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Abstract

:

Wind turbines are structures predominantly subjected to dynamic loads throughout their period of life. In that sense, fatigue design plays a central role. Particularly, support structure design might be conservative with respect to fatigue, which may lead to a real fatigue life of considerably more than 20 years. For these reasons, the implementation of a fatigue monitoring system can be an important advantage for the management of wind farms, providing the following outputs: (i) estimation of the evolution of real fatigue condition; (ii) since the real condition of fatigue damage is known, these results could be an essential element for a decision about extending the lifespan of the structure and the possibility of repowering or overpowering; and (iii) the results of the instrumented wind turbines can be extrapolated to other wind turbines of the same wind farm. This paper reviews the procedures for calculating the fatigue damage of wind turbine towers using strain measurements. The applicability of the described procedures is demonstrated with experimental data acquired in an extensive experimental campaign developed at Tocha Wind Farm, an onshore wind farm located in Portugal, exploring the impact of several user-defined parameters on the fatigue results. The paper also includes the description of the data processing needed to convert raw measurements into bending moments and several validation and calibration steps.






Keywords:


wind turbine; fatigue assessment; dynamic monitoring; strain gauges












1. Introduction


Fatigue is defined as a physical phenomenon where a material cracks after bearing a certain number of load cycles, whereas a single load of the same magnitude would not have caused a failure [1,2]. This is a common cause of failure in structures and components subjected to time-variable loadings, such as wind turbines.



Fatigue design of wind turbines is actually a very complex task. On the one hand, wind turbines are composed by large structural components designed with several materials, leading to different properties and assessment procedures [3]. On the other hand, the definition of the loading scenarios is a difficult and extensive task. It is important to note that, apart from quasi-static loads, wind loads have a considerable uncertainty in their quantification because of their dynamic and non-deterministic nature.



In general, two distinct approaches in fatigue analysis can be followed [4]: (a) use the cumulative fatigue damage to predict fatigue life, assuming that a failure occurs after a number of loading cycles at a particular tension/stress range; and (b) examine the fracture behavior of mechanical elements under dynamic loads and consider that a failure occurs if the remaining strength of the component is insufficient because of cracks that have grown to a critical length. Although the second method is more accurate for fatigue life prediction, it is not commonly used because crack behavior models are more complex to determine.



In a very simple way, following the first approach, the fatigue assessment consists of a determination of the loading history, the identification of the damage cycles, and the estimation of the total fatigue damage by aggregating the damage contributions of each damage cycle. In time domain analysis, the structure response is expressed as a stress or strain history and fatigue damage occurs as a result of stress/strain variation over time (so-called cycles). The damage is estimated according to the hypothesis of linear damage accumulation, the so-called Palmgren–Miner rule [5]. A simple description of how fatigue damage accumulates in a structural component is provided in [6]. According to Wöhler, each cycle of constant stress range causes a certain amount of damage and that damage increases linearly with the number of stress cycles applied, until the material breaks. The parameters that may influence fatigue strength are the stress range and the average stress associated with each cycle. A complete description of this procedure is presented in Section 2 of this paper.



Alternatively, frequency-domain methods might be applied. As mentioned above, wind turbines are exposed to random loads that translate into an equally random response. In reality, these response stresses and input loadings can be viewed as the realization of a random Gaussian process that can be described in the frequency domain by a power spectral density (PSD) function. The PSD represents the distribution of the signal energy at different frequencies and it can be obtained with the application of fast Fourier transforms to the time signals. These transformations of loading time histories between time and frequency domain is subject to certain requirements, as the signal must be stationary and Gaussian (normal probability distribution).



The frequency-domain methods for fatigue assessment offer a direct connection between the PSD and damage or the cycle distribution of the loading. These methods can be divided into narrow-band and wide-band processes. A description of the fundamental theories of random vibration and of the methods to predict fatigue damage from a PSD of stress response are introduced [7]. In a general way, for a narrow-band process, it is reasonable to assume that every peak of the PSD is coincident with a cycle and that the cycle amplitudes are Rayleigh-distributed, although for a wide-band process the relation of the peak distribution and cycle amplitudes is much more complex and several empirical solutions have been proposed [8,9,10].



Frequency-domain methods for dynamic and fatigue analysis have been widely used in the offshore oil and gas engineering field. In [11], the fatigue assessment with a frequency-domain approach of a bottom-fixed monopile turbine was performed. An acceptable accuracy compared to time-domain numerical simulations and full-scale measurements was found. Other studies applying frequency-domain analysis for wind turbines have been reported in [12,13].



Regarding the classical approach combining S-N curves and a rainflow counting algorithm, it is important to mention some limitations of this method [14]. As a result of improved manufacturing processes, the steel currently used in the construction of the towers has more advanced properties than the material used in the tests on which the S-N curves are based. On the other hand, this method does not allow consideration of the sequential effect of the stress history. It is verified that the crack opening speed is related to the chronological order of the load cycles, which cannot be done with linear damage accumulation. Finally, this method neglects the material’s ability to regenerate, since cracks may have the ability to heal when subjected to compressive stresses.



Despite the limitations of the classic approach, the combination of rainflow counting and the Palmgren–Miner rule has been tried and tested thoroughly and is generally accepted as one of the best time-domain methods for a fatigue-life estimation. The main standards and guidelines of wind turbines, including IEC 61400-3 [15], IEC 61400-1 [16], DNV-2011 [17], GL-2010 [18], and GL-2012 [19], suggest the application of the linear accumulation of damage for fatigue analysis of the support structure.



One of the first examples of fatigue assessment of a wind turbine tower based on the measurement of strains is described in [20]. The experimental campaign lasted nine months and included the installation of four sensors in a 500 kW rated power onshore wind turbine. The collected data was processed with the application of the rainflow counting algorithm. This work was intended to optimize the design of these structures.



Within the scope of the “high-strength steel tower for wind turbines” project, a 2.1 MW wind turbine located in Portugal was instrumented with 96 strain channels [21]. The main goal of the project was to improve the competitiveness of the steel towers used to support multi-megawatt wind turbines.



Pollino and Huckelbridge [22] monitored a 100 kW wind turbine with strain gauges over approximately one year and concluded that the fatigue life of the principal structural details of the tower was significantly higher than 20 years.



To study in detail the connection between the steel tower and the concrete foundation, a monitoring system based on accelerometers and strain measurements was deployed in a wind turbine located in south Germany [23].



