IEC 61400-12-1:2005 which provides a uniform methodology for measuring 

and analyzing wind turbine performance. The main shortcomings of the procedure 

described in this document are that it is based only on a one point hub height wind speed 

measurements, and it does not account for wind shear and turbulence intensity. The most 

updated version of this document was issued in 2017. The main aspects mentioned in IEC 

61400-12-1:2017 standard, as an addition to the version from 2005, are the rotor 

equivalent wind speed (REWS), obstacle assessment and site calibration, and the use 

of ground-based remote sensing devices for wind measurements in non-complex terrain 

(IEC, 2017). 

The first step in the IEC compliant power performance analysis is to normalize 

the measured wind speed data to standard air density, which is further explained in 4.6.2. 

This is followed by sorting the data into 0.5 m/s bins in order to draw the power curve and 

calculate the AEP by summarizing the power output contribution of each bin according 

to the following equation: 

𝐴𝐸𝑃 = 𝑁ℎ ∑[𝐹(𝑉𝑖) − 𝐹(𝑉𝑖−1)](
𝑃𝑖−1 + 𝑃𝑖

2
)   

𝑁

𝑖=1
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where 𝑁ℎ is the number of hours in a year, 𝑁 is the number of bins, 𝑉𝑖 is the averaged 

wind speed in bin 𝑖, and 𝑃𝑖 is the averaged power output in bin 𝑖. 𝐹(𝑉) is the Rayleigh 

cumulative probability distribution function for annual average wind speeds, 

which is calculated with the following formula (IEC, 2005): 

𝐹(𝑉) = 1 − exp (−
𝜋

4
(

𝑉

𝑉𝑎𝑣𝑒
)

2

 ) 

where 𝑉 is the wind speed in bin 𝑖, and 𝑉𝑎𝑣𝑒 is the annual average wind speed at hub height. 

According to the power performance testing method described in IEC 61400-12-1, 

the wind measurements should be carried out at hub height with a met mast installed 

between 2 and 4 rotor diameters distance upwind of the analyzed turbine in order 

to measure undisturbed flow. A different method is presented in IEC 61400-12-2 (IEC, 

2013), where the wind speed is measured by a nacelle-mounted anemometer. In this case, 

the flow captured by the anemometer is strongly influenced by the turbine rotor and 

nacelle, hence the measured wind speed needs to be corrected with nacelle transfer 

function (NTF) to estimate the undisturbed flow (IEC, 2013). This approach was used 

by Kim et al. (2013) for power performance testing of a turbine located in the distance 

of 11 rotor diameters from a reference met mast. The authors calculated the NTF based 

on data from met mast and a turbine located 2.5 rotor diameters from the met mast 

and applied it to the test turbine located further away. The power performance test 

was conducted successfully in line with the IEC standard, and consequently, the authors 

demonstrated that this method allows to use one met mast for several turbines located 

at different distances from the met mast, therefore reducing the costs compared to the IEC 

61400-12-1 approach. Shin & Ko (2019) investigated the applicability of nacelle-mounted 

lidar NTF for power performance testing without a met mast. Here, the NTF was based 

on the measurements from nacelle anemometer and nacelle lidar measuring wind speed 

in front of the rotor. The results of the study indicate that the power curve derived 

from the nacelle NTF is in good agreement with these calculated according to the IEC 

standards. Other researches have also investigated the application of nacelle-mounted lidar 

for power performance testing (Wagner et al., 2013a,b, Wagner & Vignaroli. 2015). 
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In a report from 2013, Wagner et al. provide a methodology for power performance 

measurement, including calculation of AEP and power curve, utilizing a two-beam nacelle 

lidar. In their approach, the authors considered the tilt and roll movement of the nacelle 

and describe methods for determining the uncertainties resulting from these effects. 

The intent of this research was to present a procedure that can be used in addition 

to the one described in IEC 61400-12- 1:2005 standard. This methodology by Wagner 

et al. (2013a) was later tested in a measurement campaign in Avedøre offshore wind farm 

(Wagner et al., 2013b). The campaign results demonstrate that the power curve obtained 

with the lidar matches well with the power curve obtained through the standard procedure. 

Only a 0.6% difference was found between the AEP calculated with the different methods 

(Wagner et al., 2013b). Wagner & Vignaroli (2015) carried out a power curve verification 

for an offshore wind turbine using a nacelle lidar and a scanning lidar installed 

on a turbine transition piece. Power curves derived from the lidar measurements were 

in good agreement with the power curve from the cup anemometer. The obtained values 

of AEP were 0.3-0.4% lower for the lidars comparing to the cup anemometer. 

In the beginning of 2022, the IEC 61400-50-3 standard was published, which provides 

a uniform methodology for wind measurements performed with nacelle-mounted lidars.  

3.2. Wake effect 

Of particular interest for the wind industry are the effects of turbine wakes since they 

are responsible for reduced power production and increased fatigue loads. Understanding 

the wakes’ flow and their interactions, as well as predicting the power loss they cause, 

is required for optimizing operation of wind farms and maximizing the power output. 

Therefore, a considerable body of literature has developed on the effects of wakes in wind 

farms. Researchers have focused on both assessing the power losses due to the wake 

effects and investigating the wakes characteristics. Special attention has been paid 

to offshore projects, such as Horns Rev (Barthelmie et al., 2010; Jensen et al., 2011; 

Méchali et al.; Porte-Agel et al., 2013), Nysted (Barthelmie et al., 2010; Barthelmie & 

Jensen, 2010);  and Middelgrunden (Barthelmie et al., 2007).  
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In a research by Barthelmie & Jensen (2010) wake effects in Nysted wind farm 

were assessed by measuring wind farm efficiency, which is defined as “the sum 

of measured power at each turbine divided by the total freestream power”. The authors 

reported differences in efficiencies between single turbines reaching 20%, and a 1.3% 

change in efficiency with the turbine spacing changing by one rotor diameter. Barthelmie 

et al. (2007) used SCADA data to quantify the wake induced power losses 

At Middelgrunden wind farm, Barthelmie et al. (2007) measured wake induced power 

losses to be around 10%, with highest values observed for the lower wind speeds. Méchali 

et al. analyzed the impact of wakes under different wind directions on the power 

production in a row of turbines at Horns Rev. The largest drop in power output 

was observed for the second turbine in the row, while further along the line the power 

was decreasing more steadily. Moreover, the highest drop was seen for a narrow sector, 

where the wind direction was aligned with the line of turbines. Barthelme et al. (2010) 

asses wake depth for both Nysted and Horns Rev by measuring power deficits 

by downwind distance. Power deficit has been used by numerous researchers to quantify 

the wake effects. This measure is inversely proportional to turbine efficiency. A general 

decrease in wind velocity was noticed for the third column of turbines, between 20 and 30 

rotor diameters from the reference turbines. In addition to the field measurements, 

researchers have investigated the wake effects through numerical analysis. Porte-Agel 

et al. (2013) study the wake effects and power losses in the Horns Rev project under 

changing wind direction with the use of LES. The power output was normalized 

by the power from corresponding number of stand-alone turbines. The simulations show 

that varying wind direction leads to changing wake conditions (full-wake, part-wake), 

which have a large impact on velocity deficit and turbulence. For the mentioned case, 

the increase in power output for a 10o change in wind direction from the worst-case sector 

reached 43%. 

The research on wind turbine wakes has been focused mainly on the cases of simple terrain 

and offshore sites. Recently, the number of wind farm projects located in complex terrain 

has been increasing due to the limited availability of simple terrain sites. The topography 
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of these locations adds to the complexity of atmospheric conditions, which leads 

to challenges in predicting the wake structures and assessing wind farm performance. 

Gao et al. (2019) analyze the power output of four turbines located in a complex terrain 

in North China based on lidar measurements and SCADA data. In the paper, scenarios 

of full wake, part wake and separated wake effects are investigated, by combining 

the impacts of both wakes and topography. The results of this study show that the power 

output for part wake scenario can be up to 15% higher than in the full wake scenario. 

Moreover, the authors bring attention to the effects of terrain on the wake flow, including 

the altitude, gradient and mountain slopes.   

El-Asha et al. (2017) examined power losses due to wake effects in onshore wind farm 

based on SCADA, lidar and met mast data. First, the wakes were detected through 

the investigation of added TI, which is the difference between the free-stream turbulence 

intensity and the TI at a specific turbine. This was followed by calculating the power losses 

as a difference between the actual and the potential power production. While the actual 

power production is obtained from SCADA, the potential power production is estimated 

with three methods, based on: 

• the reference hub height wind speed and experimental power curves; 

• average power from the upstream turbines; 

• maximum power output of the entire wind farm recorded through SCADA data. 

The study found that the power losses are lower and the wakes recover faster in unstable 

atmosphere. While the cumulative power losses in the wind farm are estimated 

to be between 2% and 4%, the values observed for specific turbines reach 60 - 80%. 

Böhme et al. (2018) measure wake effects at three met masts locations in a wind farm 

in complex terrain. By comparing the datasets from wake-free period, before the turbines 

started operating, with a period affected by wakes, after the start of operation, the authors 

calculate wind and power deficit, thus quantifying the wake effects. MCP (Measure – 

Correlate – Predict) procedure was applied in order to avoid the impacts of seasonality. 

It was observed, that the met mast located downwind from two lines of turbines 



 

26 

 

 

experienced higher wind and power deficits comparing to the met mast which was affected 

by a single line of turbines. 

