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In large-scale wind turbines, the force state of the pitch system greatly influences safe operation and service life. This paper provides a novel method to estimate blade pitch load, bearing friction torque, and motor pitch torque. In this method, the force equilibrium equations are established by investigating the force of the pitch system under multiple operating conditions. The multidimensional BIN method is employed to classify the supervisory control and data acquisition (SCADA) data of wind turbines into several intervals. The multidimensional scatter data is processed in a single-valued way. Then, the estimating model of the pitch system forces is established by combining the obtained data and the equilibrium equations. Taking a 2 MW wind turbine as an example, the variation characteristics of blade pitch load, bearing friction torque, and motor pitch torque under multiple operating conditions are analyzed. Some interesting and valuable conclusions are obtained. For example, when the wind speed increases, the blade pitch load increases significantly in the maximum wind energy tracking region, but there is no obvious change in the observed constant power output region. The wind speed and azimuth have little effect on the bearing friction torque. The variation trend of motor pitch torque is consistent with that of blade pitch load in the maximum wind energy tracking region.
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1 INTRODUCTION
Wind energy is renewable energy with the prospect of large-scale development. The research and development (R&D), installation, and operation of large wind turbines are booming all over the world. Optimizing the design and operation of large wind turbines has become a hot issue in the industry. The pitch system is one of the key components of large-scale wind turbines (Rosemeier et al., 2016). During the operation of wind turbines, the pitch system bears complex loads and has multiple working conditions, which causes frequent failures (Dai et al., 2022), for example, the pitch brake failure and the pitch bearing breakage (He et al., 2021; Li and Wang, 2021). Relevant statistical data show that the failures of pitch systems account for more than 40% of all wind turbine failures, resulting in more than 30% of wind turbine downtime (Bi et al., 2014). The failure of the pitch control system is closely related to its force state. However, in the process of wind turbine operation, the force state of the pitch system is very complex, and it is difficult to measure with sensors. Obtaining a clear understanding of the force state of the pitch system will be beneficial to the design, operation, and maintenance of wind turbines.
Recently, the force state of the pitch system has received considerable attention in academic and engineering circles. A lot of relevant theoretical research works have been carried out. Dai et al. deduced the blade pitch load expression considering the aerodynamics, centrifugal force, and gravity (Dai et al., 2010; Dai et al., 2011). Liu et al. applied the Fourier transform formula to calculate the gear meshing stress (Liu et al., 2019). There are also some studies to improve the force through control. Xu et al. used the improved fuzzy proportional control strategy to reduce the ultimate load at the blade root (Xu et al., 2020). Jiao et al. designed a novel adaptive pitch controller to predict the aerodynamic load of wind turbines (Jiao et al., 2018). Abdelbaky et al. established a nonlinear mathematical model to achieve optimal control based on the MPC (Abdelbaky et al., 2020). Yuan et al. adopted a robust multivariate pitch strategy to analyze periodic variations of blade load (Yuan et al., 2020). Some studies are also carried out through experiments and simulation (Wang and Chiang, 2016; Cheon et al., 2019; Wang et al., 2019). Despite these research works, the actual force state of the wind turbine pitch system has not been completely determined. This is because large wind turbines are installed and debugged on-site, and the actual performance can only be obtained after operation. The pitch system includes blade, pitch bearing, pitch gearbox, pitch drive motor, and other components. So, the blade pitch load, bearing friction torque, and motor pitch torque can only be obtained through the analysis of on-site operation data. At present, the on-site SCADA data of wind turbines are widely used, mainly for performance analysis, condition evaluation, and fault diagnosis (Chen et al., 2013). For example, Zeng et al. quantitatively described the oil tank temperature of wind turbine gearboxes based on SCADA data (Zeng et al., 2022). Astolfi conducted support vector regression analysis for power monitoring based on SCADA data (Astolfi, 2021). Wei et al. established a wind turbine aging evaluation model based on SCADA data by introducing four aging evaluation indicators (Wei et al., 2021). Neshat et al. estimated the power output of Swedish onshore wind turbines by optimizing the historical SCADA data (Neshat et al., 2021). Bhargava et al. analyzed the aerodynamic load of a 2.1 MW wind turbine based on blade element momentum (BEM) and SCADA data (Bhargava et al., 2020). Wei et al. detected faults in encoders and pitch motors based on an improved RVM neural network algorithm and SCADA data (Wei et al., 2020). McKinnon et al. used the isolated forest machine learning method to process SCADA data for pitch system fault predicting (McKinnon et al., 2021). Korkos et al. used ANFIS technology to analyze 10-year SCADA data and established a fault detection model for the pitch system (Korkos et al., 2022). Correa-Jullian et al. employed a quantum kernel classification method to detect faults in the pitch system (Correa-Jullian et al., 2022). Yin et al. detected high-temperature faults of the pitch motor by using the ensemble learning-based method (Yin et al., 2022).