More recently, Weijtens [24] describes an experimental campaign carried out in the North Sea under the Northwind offshore wind project. The Northwind farm comprises 72 Vestas V112-3MW offshore wind turbines (monopile foundations) with a 216 MW capacity and started operation in 2014. This work presents the fleet leader concept, in which a limited number of representative wind turbines are instrumented with strain gauges and accelerometers (two wind turbines were instrumented in this case). The fatigue damage on the two wind turbines is quantified keeping in mind the prediction of the fatigue-life progression in the entire wind farm.



A long-term monitoring system for structural and fatigue verification of wind turbine support structures is presented in [25]. The monitoring system is installed on a Vestas V90-2.0 MW wind turbine situated in the biggest wind farm of Switzerland (Mont-Crosin, BE). The results of this work demonstrated that the wind turbine tower service duration could be extended safely beyond 20 years using simple monitoring systems.



All these works prove the relevance of fatigue assessment of wind turbines with dynamic monitoring systems based on strains measurement. This paper seeks, in a pedagogical way and supported by a practical case study, to evaluate the impact that different variables can have on the final calculation of fatigue in wind turbine towers. In fact, in the performed literature review, no relevant contributions were found that sought to jointly assess the impact of the various variables considered in this work, using a sufficiently large amount of experimental data collected in a utility-scale modern wind turbine. Most of the results found are based on numerical modeling or experimental work carried out on older and outdated models of wind turbines.



This paper is organized as follows: Section 2 gives the background of the procedure for calculation of fatigue damage on wind turbine towers based on strain measurements. Some shortcomings of this approach and alternatives are also presented and discussed.



The case study of the Tocha Wind Farm is introduced in Section 3, as well as the experimental monitoring campaign. Results from a two-year measurement campaign in Tocha Wind Farm will be used.



In a first step, the experimental determination of bending moments at the tower requires the acquired raw strain data to be preprocessed to obtain the actual deformation (described in Section 4). Thus, special attention is given to strain-signals processing, which includes temperature effects compensation and signal calibration according to IEC 61400-13. Advanced numerical models of the wind turbine are also being developed in FAST [26]. The experimental tower bending moments reported in this contribution are compared with their numerical counterparts.



Afterward, fatigue assessment based on rainflow counting and the Palmgren–Miner rule can be performed. An estimation of the damage accumulated over the monitoring period is obtained. The sensitivity of the calculated fatigue damage to several parameters (window length of strain time series, rainflow histogram resolution, S-N curve parameters, and strain-signal sampling frequency) is evaluated (Section 5).



Finally, the conclusions and future developments are given in Section 6.




2. Fatigue Assessment Using Strains Gauges


The fatigue damage calculation procedure based on strain measurements involves a significant number of processing steps. An overview of this procedure is given in Figure 1. All the involved steps are described in this section and most of them are then illustrated in a case study.



2.1. Bending Moments at Instrumented Section


The longitudinal strain signals      ε z      are the input of this procedure. According to the theory of linear elasticity (Hooke’s law) for isotropic materials, the longitudinal stress in the tower      σ z      is given by:


   σ z  = E ·  ε z   



(1)




where  E  is the Young’s modulus of the steel. It is important to note that the previous equation is valid since the radial deformations caused by the thrust force are negligible when compared to the longitudinal deformations, considering the small thickness of the tower cross-sections.



The calculated stress at any sensor installed in the cross-section results from the combination of two bending moments in two perpendicular directions (   M x    and    M y   ) and the normal force (   F N   ), according the following equation:


   σ z     θ i    =    M x   W  · cos    θ i    −    M y   W  · sin    θ i    +    F N   A  ,     i =   1 ,   2 ,   3 ,   …    



(2)




where    θ i    is the angle of the  i -th sensor from the  x -axis aligned with the door and  A  and  W  are the cross-section area and the elastic section modulus, respectively. To calculate the normal force and the two bending moments installed in the cross-section, it is required to measure the longitudinal stress at, at least, three different locations. As the strain sensors only provide the variation from the initial stress state of the structure, the normal force resulting from the tower, nacelle, and rotor weight cannot be measured. Still, this can be easily estimated if all the supported masses are known.



In fact, the relevance of mean stress in fatigue analysis in the standards and guidelines depends on the structural detail under analysis. For the fatigue analysis of concrete elements (i.e., foundations and grouted joints) or preloaded bolted joints, the knowledge of the mean stress is required [27]. For the analysis of the steel elements of the support structure, some standards and guidelines present a correction coefficient to consider the mean stress effect. However, it is usually disregarded because its consideration introduces a positive effect when the stress range is in the compression side. Thus, it is conservative to neglect this coefficient and, consequently, the mean stress effect.



The nacelle orientation defines the fore–aft (  F A  ) and the perpendicular side-to-side (  S S  ) direction. Subsequently, the bending moment with a vector perpendicular to the rotor axis (   M  F A    ) and the perpendicular direction moment (   M  S S    ) are obtained by projecting the    M x    and    M y    bending moments using the yaw angle provided by the SCADA system.




2.2. Extrapolation of the Bending Moments


2.2.1. Critical Construction Details


Due to its geometry and construction process, the wind turbine structures have several details that need to be verified against fatigue damage. Considering only the support structure of onshore wind turbines (tower and foundation), there are mainly five spots of interest: the flange connection between tower segments (including the bolts), the vertical and horizontal welded connections between the tower cylindrical sheets, the welded connections between the tower cylindrical sheets and the flange, the stress concentration that is due to the door opening, and the connection between the tower and the foundation.



The flanged connection between the tower segments results in an eccentrically loaded bolted connection. In this way, a fast bolt-fatigue failure can occur when the external loads are high relative to the bolt preload because the eccentricity of the connection results in a nonlinear relationship between the tensile forces in the bolt and the load applied to the structure.



Some bolted connection designs are described in [28] and different models to estimate the load transferred into bolts can be found in the guideline [29]. Pedersen [30] concludes that the bolted connections can be optimized by placing the bolts as close as possible to the tower wall (to reduce the eccentricity) and also demonstrated that an increase in the flange thickness can reduce the stresses in the bolts.



Although it is important to note that during the normal operation of the wind turbine, the stress variation inside the prestressed bolts is low and the opening of the joints is not expected [21]. A correct maintenance program for this type of connection makes it possible to correct prestressing losses and prevent possible damage to the structure.



Damage in onshore wind turbine support structures is usually related to foundation problems and the connection between the tower and the foundation is a sensitive location for fatigue [31]. Some problems of excessive levels of vibration have been observed because of the cracking and/or gaps in the concrete around the steel ring embedded in the foundation [32].



