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ABSTRACT 

The wind industry is always seeking ways to better understand the performance of a wind 

turbine and improve its efficiency. During the operation phase and maintenance, wind 

turbines go through regular optimization. Due to the regular change in wind speed and 

direction, wind turbines need to be regulated and positioned accordingly. For a specific 

wind speed, there are a specific set of pitch angle positions. The study aims to quantify 

the errors in pitch angle positions and validate how much would the loss be if it deviates 

from its ideal pitch angle position. 

 

In this study, airfoil data from an NREL 5 MW turbine is used. Qblade is used in the 

simulation for error estimation. The simulation is based on BEM theory. A wind turbine 

blade is developed based on the given airfoil data. Multi-parameter BEM simulation is 

conducted for a range of wind speed, pitch angle, and rpm. Later the ideal pitch angle 

position for each wind speed bin is recorded. During the simulation process, downscaling 

the 5 MW to a 1.5 MW turbine was executed. Validation of the downscaling method was 

also executed. It showed good agreement with the obtained SCADA data of a working 

turbine. Later, pitch angle errors are introduced in the simulation.  

 

The results are presented in two cases. Case 1 showed that at below-rated wind speed, 

there is a significant loss in power production if the error in pitch angle up to 1 degree.  

Case 2 also shows error up to 5 degrees in region 2. This study contributes to a better 

understanding of the effect of pitch angle errors and their loss of power. This study took 

into account steady wind condition only and does not include climatic conditions or 

turbulence. A further study focusing on simulating in a high-fidelity setting, including 

real-time wind or topography conditions, is recommended to achieve a further 

understanding of the pitch angle errors in a wind turbine.  

 

Keywords: NREL, Qblade, SCADA, Pitch angle errors  
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Chapter 1 

1.1 Background 

The global energy demand is increasing at a rapid pace. With automation, electric 

cars and gadget usages increase rapidly it is reasonable to expect that the future electricity 

demand and consumption will be higher than our present times. At present, there is also 

an urgent need to reduce the use of fossil fuel consumption as it contributes to higher Co2 

emissions and climate change. Renewable energy has a greater potential to fill these void 

as both to meet the future electricity demand and gradually replace the fossil fuel 

consumption (rocha et al 2018). With such a drastic expansion, there is a need to optimize 

the existing wind turbines to perform at their full capacity. One of the prominent factors 

in a wind turbine’s life and performance is its periodic optimization and maintenance. 

Wind turbines have to be monitored and their position has to be adjusted periodically to 

get the maximum output in any given wind condition. (rocha et al 2018).  

 

In general, computational codes are used to determine the geometry and study the 

performance of a wind turbine. Computational fluid dynamic code (CFD) is widely used 

to produce a more accurate result. But it’s the longer computational time and the memory 

needed to run the mathematical calculations make it difficult to rely on in most cases. The 

mathematical model that is most widely used in industries and for scientific purposes is 

the Blade Element Moment Theory (BEM). Even though it gives less accurate results, it 

covers most parameters like forces and torque to determine the optimal design geometry 

of the blades. Due to these simplified parameters and their computational speed, it is 

highly reliable (El Khchine et al 2017).   

 

For an existing wind turbine, the ideal blade pitch position is crucial for validating the 

performance in a year. The wind turbine developers or operators monitor the position and 

change it according to the site condition. The output power of a wind turbine varies with 
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wind speed and at every wind speed, there is a certain pitch angle position or a range of 

pitch angle positions. The power output of a wind turbine is characterized by the power 

curve (Manwell et al 2009). The cut-in wind speed is the minimum wind speed at which 

the turbine starts to operate. Rated wind speed is when the turbine operates at maximum 

capacity. At above-rated wind speed, the blades are pitched out so that the structural 

rigidity and safety constraints are not compromised. There are different methods to control 

the over-speed or power output. As shown in the figure below some medium-sized 

turbines have a transition region where they use fixed blade pitch or stall control 

mechanisms. At present, most manufacturers use a pitch control mechanism to regulate 

and optimize the turbine at rated power (Manwell et al 2009).  

 

Figure 1 Regions in a Power Curve 

The regions in the power curve are characterized by a pitch control mechanism.  A simple 

pitch control mechanism works with an electric motor where the blades are rotated about 

their axis. As shown in figure 1, in region 2, at sub-rated power, the blade pitch angle is 

at a constant ideal position and the rpm is varied so that the wind turbine operates at 

maximum capacity. When the wind speed reaches region 3, the controller sets the rpm 

constant and changes the pitch angle so that a constant rated power is maintained.  
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As an addition to human errors during commissioning, manufacturing tolerance of blades 

during transportation can have the possibility of pitch angle misalignment in wind 

turbines. As a result, several existing wind turbines experience reduced lifetime and loss 

in power production. Industry-standard methods like photometric technology and laser-

based methods are used to measure infield pitch angle measurement (Elosegui et al 2018).  

 

In recent times, power curve upgrades or just power upgrades and impact on performance 

of wind turbines is gathering more attention. As the wind turbine operates their 

performance decreases over time. It can be due to various factors like irregular operation 

and maintenance, pitch angle misalignment between the blades, blade wear etc. So as a 

mitigation measure, turbine operators use aerodynamic upgrades like attaching retrofits 

known as winglets, vortex projections to the blades or adjust the pitch angle in the blades.  

(weather guard wind 2020). In such cases the power curve is recorded at the site before 

and after making the changes. So, by validating the difference in the power curves one can 

identify the change in power production.  Even such power curve upgrades can be used to 

quantify a turbines performance and upgrades. Factors like turbulence, climate, wind 

shear, temperature and many other environmental factors might also affect the turbine’s 

output. Errors in wind vane which could lead to deviation in yaw positions can also cause 

loss in power production. Wind energy practitioners are well aware of the need to filter 

out these environmental factors (Lee et al 2014). This report provides an insight in finding 

a way to quantify the errors in pitch angle positions of an actual wind turbine by using 

Qblade. By following the methodology used in this study, it is possible to quantify the 

errors in a wind turbine by using its SCADA data.  

1.2 Aim 

The objective of the study is to use an NREL wind turbine, downscale it based on the 

available SCADA data and run a BEM simulation.  In this method, first, we use airfoil 

data of NREL 5 MW wind turbine, downscale it and run a BEM simulation in Qblade. 