In theory, the SCADA data includes wind speed, rotational speed, power, pitch angle, pitch motor current, and other information, covering various working conditions of wind turbines. Therefore, it is a new idea to reconstruct the pitch system load from SCADA data. How to establish a connection between SCADA data and pitch load is the key to solve this problem. A simple analysis of SCADA data is also not feasible, and it needs to be combined with the physical model of the pitch system. On the other hand, SCADA data contains a lot of noise data, so how to preprocess the data is also an important issue. Starting from these scenarios, this paper creatively proposes solutions, and the main contributions are as follows.
• All the blade pitch load, bearing friction torque, and motor pitch torque are investigated.
• The force equilibrium equations of the blade are established.
• The multidimensional BIN method is employed to preprocess SCADA data.
• The estimating model of the pitch system forces is established.
• The variation characteristics of pitch load under multiple operating conditions are analyzed.
The remaining part is organized as follows. In Section 2, the theoretical analysis of the forces acting on the pitch system is carried out, including the theoretical forces analysis of the pitch system and the force equilibrium equations. In Section 3, the force estimation model of the pitch system is established, including SCADA data preparation, use of the multidimensional BIN method, and force estimation model of the pitch system. The force characteristic investigation of the pitch system based on SCADA data is shown in Section 4. In this section, all the blade pitch load, bearing friction torque, and motor pitch torque are investigated. Finally, Section 5 ends the paper by summarizing the main achievements.
2 THEORETICAL ANALYSIS OF FORCES ACTING ON PITCH SYSTEM
2.1 Structure of pitch system
The pitch system structure of a 2 MW wind turbine is shown in Figure 1. A three-stage planetary reducer connects the pitch motor to the drive gear. The drive gear engages with the inner gear ring, and the blade is bolted onto the inner gear ring. When the pitch controller gives a pitch control command, the pitch motor will produce output torque. It passes through the transmission shaft and reduction mechanism and finally, through the drive gear [image: image] to the inner gear ring [image: image]. The rotation of the inner gear ring will drive the blades connected to it to rotate together, thus changing the blade pitch angle.
[image: Figure 1]FIGURE 1 | Pitch system of wind turbines.
The forces acting on the pitch system are very complex. Here, three main forces that affect the behavior of the pitch system are discussed, namely, motor pitch torque ([image: image]), blade pitch load ([image: image]), and bearing friction torque ([image: image]). The blade pitch load plays a key role in the force distribution of the pitch system because its change will change other force states. Generally speaking, blade pitch load is affected by three aspects (Dai et al., 2010; Liu et al., 2021), namely, the gravity acting on the blade, the centrifugal force acting on the blade caused by the rotation of the wind rotor, and the aerodynamic force acting on the blade. More specifically, the gravity acting on the blade is determined by the mass distribution of the blade. The direction of gravity is always vertical and downward. It should be noted that the direction of gravity is different from the direction of blade pitch load caused by gravity. Here, the blade pitch load is analyzed from the angle of torque, which means that its direction is related to the position of the pitch axis. The centrifugal force is related to blade mass distribution and rotor speed, and its direction is the radial direction of the rotor. The aerodynamic force is related to wind speed, airfoil and size, blade pitch angle, etc. There are two main aspects of blade movement. One is synchronous rotation with the main shaft of the wind rotor, and the other is rotation around the pitch axis. When the blade rotates with the main shaft in space, the blade pitch load will also change with the space position.