For offshore bottom fixed turbines, other locations are very sensitive for fatigue damage: in mono-piles the grouted connection of the transition piece is particularly sensitive and foundation models like tripods and jackets present complex geometries with a high number of joints with high stress concentrations.



The design codes present rules that permit the conversion of the stress observed in a current cross-section to the ones applied in the critical spots of common details (using detail categories as referred to in Section 2.5). If this is not available, local detailed finite elements models have to be constructed.




2.2.2. Extrapolation of the Bending Moments to Non-Instrumented Sections


For the complete evaluation of the fatigue damage, it is essential to know the distribution of stresses or strains along the structure, in particular at the critical positions identified in the previous section. However, at many critical details, or cross-sections close to the critical details, direct measurements of strains are not feasible. It might be impossible because of difficulties to access these cross-sections and also because the instrumentation of all critical spots is not economically feasible.



Thus, when direct measurements of strains are not available, the fatigue assessment of a wind turbine spot can be performed: (a) through estimation of the dynamic loads applied to the structure, or (b) through model-based extrapolation of a limited set of available response measurements.



The first method allows the reconstruction of the dynamic loads applied to the structure. Many algorithms for force identification can be found in the literature [33,34,35], which already had practical applications in wind turbines. Fritzen in his works adopted a robust observer technique for estimating the wind loads on a 5 MW wind turbine [36].



Alternatively, response estimation techniques can be used to estimate the strains at any fatigue location without the necessity of prior sensor installation on these locations. From the obtained stress histories, the consumed fatigue can be assessed. This so-called virtual sensing concept utilizes a limited set of response measurements, as accelerations, strains, or SCADA data, to reconstruct the full-field response of the structure.



Various approaches for the estimation of stresses and strains using response estimation techniques are presented in the literature. These virtual sensing techniques can be divided into: the model-based robust observers [37,38], the Kalman filter-based techniques, the joint input-state filtering techniques, and model decomposition and expansion technique (briefly introduced next). The joint-state input estimation was proposed by Gillijns and Moor [39] and further developed by Lourens et al. [40]. This method estimates the loads and states of the structural model based on filtering. Posteriorly, this algorithm was extended to be applied when accelerations are measured [41]. Similarly, the Kalman filter-based techniques estimate states based on a limited number of response measurements. This approach was introduced to be applied to structural dynamics by Papadimitriou et al. [42]. The Kalman filters have proven effective on the simultaneous integration of multiple types of measurements (e.g., accelerations and strains measurements) [43,44]. Alternatively, model decomposition and expansion technique assume structural response as a linear combination of the mode-shape vectors [45]. Modal expansion algorithms can be applied both in time and frequency domains [46,47,48].



A comparison of the applicability in offshore monopile wind turbines of the Kalman filter, joint input-state filter and modal expansion is carried out in [49], which concludes on an acceptable performance in the prediction of acceleration responses in offshore wind turbine foundations.



The fatigue condition in an arbitrary position of the wind turbine structure can be obtained as the sum of the contribution of two components: quasi-static and dynamic. The quasi-static component corresponds to the stress conditions associated with the lower frequency range of the spectrum, generally related to the quasi-static component of the wind action, while the dynamic fatigue component corresponds to the stress conditions associated with higher frequencies of the structure response, which includes the contribution of sinusoidal excitations and vibration modes.



In a simplified way, the quasi-static component of fatigue can be determined by knowing the configuration of the global deformation of the structure and the quasi-static condition at a reference point. The deformed shape of the structure can be estimated based on its stiffness matrix and knowing the most common loading configuration. The quasi-static reference condition can be a bending moment (measured with strain gauges), the evolution of a displacement (measured with GPS), or curvature (measured with inclinometers) over time in an appropriate section of the structure. Assuming the deformed configuration of the structure and a known reference condition, the bending moment of the quasi-static component, and consequently the stresses, can be extrapolated for the entire structure.



Estimating the dynamic contribution to fatigue is a more complex task. In the works [45,50], a possible strategy is presented and exemplified. From the modal analysis carried out in the damage detection module, it is possible to determine the modal accelerations of the structure. Adopting a double integration process, the corresponding modal displacements can be determined. Knowing the displacement field for each vibration mode, it is possible to calculate the equivalent forces that impose the same modal deformation. Thus, the bending moment at any point in the structure is then obtained by summing up the bending moment contribution of each mode of vibration, once the partial contribution of each mode to the response of the structure is known.





2.3. Axial Stress Variation in the Cross Section


Considering only the stress variation along the FA and SS directions to determine the accumulated fatigue damage in the tower cross-sections is a conservative approach usually adopted in design, since it adopts a single dominant wind direction. To optimize the material capacity, the damage can be estimated over the section of the tower using the stress signals calculated along the perimeter of the cross-section (for example, every 10°).



In this way, the cross-section is divided in segments and the stresses at each central point are calculated knowing the geometric characteristics of the section and the FA and SS bending moments.




2.4. Rainflow Counting


The rainflow cycle-counting algorithm translates the hysteresis loops experienced by the material during the loading history into a stress histogram. It gives the number of experimental cycles (   n i   ) for a certain stress range of the  i -th bin (  Δ  σ i   ) of the factored stress spectrum.



The most common cycle counting methods are level crossing [51], peak cycle [52], and rainflow cycle counting [53]. The last method is indicated by Eurocode 3 for evaluation of the stress history and in [54] it is considered as the most accurate method among the other common methods.



The rainflow counting algorithm was developed by Matsuishi and Endo [55] and later Rychlik [56] gave a mathematical definition for the rainflow counting method. A number of variations of this original scheme have been published for various applications [57,58]. The biggest advantage of this method is that it accounts for all the peaks without doubling, thus there are no more drop-outs in the calculation in terms of uncounted small amplitudes, which leads to a less conservative estimation of the fatigue damage. Another major advantage of this method is that it allows the direct application of the Miner’s rule to assess the fatigue life of a structure being subjected to a complex loading record.



The rainflow cycle counting of the stress is performed for both directions (FA and SS directions). The number of required stress bins must be preliminarily evaluated for each application. In IEC 61400-13 [59], it is indicated that to achieve sufficient resolution, the number of divisions of the load range shall be at least 100. However, in DNV GL AS [60], it is recommended that the number of bins should be large enough to ensure reasonable accuracy, and should not be less than 20.