The downscaled turbine is validated with the SCADA data so that it represents the actual 
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wind turbine. Finally, in the results, the errors are introduced and their effects on power 

are evaluated. In this way, by analyzing and comparing the results, this study aims to 

evaluate the validity of the computed results and quantify the pitch angle errors.  

 

1.3 Research Question 

1. Is it possible to quantify the errors in an actual wind turbine with computed 

simulated results? 

 

2. How much is the loss in power production if the pitch angle position deviates from 

the ideal pitch angle position? 

 

3. If there is a deviation in yaw position, how much is the loss in power production?  

1.4 Limitation 

This study focuses on understanding the nature of a computed model and its 

applicability in a real-time scenario. The scope of the study is limited to investigating one 

wind turbine in a German wind farm. It is beyond the scope of the study to provide a 

review for all the turbines or different site conditions. NREL 5 MW turbine is used as a 

baseline turbine for the simulation. Qblade is primarily used to simulate the computed 

results. However, the description of pitch angle control or control systems, torque 

controller, generator characteristics, and the physics behind a three-dimensional flow 

model are beyond the scope of the study. 

1.5 Outline 

Chapter 2 explains the literature review, chapter 3 begins with Airfoil aerodynamics 

and later rotor aerodynamics.  Chapter 3 explains the methodology on how Qblade is used 

in the study. This chapter explains data gathering, modifying, and simulating the results 

for the NREL 5 MW wind turbine. Chapter 4 describes the results obtained in chapter 3. 
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Chapter 5 includes the research question and relevant discussions that were conducted in 

the simulations.  The summary of the results and its key findings are explained in chapter 

6.  
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Chapter 2  

Literature Review 

 To adjust the torque in a wind turbine, pitch angle control is the most common 

method. To verify its position and optimization based on different wind speed is crucial 

in improving the efficiency of a functional wind turbine. Pitch angle misalignment can be 

in all the blades or between the blades in a wind turbine. In a case study conducted in 

France, a wind turbine had a maximum imbalance between the blades at the order of 4.5 

degree. After recalibration, when the offset was removed an increased power production 

of 5.5% in below rated condition was observed (Astolfi et al 2018) . The results are 

promising but due to its non-stationary condition at which the wind turbine is subjected, 

it is quite difficult to quantify precisely the effect of pitch angle misalignment on the actual 

wind turbine. 

(Lee et al 2014) developed a kernel plus method which solves the non-stationary 

condition. It is a sophisticated method that allows to incorporate multiparameter 

environmental factors for a power curve verification. This method can be used to quantify 

wind turbine power upgrade more accurately. One remark about this method is the 

complexity and the need for a large measurement data.  

 

There has been multiple studies explaining the cause and effect of pitch errors in a wind 

turbine. (Elosegui et al 2017) used a pitch error correction method. The study concluded 

that there is significant increase in power production if the errors are rectified. 

Manufacturing tolerance, rotor imbalance, incorrect placement of blade pitching reference 

can contribute to the pitch angle errors.  

In recent times, laser scans are being practiced.  (Elosegui et al 2018) explains a method 

where they used to measure the chord length in a blade and measure its relative 

misalignment in between the blades. This method has a notable flaw, the scan does not 

retain the blades absolute pitch angle. It is crucial to know the maximum power producing 

reference point. There is another laser scan method which records the rotor from a 
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distance. But due to its long-distance scanning and outdoor conditions, this methodology 

is time consuming. In this regard, it is understandable that laser-based measuring systems 

are evolving and has less experience in this particular field.  

 

As explained above other than laser measurements, photometric means is one of the other 

common industrial practices to detect faults in pitch angle misalignments (Saathoff et al 

2021). Visual inspection is carried out in static and dynamic case where cameras are placed 

directly below the blades. Static being blades are in still standing position. Dynamic being 

blades in rotation (Ventus 2021). Visual inspection in the form of photographs is taken, 

filtered and analyzed for both cases. The blade with the highest aerodynamic efficiency is 

noted and other two blades are adjusted accordingly. (Ventus 2021) says that further 

investigation is recommended as measurements needs to be carried out in each blades 

individually.  

Another upcoming trend is that using a data driven model where the wind turbine data is 

trained with pre intervention data and post intervention data. The production estimates by 

the model are compared with measurement of the real turbine. So, by validating the 

difference of two datasets. It is possible to compute the loss or gain in power production. 

Such data driven models also needs further investigation with further real-time test  cases 

(Astolfi et al 2018).  

 

As explained above these studies have found ways to address the issue of pitch angle errors 

and its correction, A simplified methodology is needed to quantify the errors in a pitch 

angle setting in an actual wind turbine. Previous studies with sophisticated approach have 

shown promising results, but they are time consuming, the need of availability of 

measurement data and some approaches are at their early stage of development.  

 

The core idea of this study is to develop a simple yet effective method which can address 

the issue of pitch angle errors. The present study has developed a methodology to quantify 

the errors in a wind turbine. By using the basic SCADA data from a working wind turbine 
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and incorporating it in an open-source tool, one can draw useful conclusions regarding 

pitch angle errors. 
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Chapter 3 Theory 

3.1 Introduction 

 The wind turbine is a device that extracts power from the kinetic energy of the 

wind. In general, wind turbines are classified into lift and drag-based turbines. Drag-based 

turbines use drag force from the wind to produce power. Lift-based turbines produce 

power from the torque that is produced from the wind and convert it into power. Nowadays 

lift based turbines are preferred as they have a high coefficient of power (Das et al 2014).  

Various studies have been performed to reduce the structural loads and produce substantial 

power by controlling the blade pitch mechanism (Biegel et al 2011). Basic information 

about wind turbine aerodynamics and theories behind Qblade will be explained in this 

chapter. Basic theory and derivative explanations are explained in appendix 1. 

3.2 Airfoil 

Airfoil is designed with specific geometric shapes that are used to generate forces 

due to the flow of fluid around the airfoil. It is usually characterized by the chord ‘c’. A 

chord is a length between the leading edge and trailing edge. In a wind turbine blade, there 

will be several airfoils of different thicknesses and sizes distributed at a certain distance 

from each other. As a whole blade structure, the width and length of the blade are a 

function of desired aerodynamic performance.  

 

Figure 2 Airfoil Nomenclature( Manwell et al 2009) 
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 3.3 Lift and Drag 

    Cl =
L

1

2
ρclv2    

  

It is defined as the lift force (L) divided by the density of air (𝜌), length of the blade (l), 

the chord length (C), and velocity of air (v). This way of characterizing lift is non-

dimensional (Hansen 2015). 