3.3. Turbulence intensity, wind shear and atmospheric stability 

The amount of power generated by wind turbine depends not only on the wind speed, 

but also on inflow characteristics, such as wind sheer and turbulence intensity, both related 

to atmospheric stability. These correlations have been previously investigated 

by numerous authors (Bardal, Sætran & Wangsness, 2015; Clifton et al., 2013; 

Dörenkämper et al., 2014; Hansen et al., 2011; Honrubia et al., 2010; Honrubia, Vigueras-

Rodriguez & Gomez-Lazaro, 2012; St. Martin et al., 2016; Stival, Guetter & Andrade, 

2017; Vanderwende & Lundquist, 2012; Wharton & Lundquist, 2012a,b). 

There is a strong correlation between the wind shear and turbulence, namely high wind 

shear is typically linked to low turbulence intensity and the opposite, the turbulence 

are higher when the wind shear parameter is low. For that reason, it may be difficult 

to separate the effects of turbulence and wind shear on wind turbine power production 

(Wharton & Lundquist, 2012a).  

Wharton & Lundquist (2012a,b) study the turbine performance under different stability 

classes, which are defined based on a wide range of stability parameters, including 

the wind shear coefficient (α), horizontal and vertical turbulence intensity, and turbulence 

kinetic energy (TKE). These studies found that stable conditions foster turbine 

overperformance. According to the results (Wharton & Lundquist, 2012a), high level 

of wind shear, associated with stable atmospheric conditions, resulted in 9% increase 

of power production comparing to unstable conditions. This was observed mainly 

for moderate wind speeds. No significant impact was noticed for wind speeds under 5 m/s. 

Also, for moderate wind speeds high turbulence resulted in 15% lower power production. 

This pattern was also noticed by Rareshide et al. (2009) who found that moderate to high 

positive wind shear led to higher power output than when wind shear was low. The same 

method for stability classification as presented by Wharton & Lundquist (2012a) was used 

by Vanderwende & Lundquist (2012), with small differences in defined ranges. Here, 
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on the other hand, convective conditions in low and moderate wind speeds (under 12 m/s) 

led to higher power output, while for the wind speeds above 12 m/s the higher production 

was noticed for stable conditions. This is in line with the results of the study performed 

by Dörenkämper et al. (2014), where power curves for offshore wind turbines were 

analyzed in non-wake, single-wake and double-wake cases. In low to moderate wind 

speeds, stable conditions resulted in lower generation in comparison to unstable 

atmosphere, however, this correlation inverted in near rated wind speeds. As much as 20% 

difference in power production values was observed between the analyzed stability 

classes. In their study, St. Martin et al. (2016) analyze wind turbine power performance 

by calculating annual energy production (AEP) and power curves for different TI values 

and varying atmospheric stability conditions, based on the bulk Richardson number (RB). 

The results show that for lower wind speeds (5-7 m/s) the power production is increased 

for high TI and reduced for low TI values, while the opposite can be observed for near 

rated wind speeds (10-14 m/s), where higher TI results in lower production. As for the RB 

parameter, during stable atmospheric conditions the power output is higher for near rated 

wind speeds, whereas in unstable conditions higher production is noticed when the wind 

speeds are lower. The authors point out the importance of turbulence and stability filters 

in power performance analysis. Bardal et al. (2015) utilized a lidar for wind turbine power 

performance analysis in a range of wind shear and TI conditions. The calculated power 

curves show an increase in power output below the inflection point due to the high TI, 

and a decrease in power output above the inflection point due to low TI. An inverse 

correlation is observed for the wind shear conditions, meaning that overperformance 

in the lower part of power curve results from low wind shear, while the underperformance 

in the upper power curve is linked to the high wind shear bins. Stival, Guetter & Andrade 

(2017) confirm this pattern in their research based on lidar and SCADA data 

from an onshore wind farm, where high TI reduced turbine power production in high wind 

speeds, and increased it in lower wind speeds. Regarding the wind shear, similarly to other 

studies, the high wind shear occurring in wind speeds below rated, adds to the uncertainty 

of wind turbine power generation. After investigating this relationship at a wind farm 



 

28 

 

 

in complex terrain, (Honrubia et al., 2012) concluded that high TI results in higher power 

output at low winds speeds, and lower power output at moderate and high wind speeds, 

while medium and high wind shear is linked to reduced generation (Honrubia et al., 2010). 

Hansen et al. (2011) studied the case of offshore wind farm Horns Rev in order to evaluate 

the dependance of power deficits inside the wind farm on atmospheric stability 

and turbulence intensity. Similarly to other researchers, the authors found that the power 

deficit, which is inversely proportional to turbine efficiency, is the highest in stable 

atmosphere. The wind turbine simulations were used by Clifton et al. (2013) to estimate 

the turbine generation under different TI and wind shear conditions. The results 

of this research are in agreement with other mentioned studies. With increasing turbulence 

intensity, the power output rises at moderate wind speeds (under 8 m/s) and it decreases 

at near rated wind speeds. This is due to the fact that turbulent flow generally conveys 

more power compared to laminar flow. However, the extra energy carried 

in the turbulence at high wind speeds can no longer be captured.  

While the majority of these studies are in agreement regarding the effects of TI, wind shear 

and atmospheric stability on turbine power performance, a few were found that presented 

inconsistent findings (Rareshide et al., 2009; Wharton & Lundquist 2012a,b). According 

to Clifton et al. (2013) the results may vary depending on site-specific wind conditions. 

  



 

29 

 

 

4. MATERIALS AND METHODS 

4.1. Case background 

This thesis is a case study of a wind farm project located in the north-west of Sweden, 

owned by Vasa Vind. The company has appointed Wood consultancy to perform power 

performance test in a form of Power Curve Measurement (PCM) campaign on two 

turbines (WTG1 and WTG2) using reference meteorological mast (RMM) and nacelle-

mounted lidar (NML) installed on the WTG1. This was done in compliance with IEC 

Standard 61400-12-1 (2005), the MEASNET methodology for icing detection (2009) 

and the Power Curve Warranty. The focus of Wood’s analysis has been on the turbine 

performance in the freestream sector only. In this research, the measurement data collected 

by Wood from both the disturbed sectors and the wake-free sectors is utilized for further 

analysis outside of Wood’s scope. In addition to the company’s research, this study  

analyzes and compares the data in a range of wind directions sectors. The approach used 

here, namely the AEP comparison between the measured and warranted power, is similar 

to Wood’s methodology. 

Turbines selected for the analysis, locations of the RMM and NML, and the measurement 

sectors were determined in a terrain and obstacle assessment (TOA) carried out by Wood. 

The positions of WTG1 with the NML, WTG2 and RMM are presented in Figure 1, 

which shows a fragment of the project layout. As reflected in Figure 4, the met mast 

is installed south-east from WTG1 and south-west from WTG2. The distances between 

the met mast and the analyzed turbines are presented in Table 1. Only WTG1 will 

be considered in this analysis. 
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Table 1 Distances between the met mast and test turbines. 

 Distance [m] Distance [RD] 

RMM - WTG1 353.6 2.6 

RMM - WTG2 478.9 3.5 

 
Figure 4 Measurement set up – scale 1:12 500. 
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Figure 5 shows the elevation map of the project area which indicates that the elevation 

across the site varies significantly. The surface roughness at the site is high due to 

the dense forests coverage as can be seen on map presented in Figure 4. One can deduce 

that the terrain is of moderate complexity and some high roughness areas are visible 

in the surroundings. This finding is confirmed by the results of the terrain assessment. 

 
Figure 5 Measurement set up map with height contours - scale 1:20 000. 
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4.2. The freestream sectors 

Wood determined the freestream sectors for their research by analyzing the roughness 

and obstacles at the site, including the impact of surrounding turbines, then establishing 

and combining the undisturbed sectors of RMM and turbines. The obtained measurement 

sectors are presented in Table 2. Wood’s PCM analysis was carried out only for these 

freestream sectors. This study aims to investigate the remaining data from the disturbed 

directions.  

Table 2 RMM and NML freestream sectors. 

Measurement sector Filter Range 

RMM and WTG 1 [127 °– 290°) 

NML and WTG 1 [132° – 285°) 

4.3. Site Calibration  

The terrain assessment was carried out in line with IEC 61400-12-1 standard to assess 

the necessity of site calibration (SC). The obtained results of terrain variation exceeded 

the limits provided in the IEC standard, indicating that the test locations are situated 

in a complex terrain, and consequently, a SC is required.  

As the RMM is located at some distance from the turbines, the flow at these locations 

varies due to the topography. The purpose of site calibration is to reduce the inaccuracy 

between the wind speed values measured at the met mast and the turbine locations. 

This is typically done by determining the correlation between wind speeds measured 

at the reference met mast and at the turbine met mast, which is installed as close 

as possible to the turbine before the construction. Since the analyzed wind farm is already 

in operation, this approach is no longer suitable. Therefore, computational fluid dynamics 

(CFD) was used for numerical site calibration (NSC) instead of an IEC-compliant 

approach. 
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As a result of the numerical site calibration, flow correction factors (FCFs) 

were determined for the measurement sectors in order to find the wind speed values 

at the location of the turbines based on the RMM measurements. 

4.4. Reference Met Mast 

A hub-height lattice met mast is installed at the site for the purpose of PCM, following 

which it will remain on the site as a reference measurement system. The installation 

and commissioning of the RMM took place in June 2021, and the measurements 

considered in this study run from the 26 June 2021 until 10 November 2021.  

The met mast is equipped with four anemometers: the primary one at 112 m with boom 

azimuth 270o, another one at 112 m and boom azimuth of 90o, one at 78 m and one at 44 m. 

Other instruments include: 3 temperature and relative humidity sensors, 2 barometers, 

ultrasonic anemometer, 2 wind vanes and a rain detector. Both the RMM and the installed 

equipment are compliant with the IEC 61400-12-1:2005 standard, MEASNET, and ISO 

17025 guidelines. The equipment is protected against the lighting with a lighting 

protection system which consists of a lighting rod and two finials. Also, the RMM 

is connected to an earthing ring and the guy wires are earthed at the anchor point. 