2.5. Fatigue Damage during the Monitoring Period


Before calculating the fatigue damage on the structure, it is important to note that the nominal stresses obtained at the position of interest are associated with some uncertainty. To take into account the uncertainties about material properties and loads, and the consequences of failure, and to get a representative value for the concentrated stresses at specific details, the standards and guidelines also define partial safety factors.



For example, Eurocode 3 defines a partial factor for the equivalent constant amplitude stress range (   γ  F f    ), which must be multiplied by the stress differences (  Δ  σ i   ) obtained from a load spectrum, and the stress strength (  Δ  σ c   ) is divided by the partial factor for fatigue strength (   γ  M f    ). These partial safety factors are applied separately to loads and resistances to obtain the required safety level. On the other hand, [61] indicates an overall safety factor (  S F  ) obtained by multiplying several sub-factors, such as the stress concentration factor, size effect correction, and material safety factor.



Still other factors must be considered for each practical application. In [62], two types of adhesions for the strain gauges were compared: strain gauges were glued to the turbine wall or welded to the steel. In this study, fiber Bragg gratings (FBGs) were used. A 10% reduction in sensitivity was observed for the welded strain gauges compared to the glued strain gauges.



In the last step, the damage calculation is based on the assumption of linear damage accumulation of each stress cycle, according to the Palmgren–Miner rule. The total fatigue damage (   D  t o t a l    ) is given by:


   D  t o t a l   =   ∑  j    ∑   i = 1    n σ       n  i j      N i     



(3)




where indices  i  and  j  correspond to the  i -th stress bin of the  j -th time series. The    n  i j     is the number of cycles associated with the stress range   Δ  σ i    and    N j    represents the number of cycles to failure at a constant stress range    σ i   , which it is obtained from the corresponding S-N curve.



The S-N curves represent the fatigue resistance of a given detail and are determined from series of fatigue tests on laboratory specimens. Typically, these curves are associated with a given survival probability and level of confidence. For the design of steel support structures, all the standards and guidelines define similar S-N curve equations for fatigue analysis. For example, for components predominantly loaded by normal stress, the guideline GL-2010 [18] recommends the same bilinear S-N curves as defined in Eurocode 3, but disregards the threshold value of fatigue strength. The GL-2010 [18] do not recommend the use of an endurance limit. Figure 2 represents the S-N curves provided by the two references for a particular detail.



It is important to note that Eurocode 3 defines partial safety factors to be applied to the fatigue strength curves according to the accessibility of the component during periodic inspection and maintenance, and the consequences of failure. A full description of the S-N curves of the different codes and a comparative study of these curves can be found in [63].



In conclusion, the calculated damage refers to the degree of damage of the material under cyclic loading and it is represented by a dimensionless parameter  D . If   D = 0   the material is considered intact and if   D > 1   the material has reached its fatigue life.




2.6. Extrapolation of the Fatigue Damage in Time


Direct measurement of strains at the wind turbine tower allows us to estimate the accumulated fatigue damage with good accuracy over the monitoring period. This is an important source of information that can be used to estimate the damage prior to and after the monitoring period. The main goal is to estimate the damage at a given angle of the tower section based on a few data from the SCADA system: wind speed, turbulence intensity, and yaw angle (nacelle orientation).



The presented strategy combines a period of measurements with strains with long-term SCADA data. The experimentally estimated damage (e.g., 10 min damage values) are first clustered into several load cases (e.g., power production, parked/idling, and emergency shutdown). Based on the approach described in IEC 61400-13 [59], the damage values are stored in a database according to the corresponding wind speed and turbulence intensity, the so-called capture matrix. If the wind turbine is directly in the wake of neighboring wind turbines along the main wind direction, the IEC 61400-13 recommends classifying the damage according to the turbulence intensity and the wind sector. This is illustrated by Weijtens et al. [24], who performed the damage estimation of an offshore wind turbine taking in account the variation of the turbulence intensity with respect to the wind sector.



For each 10 min time series, a damage value (   D    10  ′     ) is picked from the capture matrix bin according to the wind speed (  W S  ) and turbulence intensity (  T I  ) given by the SCADA system before the monitoring period. The sum of all individual damage results in the endured damage (   D  e n d u r e d    ) over the cross-section of the tower for the period with available SCADA data is:


   D  e n d u r e d   = ∑  D    10  ′      W S , T I   · r o t   Y a w    



(4)




where   r o t   Y a w     represent a rotating matrix taking into account the wind direction. Note that the endured damage is calculated over the cross-section of the tower. In the previous equation, the term “  r o t   Y a w    ” aims to take into account the nacelle orientation (yaw angle) and the referential defined for the strain gauges.



The total endured damage may then be used to estimate the remaining useful lifetime (  R U L  ) of the structure. In a direct way, considering the past period (with available SCADA data) as representative of the whole period of life, the   R U L   is obtained as:


  R U L =    T  o p e r a t i n g      D  e n d u r e d     −  T  o p e r a t i o n    



(5)




where    T  o p e r a t i o n     represents the number of years since the wind turbine started operation (assuming SCADA data are always available).



It is important to note that this extrapolation assumes that the monitored period is representative of the loading scenarios from the whole period of operation of the wind turbine. Usually, one year is considered as the minimum monitoring period. Hübler suggests that strain measurements of about 9 to 10 months lead to a relatively representative and unbiased dataset for fatigue damage extrapolation on offshore wind turbines, referring to the higher time periods reducing the occurring errors only slightly [64], although a more complex approach, based on the probability distribution of environmental and operational conditions, can be followed, as shown in [11].



Finally, considering that similar wind turbines (same model, controller system, and similar loadings) have the same behavior in the wind farm, the damage capture matrix obtained for the instrumented wind turbine can be used for the other wind turbines in the same wind farm, adopting a fleet leader concept, as described in [24].





3. Description of the Case Study


In the previous section, the general procedure to calculate the fatigue damage was presented. However, for a better insight and validation of this procedure, measurement data are needed. In this work, measurement data of a large experimental campaign in Tocha Wind Farm are used. The results here presented were obtained from a database collected from February 2019 to April 2020.



3.1. Tocha Wind Farm


Tocha Wind Farm is located in the central region of Portugal, inserted in a coastal area with a plain sandy terrain. It consists of five VESTAS wind turbines, model V100 with 1.8 MW of rated power, totaling 9 MW of installed power. It is owned by EDP Renewables and started operation in May 2012. Figure 3a,b show, respectively, the geographic location of the wind farm and the distribution of the five wind turbines and the substation position, as well as a meteorological mast.