In SCADA data, motor pitch torque, blade pitch load, and bearing friction torque are not directly recorded. However, the current of the pitch motor is collected and stored at all times. This provides the possibility for indirect calculation of motor pitch torque. Neglecting the motor’s empty torque [image: image] and inertial torque, the motor pitch torque can be expressed as (Zhang et al., 2019)
[image: image]
where, [image: image] is motor pitch torque, [image: image] is rated torque of pitch motor, [image: image] is rated current of pitch motor, [image: image] is pitch motor current, [image: image] is the transmission ratio of the planetary gear reducer, [image: image] the transmission ratio from the drive gear to the inner gear ring, and [image: image] is the mechanical efficiency of the pitch transmission system. It can be seen that the current data extracted from the SCADA data can be effectively used to calculate the motor torque which drives the blade to rotate at the corresponding moment.
2.2 Force equilibrium equations
Maximum wind energy tracking region
When the wind speed is greater than the cut-in wind speed and less than the rated wind speed, wind turbines usually capture the wind energy to output electric energy under the condition of a constant pitch angle. In this region, wind turbines are expected to maximize the use of wind energy, which is called the maximum wind energy tracking region. Since the pitch angle is constant, the bearing friction torque is static friction torque. Then, motor pitch torque [image: image], blade pitch load [image: image] , and bearing friction torque [image: image] act together to maintain the dynamic balance of the blade pitch system. In this scenario, the magnitude and direction of the bearing friction torque are time-varying and will change with the change of blade pitch load and motor pitch torque. The expression between the three can be written as
[image: image]
If the influence of bearing friction moment is ignored, the blade pitch load can be calculated from the motor pitch torque in the maximum wind energy tracking region.
Constant power output region
When the wind turbine runs in the constant power output region, the wind speed reaches or exceeds the rated wind speed, and the blade pitch angle is controlled by feedback. In this region, the wind speed may remain constant at some time, which means that the pitch angle is also constant. Then, the mechanical equilibrium equation is also written as
[image: image]
In the constant power output region, if the wind speed continues to decrease, the blade pitch angle will be driven to decrease to increase the windward area, which is called the open-pitch state, as shown in Figure 2. Motor pitch torque [image: image] overcomes both blade pitch load [image: image] and bearing friction torque [image: image], which makes the blade rotate, and blade forces can be described as
[image: image]
[image: Figure 2]FIGURE 2 | Open-pitch state of wind turbines.
When wind speed tends to increase, the blade pitch angle turns in the direction of becoming larger to reduce the windward area, which is called the smooth-pitch state, as shown in Figure 3. Blade pitch load [image: image] overcomes both motor pitch torque [image: image] and bearing friction torque [image: image], which makes the blade rotate, and blade forces can be described as
[image: image]
[image: Figure 3]FIGURE 3 | Smooth-pitch state of wind turbines.