The primary instruments used for power curve analysis are the anemometers installed 

at 112 m height, oriented at 270o and 90o, and the wind vane installed at 105 m height. 

Regarding the datalogging system, all calibrated met sensor data is measured 

with the main datalogger, while the auxiliary datalogger is used for uncalibrated devices. 

The sampling rate is 1 Hz and the data is averaged over 10 min, which is in line 

with the IEC standard. The equipment is located at the base of the mast in a weatherproof 

enclosure.  

Additionally, a Power Performance Monitoring System (PPMS) was installed to record 

active power output from the turbines. However, the PPMS data was not used 

in this analysis. 
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4.5. Nacelle-Mounted Lidar 

4.5.1. Working principle 

A continuous-wave coherent lidar was utilized in this measurement campaign. Its working 

principle is based on the Doppler effect, which is defined as “a change in the observed 

frequency of a wave due to relative motion of the source and observer” (Camuffo, 2014). 

Here, the lidar is an observer releasing a beam of laser light in the form of continuous 

wave in front of the rotor. This light is then reflected by the aerosols which, by moving 

with the wind along the beam direction, are causing a change in frequency 

of the backscattered light (Smith et al., 2014). This change, called the Doppler shift ∆𝑓, 

is proportional to the line-of-sight (LOS) velocity of aerosols 𝑣: 

∆𝑓 =
2𝑓0𝑣

𝑐
 

Equation 5 The Doppler shift (Emeis,2018). 

where 𝑓0 is the emitted frequency and 𝑐 is the speed of light.  

If the particles move away from lidar the frequency is decreased, whereas if the movement 

is towards the instrument the frequency increases. The LOS wind speed can be obtained 

by measuring the Doppler shift. However, in order to determine more than one wind speed 

component, LOS needs to be measured in multiple directions. This can be achieved 

by circular scan which allows to measure wind speeds at 50 points around the scan 

with a sample rate of 20 ms (Slinger et al., 2014; Smith et al., 2014). The device selected 

for this campaign is a circular-scanning, continuous-wave lidar. 

4.5.2. NML Setup 

A ZX Lidars ZX TM nacelle-mounted lidar was selected for the purpose of the PCM 

campaign. It is a circular-scanning, continuous-wave lidar, which scan geometry consists 

of a single beam being swept around a conical path, with 15o opening half-angle, 

by a wedge-shaped prism rotating at a 1 Hz frequency, with data being acquired 
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at a frequency of 50 Hz. Each scan consists of 49 radial measurements, at a phase spacing 

of 7.35o / 0.13 radians. 

The installation and commissioning of the NML took place in June 2021. The lidar 

is mounted on the nacelle of WTG1, at a height of 116.6 m. The lidar was installed 

with a tilt angle of <0.5o, a roll angle of 0 ± 0.2o, and a 0.8o yaw alignment. Figures 6 and 7 

show the device mounted on top of the WTG1 nacelle. 

 

Figure 6 ZX TM mounted on the nacelle of WTG1. 
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Figure 7 ZX TM from the front of the nacelle. 

The NML is measuring the wind data at 4 distances in front of the rotor (ranges) and 9 

heights across the WTG rotor disc (slices). The ranges and slices are summarized 

in Tables 3 and 4. Each slice is 15.1 m height, with the slice no 5 centered on the hub 

height.   

Table 3 Measurement ranges of NML. 

Range No. 1 2 3 4 

Distance [m] 354 204 68 10 

Rotor Diameters 2.6 1.5 0.5 - 

Table 4 Measurement slices of NML shown at 254 m distance (where scan diameter equals rotor diameter). 

Slice No. 1 2 3 4 5 6 7 8 9 

Height [m] 51.6 66.7 81.8 96.9 112 127.1 142.2 157.3 172.4 
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The lidar uses two wind field reconstruction algorithms. The measurements analyzed 

in this study were derived with the PDAC (pair-derived average then calculate) algorithm 

which uses on a pair of horizontally aligned measurement points averaged over a 10-min 

period as an input.   

4.5.3. Calibration 

Prior to the installation of the NML, a calibration was performed in order to assess 

the measurement uncertainties and ensure the accuracy and traceability of the instrument. 

This process allowed to establish a correlation between the reference wind speed 

measurements from a cup anemometer and the lidar LOS wind speed measurements, 

and use this correlation to find a correction to be applied to the LOS wind speed 

indications (Borraccino, 2015). The calibration was performed in May 2021 at DTU Test 

Station at Høvsøre in Denmark. Apart from the LOS calibration, a tilt calibration 

and a geometry verification were carried out. The former aimed at establishing the tilt axis 

offset of the inclinometer calibration and correcting for it, while the latter’s objective was 

to verify the scanning cone opening angle. The results of the lidar calibration are presented 

in Table 5. 
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Table 5 NML calibration results with acceptance criteria. The results which fulfilled the criteria are marked in green, 

while the results that did not pass the criteria are marked in red. 

Category Definition Acceptance criteria Result 

Radial wind speed 

10-minute linear 

regression (unforced) 

0.99 < Slope < 1.01 0.979 

-0.1 < Offset < 0.1 0.149 

R2 > 0.99 0.9984 

Mean deviation 

between lidar and 

reference 

< 1 % 0.67 % 

Tilt 
Linear regression 

(unforced) 

0.985 < Slope < 1.015 0.994 

-0.15 < Offset < 0.15 -0.34 

R2 > 0.985 0.9999 

Scan geometry Cone angle ± 0.1o 0.14o 

4.6. Data and Methodology 

4.6.1. Data filtering 

The measurement data obtained from the lidar, the met mast and the turbine SCADA, 

recorded and stored as 10-minute averages, has been provided by Wood. They have pre-

processed and screened the RMM, NCM and SCADA data by synchronizing 

the timestamps to UTC and removing anomalous timestamps, such as repeated rows, 

significant deviations from the concurrent mean or records outside the sensor ranges. 

This analysis is based on the measurements taken from 25 June 2021 00:00 UTC 

until 10 November 2021 00:00 UTC. 

RMM data 

A large part of the RMM data analysis is based on the wind measurements from two hub-

height anemometers with a boom azimuth of 270o and 90o, averaged. Additionally, 
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an anemometer installed at 44 m (270o boom azimuth) was used together with the hub 

heigh anemometer (270o boom azimuth) to calculate the wind shear exponent. 

The RMM dataset provided by Wood has already been filtered for erroneous values 

and periods of suspected icing which could possibly affect the performance of met mast 

instrumentation. The number of time stamps excluded from the dataset due to icing events 

was 816 for the main anemometer installed at 270o boom azimuth, and only 76 for the 90o 

boom azimuth anemometer. Therefore, as the wind speed used for this analysis 

was the average of these two instruments, in the events of icing identified on the first 

anemometer the measurements from the second anemometer were used, which resulted 

in higher data coverage.  

Lidar data 

The lidar data analysis presented in this report is based on the PDAC wind measurements 

at hub-height and 354 m range (2.6 rotor diameters).  

The NML dataset obtained from Wood for the period between 26 June 2021 

and 10 November 2021 was missing 1047 full time stamps due to the ZX Lidar internal 

data-processing and system faults. Several automatic filters have been applied to the NML 

data by ZX Lidars in order to exclude the events of fog or snow blizzards, low-packets 

in 10 minute average, no scan disc coverage and failed REWS calculation. Additionally 

ZX Lidars recommended to reject the data fit-derived (FD) normalized mean fit residual 

(NMFR) > 0.04 due to a high flow complexity. However, as this would results 

in a significant reduction in available data, this filter was discounted in this analysis. 

A contractual temperature filter was applied in order to detect and exclude potential icing 

periods. All data points with the air temperature below 2oC and relative humidity above 

80%, measured by the top met mast sensors, were removed. 

Furthermore, filters on turbulence intensity and wind shear values have been applied 

in Chapter 5.3. As per contractual requirements, data records outside the bonds 0.06 ≤ TI 

≤ 0.12 and 0.0 ≤ α ≤ 0.3 should be discarded. However, as these filters would exclude 
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a considerable amount of data, a more relaxed filtering scenario was used in the analysis: 

0 ≤ TI ≤ 0.3 and 0 ≤ α ≤ 0.5. 

Table 6 presents results of filter analysis of NML data which shows the number of records 

and the percentage of initial data remaining after applying each of the filters individually. 

It indicates the amount of lidar and SCADA data available after removing the missing 

time stamps, as well as the amount of data remaining after individually applying filters 

for potential icing, the negative power values, the turbulence intensity and wind shear 

exponent. Furthermore, the percentage of data left after filtering out the wake or wake-

free sectors is presented. 

Table 6 Filter analysis for NML data. 

Time stamps in the 

measurement period 
100 % 19873 

Filter 

Data remaining after 

applying each filter 

individually [%] 

Data remaining after 

applying each filter 

individually 

Available time stamps 94.73 % 18826 

Data coverage – Lidar Wind 

Speed 
68.33 % 13588  

Data coverage - SCADA 99.94 % 19861  

Potential icing 86.96 % 17282  

Power > 0 86.08 % 17107 

0 ≤ TI ≤  0.3 92.55 % 18392 

0 ≤ α ≤ 0.5 87.97 % 17483 

Wake sectors  49.57 % 9852 

Wake-free sectors  50.36 % 10009 
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4.6.2. Air density normalization 

The air density for lidar data was derived from the measurements of relative humidity, air 

temperature and air pressure according to Equation 6: 

𝜌10𝑚𝑖𝑛 =
1

𝑇10𝑚𝑖𝑛
(

𝐵10𝑚𝑖𝑛

𝑅0
− Ф𝑃𝑊 (

1

𝑅0
−

1

𝑅𝑊
)) 

Equation 6 Air density calculation (IEC, 2017). 

where: 

𝜌10𝑚𝑖𝑛 - calculated air density averaged over 10 minutes, 

𝑇10𝑚𝑖𝑛 - measured absolute air temperature averaged over 10 minutes [K], 

𝐵10𝑚𝑖𝑛 - measured air pressure averaged over 10 minutes [Pa], 

Ф - relative humidity (range 0 to 1), 

𝑅0 - gas constant of dry air [287.05 J/kgK], 

𝑅𝑊 - gas constant of water vapour [461.5 J/kgK], 

𝑃𝑊 - vapour pressure [0.0000205*exp(0.0631846*T) Pa]. 