The wind rose (Figure 3c) obtained with the wind measured at the meteorological mast between 2013 and 2018 reveals that the predominant wind direction is approximately north and it also reveals a secondary wind direction along the southeast direction. Thus, considering the very smooth terrain and the proximity of the coast, wind turbines 1, 2, and 3 are exposed to slightly disturbing offshore winds, while the remaining turbines are exposed to wind with additional turbulence caused by wake effects.



The Vestas V100-1.8MW is an onshore wind turbine model designed for low-wind onshore sites with a 100 m diameter rotor. It is a variable speed, three-blade, up-wind turbine with individual pitch control for each blade. The wind turbine operates for wind speeds between 4 and 20 m/s and achieves the rated power for wind speeds of about 12 m/s.



The hub is placed at a height of 95 m and is supported by a steel tower, with a hollow circular cross-section of variable diameter and thickness and composed of four segments that are linked on site with bolted connections. Since the soil is sand, the steel tower is connected to a 14 by 14 m concrete slab supported by sixteen concrete piles with 1 m diameters.




3.2. Tower Monitoring System


Within the scope of the WindFarmSHM research project, the experimental campaign in the Tocha Wind Farm involves the simultaneous instrumentation of several wind turbines during a period of about two years, adopting three monitoring layouts (that include accelerometers, strain gauges, and clinometers distributed in the tower and blades). However, only the dynamic monitoring system of the tower accelerations and strains installed in wind turbine 1 are briefly described in this paper. A detailed description of the Tocha Wind Farm experimental campaign, as well as some preliminary results, can be found in [65].



3.2.1. Tower Monitoring System: Accelerometers


The acceleration measurement system installed in the tower is based on a central acquisition system to which all sensors are connected. It is composed of six force-balance accelerometers (Figure 4b) distributed along the tower height, measuring accelerations along two orthogonal horizontal directions at three sections, according to the scheme presented in Figure 4a. To limit the length of the GPS signal cable (the GPS antenna is located in the nacelle for time synchronization of the acquisition system), the central acquisition system is located at the top platform, about 87 m from ground level.




3.2.2. Tower Monitoring System: Strains


The strain monitoring system is essential for fatigue assessment of the tower. It is composed of six 2D rosette strain gauges (measurement of the strain in two orthogonal directions) and four temperature sensors PT100. To try to evaluate the static bending moment diagram evolution along the tower, the six strain gauges are distributed in two sections: four sensors 6.5 m from the base of the tower (bottom section) and two sensors 7.7 m from the base of the tower (top section), as shown in Figure 4c,d. The four temperature sensors are located in the bottom section, close to the strain gauges.



Measuring deformation in the direction perpendicular to the tower axis, as well as temperatures, is important to allow the evaluation of alternative procedures to minimize the influence of temperature on the measured longitudinal deformations. Figure 4 also includes two clinometers, but the data collected by these sensors is not analyzed in this paper.






4. Experimental Evaluation of Bending Moments at the Tower


4.1. Data Synchronization


To process the data collected with the described monitoring system, it is essential to have SCADA data that accurately characterize the environmental and operational conditions of the wind turbine. In this study, the owner of the wind farm provides SCADA data with two types of sample rates of several operational and environmental parameters:




	
SCADA-10min: these data are composed by the mean, maximum, and minimum value from a 10 min period of several operational and environmental parameters. Among them, the following were important in the context of this project: wind speed; wind direction; ambient temperature; rotor speed; yaw angle; blades pitch angle; and power output;



	
SCADA high-resolution: data composed by the same parameters listed above, but with a sampling interval of 15 s.








The data acquired with a higher sampling frequency are very useful as they allow us to accurately monitor rapid variations of some parameters, such as wind speed (wind gusts of a few seconds), which is not possible to follow from the average values of the SCADA-10min.



As shown in Table 1, the tower monitoring systems is composed of three independent acquisition systems that adopt different timing protocols. In this way, it is necessary to synchronize all these systems in a common timeframe to permit the joint processing of different sensors datasets.



The global positioning system time protocol was chosen as the reference from which all other systems were synchronized, so the force-balance accelerometer system gives the reference time. The synchronization of the cRIO acquisition system was performed by comparing the time series of strains with the time series of accelerations measured by the force-balance sensors, as shown in Figure 5. The delay between the two systems identified over time is variable because of the limited accuracy of the internal clock of the cRIO system, so the time shift between the two systems is continuously updated. In a second phase, to make this synchronization more accurate and easier to automate, a low-cost accelerometer placed next to an S6 force-balance sensor (Figure 4a) was connected to the cRIO system.



The synchronization of SCADA data was performed by comparing the evolution of the yaw angle (SCADA high-resolution) with the time series of strains over a full rotation of the nacelle. The eccentricity of the nacelle and rotor mass generates a sinusoidal signal in the strain gauges, as shown in Figure 6. A constant delay of approximately 50 s was observed between the two systems.



In the next subsections, the data processing needed to obtain an accurate experimental estimation of the bending moments based on strains measurements in the tower is briefly described.




4.2. Compensation of Temperature Effects and Drifts


As a first step in the development of tools to assess the fatigue condition of wind turbine towers, this section describes the data processing needed to obtain an accurate experimental estimation of the bending moments applied in the tower of the fully instrumented wind turbine (WT1) of the Tocha Wind Farm and the validation of the obtained results using complementary monitoring components.



Strain gauges are very sensitive sensors and many factors can easily preclude accurate measurements. All potential sources of errors need to be identified and it is necessary to implement a methodology for the signal processing according to the precision of the intended results. Thus, the experimental determination of the bending moments in the tower requires the acquired raw data to be preprocessed to obtain the real deformation. In the present application, the methodology adopted consists of the following three steps:




	
Compensation of temperature effect on strain gauges;



	
Signal correction based on the signal average of diametrically opposed sensors;



	
Calibration check according to guideline IEC 61400-13 [59].








Many factors can easily distort strain measurements, but temperature is the most frequent source of errors. Temperature can influence the measurement of strains in two ways: thermal output and nonlinear temperature gradient. It should be noted that, in the installation under analysis, the strain gauges are connected to the acquisition system using a quarter-bridge configuration with three wires to avoid the effects of temperature on the cables.



Thermal output is caused by variation of the electrical resistivity of the grid conductor with temperature and the differential thermal expansion between the grid conductor and the steel of the tower. This effect is minimized using the thermal output compensation curve provided by the manufacturer and the temperature measured on the steel surface. The local heating of the sun can also influence the measured strains, as the temperature gradient may become nonlinear. These parasite strains are minimized by averaging the two signals provided by the gauge couple installed at 180°.