 

 

Figure 3 Lift, Drag and Cl/Cd curve 

Lift coefficient states that as the lift increases with an increase in the angle of attack, Cl 

increases linearly. This is because the flow is attached to the airfoil as shown in figure 2. 

At higher angles of alpha, Cl increases but not linearly because flow separation happens. 

Flow separation happens at the trailing edge of the airfoil. With even higher angles of 

attack, the separation region moves from the trailing edge towards the leading edge of the 

airfoil. As shown in the lift curve, stall happens after the angle of attack of 15°. After this 

point, the flow becomes completely separated from the airfoil. This is known as a stall. 

Beyond this condition, an increase in angles of attack decreases the lift force (Manwell et 

al 2009).  Similarly, for drag coefficient CD, the Cl equation is replaced with the Drag force 

(D). As shown in the drag curve, the CD value is close to zero. It means that the flow is 

attached and largely increases as the flow detaches. 

CD =
D

1
2 ρclv2    
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3.4 Design angle of attack 

The angle of attack (α) is designed based on Cl and CD.  The design angle of alpha 

is the angle where maximum lift and minimum drag are achieved. The Cl / CD curve shows 

that the design angle of alpha is achieved at 10 °. An important dimensionless parameter 

is the Reynolds number. it is defined as the ratio between inertial force and viscous force. 

In general, the Reynolds number determines if the flow is laminar or turbulent. So as far 

as the airfoil is concerned, for a low angle of attack, the flow separation is delayed due to 

its increased stability of the fluid flow along with the foil since it is attached. For a higher 

angle of attack, the flow separates as the separation moves from the trailing edge to the 

leading edge (Winslow et al 2018). In conclusion, for a given angle of attack, airfoil type, 

and its Reynolds number, the dimensionless characteristics like lift and drag coefficient 

can be obtained from a given airfoil data.  

 

3.5 Rotor Aerodynamics 

 As explained in the previous section, a wind turbine consists of multiple airfoils of 

different lengths and thicknesses. To describe wind turbine aerodynamics, Blade Element 

Moment theory is used. This method provides relatively accurate results with simple 

procedures. It combines momentum theory and blade element theory. By combining these 

theories, useful relations can be obtained. The theory behind momentum theory and 

derivative explanation of blade element theory and blade element moment theory is 

explained in appendix 1. 

3.5.1 Blade Element Theory 

 In Airfoil aerodynamics, a wind turbine blade consists of several airfoils, 

positioned at a certain distance from each other. In Blade element theory, the blade is 

divided into N sections, usually 10-20 sections. So, the forces that are acting on the blades 

are solely determined by the lift and drag characteristics of the airfoils individually. It is 

assumed that there are no aerodynamic interactions between the foils (Manwell et al 2009).  
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The lift and drag coefficient values are obtained for a variety of airfoils from the wind 

tunnel data, as most of the wind tunnel testing is done in a stationary position. In blade 

element theory we use relative wind velocity Vres or Vrel as the incoming wind speed. As 

described in appendix 1, the momentum theory states that the wind speed at the rotor 

equals the far away wind U multiplied by the induction factor (1-a) (Manwell et al 2009). 

Thus, the resultant wind speed Vres or Vrel seen by the airfoil is the sum of incoming wind 

speed and the velocity from the rotation of the blade. 

 

Figure 4 Velocity triangle based on lift and drag force, blade element model 

Along the length of the blade, each airfoil will experience different airflow and forces 

acting on due to its different rotational speed (r), chord length (c). The overall 

performance of a blade is taken by integrating the forces along the entire blade span. The 

different velocities acting on an air foil are represented by the velocity triangle.  

 

As shown in figure 4, the rotational speed (r) corresponds to the  rotation speed of the 

shaft, and (r) is the radial distance between the aerofoil section and the hub.  Here tip speed 

ratio (λ) is an important parameter. It is the ratio between the velocity at the tip of the 

blade ( r) and the wind speed (U). So, during below-rated wind speed, the control is set 

to keep the tip speed ratio constant. When wind speed decreases by a factor of 2 then the 

rotational speed and its velocity is also decreased by a factor of 2. This is the main factor 

a blade is twisted. The blade is twisted so that a constant angle of attack is maintained.    
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Figure 5 Velocity triangle based on the plane of rotation 

In the velocity triangle, we have to establish certain angles before going through the forces 

on the blade element. The inflow angle (φ) is defined as the angle between the relative 

wind velocity (Vres) and the plane of rotation (r). The inflow angle (φ) can further be 

decomposed into two separate angles, angle of attack (α) and pitch angle (θ). The angle of 

attack (α) is the angle seen by the relative wind velocity and chord line. The pitch angle 

(θ) is the angle between the chord line and plane of rotation (Manwell et al 2009). From 

figure 5, it is evident that the angle of attack (α) is a function of the inflow angle (φ). If 

we know the pitch angle θ, the angle of attack can be derived by α = φ – θ.  

3.5.2 Blade Element Momentum Theory 

 This theory combines blade element and momentum theory. Blade element 

momentum theory is used to estimate the loads in the blades. The loads are very much 

useful to calculate the thrust and power for various wind speeds, pitch angle, and rotational 

speed. Momentum theory assumes that the thrust force (T) was uniformly spread across a 

rotor in the form of a thin actuator disk. The blade element theory divides the blades into 

several elements where each being subjected to a force element (Fn). This theory assumes 

that, at any given radial position, the forces that act on one blade are the same across all 

the blades. Therefore, the force element (dFn) that acts at a thickness (dr) is multiplied 

along the length of the blade (Aşkın 2011).   
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By summarising the normal and tangential coefficients with the thrust and torque 

equations, we can arrive at a derivative conclusion of axial and tangential inductions 

factors as shown below (Manwell et al 2009).  

         a = 
1

4𝑠𝑖𝑛²𝜑

𝜎𝐶𝑛
+1

                              

        a’ = 
1

4𝑠𝑖𝑛 (𝜑) cos (φ)

𝜎𝐶𝑡
−1

                    

here, the constant (𝜎) stands for the solidity of a section expressed as 
𝐵𝑐

2𝜋𝑟
 

So, in the end, the required terms are defined in these iterative processes. the precise values 

of axial and tangential induction factors can be found using an iterative process.  

i.) Divide the number of blades into 10 or 20 sections. 

ii.) Set the initial values of axial and tangential induction factors, usually a = 

1/3 and a’= 0. 

iii.) Compute the flow angle (𝜑) 

iv.) According to the given angles, compute the angle of attack α and find the 

corresponding 𝐶𝑙 and 𝐶𝑑 from the airfoil data.   

v.) Calculate the axial and tangential induction force coefficients 𝐶𝑛 and 𝐶𝑡 in 

terms with 𝐶𝑙 and 𝐶𝑑 

vi.) Find the value of a and a’ and update the values in an iterative form until 

convergence is achieved.  