The RMM dataset included measured air density which was used for the normalization. 

The wind speed data from the RMM and the lidar was normalized to the air density 

of warranted power curve (1.2 kg/m3). This was done using the Equation: 

𝑉𝑛 = 𝑉𝑅𝑀𝑀/𝐿𝐼𝐷𝐴𝑅 (
𝜌10𝑚𝑖𝑛

𝜌0
)

1
3
 

Equation 7 Wind speed normalization (IEC, 2017). 

where: 

𝑉𝑛 - normalized wind speed, 

𝑉𝑅𝑀𝑀/𝐿𝐼𝐷𝐴𝑅 - 10-minute average wind speed, 

𝜌10𝑚𝑖𝑛 – measured air density, 

𝜌0 - reference air density. 
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4.6.3. Method of bins 

A method of bins has been utilized to calculate power curves. The wind speed was sorted 

in 0.5 m/s bins centered on multiples of 0.5 m/s. According to IEC 61400-12-1 standard 

(2017) the binned data should cover a range from 1 m/s below cut-in wind speed (2 m/s) 

to 1.5 times the wind speed at 85% of the rated power (14 m/s). In this analysis a different 

approach was used: the calculated power curves start at 3 m/s so as to compare them 

with the warranted power curve which begins at 3 m/s. The last wind speed bin used 

in the calculations is the last complete bin. In order to consider a bin complete it must 

contain a minimum of 3 data points. 
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5. RESULTS AND DISCUSSION 

5.1. RMM and NML data comparison 

Figure 8 shows the wind distribution at the analyzed site based on the data collected during 

the measurements period between the 26 June 2021 00:00 and the 10 November 2021 

00:00. The free-stream sectors are overlayed in yellow. As seen in the wind rose, 

the  predominant wind directions during the measurement period were South-East 

and North-West. However, it should be noted that the winter and spring months were 

not covered by the measurements, therefore the wind rose may not be a fully 

representative of the wind conditions at site.  

 
Figure 8 Wind rose for the measurement period. 
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The time series plot of wind speed measurements obtained with the RMM and the lidar 

is presented in Figure 9. The datasets have been normalized to the local air density 

and erroneous values and icing periods have been excluded. 

 

Figure 9 Time series of wind speed from RMM and NML. 

As shown in Figure 9, the wind speed measurements from RMM and NML are generally 

in good agreement. The RMM data has several gaps, the larger ones being observed 

in October and November due to icing on the instruments. A large number of gaps 

is visible in the NML dataset, especially at the end of the measurement period.  The NML 

data coverage in the analyzed period after applying temperature filters is 50.64%, 

while RMM data coverage is 99.6%. The gaps of missing NML wind speed data have 

been filtered out for the purpose of further analysis. The same timestamps have been 

removed from the RMM dataset so as to make the two datasets comparable.  

The met mast is located south-east of WTG1. Therefore, in order to investigate 

the correlation between measurements from RMM and NML, the datasets have been 

limited to wind directions between 132o – 190o, where the lidar is measuring in wake free 

sectors at or near the location of the RMM. The correlation between the RMM wind speed 

at 112 m and the lidar wind speed is presented in Figure 10. The correlation coefficient R2 

is 0.973 which indicates a very strong positive correlation between the datasets. 
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This is also reflected in the graph which shows that the scatter plot points are generally 

close to the trend line.  

 

Figure 10 Correlation between RMM and NML wind speeds. 

Additionally, the correlation between the turbulence intensity calculated from RMM 

and NML was investigated (see Figure 11). Here, the correlation coefficient R2 is 0.634 

which indicates a relatively poor correlation between the datasets.  

 

Figure 11 Correlation between RMM and NML turbulence intensity. 
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Figure 12 Correlation between RMM and NML wind shear exponent. 

In Figure 12 the correlation between the wind shear exponent calculated from RMM 

and NML data was investigated. The calculations were based on the wind speeds at 112 m 

and 44 m for RMM, and 112 m and 66.7 m for lidar. As seen in Figure 12 correlation 

coefficient R2 is 0.418 which indicates a poor correlation between the datasets.  

In Figure 13 power curves from NML and RMM wind speeds are compared based 

on the data from wind directions used in Figure 10, between 132o and 190o. It seems 

that above the warranted power curve more measurements from lidar can be observed, 

while the scatter visible under the warranted power curve is mostly RMM data. 

As for the binned power curves, the one extracted from lidar data is in better agreement 

with the warranted power curve compared to the RMM power curve. Both power curves 

deviate from the warranted between 9 m/s and 12 m/s. This pattern can be observed in all 

binned power curves presented in this thesis. Around the rated wind speed, the turbine 

transitions from control Region 2 to control Region 3. In Region 2 the turbine operates to 

optimize the power capture by regulating the rotor speed, while in Region 3 the output is 

maintained constant at the rated power by regulating the blade pitch (Cooperman & 

Martinez, 2014). Power losses can be observed when the turbine needs to quickly 

transition between these control regions in response to rapid changes of wind speed. 
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The power production data considered in this plot for both RMM and lidar is from 

the same SCADA dataset, only the wind speed data differs for the two instruments. 

Therefore, the difference between the two power curves results from the fact that the wind 

speed measured with the met mast is generally higher than the wind speed registered 

by the NML.  

 

Figure 13 Power curves extracted from RMM and NML data. 

5.2. Wind turbine power performance 

Turbine mean power production has been analyzed for 10o wide bins of wind direction. 

As shown in the Figure 14, the most records are available between 130o and 190o, and 270o 

and 320o which is due to the high frequency of wind from these directions. Generally, 

the power production is fluctuant across different wind directions. Local maxima of power 

production are observed at 0o, 70o, 170o, 190o , 280o and 300o, while the minima 

can be noticed at 30o, 90o, 210o – 260o and 340o. It appears that power output across 

different sectors is influenced mainly by the wind speed distribution (see Figure 8). 

Surprisingly, the wake conditions seem to have less influence on the results. Sector 210o - 

260o, considered as wake-free in this analysis, is characterized by lower production, 

whereas higher power output is observed for wake directions 290o – 320o and 360o – 10o. 

Terrain complexity and roughness may also be of influence. 
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Figure 14 Average power production presented by wind direction with wake-free sectors indicated in yellow. 

Power curves for wake and wake-free sectors based on NML data are presented 

in Figure 15. As shown in the graph, the data from disturbed wind directions is more 

scattered. The binned measured power curves are in good agreement with the warranted 

curve up to 8 m/s, where they start to deviate from it. Generally, in high wind speeds 

the power output illustrated by measured power curves is lower compared 

to the warranted. The power curve from wake-free sectors departs from the warranted 

curve between 8 m/s and 12 m/s. As for the power curve from wake sectors, the power 

production is lower compared to both warranted power curve and measured wake-free 

power curve which may be caused by higher turbulence intensity. 
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Figure 15 Lidar power curve for wake and wake-free sectors. 

The annual energy production was compared for the warranted power curve 

and the measured power curve in a range of wind directions sectors using the measured 

power output (MPO) and the warranted power output (WPO). The calculations 

were performed for two cases: with and without extrapolation. The MPO was calculated 

by multiplying the measured power curve by the nominal wind speed distribution based 

on the warranted Weibull parameters presented in Table 7. 

Table 7 Warranted Weibull parameters for the project. 

Shape parameter  Scale parameter 

2.6 8 

In the first case, the measured PC was extrapolated assuming constant power 

from the highest measured wind speed (minimum 3 measurements in the bin) to the cut-

out wind speed, using the power corresponding to the measured highest wind speed. 

Below the lowest measured wind speed zero power production was assumed. The WPO 

was calculated based on the warranted power curve and the nominal wind speed 

distribution used for the MPO. The air density used for these calculations was 1.2 kg/m3. 

The comparison of MPO and WPO is carried out for six wind direction sectors listed 

in Table 8. As shown in Figures 4 and 5 the selected sectors represent well the varied 

terrain and forest density. Moreover, as the number of obstacles (turbines) differs in each 
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sector the results are expected to illustrate the different levels of wake effect. The detailed 

results are presented in Appendix I. 

Table 8 Results of MPO comparison - extrapolated. 

Wind direction 

sector 
MPO/WPO [%] 

[0°, 60°) 91.34 

[60°, 120°) 87.78 

[120°, 180°) 99.74 

[180°, 240°) 93.30 

[240°, 300°) 94.85 

[300°, 360°) 97.03 

The calculated power output for the sector [120°, 180°) is the closest to the warranted 

value (99.74%). As shown on the map, no turbines which could disturb the flow 

are present in that sector. The power production in sectors [180°, 240°) and [240°, 300°) 

is respectively 93.30% and 94.85% of the warranted value. Since these are also wake-free 

directions a higher AEP value could be expected. This difference between the MPO 

and the WPO may be a result of terrain complexity or groups of taller trees. As expected, 

the power output for sectors [0°, 60°) and [60°, 120°) is lower due to the wake effect 

caused by a group of turbines WTG2 – WTG8. Wake effects could also be expected 

in sector [300°, 360°), however, WTG9 and WTG10 are located relatively far 

from WTG1, hence their impact on power production is less significant than in sectors 

[0°, 60°) and [60°, 120°). In addition, sectors [120°, 180°) and [300°, 360°) 

with the highest MPO are also the ones with the highest wind frequency and the highest 

data coverage.  

