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Abstract

:

Wind turbine plants have grown in size in recent years, making an efficient structural health monitoring of all of their structures ever more important. Wind turbine towers deform elastically under the loads applied to them by wind and inertial forces acting on the rotating rotor blades. In order to properly analyze these deformations, an earthbound system is desirable that can measure the tower’s movement in two directions from a large measurement working distance of over 150 m and a single location. To achieve this, a terrestrial laser scanner (TLS) in line-scanning mode with horizontal alignment was applied to measure the tower cross-section and to determine its axial (in the line-of-sight) and lateral (transverse to the line-of-sight) position with the help of a least-squares fit. As a result, the proposed measurement approach allowed for analyzing the tower’s deformation. The method was validated on a 3.4 MW wind turbine with a hub height of 128 m by comparing the measurement results to a reference video measurement, which recorded the nacelle movement from below and determined the nacelle movement with the help of point-tracking software. The measurements were compared in the time and frequency domain for different operating conditions, such as low/strong wind and start-up/braking of the turbine. There was a high correlation between the signals from the laser-based and the reference measurement in the time domain, and the same peak of the dominant tower oscillation was determined in the frequency domain. The proposed method was therefore an effective tool for the in-process structural health monitoring of tall wind turbine towers.
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1. Introduction


Wind turbines must endure enormous loads, and their towers in particular are subject to periodic forces induced by the rotor motion and wind loads. The size of wind turbine plants has increased in recent years, which has not only increased the energy yield, but also the dynamic loads and deformations in the structure. Furthermore, the size of wind turbine plants has increased in recent years, which increases the energy yield, but also leads to greater dynamic loads on the structures [1]. Therefore, the measurement of the structural loads and, in particular, the dynamic tower deformations is even more relevant for the assessment and prediction of the condition and integrity of the plant (structural health monitoring) [2]. In addition, measurements of the actual tower deformation of real operating wind turbines are necessary to validate the respective wind turbine simulation models.



The largest deformation of the tower can be expected in the main flow direction. However, the wind load direction changes constantly due to varying wind conditions, while access to wind farms is often limited. As a result, a single sensitivity direction along the line-of-sight is not sufficient to evaluate the tower’s deformation. To fully characterize the tower movements of tall wind turbine towers with an earthbound device, a measurement approach is desired that allows the measurement of the movement in the axial (in the line-of-sight) and lateral (transverse to the line-of-sight) directions from a single observation direction. In addition, an approach is needed that does not modify the tower and can be used at measurement distances of more than 150 m.



One widely used method to measure the tower’s deformations is the use of strain gauges and accelerometers installed inside the wind turbine tower [3]. However, they can only provide information about the tower movement at discrete locations. Furthermore, these sensors need to be installed inside the tower at the desired height, which is not always possible due to limited plant accessibility and requires great effort.



Therefore, several attempts have been made to monitor the tower’s deformations in a contactless manner from larger distances using optical methods. Laser-Doppler vibrometry [4,5] achieves this by pointing a laser beam at the tower and measuring the frequency and phase change of the returned signal triggered by the target’s vibrations. However, the installation of reflective markers on the plant and, thus, a modification of the tower are needed. Furthermore, the tower’s movement can only be studied in the measurement direction. Another investigated optical method is photogrammetry [6,7], where the three-dimensional coordinates of the tower are determined from multiple two-dimensional images taken from different positions and orientations. By using edge or pattern detection, this method can be applied without a modification of the tower; however, multiple measurement accesses are needed to measure the two-dimensional motion of the tower.



Terrestrial laser scanning (TLS) is a known technique to monitor the deformation of large-scale objects from a single access point, without the need for reflective markers, from a measurement distance of over 150 m. TLS has been used to study the deformation of, for example, bridges, dams, and towers [8,9]. Schill and Eichhorn [10], Mitka et al. [11], as well as Artese and Nico [12] applied TLS to study the deformation of a wind turbine tower. They used laser scanners in line-scanning mode, scanning vertically along the tower axis. However, the tower’s deformations and the respective bending modes and eigenfrequencies of the tower were measured only in the axial direction. In addition, both studies were carried out on relatively small towers with a height of less than 70 m. A TLS-based measurement approach to acquire the two-dimensional tower deformation in the axial and lateral directions, as well as the application of TLS on taller wind turbine towers has not been reported yet.