Since the main assumption of the BEM theory is the independent calculations of the blade 

element sections, the iterative solution should be applied to each section separately.  

3.6 Qblade 

3.6.1 Qblade Summary 

 Qblade is an open-source software developed by the wind energy group led by 

Prof. Dr. Christian Oliver Paschereit at the Department of Experimental Fluid Mechanics, 

Technical University of Berlin. It is used to analyze the rotor design of a wind turbine 

based on a given airfoil data. It mainly uses the BEM method to analyze the performance 
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of a wind turbine. It incorporates XFOIL and extrapolates its polar data so that the airfoil 

geometry can be imported and useful aerodynamic simulations can be carried out 

seamlessly. The GUI is very useful in incorporating multiple airfoils and designing a wind 

turbine blade, upscale or downscale it, run single and multiple BEM analysis.  

 

In recent times, multiple validations were conducted for the Qblade software. (Koc et al 

2016) carried out a study where a 2m radius wind turbine was designed and performance 

analysis was conducted in both Qblade and Ansys-Fluent, a CFD-based tool. Coefficient 

of power Vs Tip speed ratio (TSR) graphs were obtained individually. The results were 

compared and a good agreement was observed. (Alaskari et al 2019) analyzed a wind 

turbine using Qblade. The obtained results about its performance were of high accuracy. 

(Islam et al 2019) designed a small HAWT for a low-speed area. Its results are compared 

with BEM code in MATLAB. The calculated Coefficient of power in MATLAB is 0.49 

and in Qblade it was 0.48. These validation results show that Qblade results are highly 

reliable and applicable in real-time situations.  

 

3.7 Conclusion 

 An overview of air foil and rotor aerodynamics are explained in this chapter. The 

advantage of the BEM model is that it is easy to implement as it contains most of the 

physics that represents rotor aerodynamics and has proven to be accurate in most cases. 

One of the main limitations is that flow over an air foil is assumed to be two-dimensional. 

The drawback of the BEM model is that it does not include realistic operational conditions. 

Wind shear from the ground surface, atmospheric turbulence, wind direction change, 

wakes are not considered. These are normally considered normal operating conditions. As 

a result of these factors, the loads that act on the rotor blades or an entire wind turbine for 

that matter are dynamic (Sørensen 2016). A simple description and the effect of yaw 

misalignment are explained in the next chapter.  
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Chapter 4 Materials and Method 

 

The main aim of this study is to validate the pitch angle errors in an actual wind 

turbine. Actual SCADA data were collected for 1 year. A set of airfoil data were imported 

from an NREL 5MW turbine. In this chapter, a detailed methodology explaining the order 

the study was conducted. Chapter 3.1 describes the data gathering and how they are 

imported and prepared for simulation. Chapter 3.2 explains the simulation process in 

Qblade.  

4.1 Data gathering and preparation 

4.1.1 NREL 5 MW wind turbine   

The NREL 5 MW turbine has three blades. Each blade has a length span of 61.5m. 

The aerodynamic properties of the blades were used in the DOWEC Study (Lindenburg 

2002). The whole blade is divided into 17 sections and has a total of 6 airfoils and two 

cylinders of coefficient 0.50 and 0.35. The positions of these airfoils are based on the 

DOWEC study. Table 1 shows the airfoil information and its positions.  

 

Table 1 Airfoil Positions 

Node R Nodes (m) Airfoil Name Chord (m) Aero Twist (°) 

1 2.86 Cylinder 1 3.5 13.30 

2 5.60 Cylinder 1 3.85 13.30 

3 8.33 Cylinder 2 4.16 13.30 

4 11.75 DU 40 4.55 13.30 

5 15.85 DU 35 4.65 11.48 

6 19.95 DU 35 4.45 10.16 

7 24.05 DU 30 4.24 9.01 

8 28.15 DU 25 4.00 7.79 

9 32.25 DU 25 3.74 6.54 
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10 36.35 DU 21 3.50 5.36 

11 40.45 DU 21 3.25 4.18 

12 44.55 NACA 64 3.01 3.12 

13 48.65 NACA 64 2.76 2.31 

14 52.75 NACA 64 2.51 1.52 

15 56.16 NACA 64 2.31 0.86 

16 58.90 NACA 64 2.08 0.37 

17 61.63 NACA 64 1.41 0.10 

 

Figure 6 shows the method of data gathering and how the final downscaled new airfoil 

data’s suitable for Qblade are prepared.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 Data gathering and preparation 

 

Based on the nature of the dataset, the coordinates of NACA 64 have 200 data points. 

Other air foil coordinates like DU40, DU35, DU 30, DU 25, DU 21 has 400 data points. 

NREL 5MW air foil data 

Downscale the DU air foil 

data points 

Downscaled New DU Air foil 

data suitable for Qblade 
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Qblade has a limitation of importing polar coordinates up to 200 data points. So, the 

method to downscale the DU air foils is to delete alternative polar values in the row using 

the power query tool in excel. This method of downscaling still holds the true dimensions 

of the air foil coordinates but with a less resolution. The downscaled DU air foil 

coordinates have 200 data points instead of their original 400 data points. In principle 

downscaling a turbine is to adjust to a smaller turbine with the same air foil data. 

 

4.1.2 SCADA Data  

 Most of the wind turbines in recent times have conditioned monitoring systems 

installed as it enhances their performance. Supervisory control and data acquisition 

(SCADA) is one of the monitoring systems. It records the parameters like wind speed, 

temperature, yaw position, rotor speed, pitch angle, etc. SCADA data from a Nordex S70 

1.5 MW wind turbine at Eifel, Germany were used for comparison with the simulated 

results. Table 2 shows information obtained from the SCADA Data at the site.  