The measured and extrapolated power curves together with the warranted power curve 

are presented in Figure 16. The MPC for the sector [120°, 180°) is the closest 

to the warranted curve. In the wind speeds between 6 m/s and 8 m/s the power output 

slightly exceeds the warranted values. The power curves for sectors [240°, 300°) 

and [300°, 360°) are in good agreement with the warranted curve up to 8 m/s, but show 
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lower production for the higher wind speeds. The opposite can be observed for sector 

[180°, 240°) where the measured production is lower than the warranted for low 

and medium wind speeds, however, starting at 11 m/s the MPO reaches 

the manufacturer’s curve. The MCP for sector [0°, 60°) appears unstable with fluctuating 

power output values, which may be caused by wake effect. As can be seen from the MCP 

for sector [60°, 120°), the mean power production in this wind directions is significantly 

lower than the warranted one and extends to around 3000 kW. This is caused by the low 

availability of data in the higher wind speeds. In this case, the last complete wind speed 

bin is 10.5 m/s with 6 measurements.  

 

Figure 16 Power curves in different wind direction sectors - extrapolated. 

Since the wind speed used in the extrapolation is the value from the highest complete bin, 

the extrapolated MCP may not represent the actual power curve accurately. 

For this reason, a different approach was adopted additionally, where instead 

of extrapolating the power curves, zero power is assumed for the wind speeds above 

the range of the measured power curve from the sector with the least complete wind speed 

bins, meaning that all power curves are cut out at the highest wind speed bin of the sector 

with the lowest number of complete bins. In this case, the last complete wind speed bin 

from for the sector [60°, 120°)  is used in the calculations. This approach allows to exclude 

bins with lower data availability, thus reducing the uncertainties. The results are presented 

in Table 9 and Figure 17. The detailed results are presented in Appendix I. 
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As shown in Table 9 this approach results in slight changes in the MPO/WPO rate 

compared to the previous case. An increase in this rate can be observed for sector 

[60o, 120o). As mentioned before, insufficient amount of data is available in higher wind 

speeds in this sector, thus extrapolation understates the AEP calculation results. By cutting 

out the power curve at the highest complete bin, more accurate results are obtained. 

For sectors [0°, 60°) and [180°, 240°) the MPO/WPO ratio is lower compared 

to the  extrapolated results, meaning that in these directions the turbine performance 

was slightly better when considering the higher wind speeds.  

Table 9 Results of MPO comparison - no extrapolation. 

Wind direction 

sector 
MPO/WPO [%] 

[0°, 60°) 89.56 

[60°, 120°) 89.25 

[120°, 180°) 99.97 

[180°, 240°) 91.12 

[240°, 300°) 94.12 

[300°, 360°) 97.06 

Figure 17 shows the same plot as Figure 16, but limited to 10.5 m/s. Therefore, 

the observations are similar as before. Power curve for sector [120°, 180°) is the closest 

to the warranted one, showing higher production than warranted between 6 m/s and 8 m/s. 

MPC for sectors [300°, 360°) is in very good agreement with the warranted power curve 

up to 8 m/s, where the production gets lower than expected. The measured production 

in [180°, 240°) is lower than the warranted in medium wind speeds, however, starting 

at 10 m/s the measured curve gets closer to the warranted. The MCP for sector [0°, 60°) 

appears unsteady with power output fluctuating considerably. The sector showing 

the biggest deviation from the manufacturer’s PC is [60°, 120°).  
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Figure 17 Power curves in different wind direction sectors - no extrapolation. 

5.3. Turbulence intensity and wind shear 

5.3.1. Turbulence intensity 

Firstly, the change of turbulence intensity with wind direction was analyzed. 

The unfiltered data is presented in Figure 18. As shown in the plot, the raw values 

of turbulence intensity measured with the lidar range from 0 to 1. The measurements 

are mostly concentrated between 130o and 330o, which is generally in agreement 

with the wake-free directions (132o – 285o). Less data is available between 330o and 120o 

which can be explained by the low wind frequency (see wind rose in Figure 5).  

The TI values between 0o and 40o are rather steady with a slightly increasing trend. 

Considerable fluctuations are visible from 40o to 110o, with peaks at 50o, 90o - 110o, 

and a local minimum at 70o - 80o. From 110o the mean TI gradually decreases reaching the 

lowest value of 0.1 at 230o. Then, the values start to increase up to 0.24 at 340o. The sectors 

between 40o and 110o, with the visible turbulence intensity fluctuations, are the most 

affected by the cluster of turbines WTG2 -WTG8. The plot appears to roughly follow 

the opposite pattern than illustrated in the mean power production plot in Figure 9, 

meaning that the wind sectors with higher mean power output values are characterized 

by lower mean TI. For instance, the lower TI values at 70o - 80o can be linked to the higher 

production observed in Figure 14 resulting from the lack of turbines in that wind direction. 
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Moreover, the local TI maximum at 340o can be connected to the drop in power 

production as per Figure 14.  

Generally, it can be noticed that the mean turbulence intensity is lower in wake-free sectors 

compared to disturbed directions. In wake sectors the mean TI ranges between 0.17 at 300o 

and 0.31 at 50o. In wake-free directions these values are between 0.10 at 230o and 0.2 

at 130o. In average TI in freestream sectors is 37% lower than in disturbed sectors, 

however, the difference can reach as much as 69%. 

 
Figure 18 Average turbulence intensity presented by wind direction with wake-free sectors indicated in yellow. 

In order to illustrate the influence of turbulence intensity on power curves and relate it 

to the wake conditions, plots of power curves colored by filtered TI values were compared 

for freestream and disturbed directions in Figure 19. As shown in the plot, significantly 

more measurements of low wind speed are visible for wake-free sectors compared to wake 

directions. In wake-free sectors, at low and moderate wind speeds the power production 

is higher for higher TI values, while the opposite is observed for higher wind speeds 

(from around 10 m/s), where the higher TI results in lower production. 

This is in agreement with the majority of reviewed literature. For wake sectors this pattern 

is less noticeable which may be a result of lower data availability. This correlation 

is clearer in the high wind speeds where the higher values of TI are associated with lower 
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power production. For the low and moderate wind speeds the high TI values 

can be observed both above and under the warranted power curve. 

 
Figure 19 Power curves colored by turbulence intensity for wake and wake-free wind direction sectors. 

Furthermore, the data was binned by wind speed and turbulence intensity in Figure 20. 

Due to low data availability only wind speeds up to 14 m/s were considered 

in this analysis. The pattern observed in the previous Figure 19 is not as visible 

for the binned TI. Nevertheless, the plot for the wake sector clearly demonstrates 

that for wind speeds above 8 m/s power production is the highest for the TI between 0 

and 0.1. Generally, the discrepancies between the power curves for different TI bins 

are more significant in the higher wind speeds, and particularly in wake sectors. Between 

8 m/s and 13 m/s the binned power is lower than in the warranted power curve. 
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Figure 20 Power curves binned by turbulence intensity for wake and wake-free wind direction sectors. 

5.3.2. Wind shear 

As shown in Figure 21, raw values of wind shear exponent measured calculated 

from the lidar data range from -1.5 to 2. Similarly to TI, the data points are concentrated 

between 130 o and 330 o, with the largest data availability observed for directions around 

130o – 200o, and 270o – 330o. Very little data is available between 20o and 110o, 

which was expected, since the wind frequency for these directions is low (see Figure 8).  

The mean wind shear exponent varies between 0.06 at 30o and 0.37 at 120o. Between 0o 

and 110o the mean wind shear fluctuates with local maxima at 50o and 70o, and minima 

at 30o and 90o. It can be assumed that these fluctuations are caused by wake effect 

from turbines WTG2 - WTG8. Furthermore, these extrema are in agreement 
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with the mean power production presented in Figure 14. For instance, at 30o and 90o 

we can observe local minima of wind shear exponent, as well as local minima of power 

production. This can also be noticed for wind direction 340o. Generally, the plot appears 

to roughly follow the pattern observed for mean power production presented in Figure 14. 

Between 110o and 190o the values are more stable and relatively high, varying between 

0.25 and 0.37. The mean wind shear is lower between 190o and 360o ranging from 0.15 

to 0.28. The noticeable difference between the wake and wake-free sectors is that the line 

seems more stable in the undisturbed wind directions.  

 

Figure 21 Average wind shear exponent presented by wind direction with wake-free sectors indicated in yellow. 

Plots of power curves colored by filtered wind shear exponent values were compared 

for wake and wake-free sectors to illustrate the impact of this parameter on power curves 

and relate it to the wake conditions. As shown in Figure 22, low values of wind shear 

prevail in low wind speeds. A correlation can be observed for moderate wind speeds, 

where the higher wind shear results in lower power production, which is in agreement 

with previous research. The pattern is similar for both wake-free and wake directions, 

however, is slightly less noticeable in disturbed sectors due to the low amount of data. 
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Figure 22 Power curves colored by wind shear exponent for wake and wake-free wind direction sectors. 

Similarly to Figure 20, plots of data binned by wind speed and wind shear exponent 

are presented in Figure 23. While in low wind speeds the power curves for different wind 

shear bins look very similar, the discrepancies are more noticeable for moderate and high 

wind speeds. Moreover, the differences between power curves are more significant 

for  wake sectors. However, no clear pattern between the wind shear and power production 

can be observed. 
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Figure 23 Power curves binned by wind shear exponent for wake and wake-free wind direction sectors. 