For this reason, an enhanced TLS-based measurement approach was proposed to evaluate the tower deformations in the axial and lateral directions from a single observation direction. This was achieved by scanning the tower horizontally and extracting the minimum position of a least-squares curve fit for each scan of the tower cross-section. Note that the axial and lateral movement of the tower is currently only measured at one height of the tower at a time, while the principle of the measurement approach can be straightforwardly adopted for the scanning at multiple height positions with an appropriately designed scanning unit of the TLS sensor. To demonstrate the TLS measurement capabilities in particular for wind turbine towers taller than 100 m, a respective in-field experiment on a real wind turbine with a hub height of 128 m was performed using horizontal, as well as vertical scanning, and the tower’s contour line was investigated.



First, the measurement principle and the experimental setup are explained in Section 2 and Section 3, respectively. The TLS measurements with horizontal and vertical scanning were performed on a real wind turbine in operation with a hub height of 128 m. As a reference, the nacelle’s two-dimensional movements were measured with a video observation of the nacelle by placing the camera at the bottom of the plant facing upwards and using point-tracking software. In order to validate the TLS-based measurement results, they are compared with the reference data in Section 4. In addition, the measured contour line of the tall wind turbine tower is presented, and the respective measurement capabilities are discussed. A summary of the findings and an outlook then follows in Section 5.




2. Measurement Principle and Methodology


2.1. Measurement Principle of the Laser Scanner


Terrestrial laser scanning (TLS) measures a distance s with the time-of-flight (ToF) principle: Pulsed laser spots are emitted, and the time t it takes for the light to reach the target and return to the laser scanner is measured. With the speed c of light, the distance s can then be calculated from the following equation:


  s =   c  ·  t  2  .  



(1)







Terrestrial laser scanners in line-scanning mode have a rotating mirror that scans the emitted laser beam over a set scan angle  θ  with N incremental steps. With the measured distances   s ( n )  ,   n = 1 , . . . , N  , and the known angular step width   Δ θ = θ / N  , the measured tower surface points were first obtained in polar coordinates and were then transformed to two-dimensional Cartesian coordinates.




2.2. Methodology


The tower movement was analyzed with a horizontal and a vertical alignment of the laser scanner with regard to the tower axis. A sketch of both measurement arrangements is shown in Figure 1.



2.2.1. Vertical Laser Alignment


To determine the vertical contour line of the tower’s surface, from now on described as the tower’s contour line, a measurement was taken by aligning the laser scanner vertically with regard to the tower. This allowed describing the tower at all heights. A side view of this setup is shown in Figure 1a with the fixed scan angle  θ . The laser coordinate system   (  x L  ,  y L  ,  z L  )  , in which the data were collected, was identical to the measurement coordinate system   (  x M  ,  y M  ,  z M  )  . The scan was performed in the    y L  −  z L    plane and    x L  =  x M  = 0  . The points corresponding to the tower surface were extracted from all recorded measurement points by manually defining a region of interest (ROI); see Figure 2.




2.2.2. Horizontal Laser Alignment


In order to analyze the tower movement in the axial direction (in the direction of measurement,   y M  ) and the lateral direction (transverse to the direction of measurement,   x M  ), the laser scanner in line-scanning mode was aligned horizontally with regard to the tower. In Figure 1b, a sketch of the setup is shown, with the laser scanner tilted upwards with the inclination angle  α . The data points were collected in the laser coordinate system   (  x L  ,  y L  ,  z L  )  , with    z L  = 0  . Figure 3 shows the process of extracting a representative tower surface point from the data set and its transformation to the coordinate system   (  x M  ,  y M  )  :



For each scanned line, the cross-section of the tower at one tower height was measured, and the points corresponding to the tower surface were extracted using a manually set region of interest (Figure 3a). Wind turbine towers are truncated cones, and the cross-section of a cone is an ellipse. However, due to the low amount of data points, fitting an ellipse led to large deviations from the actual shape [13]. Since an ellipse and a parabola are both conic sections with different eccentricities, the curve close to a vertex of an ellipse can be approximated with a parabola. The deviation further away from the vertex can be neglected here because the focus was on finding a representative point for each data set and not fitting the shape perfectly.



Therefore, for each scanned line, a second-degree polynomial was fit through the data points using the method of least-squares, and the parabola minimum   (  x  L , min   ,  y  L , min   )   was determined (Figure 3b). The minimum was the point of the scanned tower cross-section that was closest to the laser scanner, which was subsequently used to analyze the tower movement. For this application, the varying measurement location due to a bending of the tower in the line-of-sight direction (<1 m) can be neglected. In order to analyze the tower movement in the measurement coordinate system (Figure 3c), the minimum position that was obtained in the laser coordinate system was transformed to the measurement coordinate system as follows:


     x  M , min      =  x  L , min   ,     



(2)






     y  M , min      =  y  L , min    ·  cos α .     