 

Table 2 Information of the SCADA Data 

Period Time series data Data Availability Available Data 

04.09.2019 - 3.9.2020 10 min interval 100 % Wind speed, power, rotor 

speed, pitch angle 

 

4.2 Qblade setup 

The prepared downscaled coordinates are imported in Qblade. The SCADA data 

are later used for comparison. Figure 7 shows the entire simulation process done in 

Qblade.  
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Figure 7 Qblade setup 

4.2.1 Airfoil Analysis 

 In general, an airfoil is defined as a pair of x-y coordinates. It describes a singular 

point of an airfoil in an x-y axis. The airfoil can be made up of 100-400 data points. The 

downscaled airfoils and NACA 64 airfoil coordinates are imported in the airfoil design 

module. 

 

 

Figure 8 Airfoil Coordinates 
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In addition to this, cylinders 1&2 having a drag coefficient of 0.50 and 0.35 are imported. 

The flow around the airfoil has to be simulated. X foil direct analysis is used to create such 

flows.  

(Lindenburg 2002) from DOWEC study suggested that for the NREL airfoils, a Reynolds 

number below 7*106 can be considered. (Jain et al 2015) conducted a study on the effects 

of Reynolds number for a NACA airfoil. To analyze an airfoil in a turbulence model, he 

compared his results with a high Reynolds number 2.1*106, 3*106, and at low Reynolds 

number 5*106. His findings suggested that Reynolds number plays a vital role in the 

aerodynamics of an airfoil. So, to make a realistic assumption, a Reynolds number of 

1*106 is selected for this study.  

Ncrit value determines if the flow around an airfoil is laminar or turbulent. A value of 1 is 

for a high turbulent flow and 10 is for a high laminar flow. Based on a study, (van Ingen 

2008) has obtained a value of Ncrit ranging from 7.8 to 10. An average value Ncrit value 

of 9 is defined. For the imported airfoils, in addition to other parameters as explained 

above a set of polar properties like the angle of attacks ranging from -5 to 30 is selected. 

At the end of the analysis, plots containing Cl vs α, Cd Vs α, Cl/Cd Vs α can be computed 

as shown below. 

  

Figure 9 Cl cd and (α) graph 
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4.2.2 BEM analysis 

 For a wind turbine to be simulated, the values of lift, drag coefficients, and the 

angle of attack range have to extrapolate to 360°. Only the polar extrapolated data can be 

used to simulate a rotor. In this module, to create a 360° polar there are two methods 

available, Montgomerie and viterna extrapolation method. Both methods are the most 

widely adopted for experimental airfoil extrapolation (Mahmuddin et al 2017).  

To analyze the performance of an airfoil, (Mahmuddin et al 2017) conducted a study based 

on a NACA airfoil. He concluded that a good agreement was observed from the results of 

both methods. However, for its complicated approach, the Montgomerie method has 

shown a higher accuracy than the viterna method (Mahmuddin et al 2017).  So, the polar 

values of the airfoil data are imported individually and Montgomerie polar extrapolation 

option is selected.  

The next module is HAWT Rotor Blade design. In this tool, we can import the extrapolated 

air foils and arrange them in a particular order as shown in table 1. Once it is imported and 

arranged, optimize and scale option can be used. Optimize is used to set a tip speed ratio 

for a section or an entire section of air foils. Based on (Jonkman et al 2009) a tip speed 

ratio of 7 is selected. The scaling option is used if the wind turbine power output has to be 

downscaled. The scaling option would be explained further later.  

 

 

Figure 10 Rotor Blade Design 
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4.2.3 Rotor BEM and Multiparameter BEM simulation  

 All the extrapolated air foils and rotor blade design modules are imported into the 

rotor BEM simulation. Here, we can simulate the blade for a range of tip speed ratio 

with a single wind speed. Once these parameters are selected, tip and root corrections are 

selected.  The primary BEM simulation is conducted for the parameters below and 

useful graphs like Cp Vs TSR and Cp Vs rpm can be obtained.  

 

Table 3 Input Parameters 

Input Value or Range 

Constant Wind speed (m/s) 11.4 

Tip speed ratio 1-15 

Tip speed ratio delta 0.1 

The density of air (kg/m3) 1.225 

Discretize the blades into many elements 50 

Maximum number of iterations 100 

 

 

 

Figure 11 Cp Vs TSR and Cp Vs rpm 

 

A maximum Cp of 0.48 is observed at a rated rpm of 12 and a TSR of 7.5 The results from 

(Jonkman et al 2009) NREL report have a good agreement with the obtained Qblade 

results.  In multi-parameter BEM simulation, the input parameters are the same as shown 

in table 3. In this module, the BEM can be simulated for a range of wind speeds, rpm, and 
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pitch angles. Most wind turbines in a year operate at a wind speed of 8-12 m/s. so we 

selected a range of wind speed to 6-15 m/s, rpm range of 6-25 rpm based on the primary 

BEM simulation graph as shown in figure 12. The pitch angle was set to a range of -5-

10°. The Multiparameter BEM simulation results are shown in the figure below. Here we 

can change wind speed, rpm, or pitch angle so that the change in power can be noted in 

the graph. 

 

 

Figure 12 Multi-Parameter BEM simulation 

 

4.2.4 Yaw Misalignment  

 In Qblade once the BEM simulations are completed, a module non-linear lifting 

line method can be utilized to check the effect in loss of power due to yaw misalignment. 

In general, to get the ideal output in a wind turbine the rotor should be positioned 

perpendicular to the wind direction as often as possible. Instruments like wind vane can 

be used check the wind direction and make necessary adjustments. A difference between 
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the measured wind direction and nacelle position is known as yaw error or yaw 

misalignment. When the yaw error is 0°, the nacelle is positioned perpendicular to the 

wind direction. Any deviation from that can be understood as yaw misalignment. To 

simulate this module, the wind field has to be set up. In the wind field module, parameters 

like rotor radius, hub height, mean wind speed are given. The wind field is simulated for 

60 seconds. The simulated wind field module result is imported in the nonlinear lifting 

line method. In the lifting line method, the rotor blade design, the generated wind field 

result is imported. A constant wind speed of 12m/s at hub height and a speed ratio of 7 are 

specified. There is an option to select the rotor yaw angle. An optimal yaw angle of 0° 

degrees is specified. Later yaw angle is changed ± 10 degrees. All other inbuilt parameters 

are set to default values. The simulation is carried out for 27 seconds. The results are 

discussed in the result and discussion section.  
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Chapter 5 Result 

5.1 Downscaling NREL Wind turbine 

 The SCADA data that was recorded for 1 year is from a Nordex S70 1.5MW 

turbine. To do a comparative analysis, one should have the airfoil data for both turbines. 