5.4. Limitations 

Working with data introduces uncertainties and limitations which should 

be acknowledged and taken into account when interpreting the results. The primary 

limitation is the terrain complexity and its impact on the wind flow. It cannot 

be distinguished if the power losses are caused by the wakes from other turbines 

or the complexity of the terrain. The use of lidar in complex terrain is in itself a limitation 

due to the horizontally inhomogeneous flow. These devices are already recognized 

by international standards, however, only in offshore and simple terrain sites. Secondly, 

the NML measurements cover the period between 26 June 2021 and 10 November 2021 

which is only around 4.5 months. Not only does this limit the size of the dataset, but also 
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the data may not be fully representative of the seasonal variability of weather conditions 

on site. For wind directions with the lower wind frequency less measurements 

are available, especially in the higher wind speeds, thus the power curves can be compared 

only up to a certain wind speed. Moreover, the poor correlation between the TI and wind 

shear measurements from lidar and met mast certainly increases the uncertainty 

in the analysis of these parameters. 
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6. CONCLUSIONS 

In this thesis, the performance of a wind turbine located in a semi-complex terrain 

in Sweden have been investigated for different wake conditions using nacelle-mounted 

lidar and SCADA data. The data obtained for the study had already been pre-process 

and partially filtered out for the purpose of Power Curve Measurement campaign 

performed on the turbine. Further filters on turbulence intensity, wind shear exponent 

and potential icing periods were applied in this research, and the data has been corrected 

to the warranted air density. In the power curves analysis the wind speed was sorted 

in 0.5 m/s bins. 

Firstly, the correlation between the met mast and lidar datasets was investigated in order 

to answer the first research question. The wind speed measurements from these two 

devices were in very good agreement for wind directions 132o – 190o, where the lidar 

was measuring in wake free sectors at or near the location of the met mast. However, 

the calculated correlations of turbulence intensity and wind shear exponent were rather 

poor. From the power curves comparison, it was concluded that the one extracted 

from lidar data was in better agreement with the warranted power curve, compared 

to the met mast power curve. The wind speed measured with the met mast was generally 

found to be higher than the wind speed registered by the lidar.  

This study set out with the aim of assessing the influence of different wake conditions 

on power production of a turbine. The annual energy production and power curves for six 

wind direction sectors were compared using the measured power output and the warranted 

power output. For the wake-free sector [120°, 180°) the highest power production 

was observed, as well as a good agreement between the measured and warranted power 

curves. One unanticipated finding was the relatively low power output observed 

in the other wake-free sectors [180°, 240°) and [240°, 300°). This is mainly due to wind 

speed distribution, however terrain complexity or higher terrain roughness may also 

be of influence. As expected, the results for sectors [0°, 60°) and [60°, 120°) showed 

an even lower power production due to the wake effect caused by a group of turbines 
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WTG2 – WTG8. The MCP for sector [0°, 60°) appeared unsteady with considerable 

fluctuations, while the sector [60°, 120°) showed the biggest deviation 

from the manufacturer’s PC. Surprisingly, the power output in wake wind directions 

[300°, 360°) was relatively high which may be explained by the relatively large distance 

to turbines WTG9 and WTG10. It appears that the results of this analysis are influenced 

mainly by the wind speed distribution, and to a lesser extent by the wake conditions. The 

possible effects of terrain complexity and roughness should also be considered. As the 

turbine is located in a semi-complex terrain it is difficult to assess the actual effect of 

wakes from other turbines as the different causes of power losses cannot be distinguished.  

The third question in this study sought to determine how the turbulence intensity and wind 

shear influence the turbine power production. Generally, it was observed that the mean 

turbulence intensity was lower in wake-free sectors compared to disturbed directions. 

Consistent with the literature, at low and moderate wind speeds the power production 

was higher for higher TI values, while the opposite was observed for higher wind speeds 

(from around 10 m/s), where the higher TI resulted in lower production. This pattern 

was less noticeable in the wake sectors, possibly due to the lower data availability. 

The binned power curves for the wake sector clearly demonstrated that for wind speeds 

above 8 m/s power production is the highest for the TI between 0 and 0.1. Generally, 

the discrepancies between the power curves for different TI bins are more significant 

in the higher wind speeds, and particularly in wake sectors. The analysis of average wind 

shear exponent values in different wind directions demonstrated that the parameter seems 

more stable across undisturbed wind sectors. A pattern was observed for moderate wind 

speeds, where the higher wind shear resulted in lower power production, which 

is in agreement with previous research. The pattern is similar for both wake-free and wake 

directions, however, is slightly less noticeable in disturbed sectors due to the low amount 

of data. When comparing the power curves for different wind shear bins, discrepancies 

were more noticeable for moderate and high wind speeds and wake sectors, compared 

to the low wind speeds and wake-free directions. However, no clear pattern between 

the wind shear and power production was observed in the binned power curves. Worth 
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noting is the poor correlation between the TI and wind shear measurements from lidar 

and met mast which certainly adds uncertainty in the analysis of these parameters. 

  



 

64 

 

 

REFERENCES 

Ahrens, C. D., Jackson, P. L. & Jackson, C. E. J. (2012). Meteorology Today. An 

Introduction to Weather, Climate and the Environment. 1st Canadian ed. Nelson Education 

Ltd. ISBN: 978-0-17-650039-9. 

Antoniou, I., Pedersen, S. M. & Enevoldsen, P. B. (2009). Wind Shear and Uncertainties 

in Power Curve Measurement and Wind Resources. Wind Engineering. 33(5). 449–468. 

https://doi.org/10.1260/030952409790291208 

Bardal, L.M., Sætran, L. R. & Wangsness, E. (2015). Performance Test of a 3MW Wind 

Turbine – Effects of Shear and Turbulence. Energy Procedia. 80. 83-91. ISSN 1876-6102. 

https://doi.org/10.1016/j.egypro.2015.11.410. 

Barthelmie, R.J., Frandsen, S.T., Nielsen, M.N., Pryor, S.C., Rethore, P.-E. & Jørgensen, 

H.E. (2007). Modelling and measurements of power losses and turbulence intensity in 

wind turbine wakes at Middelgrunden offshore wind farm. Wind Energ. 10: 517-

528. https://doi.org/10.1002/we.238 

Barthelmie, R.J. and Jensen, L.E. (2010). Evaluation of wind farm efficiency and wind 

turbine wakes at the Nysted offshore wind farm. Wind Energ.. 13: 573-

586. https://doi.org/10.1002/we.408 

Barthelmie, R. J., Pryor, S. C., Frandsen, S. T., Hansen, K. S., Schepers, J. G., Rados, K., 

Schley, W., Neubert, A., Jensen, L. E., & Neckelmann, S. (2010). Quantifying the Impact 

of Wind Turbine Wakes on Power Output at Offshore Wind Farms. Journal of Atmospheric 

and Oceanic Technology. 27, 8, 1302-1317. https://doi.org/10.1175/2010JTECHA1398.1 

Benard, P., Viré, A., Moureau, V., Lartigue, G., Beaudet, L., Deglaire, P., & Bricteux, L. 

(2018). Large-Eddy Simulation of wind turbines wakes including geometrical effects. 

Computers & Fluids. 173, 133-139. ISSN 0045-7930. 

https://doi.org/10.1016/j.compfluid.2018.03.015. 

Borraccino, A., Courtney, M., & Wagner, R. (2015). Generic methodology for calibrating 

profiling nacelle lidars. DTU Wind Energy. DTU Wind Energy E No. 0086. [pdf] 

https://doi.org/10.1260%2F030952409790291208
https://doi.org/10.1016/j.egypro.2015.11.410
https://doi.org/10.1002/we.238
https://doi.org/10.1002/we.408
https://doi.org/10.1175/2010JTECHA1398.1


 

65 

 

 

Available at: 

https://backend.orbit.dtu.dk/ws/portalfiles/portal/117725450/Generic_methodology_for_

calibrating_profiling_naclidars_2015_ABorraccino_et.al.pdf [Accessed 6 Feb. 2022] 

Böhme, G. Fadigas, E., Gimenes, A. & Tassinari, C. (2018). Wake effect measurement in 

complex terrain - A case study in Brazilian wind farms. Energy. 161. 277-283. ISSN 0360-

5442. https://doi.org/10.1016/j.energy.2018.07.119. 

British Standards Institute, (2017). BS EN ISO/IEC 17025:2017. General requirements 

for the competence of testing and calibration laboratories.  

Brower, M., Bernadett, D. W., Elsholz, K. V., Filippelli, M. V., Markus, M. J., Taylor, M. 

A., & Tensen, J. (2012). Wind resource assessment : A practical guide to developing a 

wind project. John Wiley & Sons, Incorporated. 

Camuffo, D. (2014). Chapter 13 - Measuring Wind and Indoor Air Motions. Microclimate 

for Cultural Heritage (Second Edition). Elsevier. 471-491. ISBN 9780444632968. 

https://doi.org/10.1016/B978-0-444-63296-8.00014-7. 

Clifton, A., Kilcher, L., Lundquist, J.K. & Fleming, P. (2013). Using machine learning to 

predict wind turbine power output. Environ. Res. Lett. 8. 024009. 

https://doi.org/10.1088/1748-9326/8/2/024009 

Cooperman, A. & Martinez, M. (2014). Load monitoring for active control of wind 

turbines. Renewable and Sustainable Energy Reviews. 41. 189-201. 

https://doi.org/10.1016/j.rser.2014.08.029 

Dörenkämper, M., Tambke, J., Steinfield, G., Heinemann, D., & Kühn, M. (2014). 