A significant drift is observed on the strain signals over time [66]. The correction of this drift is based on the procedure defined by the IEC 61400-13 called calibration check. This procedure requires yawing the nacelle 360° below the cut-in wind speed, as shown in Figure 7a. The full rotation of the nacelle generates a sinusoidal signal because of the eccentricity of the nacelle and rotor mass, as shown in Figure 7b. If the effect of the axial force is disregarded, the mean of this signal represents the zero point. Please note that the strains presented in this figure were previously preprocessed to have zero mean.



This procedure is also important to determine the exact position of the sensors in the instrumented section of the tower (despite the care used in the sensor gluing, there are always inaccuracies in sensor position). The value of the yaw angle for which the minimum value of the strain signals occurs is assumed to correspond to the radial position of each sensor. The nacelle angle defines the fore–aft and side–side directions for which the bending moments will be estimated.



A total of 38 full rotations of the nacelle, which met all the requirements, were observed in the period between 1 February 2019 and 30 April 2020 and were used for calibration (Figure 7c). In December 2019, there was a need to replace some components in the acquisition system that explains the sudden drift variation for the couple B-D. In the following months, the drift remains approximately constant.




4.3. Bending Moments Validation


To verify whether the values of the strains obtained based on the procedure described in the previous section correspond to real deformation of the structure that is due to the applied loads, some validation tests were performed.



In this sense, the average values of strains observed in all 10 min time series recorded (a total of 53,384 time series were collected in the monitoring period) are shown in Figure 8 as a function of the yaw angle. These values are compared with the theoretical strain curve that is obtained for the maximum thrust force applied at the rotor level (represented by the black curves). This theoretical curve was computed from the drag coefficients presented in [67].



All the obtained experimental results (the cloud of points that almost completely fills the sinusoids) are well-framed by the theoretical curves. However, it should be noted that the maximum strain values are not obtained for all wind directions. This is because prevailing conditions of wind action exist. These results are also important to further validate the sensor positions.



In a second verification, the bending moments estimated from the measurement of strains were also compared with those that can be obtained from the measurement of accelerations. Considering a rotor stop event (in which only the first vibration mode of the tower explains the structure’s response), the displacement of the tower at the top level was determined by the double integration of the acceleration time series. Using a stiffness matrix provided by a simple numerical model developed in the structural analysis software Robot [68], it was possible to determine the equivalent modal force applied at the top level of the tower and the associated bending moment at the section instrumented with strain gages. The method followed to determine the response of the structure in displacement from the measurement of accelerations is further developed in [69,70].



The bending moments variation with respect to the mean value at the base of the tower estimated from accelerations and strains are compared in Figure 9. There is an excellent similarity between the bending moments estimated with the two methods. The error is less than 10% and might be explained by the difficulty in accounting for the exact stiffness of the tower.



Finally, the experimental results are compared with numerical counterparts obtained from a model developed in OpenFAST [26] and calibrated using the methodology described in [71]. OpenFAST is an engineering tool that joins aerodynamics models, hydrodynamics models for offshore structures, control and electrical system (servo) dynamics models, and structural (elastic) dynamics models to enable coupled nonlinear aero-hydro-servo-elastic simulation in the time domain.



The temporal evolution of the bending moments observed in the bottom-instrumented section is presented in Figure 10 for the two main directions (FA and SS), considering two alternative turbine operation scenarios. As shown in the figure, it is possible to verify a good agreement between the numerical (yellow and purple lines, FA (Fast) and SS (Fast)) and experimental (blue and orange lines, FA (sg) and SS (sg)) results. It is important to note that this is just a qualitative comparison. In fact, the simulated wind loads respect the mean and standard deviation observed in the field measurements, but the time series are different. In other words, only the average wind speed and turbulence intensity are the same for the numerical and experimental results. In both analyzed situations, the mean values and scatter of the FA bending moments are very similar.



After the calibration and validation of the methodology to estimate the bending moments at the base of the tower from strain measurements, Figure 11a shows the 10 min average bending moment at the tower-instrumented section for the fore–aft direction versus the 10 min average wind speed provided by the SCADA system during normal operation, considering variable levels of turbulence intensity. This figure shows that the drag force acting on the rotor (responsible for the deflection of the tower) increases with the wind speed until reaching the rated rotor rotation speed. Due to the activation of the pitch control to keep the lift force and the rotor speed constant, the value of the drag force reduces as the wind speed increases. It is important to note that for the same values of wind speed, different values of bending moments are obtained because of the effect of turbulence. In fact, the maximum moment decreases as the intensity of the turbulence increases. This behavior is explained by the impact of the wind turbine control algorithms, in particular the pitch control system.



The 10 min average bending moment at the tower instrumented section for the side-to-side direction is represented in Figure 11b as a function of the 10 min average wind speed and of the turbulence intensity. As expected, the bending moments in this direction are significantly lower than the values obtained for the perpendicular direction. The average bending moments increase as the wind speed increases, especially after activation of the pitch control system. Again, for the same wind speed, the bending moment values are higher when the turbulence intensity is lower.





5. Fatigue Assessment of Wind Turbine Tower


To demonstrate the practical applicability of the methodology for the fatigue assessment of wind turbine towers based on strain measurements (described in Section 2), the database acquired in the experimental campaign in the Tocha Wind Farm (introduced in Section 3) was processed according to this methodology. The results presented in this section are based on experimental data obtained between February 2019 and April 2020 (15 months).



In this first analysis, only the damage accumulated during the monitoring period was calculated and at the precise strain measurement position. The instrumented cross-section is close to a horizontal welding, so this detail was used for the selection of the S-N curve. Since the main goal of this work is the presentation of the processing strategy, it was not assured that this be one of the most critical sections of the tower in terms of fatigue design. Note that, in this paper, the extrapolation of the bending moments at a critical location (Section 2.2) and the extrapolation of the fatigue damage in time based on monitored period (Section 2.6) were not performed. These analyses will be performed and discussed in future works.



As mentioned above, before applying the methodology for fatigue assessment, it is necessary to previously define several parameters, such as those that influence the S-N curves or the processing associated with the algorithm used for counting stress cycles. To understand the influence of some relevant parameters on the calculated damage, the following variables will be evaluated independently:




	
Window length;



	
Rainflow histogram resolution (number of stress bins and stress range);



	
S-N curve parameters;



	
Strains signal sampling frequency.