Since we are provided only with the NREL airfoil data, the 5 MW turbine has to be 

downscaled to 1.5 MW.  

There is a scaling option in the rotor design module. Here downscaling can be done based 

on rotor diameter or chord length or twist. Since we know the diameter (𝑅2, 𝑅1) for both 

the wind turbines, chord length for the NREL wind turbine, we can find the unknown 

chord length based on the relation. 

Chord 2 =𝐶ℎ𝑜𝑟𝑑 1 ∗
𝑅2

𝑅1
 

As a result of downscaling, the position of the 17 airfoil sections has been reconfigured 

to new positions in the blade section. A similar BEM simulation and Multiparameter 

BEM simulation is performed again  

 

5.2 Downscaling Validation 

 Once the downscaling and BEM simulation is completed. One should check if 

the downscaling is done correctly.  

Table 4 At rated pitch angle Cp and TSR comparison 
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Table 4 shows that the Nordex 1.5 MW turbine and the NREL 1.5 MW turbine are 

compared at a rated pitch angle for a wind speed (8-12 m/s). Based on the SCADA data 

the tip speed ratio (TSR) is calculated for the Nordex 1.5MW turbine. Later we compare 

TSR with its corresponding Cp value from the simulated results. The obtained Cp values 

are very close to the Max Cp values in the downscaled turbine. The average difference in 

Cp is around 0.01-0.02. These close values validate that the NREL 5 MW turbine is 

downscaled accordingly to a 1.5 MW turbine.  

5.3 Simulation Results 

 The simulation results are carried out in two cases. Case 1 explains pitch angle 

positions in region 2 with error up to 1 degree. Case 2 explains pitch angle positions in 

region 2 with error up to 5 degrees of the power curve. A detailed tabulated result is 

attached in appendix 2 

Case 1: 2nd region errors up to 1 degree 

 

Figure 13 Error up to 1 Degree 
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Figure 13 shows errors up to 1 degree. The ideal pitch angle position is set to 1.60 degrees. 

The rpm range is set between 13-18 rpm.  The maximum power is shown as red. The pitch 

angle is varied incrementally by 0.2 degrees for the whole range of windspeeds 8-14 m/s.  

The method used in Qblade is that, the simulation is carried out based on a fixed table 

where for a fixed wind speed and an rpm value the pitch angle is changed based on the 

rated power. Appendix 2 attached at the end gives a brief overview about the fixed table 

containing the wind speed, rpm and pitch angle changes. 

Case 2: 2nd region errors up to 5 degree 

It is observed that at lower wind bins 8-11 m/s there is a less significant loss in power due 

to the variation in pitch angle setting. At a near-rated wind speed at 13 m/s, there is 

significant variation in power. Figure 14 shows errors in pitch angle setting up to 5 

degrees.  

 

 

Figure 14 Error up to 5 Degree 
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Here it can be inferred that there is a consistent loss in power as the error in pitch angle 

setting is above 1 degree. From wind speed 8-11 m/s the loss in power is quite linear. 

Above 11 m/s significant loss in power is observed. The loss is up to 500-800 KW.  

5.4 Simulation Summary 

  

 The results in case 1 and 2 as shown above corresponds to static results in region 

2 during partial loads. The idea is to keep the Cp value to maximum so that maximum 

power at below rated wind speed can be achieved. With varying wind speed at below rated, 

tip speed ratio has to be kept constant at its design value to get a maximum Cp. Since tip 

speed ratio is the ratio between the velocity at the tip of the blade (Ώ r) and the wind speed 

(U), by changing the rpm based on a given wind speed we can keep the tip speed ratio at it 

design value. The design tip speed ratio keeps the value of Cp to the maximum (Zaaijer et al 

2018). So, while having a pitch angle error, the Cp value is reduced from maximum causing 

a loss in power. This behavior is recorded in figure 13 and 14.  

In case at above rated wind speed during full load condition, the rpm is no longer increased 

with wind speed. Here the goal is not increasing the power but to keep the power constant 

with increase in wind speed. It can be achieved by the relation of Cp proportional to one 

divided by the wind speed cubed. What it means is that to reduce the power coefficient with 

increase in wind speed we pitch the blades towards the incoming wind direction so that the 

angle of attack is reduced which in fact reduces the thrust force excreted on the turbine. This 

reduction in the value of Cp reduces the increase in power with increase in wind speed. By 

this way the power is Cp value is reduced at above rated wind conditions. Even though the 

static case is different from the real case, this gives a simplified way to quantify the effect of 

pitch angle misalignment (Elosegui et al 2017).  

 

If the simulation corresponds to a real turbine, then it is a dynamic case. In dynamic case, 

the aim of the controller is to keep the power coefficient value at its maximum by aligning 

the rpm value proportional to wind speed. Since wind speed is varying, the controller 

strategy would be to track the torque speed to the desired rpm for a given wind speed. So, 



 29 

torque is set in the generator and the controller tracks a torque speed curve when for a 

specific wind speed there is an intersection point of torque and rpm. The intersection can 

be translated as the power for a given wind speed at below rated wind conditions (Zaaijer 

et al 2018). 

In case of a full load condition, where wind speed is above rated, the power has to be 

maintained at rated conditions. So, the controller works based on a feedback loop. The 

feedback loop works like first the rpm is measured and then it is compared with a reference 

speed. So, if the speed is too high, the controller increases the pitch angle to maintain a 

constant rpm. If the speed of the rpm is low then the controller pitches again to maintain 

a fixed rpm. In both cases the blades are pitched towards the wind direction so that there 

is less angle of attack, meaning less Cp and less thrust force so that rated power is 

maintained. Since the blades are pitched out at above rated wind conditions, pitch angle 

errors have less significance at higher wind speeds. So that there is less loss in power at 

above rated wind speeds. This can be observed both in static and dynamic cases.  
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Chapter 6 Discussion and Analysis 

1. Is it possible to quantify the pitch angle errors in an actual wind turbine with 

computed simulated results? 

 To quantify the errors in an actual wind turbine, SCADA data from the wind 

turbine can be used as a reference. The measured SCADA data can be filtered to know a 

wind turbine's optimal pitch angle positions, rated rpm, and power produced at a specific 

wind speed. By using an open-source NREL airfoil data and Qblade, one can downscale 

it based on the available actual wind turbine. Based on the result of the study, it is shown 

that one can validate the downscaling with the actual SCADA data.  