Atmospheric impacts on power curves of multimegawatt offshore wind turbines. J. Phys. 

Conf. 555. 1–11. https://doi.org/10.1088/1742-6596/555/1/012029 

El-Asha, S., Zhan, L., & Iungo, G. V. (2017). Quantification of power losses due to wind 

turbine wake interactions through SCADA, meteorological and wind LiDAR data. Wind 

Energ. 20: 1823– 1839. https://doi.org/10.1002/we.2123. 

https://doi.org/10.1016/B978-0-444-63296-8.00014-7
https://doi.org/10.1088/1748-9326/8/2/024009
https://doi.org/10.1088/1742-6596/555/1/012029
https://doi.org/10.1002/we.2123


 

66 

 

 

Emeis, S. (2018). Wind Energy Meteorology. Atmospheric Physics for Wind Power 

Generation. Second Edition. Green Energy and Technology. Springer, Switzerland. 

https://doi.org/10.1007/978-3-319-72859-9 

Gao, X., Wang, T., Li, B., Sun, H. ,Yang, H., Han, Z., Wang, Y. & Zhao, F. (2019). 

Investigation of wind turbine performance coupling wake and topography effects based 

on LiDAR measurements and SCADA data. Applied Energy. 255. 113816. ISSN 0306-

2619. https://doi.org/10.1016/j.apenergy.2019.113816. 

Han, X., Liu, D., Xu, C. & Shen, W. (2018). Atmospheric stability and topography effects 

on wind turbine performance and wake properties in complex terrain. Renewable Energy. 

126. 640-651. https://doi.org/10.1016/j.renene.2018.03.048. 

Hansen, K.S., Barthelmie, R.J., Jensen, L.E. & Sommer, A. (2012). The impact of 

turbulence intensity and atmospheric stability on power deficits due to wind turbine wakes 

at Horns Rev wind farm. Wind Energ., 15: 183-196. https://doi.org/10.1002/we.512 

Honrubia, A., Vigueras-Rodrıguez, A., Gómez Lázaro, E. & Rodrıguez-Sánchez, D. 

(2010). The influence of wind shear in wind turbine power estimation. European Wind 

Energy Conference & Exhibition (EWEC). [pdf] Available at: 

https://www.upct.es/hidrom/publicaciones/congresos/2010_The_influence_of_wind_she

ar.pdf 

Honrubia, A. Vigueras-Rodríguez, A. & Gómez-Lázaro, E. (2012). The influence of 

turbulence and vertical wind profile in wind turbine power curve. Progress in turbulence 

and wind energy. IV. 251-254. [pdf] Available at: 

https://www.upct.es/hidrom/publicaciones/monografias/iti2012_springer.pdf 

International Electrotechnical Commission [IEC] (2005). IEC 61400-12-1:2005. Wind 

turbines - Part 12-1: Power performance measurements of electricity producing wind 

turbines, IEC. Available at: https://webstore.iec.ch/publication/5429 [Accessed 11 Feb. 

2022]. 

https://doi.org/10.1007/978-3-319-72859-9
https://doi.org/10.1016/j.renene.2018.03.048
https://doi.org/10.1002/we.512
https://www.researchgate.net/profile/David-Rodriguez-Sanchez-3/publication/268290409_The_influence_of_wind_shear_in_wind_turbine_power_estimation/links/56e0f24508aec4b3333d1a7b/The-influence-of-wind-shear-in-wind-turbine-power-estimation.pdf


 

67 

 

 

International Electrotechnical Commission [IEC] (2022). IEC 61400-50-3:2022. Wind 

energy generation systems - Part 50-3: Use of nacelle-mounted lidars for wind 

measurements, IEC. Available at: https://webstore.iec.ch/publication/59587 [Accessed 10 

Feb. 2022]. 

International Electrotechnical Commission [IEC] (2017). IEC 61400-12-1:2017. Wind 

energy generation systems - Part 12-1: Power performance measurements of electricity 

producing wind turbines, IEC. Available at: https://webstore.iec.ch/publication/26603 

[Accessed 11 Feb. 2022]. 

International Electrotechnical Commission [IEC] (2013). IEC 61400-12-2:2013. Wind 

turbines – Part 12-2: Power performance of electricity-producing wind turbines based on 

nacelle anemometry, IEC. Available at: https://webstore.iec.ch/publication/5430 

[Accessed 15 Mar. 2022]. 

Ivanell, S., Nilsson, K., Eriksson, O., Söderberg, S. & Carlen, I. (2018). Wind Turbine 

Wakes and Wind Farm Wakes – what are todays model possibilities and accuracy? 

Energiforsk. [pdf] Available at: 

https://energiforskmedia.blob.core.windows.net/media/25394/wind-turbine-wakes-and-

wind-farm-wakes-energiforskrapport-2018-541.pdf [Accessed 13 Feb. 2022].  

Kim, H., Ko, K. & Huh, J. (2013). Wind Turbine Power Performance Testing  using 

Nacelle Transfer Function. Journal of the Korean Solar Energy Society. 33.4. 

https://doi.org/10.7836/kses.2013.33.4.051  

Landberg, L. (2015). Meteorology for Wind Energy: An Introduction. John Wiley & Sons, 

Incorporated, Hoboken. [pdf] Available at: 

https://ebookcentral.proquest.com/lib/uu/reader.action?docID=4041162 [Accessed 13 

Feb. 2022].  

Massouh, F. & Dobrev, I. (2007). Exploration of the vortex wake behind of wind turbine 

rotor. Journal of Physics: Conference Series. 75. 012036. https://doi.org/10.1088/1742-

6596/75/1/012036. 

https://webstore.iec.ch/publication/59587
https://webstore.iec.ch/publication/26603
https://energiforskmedia.blob.core.windows.net/media/25394/wind-turbine-wakes-and-wind-farm-wakes-energiforskrapport-2018-541.pdf
https://energiforskmedia.blob.core.windows.net/media/25394/wind-turbine-wakes-and-wind-farm-wakes-energiforskrapport-2018-541.pdf
https://doi.org/10.7836/kses.2013.33.4.051
https://ebookcentral.proquest.com/lib/uu/reader.action?docID=4041162
https://doi.org/10.1088/1742-6596/75/1/012036
https://doi.org/10.1088/1742-6596/75/1/012036


 

68 

 

 

MEASNET, (2009). Power Performance Measurement Procedure – Version 5. Available 

at: http://www.measnet.com/wp-content/uploads/2011/06/power5.pdf [Accessed 10 Feb. 

2022]. 

Mikkelsen, T. (2014). Lidar-based Research and Innovation at DTU Wind Energy – a 

Review. Journal of Physics: Conference Series. 524. 012007. 

https://doi.org/10.1088/1742-6596/524/1/012007 

Nugent, A., DeCou, D., Russell, S. & Karamperidou, C. (no date). Atmospheric Processes 

and Phenomenon. Available at: http://pressbooks-dev.oer.hawaii.edu/atmo/. 

Odemark, Y. (2012). Wakes behind wind turbines - Studies on tip vortex evolution and 

stability. Linn´e Flow Centre, KTH Mechanics, Stockholm. [pdf] Available at: 

https://www.diva-portal.org/smash/get/diva2:524104/FULLTEXT01.pdf [Accessed 13 

Feb. 2022]. 

Porté-Agel, Fernando, Yu-Ting Wu, & Chang-Hung Chen. (2013). A Numerical Study of 

the Effects of Wind Direction on Turbine Wakes and Power Losses in a Large Wind 

Farm. Energies 6. 10: 5297-5313. https://doi.org/10.3390/en6105297 

Rareshide, E., Tindal, A., Johnson, C., Graves, A. M., Simpson, E.,Bleeg, J., Harris, T., & 

Schoborg, D. (2009). Effects of complex wind regimes on turbine performance. AWEA 

Windpower 2009 meeting, Chicago, Illinois. [pdf] Available at: 

https://docplayer.net/21625506-Effects-of-complex-wind-regimes-on-turbine-

performance.html 

Shin, D. & Ko, K. (2019). Application of the Nacelle Transfer Function by a Nacelle-

Mounted Light Detection and Ranging System to Wind Turbine Power Performance 

Measurement. Energies. 12. 1087. https://doi.org/10.3390/en12061087. 

Slinger, C., Leak, M., Pitter, M. & Harris, M. (2014). Relative Power Curve Measurements 

Using Turbine Mounted, Continuous-Wave Lidar. ZephIR Ltd. [pdf] Available at: 

https://www.zxlidars.com/wp-content/uploads/2014/09/Relative-power-curve-

measurements.pdf [Accessed 5 Feb. 2022] 

http://www.measnet.com/wp-content/uploads/2011/06/power5.pdf
https://doi.org/10.1088/1742-6596/524/1/012007
https://www.diva-portal.org/smash/get/diva2:524104/FULLTEXT01.pdf


 

69 

 

 

Smith, M., Harris, M., Medley, J. & Slinger, C. (2014). Necessity is the Mother of 

Invention: Nacelle-mounted Lidar for Measurement of Turbine Performance. Energy 

Procedia. 53. 13-22. ISSN 1876-6102. https://doi.org/10.1016/j.egypro.2014.07.211. 