(3)







The   z M  -coordinate was not used for the tower movement analysis during the horizontal laser alignment.



A sequence of the resulting minimum position over time was obtained by repeated scans, which finally enabled the study of the dynamic tower motion at the desired tower height in the time and frequency domain.




2.2.3. Reference Measurement for Tower Movement Using a Video Camera


As a reference measurement system for the analysis of the tower motion, a video camera was chosen, which was placed at the bottom of the wind turbine, recording the nacelle movement from below; see Figure 4. A point with a characteristic feature close to the tower on the nacelle was chosen (see Figure 5) and tracked over time using point-tracking algorithms.



A top-view of the measurement arrangement with the co-alignment of the video and the laser system for the horizontal laser alignment is shown in Figure 6. The laser scanner was placed at a distance d from the plant. Depending on the main wind direction during the measurement, there was a misalignment between the laser scanning direction and the fore-aft oscillations of the nacelle, which was described as the measurement angle  φ . The camera was placed in one of two camera positions depending on the measurement angle  φ  to ensure that the camera had a full view of the nacelle. The nacelle positions were collected in the   (  x C  ,  y C  )   coordinate system and then transformed to the laser coordinate system   (  x M  ,  y M  )  . A time window without yawing was chosen.






3. Experimental Setup


3.1. Measurement Object


To validate the proposed method, a wind turbine with a tall hub height was chosen. The tower deformation measurements were carried out on a 3.4 MW wind turbine of the type REpower 3.4M located in Bremen, Germany. It had a hub height of 128 m. The tower was a conical hybrid tower, with the lower part of the tower (57 m) made out of concrete and the top part made out of steel. The cut-in wind speed was 3.5 m s−1 and the cut-out wind speed 25 m s−1. Some of the wind turbine characteristics are summarized in Table 1.




3.2. Measurement System and Setup


The laser scanner used in this study was the LASE 2000D-227 from the company LASE GmbH, which uses a laser in the infrared range. It produces 1000 measurement points over the scan angle of  θ  = 90°, which leads to an angular step of   Δ θ   of 0.09°. The scan frequency is 20 Hz, which can be increased to 40 Hz by halving the number of points. For this study, a scan frequency of 20 Hz was chosen. According to the manufacturer, the uncertainty is 5 mm, although it is actually likely higher for larger distances. The relevant characteristics are summarized in Table 2.



A photo of the experimental setup of the horizontal alignment is shown in Figure 7, with the wind turbine, the laser scanner, and measurement computer.



The video camera had a frame rate of 25 Hz with a resolution of 704 pixels × 576 pixels. The video was analyzed using the open-source software Tracker [14,15]. In the first frame, the origin was defined, and the measurement was calibrated using the distance between two panels; see the blue line in Figure 5. Note that there was no manufacturer information of the dimensions available, and there was limited access to the turbine. Therefore, this was an estimation of the dimension. This led to a resolution of 1 pixel = 6 mm. However, the uncertainty of the nacelle movement measurement was also dependent on fluctuating light conditions, possible contamination of the lens during a measurement, and imprecise calibration. A screw on the nacelle close to the tower was chosen as a point to be tracked; see Figure 5. Using a point-tracking algorithm, the defined point was tracked through all frames.




3.3. Measurement Conditions


3.3.1. Vertical Scanner Alignment


The measurements to determine the tower’s contour line with vertical scanner alignment were taken on 16 November 2020 with an average wind speed of 8.50 m s−1. The laser scanner was placed 127 m from the turbine, with the main measurement direction transverse to the main wind direction (  φ   ≈ 270°). The measurement conditions are summarized in Table 3.




3.3.2. Horizontal Scanner Alignment


In order to validate the novel TLS-method that allows to measure the tower’s movement from a single access point in axial and lateral direction and to characterize the tower’s movement of a tall wind turbine, different operating conditions are chosen, i.e., low wind speed, high wind speed, and start-up and braking. The measurements are taken with varying  φ  caused by the main wind direction. To achieve a comparable measurement to the nacelle movement obtained from the video camera, the laser scanner is directed towards the top end of the tower and the inclination angle  α  is measured (see Figure 1b and Figure 6). Note that the laser scanner is manually pointed towards the top end of the tower, leading to slightly different measurement angles for similar measurement distances. A summary of the measurement conditions is shown in Table 4.