Once the SCADA data and its corresponding simulated results are similar, it is 

understandable that the simulated wind turbine’s performance is closely identical to the 

actual wind turbine. So, the simulated wind turbine can be used in multiparameter BEM 

simulation. The deviation in pitch angle positions is addressed in two cases. Case 1 and 2 

shows that at lower wind speed there is a significant loss in power if we deviate the pitch 

angle position from the ideal. With these results, it is indeed possible to quantify the pitch 

angle errors in an actual wind turbine. 

 

2. How much is the loss in power production if the pitch angle position deviates from 

the ideal pitch angle position? 

 When the pitch angle position deviates from the ideal pitch angle position, the loss 

in power can be understood from figure 15 below. Once the BEM simulation is completed, 

the error pitch angle is set manually in the Qblade simulation and its corresponding power 

is recorded. Later for each wind speed bin, the rated power at rated pitch angle position is 

also recorded and finally, the loss in power is quantified. One of the important findings in 

the study is that in region 2, at a 1-degree deviation there is an average loss of 60 - 80 kw. 

But as the wind speed reached near rated wind speed, there is a significantly higher loss 

in power production. Such a high loss is recorded at 12-13 m/s wind speed bins. 



 31 

 

 

 

Figure 15 Loss of Power 

A similar trend is observed at pitch angle deviation 1-5 degrees. A higher loss in power 
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findings in this study are that there is a significant loss in power production with increase 

in wind speed.  

 

Figure 16 At below rated wind speed - Rayleigh Distribution 

As shown in the figure 16 above, if we are considering a Rayleigh distribution for a site 
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Figure 17 Yaw Misalignment 
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6.1 Recommendation 

 The present study provides an insight on developing a methodology to quantify 

errors in pitch angle positions by comparing SCADA data of an actual turbine and 

simulated results. Since 2D wind is used in BEM theory and the wind speed is constant, 

the results can overestimate the loss in power production. Due to this limitation, this 

methodology can only be used in real time as a first indicator. To know how much would 

be the loss in power and yearly loss in power production if there is a deviation in pitch 

angles.  

The findings thus encourage more similar analyses to be done with different wind turbine 

capacity. Unsteady BEM analysis, including atmospheric conditions can reduce the 

uncertainty. In that way, it can give a better insight into how errors can be quantified.    
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Chapter 7 Conclusion 

 This study was undertaken to develop a methodology to use SCADA data from an 

actual wind turbine and use simulated results to quantify the errors in a wind turbine. 

NREL 5MW airfoil data and Qblade are used to quantify the errors.  

 

The study focused on the validation of the downscaled NREL turbine. The downscaled 

turbine is then used to run multiparameter BEM simulation for various wind speeds, rpm, 

and pitch angle settings. The results are computed. Later errors in pitch angle are 

introduced. The power produced at ideal pitch angle positions is recorded. The power 

produced when the pitch angle deviates is also recorded. Finally, the loss in power 

production is quantified. To get a general understanding, misalignment in yaw positions 

and its loss in power is also simulated in Qblade.  

 

The results show that there is a less significant loss in power production due to pitch angle 

positions at lower wind speed. As the wind speed reaches 12-14 m/s there is a higher loss 

in power production. One of the important findings in the study is that there is a significant 

loss in power production with increase in wind speed. A further study with different wind 

turbine capacity, unsteady BEM analysis, turbulent conditions can be used as a part of the 

simulation to get better realistic results.  
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Appendix 1 

 

Basic Theory 

 

Airfoil Aerodynamics: 

 
 For a basic understanding of the fluid flow the airfoil, rotor aerodynamics, and 

BEM theory are all assumed to be two dimensional. The fluid flow or the airflow over the 

airfoil produces a distribution of forces acting normal and tangential to the surface of the 

airfoil. The pressure force acts normal and the viscous force acts tangential to the surface 

of the airfoil. It works on the Bernoulli principle, for a lift to happen, there should be a 

pressure variation along the surface of the airfoil. To achieve this variation, the shape of 

the airfoil plays a crucial role (Hansen 2015).  

 

Figure 18 Attached and detached flow (Hansen 2015) 

The time taken for the flow to pass through the foil differs. Low pressure is created at the 

top of the foil as there is less resistance, high pressure is created at the bottom part of the 

foil. This pressure difference also known as pressure gradient gives a lift force on an airfoil 

(Hansen 2015). Lift force acts perpendicular to the wind speed and drag force acts parallel 

to the wind speed seen by the airfoil. The wind seen by the airfoil is known as apparent 

wind speed. Both lift force and drag force change with the angle of attack (α).  

The angle of attack is the angle between the apparent wind speed (Urel) and the chord line. 

As the angle of attack increases the lift force increases due to the Overspeed at the top 

surface of the airfoil. So, by Bernoulli’s principle, if the flow increases at the top surface 

the pressure decreases. The result is that the pressure at the top is low and the pressure at 
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the bottom is high, this is the fundamental reason for a lift to be generated. As shown in 

figure 3 the angle of attack increases with an increase in lift, this is valid for a certain range 

of angle of attacks.  

 

 

Momentum Theory: 

 Momentum theory is commonly known as actuated disk theory and is used to 

estimate the power in the wind.  The rotor is replaced by a thin actuated disk. This theory 

assumes the flow is incompressible, flow is one dimensional and the actuator disk is not 

rotating.  

 

 

Figure 19 Actuator Disk Model (Manwell et al 2009) 

When a fluid flow of density (𝜌), velocity, or wind velocity U1 passes through the disk of 

area (A), its mass flow rate is given by 𝑚 = 𝜌𝐴U . The kinetic energy of the flow rate is 

given by 
1

2
𝑚𝑈2. The disk exerts a certain thrust force (T). This force disturbers the flow, 

so it expands and changes the speed of downstream velocity U4. Here the power can only 

be extracted from the rotor disk if the velocity and the thrust force are non-zero. Since the 

flow is disturbed and slowed down, the velocity at the outlet U4 is smaller than the inlet 

U1. So the pressure exerted by the rotor disk equals the difference between the momentum 

flow at inlet U1 and outlet U4. The same applies to the energy flow (Manwell et al 2009). 