The first parameter is the window length of the strain time series used to estimate the stress cycles. The damage was estimated over one-half of the instrumented cross-section using 10 min and 24 h long time series, recorded during 15 months and according to the S-N curve provided in Eurocode 3. Figure 12a shows the damage calculated from 0° to 180° with 5° intervals considering the two window lengths. The damage obtained with 10 min time series was found to be 11% lower than the damage calculated with 24 h time series. It is verified that the maximum damage in the section occurs for an angle close to the prevailing wind orientation, as demonstrated in Figure 3c.



Figure 12b shows the histogram of the stress cycles obtained for the two window lengths. As shown in the histogram, a relevant difference can be seen between the two curves for the largest stress cycles, starting from 50 MPa. The differences observed can be justified by the uncounted fatigue cycles. In fact, cycle counting allows the capturing of the fatigue cycles within the 10 min datasets, but some other loops are not counted because the algorithm cannot catch low-frequency cycles spanning more than 10 min. These largest cycles can result from changes in wind direction or start-stop events and are only detected when the rainflow-counting algorithm is performed in a large period. Additionally, low-frequency cycles can also be the most damaging, since they always contain the highest range in the variable amplitude signal. In this way, counting multiple 10 min signals has nonconservative effects as they underestimate the cycles with stress variations above 50 MPa.



Sadeghi et al. [72] found differences of 10%, 25%, and 50% between cumulative damage for different wind lengths at a multi-megawatt offshore wind turbine support structure, considering S-N curve with Wöhler exponents of 3, 4, and 5, respectively.



The most obvious solution to overcome this error is to concatenate the segmented time series in the time window of interest. However, this option is undoubtedly time/memory demanding. An approach that significantly reduces calculation time without losing accuracy in the final spectrum histogram was introduced by Marsh et al. [73] and successfully applied by Sadeghi et al. [72]. To obtain the number of cycles per stress level, the 10 min strain time series were processed with the rainflow cycle-counting method [53]. The mean stress was disregarded for the reasons presented in Section 2.1. The number of stress bins and the stress range, which are used in the algorithm, directly influence the calculated damage. Thus, the stress histogram was computed for a stress range of 0 to 500 MPa and considering bins with the amplitude of 1 MPa (500 bins), 2 MPa (250 bins), 4 MPa (125 bins), 7 MPa (71 bins), and 10 MPa (50 bins). Figure 13a shows the relative difference of the calculated damage in the cross-section, considering the 1 MPa bin amplitude as the reference. Figure 13b represents the stress histogram for the 1 MPa, 2 MPa, and 10 MPa amplitude bins.



As shown in the figures, there is an increase in accumulated damage as the bin amplitude increases. This is due to the loss of resolution of the stress histogram for the cycles associated with higher stress variation, as shown in Figure 13b. In all the remaining analyses, a bin amplitude of 1 MPa was adopted.



Another important analysis is the influence of the S-N curve parameters on the calculated damage. Figure 14a shows the damage from the 10 min time series along half of the section based on two alternative S-N curves represented in Figure 2 (with and without endurance limit).



It is possible to verify that the damage calculated with the S-N curve provided in Eurocode 3 (considering endurance limit) is significantly lower (approx. 30%) than the damage calculated with bilinear S-N curve without considering endurance limit. The large percentage of low amplitude stress cycles in the monitored data, as shown in Figure 14b, justifies these results. In fact, this figure shows that 99% of the total identified cycles are below the endurance limit (44 MPa for category details of 80 MPa).



Finally, the influence of the sampling frequency of the acquired strains signal is evaluated. As previously mentioned, this acquisition system is programmed with a sampling frequency of 50 Hz. In an attempt to reduce the calculation time with the application of the rainflow algorithm, the acquired signal was decimated to 25 Hz and 12.5 Hz.



Three alternatives were followed to decrease the signal sampling frequency. First, the Matlab “decimate” function was directly applied to the signal. In the second alternative, the signal was resampled without the prior application of a low-pass filter (assuming no relevant frequency content in frequencies above one-half of the sampling frequency). Alternatively, the signal was filtered (Chebyshev Type I and Butterworth filters were applied independently) and then resampled to the desired sampling frequency. The basics of low-pass filtering are discussed in [74]. Figure 15 compares the stresses cycles as a function of the accumulated damage associated with the four tested alternative preprocessing with the one given by the original signal. The damage was estimated based on the bilinear S-N curve provided in GL-2010.



The previous figures allow us to understand the importance of the procedure to be adopted in the resampling of the signal. As shown, the selected method can have a great influence on the total calculated damage. The “decimate” function of the Matlab uses the Chebyshev Type I filter to decimate the signal. For that reason, the results between these two methods are so close.



The application of the Butterworth low-pass filters showed less impact on the estimated damage. These results reflect the importance of the low-pass filter selection. The figures also show the resampling of the signal will always lead to a reduction in the estimated accumulated damage.



The damage distributions over half of the section obtained from all the tested preprocessing methods are presented in Figure 16a. The purple curve is overlapped with the yellow curve and the blue curve with the green curve. Comparing with the damage calculated from the original signal, it is possible to observe a difference of −4.6% for the alternative without filter, and −9.4% and −4.8% considering the Chebyshev Type I and Butterworth filters, respectively.



Figure 16b represents the damage distribution over half of the section calculated according to the bilinear S-N curve provided in GL-2010, adopting a Butterworth filter with two alternative re-sampling rates. The damage calculated with signals with a sampling frequency of 25 Hz and 12.5 Hz were found to be 4.8% and 6.6% lower, respectively, than the damage calculated with the original signal (cumulative damage calculated for the critical angle of the section).



Table 2 shows the relative differences between the accumulated damage at the critical angle of the cross-section of the tower, considering the different sampling methods and sampling frequencies.



It is important to note that the results here presented refer to the practical case study of the Tocha Wind Farm. Nevertheless, the majority of the results should be representative of other wind turbine models with natural frequencies within the same range (the vast majority of the current models) and with similar stress ranges observed in the tower sections (which should be fulfilled by different models of well-designed wind turbines). In fact, the extrapolation of the results to other practical cases can only be conditioned by the frequency of occurrence of a certain stress range, which results from different wind conditions in the site.




6. Conclusions


A monitoring layout for measurements of tower mechanical loads was validated over a period of two years. A procedure for fatigue assessment based on a time domain analysis is illustrated with a case study. It is demonstrated that the definition of the type of S-N curves, the window length of the strain time series used to estimate the stress cycles, as well as the rain-flow histogram resolution and strains signal sampling frequency, have a relevant influence on the calculated damage.