The measurements for high and low wind speed were taken transverse to the line-of-sight, with   φ   ≈ 110° and   φ   ≈ 230°, respectively; therefore, the greatest tower movements were expected in the   x M  -direction. The laser scanner for these two measurement conditions was placed at 127 m from the tower with a measurement distance to the top of the tower of over 170 m.



The measurement for the braking condition was taken with the nacelle in alignment with the line-of-sight of the laser scanner (  φ   ≈ 180°), with the rotor blades partially blocking the field-of-view of the tower. The largest movement was therefore expected in the   y M  -direction. The laser scanner was placed at 155 m from the tower with a measurement distance to the top of the tower over 192 m. The average wind speed was not recorded for that measurement, since the tower’s movement was caused by a forced start-up and braking and not the wind force.



Each measurement took place for 10 min. A time window without yawing of the nacelle was chosen so that the laser and video measurements were comparable. All measurements were normalized by subtracting the median of all scans, and a rolling median filter with a window width of 10 scans (i.e., 0.5 s) over time was applied. The time series of the tower positions were analyzed in the time and frequency domain.






4. Results


4.1. Vertical Scanner Alignment: Contour Line


The result of a single vertical scan of the tower for the measurement conditions summarized in Table 3 is shown in Figure 8. Note that the contour line of the tower surface included the tower’s deflection due to the wind force.



The transition between the concrete and the steel towers was visible at a height of around 57 m. The second sharp bend can be explained by the tower’s geometry: the steel tower increased slightly in diameter before thinning out. Since a hybrid tower was used in this study, which has a more complex geometry compared to the regular steel towers, the method of fitting a third-degree polynomial through the data as described in [12] cannot be used here. By fitting other curves through the data points, a measurement of the tower’s deformation in the axial direction would be possible; however, this study was focused on presenting the contour line. Without knowledge of the tower’s geometry, the bending line cannot be determined from the contour line. However, the proposed TLS method was capable of measuring the contour line of tall wind turbine towers.




4.2. Horizontal Scanner Alignment: Tower Deformation Analysis in the Time Domain


Measurements were taken for three different operating conditions: low wind speed (Figure 9), high wind speed (Figure 10), and start-up and braking (Figure 11). The measurement conditions are summarized in Table 4.



The measured tower movements for low wind speed for the laser scanner and video measurement are shown in Figure 9. The measurements were taken with a low average wind speed, with the wind partially dropping below the cut-in rate of the wind turbine, causing a low-frequency movement with an amplitude of around 0.5 m in the   x M  -direction, with the wind turbine near a standstill at around 12:16 to 12:18 and 12:21 to 12:22. The high-frequency oscillations throughout the measurement had an amplitude of up to 0.05 m in the   x M  -direction and 0.025 m in the   y M  -direction. The biggest movement can be seen in the   x M  -direction due to the main wind direction being transverse to the line-of-sight (  φ   ≈ 110°).



The measured tower movements for the high average wind condition for the laser scanner and the video measurement are shown in Figure 10. There was no low-frequency movement caused by a partial shutdown of the turbine or gusts of wind. There was, however, a high-frequency oscillation with an amplitude of 0.10 m to 0.15 m in the laser measurements. The oscillations in the   x M  -direction showed a higher amplitude than the oscillations in the   y M  -direction due to the main wind direction (  φ   ≈ 230°). As expected, the amplitude of these high-frequency oscillations was higher than in the low-wind condition due to the higher wind loads.



The measured tower movements for the measurement during start-up and braking are displayed in Figure 11 (note the slightly different scaling in the y-axis compared to the previous graphs). Due to the measurement angle of   φ   ≈ 180°, the rotor blades were partially blocking the tower, leading to missing values in the laser measurements. The measurement was carried out under a braking condition, which is visible in the graphs. First, the plant was started up (12:16:50l–12:17:18), then the rotor speed was kept constant until the brakes were applied at 12:18:37. The swinging-out of the tower after the braking was also visible.



There was a qualitative agreement between the measurement taken by the laser scanner and the video measurements in the low wind and braking conditions, with a correlation coefficient of 0.99 and 0.96 in the   x M  -direction and 0.87 and 0.99 in the   y M  -direction, respectively.