The energy flow or power can be expressed as 
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𝑃 =
1

2
𝑚(𝑈1

2 − 𝑈4
2) 

When accounting the rotor area (A), the density of air (𝜌), the power in the wind can be 

rewritten as 

𝑃 =
1

2
𝜌𝐴𝑈3 

A thrust in a wind turbine is characterized by a non-dimensional parameter coefficient 𝐶𝑇. 

it can be expressed as 

𝐶𝑇 = 
𝑇ℎ𝑟𝑢𝑠𝑡

𝐷𝑦𝑛𝑎𝑚𝑖𝑐 𝑃𝑜𝑤𝑒𝑟
 = 

𝑇
1

2
𝜌𝐴𝑈2

 

An important parameter to express the change in velocity induced by the rotor disk is the 

induction factor. It is a non-dimensional parameter that quantifies the loss of velocity as a 

difference between incoming velocity and velocity at the rotor. The induction factor (a) or 

axial induction factor at the rotor disk and downstream velocity can be expressed as a 

function of incoming wind speed U1. 

U2= U1 (1-a) 

U4=U1 (1-2a) 

So as the value of the axial induction factor gradually increases from 0, the wind speed 

behind the rotor disk slows down. When the induction value a = 0.5, the downstream wind 

speed U4=0 (Manwell et al 2009). Here the momentum theory is not valid. Axial induction 

factor is only valid for values less than 0.5. A wind turbine performance is characterized 

by 𝐶𝑝.  

𝐶𝑝 = 
𝑃

1

2
𝜌𝐴𝑈3

 

It explains the fraction of power extractable by the rotor from an incoming wind. So, taking 

into the value of axial induction factor a and 𝐶𝑝. The maximum extractable power from a 

wind turbine can be derived from this relationship as shown in the graph below. For an 

axial induction factor of a =1/3 
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Figure 20 Betz Limit (Manwell et al 2009) 

 a 𝐶𝑝 value of 16/27 is theoretically the maximum possible rotor power extractable from 

the wind. From the graph, it is evident that with increasing thrust force there is a decrease 

in mass flow rate and 𝐶𝑝. So, to get the optimized maximum power output from the rotor 

there is an optimal combination of a mass flow rate of wind and thrust force. In reality, if 

we include the number of rotors, wakes after the rotation of the blades, and drag effect. 

The 𝐶𝑝 value will be a bit much lower.  

 

Blade Element theory: 

  

 

Figure 21 Velocity triangle based on lift and drag force, blade element model 
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As shown in Figures 3 and 4 for an airfoil we can decompose the forces either into 

a lift, drag, or tangential (Ft), and normal (Fn) forces. Lift force is perpendicular to the 

relative wind speed (Vres), whereas drag force is parallel to the relative wind speed. (Fn) 

the thrust force is perpendicular to the plane of rotation and tangential force (Ft) is parallel 

to the plane of rotation (Manwell et al 2009). By including the inflow angles, we can 

express the equation of normal and tangential forces as cosines and sinus functions 

(Zaaijer et al 2018). 

Fn = L cos(φ) + D sin(φ) 1 

Ft = L sin(φ) - D cos(φ) 2 

When considering the whole blade, the lift and drag forces are considered for an entire 

length (dr). dL and dD are the elements of forces given by the lift and drag coefficients. 

As explained in the airfoil aerodynamics chapter, the lift and drag coefficient data are 

obtained based on the angle of attack (Manwell et al 2009). So, for an entire length of the 

blade element (dr), we can compute the forces as  

dL = cl 
1

2
 ρ Vres

2 c dr  3 

dD = cd 
1

2
 ρ Vres

2 c dr  4 

 

the equation 1 and 2 can be rewritten based on the lift and drag coefficients as  

Fn = dL cos(φ) + dD sin(φ) 5 

Ft = dL sin(φ) + dD cos(φ) 6 

By substituting the lift and drag coefficients in the above equation we can find the forces 

tangential and normal to the plane of rotation. Based on the definitions of lift and drag 

forces, the torque for a rotor plane can be expressed as 

  

            dM = r(dL sin(φ) - dDcos(φ))   7  

 

Thus, having a larger lift and smaller drag increases the forces that act on a blade. Due to 

this balance of lift and drag, we can generate useful power from a wind turbine (Zaaijer et 

al 2018).  
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Blade Element Moment Theory: 

To calculate the loads on each blade element section, the axial and tangential 

induction factor (a and a’) should be calculated in an iterative process. For the tangential 

induction factor, we must take thrust and torque equations into considerations. When a 

blade rotates, torque happens. Since the rotor rotates with a certain rotational velocity and 

radial distance, the tangential velocity or tangential induction factor (a’) can be 

represented as (a’r) 

 

Figure 22 Velocity triangle based on induction factor 

Thus, the thrust force equation and momentum equation accompanied for a rotor 2πrdr, 

air density ρ, and an area A can be expressed as  

    dT = 4 ρπru2a(1-a) dr              8 

    dM = 4 ρπr3a u0a’(1-a) dr     9  

when these forces normal and tangential are established, it is important to recollect the 

inflow angle (φ). It is the angle between the relative wind speed and the rotational plane. 

Based on figure 5, the flow angle can be estimated by  

    tan φ = 
(1−𝑎)𝑢0

(1+𝑎′)𝜔𝑟
  10 

The relationship between lift (L), drag (D), thrust and torque provided before can be used 

to find the overall thrust and torque for (dr) multiplied for the number of blades(B) 

             dT = B(Lcos (φ) + Dsin(φ))dr   11 

            dM =Br(Lcos (φ) + Dsin(φ))dr  12 

Based on figure 22, the relative velocity can be expressed as  
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    Vres = 
𝑢0(1−𝑎)

sin(φ)
 = 

𝜔𝑟(1+𝑎′)

cos (φ)
         13 

Besides, the tangential and normal dimensional forces can be defined as  

                                                                                14 

By putting the definitions of Vres, in the equation of Cn and Ct the normal and tangential 

forces can be obtained in terms of axial and tangential induction factors. Then these forces, 

the equation of dT and dM can be used to determine the overall thrust and torque as shown 

below. 

         dT = 
1

2
 Bρc 

𝑢0²(1−𝑎)² 

(sin(φ))²
 Cndr                  15 

          dM = 
1

2
 Bρc𝜔𝑟𝑢0

(1−𝑎)(1+𝑎′)

sin(φ) cos (φ)
 Ctdr   16 
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