The following conclusions can be drawn from this paper:




	
Automatic data processing can provide windfarm owners with a real estimation of the fatigue consumption, since the strain measurements allow them to accurately estimate the fatigue damage over the monitoring period for the instrumented tower cross-section.



	
The influence of all the used-defined parameters to be adopted in the processing of experimental data for fatigue assessment was quantified.



	
Direct strain monitoring allows us to record short events, as well as seasonal variations, that can be used to understand the complex wind turbine behavior under a large variety of operating conditions. These results are very useful to validate numerical estimates obtained with complex aero-elastic simulation tools, such as FAST.



	
The temperature and long-term effects on the strain gauge sensors were quantified for this application and a preprocessing procedure was implemented for their minimization.



	
The SCADA data, available with low and high frequency, provides very useful and complementary information regarding the environmental and operational parameters of the instrumented wind turbine. The combination of the SCADA data with a strain monitoring system was very effective for the calculation of the mechanical loads, as well as fatigue wear.



	
The more precise operational data provided by the SCADA system with high frequency allow us to detect the short events responsible for the overloading of the structure and the yawing nacelle events, fundamental for strain-sensor calibration.



	
The presented literature review on the processing of experimental data for fatigue assessment of wind turbine towers and the illustration of the most relevant processing steps in a case study will certainly contribute to a widespread dissemination of the application of these experimental tools on the management of wind turbine assets.








Regarding the experimental campaign developed at the Tocha Wind Farm, the need to overcome the following main difficulties should be referred to other researchers willing to embrace monitoring projects in wind turbines:




	
The difficulty of installing monitoring equipment, mainly conditioned by safety issues, simultaneous availability of technical teams from the owner and manufacturer, and limitation of operating windows to avoid long stops and loss of significant energy production.



	
The need of maintenance to ensure the continuous operation of monitoring systems over a long period.



	
Measurement interferences mainly associated with sensor drifts and temperature effects, which imply a careful preprocessing of the measured data.








The present paper is part of ongoing research for the development of a fatigue assessment strategy driven purely from in situ measurements on operating wind turbines. Based on the realistic damage calculated on the monitoring period (obtained in the present work), the main goal of the ongoing work is to estimate the remaining lifetime of all individual turbines of a wind farm by instrumenting only a subset of the turbines with a load-monitoring setup.
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Figure 1. Fatigue assessment procedure based on strain measurements. 
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Figure 2. S-N curves defined in GL-2010 and Eurocode 3 (category detail 80 MPa). 






Figure 2. S-N curves defined in GL-2010 and Eurocode 3 (category detail 80 MPa).



[image: Energies 15 04782 g002]







[image: Energies 15 04782 g003 550] 





Figure 3. Tocha Wind Farm: (a) geographic location in Portugal; (b) wind turbines and auxiliary structures; and (c) characterization of the wind conditions observed between 2013 and 2018, based on data provided by meteorological mast (100 m high measurements). 
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Figure 4. Tower monitoring systems: (a) sections instrumented with force balance accelerometers; (b) force balance sensors S1 and S2; (c) strain and rotation monitoring system; and (d) position of the strain gages (◊) and temperature sensors ( [image: Energies 15 04782 i001]) at the tower. 
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Figure 5. Synchronization of the KMI system (force-balance S3) and cRIO system (strain gauge B). 
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Figure 6. Synchronization of the SCADA data (yaw angle high-resolution) and cRIO system (strain gauge A) (the vertical dashed lines correspond to the singular points used for synchronization). 
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Figure 7. Strain-gauge calibration check: (a) yaw angle nacelle; (b) strain signals; and (c) mean value of the full rotation signals observed from February 2019 to April 2020 (see sensor positions in Figure 4c). 
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Figure 8. Ten-minute average strain signal of strain gauges A to D (see sensor positions in Figure 4c). 
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Figure 9. Bending moment variations at the base of the tower estimated from acceleration and strain time series during a rotor stop event. 
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Figure 10. Experimental and numerical bending moments time series for FA and SS directions in the bottom-instrumented section of the tower considering two different operating conditions. 
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Figure 11. Variation of 10 min average bending moments at the tower base as a function of the wind speed and turbulence intensity, considering normal power production: (a) fore–aft direction, and (b) side-to-side direction (x scale omitted because of confidentiality agreements). 






Figure 11. Variation of 10 min average bending moments at the tower base as a function of the wind speed and turbulence intensity, considering normal power production: (a) fore–aft direction, and (b) side-to-side direction (x scale omitted because of confidentiality agreements).



[image: Energies 15 04782 g011]







[image: Energies 15 04782 g012 550] 





Figure 12. Influence of the window length: (a) damage distribution over half of the section (y scale omitted due to confidentiality agreements); and (b) histogram of the stress cycles. 
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Figure 13. Influence of the rainflow histogram resolution: (a) relative difference of the calculated damage (the 1 MPa bin amplitude is the reference); and (b) stress cycles histogram. 
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Figure 14. Influence of the S-N curve parameters: (a) damage distribution over the section (y scale omitted due to confidentiality agreements); and (b) histogram of the stress cycles and S-N curve provided by Eurocode 3. 
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Figure 15. Influence of signal sampling frequency. Stress cycles as a function of the accumulated damage for a sampling frequency of 25 Hz, with zoom (x scale omitted because of confidentiality agreements). 
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Figure 16. Influence of signal sampling frequency: (a) damage distribution over the section considering tree methods (   f s  = 25   Hz  ); and (b) damage distribution over the section for all sampling frequency (Butterworth filter). Y scale omitted because of confidentiality agreements. 
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Table 1. Tower monitoring systems of wind turbine 1 and corresponding timing protocols.
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	Acquisition System
	Sensors Type
	Timing Protocols





	KMI
	Force-balance accelerometers
	Global Positioning System time (GPS)



	cRIO
	Strain gauges

Clinometers

Temperature sensors
	Internal clock



	SCADA
	SCADA sensors
	Network Time Protocol (NTP)
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Table 2. Relative differences of accumulated damage at the critical angle of the cross section of the tower considering the different sampling methods and sampling frequencies [%].
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	Method
	     f s    =   25    H z     
	     f s    =   12.5    H z     





	Matlab “decimate” function
	−8.8
	−10.5



	Without low-pass filter
	−4.6
	−6.4



	Chebyshev Type I filter
	−9.4
	−11.0



	Butterworth filter
	−4.8
	−6.6
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