There as a high correlation between the measurement taken by the laser scanner and the video measurements with the high wind condition as well, with a correlation coefficient of 0.81 and 0.58 for the movement in the   x M  - and   y M  -direction; however, it was not as high as in the low wind condition. This could be due to the tower moving while scanning one line. Using a laser scanner with a higher scan rate could eliminate this problem.



Although the correlation for the high-frequency movements was slightly lower than the correlation when there was a low-frequency movement present, the two measurement concepts generally agreed well. There was, however, a disagreement in the amplitude levels of the video measurement. Because there was no structural knowledge about the wind turbine available, it was impossible to know which measurement best described the actual tower movement. The difference in amplitudes could be due to several effects: Firstly, the laser measurement analyzed a high part of the tower, but not necessarily the very top part of the tower, leading to a 5–10 m difference in height between the measurements. If we were to assume that the tower deflects as a straight line, a 10 m difference would account for a difference in amplitude of about 8.3%. This would account for some part, but not all of the differences shown above.



Furthermore, the differences could stem from a systematic error in one of the measurement systems. In proof of concept measurements, where a cylinder placed at a distance of over 150 m from the laser scanner and then moved 1 m in the lateral, as well as axial direction, no systematic error was detected. Therefore, the difference in amplitude was most likely not due to a systematic error in the laser scanner, but rather had a different cause. There was, however, likely a systematic error in the video measurement since its calibration was done using an estimate of a dimension, as no information about the actual dimension was provided by the manufacturer. Furthermore, possible distortion effects of the camera were not taken into consideration during the calibration process, which might lead to a possible overestimation of the actual nacelle movement. The video measurement also captured torsional oscillation of the nacelle, which cannot be measured be the laser measurement.



Nevertheless, although the exact reason for the quantitative difference was not completely clear, the two measurement concepts agreed well qualitatively, especially for the low-frequency movements. The proposed TLS method with the horizontal scanner alignment was therefore capable of characterizing the tower’s movement in different operating conditions.




4.3. Horizontal Scanner Alignment: Analysis in the Frequency Domain


All measurements were also analyzed in the frequency domain using a fast Fourier transform. Figure 12 shows an example of this analysis for the measurement taken on 11 March 2021 (strong-wind condition). There was an agreement in the peak for both laser and video measurement at around 0.29 Hz–0.30 Hz, which occurred for all studied measurement conditions. This peak was therefore a dominant frequency of the tower. An analysis of the other measurements, i.e., low wind and start-up and braking conditions in the frequency domain, showed a similar peak, albeit with a lower amplitude. Therefore, this frequency was likely a natural frequency of the tower. There were other peaks in the lateral direction with the video measurement system, which were likely due to noise in the data. Since the same dominant frequency was found for the reference and the laser measurement system, the proposed TLS-based method was shown to provide valid measurements to determine a dominant frequency.





5. Conclusions


The proposed TLS-based measurement system was capable of characterizing the movements of tall wind turbine towers in two directions and the dominant frequencies of that movement from a single access point. This was achieved by placing the laser scanner at a measuring distance of over 150 m from the plant. The laser scanner was tilted upwards to measure the deformation at the top end of the tower. With the help of a least-squares fitting through the measured data points and extraction of the minima for each scan, it was possible to determine the tower’s movement not only in the axial direction (line-of-sight) but also in the lateral direction (transverse to the line-of-sight).



The proposed TLS method of measuring the top part of the tower with the laser scanner was compared to the measurement of the nacelle movement obtained by filming the nacelle from below and using a point-tracking algorithm on a wind turbine with a hub height of 128 m. Three different operating conditions were chosen, i.e., low wind speed, high wind speed, and start-up and braking of the wind turbine. There was a high correlation between the laser and the reference measurement system in the time and frequency domain. The TLS method can therefore reliably characterize the tower’s two-dimensional movement from a large working distance for different operating conditions, independent of the main wind direction. By aligning the laser scanner vertically, it was also possible to obtain the tower’s contour line.