St. Martin, C., Lundquist, J., Clifton, A., Poulos, G. & Schreck, S.. (2016). Wind turbine 

power production and annual energy production depend on atmospheric stability and 

turbulence. Wind Energy Science Discussions. 1. 1-37. https://doi.org/10.5194/wes-2016-

21. Wind Energy. 00:1–12.  

Stevens, R., Gayme1, D. & Meneveau, C. (2014). Effects of turbine spacing on the power 

output of extended wind-farms. Wind Energy. 19: 359-370. 

https://doi.org/10.1002/we.1835 

Stival, L., Oliveira de Andrade, F. & Guetter, A. (2017). The impact of wind shear and 

turbulence intensity on wind turbine power performance. [pdf] Available at: 

https://www.semanticscholar.org/paper/The-impact-of-wind-shear-and-turbulence-

intensity-Stival-Guetter/e1e294431050c4e2448d7093a9eb3910204bf5e5 

Turkyilmaz, U., Hansson, J. & Undheim, O. (2016). Use of remote sensing for 

performance optimization of wind farms. Assessment and optimization of the energy 

production of operational wind farms: Part 2. Kjeller Vindteknikk. ISBN 978-91-7673-

298-4. [pdf] Available at: 

https://energiforskmedia.blob.core.windows.net/media/21304/use-of-remote-sensing-for-

performance-optimization-of-wind-farms-energiforskrapport-2016-298.pdf 

Vanderwende, B. J. & Lundquist, J. K. (2012). The modification of wind turbine 

performance by statistically distinct atmospheric regimes.  Environ. Res. Lett. 7. 034035. 

https://doi.org/10.1088/1748-9326/7/3/034035 

Wagner, R., L. Rivera, R., Antoniou, I., Davoust, S., Friis Pedersen, T., Courtney, M., & 

Diznabi, B. (2013a). Procedure for wind turbine power performance measurement with a 

two-beam nacelle lidar. DTU Wind Energy E No. 0019. Available at: 

https://orbit.dtu.dk/en/publications/procedure-for-wind-turbine-power-performance-

measurement-with-a-t 

https://doi.org/10.1016/j.egypro.2014.07.211
https://doi.org/10.5194/wes-2016-21
https://doi.org/10.5194/wes-2016-21
https://energiforskmedia.blob.core.windows.net/media/21304/use-of-remote-sensing-for-performance-optimization-of-wind-farms-energiforskrapport-2016-298.pdf
https://energiforskmedia.blob.core.windows.net/media/21304/use-of-remote-sensing-for-performance-optimization-of-wind-farms-energiforskrapport-2016-298.pdf
https://doi.org/10.1088/1748-9326/7/3/034035


 

70 

 

 

Wagner, R., & Davoust, S. (2013b). Nacelle lidar for power curve measurement - Avedøre 

campaign. DTU Wind Energy E No. 0016. Available at: 

https://orbit.dtu.dk/en/publications/nacelle-lidar-for-power-curve-measurement-

aved%C3%B8re-campaign 

Wagner, R. & Vignaroli, A. (2015). Power curve measurement with a sector scanning 

lidar from the TP and a nacelle lidar at Greater Gabbard. DTU Wind Energy GG I-0016. 

Available at: https://orbit.dtu.dk 

Wharton, S. & Lundquist, J. (2012a). Atmospheric stability affects wind turbine power 

collection. Environ. Res. Lett. 7. 014005. https://doi.org/10.1088/1748-9326/7/1/014005  

Wharton, Sonia & Lundquist, Julie. (2012b). Assessing atmospheric stability and its 

impacts on rotor‐disk wind characteristics at an onshore wind farm. Wind Energy. 15. 

https://doi.org/10.1002/we.483. 

  

https://orbit.dtu.dk/en/publications/nacelle-lidar-for-power-curve-measurement-aved%C3%B8re-campaign
https://orbit.dtu.dk/en/publications/nacelle-lidar-for-power-curve-measurement-aved%C3%B8re-campaign
https://doi.org/10.1088/1748-9326/7/1/014005


 

71 

 

 

Appendix I  

Detailed results of MPO calculations. Marked in lighter blue are the measurements 

considered in the first case (with extrapolation), and in darker blue the measurements 

considered in the second case (without extrapolation). 

Wind 

Speed 

bin 

[0o, 60o) [60o, 120o) [120o, 280o) 

Power 

production 

[kWh] 

Number of 

measurements 

Power 

production 

[kWh] 

Number of 

measurements 

Power 

production 

[kWh] 

Number of 

measurements 

0 0 0 0 0 0 0 

0,5 0 0 0 0 0 0 

1 0 0 0 0 0 0 

1,5 0 0 0 0 0 0 

2 0 0 0 0 0 0 

2,5 0 11 0 1 0 7 

3 11494,6904 68 15059,9187 25 10970,2807 68 

3,5 35006,1077 86 29063,4954 47 34747,6704 87 

4 64671,0402 81 56801,002 46 77700,2653 127 

4,5 130766,967 78 126213,023 47 141655,012 174 

5 200205,002 67 218098,331 44 228177,645 192 

5,5 290612,946 68 327247,139 53 337055,164 245 

6 384251,927 43 445282,953 34 489428,414 233 

6,5 477155,467 22 553347,154 26 633038,887 289 

7 680664,573 12 742570,667 33 801975,066 343 

7,5 691974,454 15 785332,266 20 955999,421 284 

8 1124703,04 16 949638,134 31 1062795,17 251 

8,5 1100555,58 14 1050865,32 22 1174839,6 180 

9 1081528,21 24 1128663,25 15 1239120,15 133 

9,5 1138554,67 14 1099227,42 19 1214185,12 108 

10 1012507,31 9 993836,356 7 1125777,69 84 

10,5 998580,149 6 869640,681 6 991374,767 54 

11 785069,477 9 721820,458 0 843364,482 43 

11,5 692009,109 17 585515,687 0 692566,221 29 

12 527513,315 7 464044,169 0 552614,714 35 

12,5 427502,3 7 359229,472 0 428791,887 33 

13 322389,27 9 271548,865 0 324276,302 24 

13,5 237894,471 1 200378,795 0 239813,274 16 

14 171306,718 6 144291,851 0 172891,697 7 

14,5 120338,488 3 101361,251 0 121426,725 9 

15 82437,511 1 69437,2133 0 83183,0045 1 

15,5 55053,1743 0 46371,354 0 55551,0275 3 
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16 35827,9222 0 30177,9014 0 36151,919 1 

16,5 22713,5663 0 19131,6639 0 22918,9682 0 

17 14022,1525 0 11810,8757 0 14148,9567 0 

17,5 8426,54944 0 7097,69259 0 8502,75186 0 

18 4927,53642 0 4150,46977 0 4972,0968 0 

18,5 2802,80947 0 2360,80975 0 2828,15566 0 

19 1550,16988 0 1305,70993 0 1564,18827 0 

19,5 833,345567 0 701,92796 0 840,881623 0 

20 435,280475 0 366,637261 0 439,216775 0 

20,5 220,825725 0 186,00177 0 222,822682 0 

21 108,768957 0 91,6162215 0 109,752569 0 

21,5 51,9964604 0 43,7966803 0 52,4666714 0 

22 24,1154396 0 20,3124634 0 24,3335187 0 

22,5 10,8469758 0 9,13642061 0 10,9450665 0 

 

Wind 

Speed 

bin 

[180o,240o) [240o, 300o) [300o, 360o) 

Power 

production 

[kWh] 

Number of 

measurements 

Power 

production 

[kWh] 

Number of 

measurements 

Power 

production 

[kWh] 

Number of 

measurements 

0 0 0 0 0 0 0 

0,5 0 0 0 0 0 0 

1 0 0 0 0 0 0 

1,5 0 0 0 0 0 0 

2 0 1 0 0 0 0 

2,5 0 14 0 9 0 9 

3 11130,92 73 11885,18 70 12494,16 107 

3,5 34571,46 117 33649,57 125 34886,65 134 

4 72830,99 143 79106,31 163 84848,25 191 

4,5 134552,9 124 132504,4 151 152238,2 226 

5 212942 125 228647,2 140 228583,8 229 

5,5 317224,8 98 331785,3 152 345206,1 210 

6 415794,1 113 433911,7 121 463825,8 231 

6,5 538392,8 104 600951,2 142 609468,5 218 

7 680116,7 98 727397,4 120 759029,7 193 

7,5 840543,9 83 885798,2 116 914683,7 173 

8 915316,1 79 1008534 106 1046362 176 

8,5 1042038 99 1116289 116 1150143 139 

9 1125047 75 1147973 98 1179768 113 

9,5 1144827 76 1139744 112 1170510 83 

10 1107210 90 1073158 100 1087894 88 

10,5 994511,4 58 951809,1 92 972229,1 53 
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11 852266,9 59 816566,3 70 814460,5 56 

11,5 697572,8 29 674141,9 62 678044,4 51 

12 555786 25 544719 47 536017,6 31 

12,5 429888,8 18 422116,3 34 421749,5 18 

13 325140,1 10 321644,5 33 321441,8 15 

13,5 240105,1 4 228929,2 20 234463,1 13 

14 172898,6 1 171479,3 14 171981,2 7 

14,5 121456,7 0 121185,7 12 121356,2 5 

15 83203,55 0 82744,13 9 83134,67 0 

15,5 55564,75 0 55257,94 1 55518,75 0 

16 36160,85 0 35961,18 2 36130,91 0 

16,5 22924,63 0 22798,05 4 22905,65 1 

17 14152,45 0 14074,31 1 14140,74 0 

17,5 8504,852 0 8457,891 0 8497,812 0 

18 4973,325 0 4945,864 1 4969,208 0 

18,5 2828,854 0 2813,234 0 2826,512 0 

19 1564,575 0 1555,936 2 1563,279 0 

19,5 841,0893 0 836,4451 1 840,3931 0 

20 439,3253 0 436,8995 0 438,9616 0 

20,5 222,8777 0 221,6471 0 222,6932 0 

21 109,7797 0 109,1735 0 109,6888 0 

21,5 52,47963 0 52,18986 0 52,43619 0 

22 24,33953 0 24,20514 0 24,31938 0 

22,5 10,94777 0 10,88732 0 10,93871 0 

 