Currently, only one height of the tower can be measured at a time. By using an appropriately designed laser scanner, however, the measurement approach can be straightforwardly adopted for the scanning of multiple heights simultaneously, thus combining the vertical and horizontal alignment of the laser scanner presented in this paper. The proposed TLS method therefore proved to be a capable tool for the structural health monitoring of tall wind turbine towers.
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Figure 1. Sketch of the measurement arrangement showing the laser coordinate system (xL, yL, zL) and the measurement coordinate system (xM, yM, zM). (a) Side view of the vertical alignment of the laser scanner with the fixed scan angle θ. Note that the scan was performed in the yL − zL plane. (b) Side view of the horizontal alignment of the laser scanner with an inclination angle α. Note that the scan was performed in the xL − yL plane. 
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Figure 2. All detected points with the vertical scanner alignment in the measurement coordinate system   (  y M  ,  z M  )  . The points on the tower are marked as the region of interest (ROI). 
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Figure 3. Procedure for determining the minimum in the horizontal scanner alignment by defining the region of interest (ROI), least-squares fitting, and transformation of the minimum to coordinate system (xM, yM). (a) Points on the tower marked as the region of interest (ROI) in the coordinate system (xL,yL). (b) Parabola fitted through points in the ROI and minimum (xL,min, yL,min) calculated in the coordinate system (xL,yL). (c) The minimum (xM,min, yM,min) is then analyzed in the coordinate system (xM, yM). 
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Figure 4. Video camera placed at the bottom of the wind turbine, filming the nacelle movement from below. 
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Figure 5. The origin and coordinate system (black) are defined. The length is calibrated (blue), and the point to be tracked is defined (red). 
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Figure 6. Top view of the measurement arrangement with horizontal laser scanning alignment and the measurement angle  φ . The camera was placed either in Camera Position 1 or in Camera Position 2 depending on the main wind direction. 
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Figure 7. Experimental setup for in-field wind turbine tower deformation measurements including a laser scanner and a measurement computer. 
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Figure 8. Contour line measured with vertical scanner alignment. 
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Figure 9. Tower movement in the lateral and axial direction measured by the laser scanner and video recording during low wind conditions. (a) Tower movement in the lateral direction (xM). (b) Tower movement in the axial direction (yM). 
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Figure 10. Tower movement in the lateral and axial direction measured by the laser scanner and video recording during strong wind conditions. (a) Tower movement in the lateral direction (xM). (b) Tower movement in the axial direction (yM). 
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Figure 11. Tower movement in the lateral and axial direction measured by the laser scanner in the horizontal alignment and video recording during start-up and braking. (a) Tower movement in the lateral direction (xM). (b) Tower movement in the axial direction (yM). 
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Figure 12. Tower movement in the lateral and axial direction. (a) Fourier transform of tower movement in the lateral direction (xM). (b) Fourier transform of tower movement in the axial direction (yM). 
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Table 1. Wind turbine REpower 3.4M characteristics.
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	Name
	Value





	hub height
	128 m



	concrete tower length
	57 m



	steel tower length
	69 m



	cut-in wind speed
	3.5 m s−1



	rated wind speed
	13.5 m s−1



	cut-out wind speed
	25 m s−1
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Table 2. Laser scanner LASE 2000D-227 characteristics.
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	Name
	Value





	laser wave length
	 λ  = 128 nm



	laser pulse rate
	40 kHz



	laser class
	1 M



	laser spot size at sensor window
	12 mm2 × 16 mm2



	scan angle
	 θ  = 90°



	points per scan
	N = 1000



	scan rate
	20 Hz (40 Hz)



	uncertainty
	5 mm
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Table 3. Measurement conditions for vertical alignment. See Figure 1a and Figure 6 for sketches of the experimental setup.
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	Name
	Value





	date
	16 November 2020



	distance
	  d   = 127 m



	measurement angle
	  φ   ≈ 270°



	average wind speed
	8.50 m s−1
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Table 4. Measurement details for different operating conditions. See Figure 1b and Figure 6 for sketches of the experimental setup.
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	Low Wind Speed
	High Wind Speed
	Start-Up and Braking





	date
	14 October 2020
	11 March 2021
	20 October 2020



	distance
	  d   = 127 m
	  d   = 127 m
	  d   = 155 m



	camera position
	2
	2
	1



	measurement angle
	  φ   ≈ 110°
	  φ   ≈ 230°
	  φ   ≈ 180°



	inclination angle
	 α  = 42.3°
	 α  = 41.8°
	 α  = 36.0°



	corresponding height on tower
	  h   ≈ 115.5 m
	  h   ≈ 113.5 m
	  h   ≈ 112.6 m



	average wind speed
	6.85 m s−1
	13.89 m s−1
	≈ 6 m s−1



	minimum wind speed
	2.66 m s−1
	6.99 m s−1
	



	maximum wind speed
	10.09 m s−1
	22.26 m s−1
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