When operating in the constant power output region, the blade rotation direction is different when the blade is in the open-pitch and smooth-pitch state, and the motor pitch torque is different. If the blades have the same windward surface and aerodynamic force, the blade pitch load and bearing friction moment are the same regardless of the rotation direction. Therefore, from Eqs 1, 3, it is easy to obtain blade pitch load when the pitch system is at a standstill state in the constant power output region. Combined with Eqs 4, 5 the blade pitch load and bearing friction torque can be obtained from the motor pitch torque when the blade is in the state of open-pitch and smooth-pitch. In other words, the blade pitch load and bearing friction torque can be calculated from the motor pitch torque in the constant power output region. It must be pointed out that in the process of blade movement, there is inertia force generated by acceleration start and deceleration stop. Considering that the blade is a large inertia body, in order to minimize the dynamic load of the pitch system, the blade angular acceleration is controlled below [image: image]. The resulting inertia moment is smaller than the motor pitch moment, so the influence of the blade rotational inertia moment is ignored in the force state analysis.
For a certain wind turbine, its rotor hub structure, blade geometry and its mass distribution, and blade aerodynamic characteristics are unchanged. If the influence of wind direction, yaw, and other factors is not considered, the blade pitch load depends on wind speed, rotor speed, blade azimuth, and pitch angle. When the wind turbine is in the maximum wind energy tracking region, the wind speed is lower than the rated wind speed, the blade will not be started to pitch, and the pitch angle remains unchanged. By controlling rotor speed [image: image], the blade tip speed ratio [image: image] is close to the optimum value so that the wind energy utilization coefficient (power coefficient) [image: image] and the output power reach the maximum, that is, it is in the maximum wind energy tracking region. When the wind turbine is in the constant power output region, wind speed reaches or exceeds the rated wind speed, and rotor speed remains at the rated speed. At this time, to suppress the impact of wind speed changes on the output power, the control system will issue a pitch command, that is, by controlling the blade pitch angle [image: image]. When the wind speed increases, the pitch angle increases; when the wind speed decreases, the pitch angle decreases, which keeps the output power constant and obtains constant power output. Therefore, blade pitch load actually only depends on wind speed and blade azimuth.
3 FORCE ESTIMATION MODEL OF PITCH SYSTEM
3.1 Data preparation
In the raw SCADA data, even though it is standard operating state data, it will have both null and zero values because of the influence of external interference in the sensing test and the communication transmission process. The raw field data must be processed, including outlier elimination, null value supplement, etc. These works are collectively referred to as data preprocessing (Zhang et al., 2019).
After processing the raw SCADA data of wind turbines, wind speed, rotor speed, blade azimuth (hub angle), output power, pitch motor current, pitch angle, and other wind turbine state data are extracted. If the number of wind turbine state parameters is [image: image], one sampling record constitutes a data sample, as follows
[image: image]
Since the data is sampled and recorded at a fixed frequency, each time corresponds to a particular moment. If the sampling frequency is set to [image: image], then the [image: image] sample record is the moment [image: image] after the start of sampling. If the total number of SCADA data samples extracted is [image: image], the data can be expressed in matrix form.
[image: image]
For a specific parameter data, its corresponding data is a column of the matrix. Here, for the convenience of later discussion, the wind speed, rotor speed, blade azimuth angle, pitch angle, and pitch motor current parameters are listed as follows
[image: image]
The motor pitch torque [image: image] acting on the blade can be calculated by substituting the pitch motor current at each moment into Eq. 1
[image: image]
The average angular velocity and average acceleration of blade pitch can be calculated by using the pitch angle data of each moment as follows.
[image: image]
where, [image: image] is the data acquisition period.
3.2 Multidimensional BIN method
Due to many SCADA data samples, it is difficult to observe the relationship between parameters from the raw data scatter plots. Figure 4 shows a scatter plot of the relationship between motor pitch torque and wind speed obtained from SCADA raw data. It can be seen from the figure that the change in motor pitch torque is very complex, predominantly when the wind turbine operates in an area with high wind speed. Moreover, since the wind speed dimension of SCADA raw data is m/s, and one decimal place is reserved, it is inevitable that the same wind speed value corresponds to multiple motor pitch moments, as shown in the small figure. Therefore, in SCADA data analysis, the BIN method is usually used to simplify the processing, find out the relationship between parameters, and then put forward a mathematical model reflecting the relationship.
[image: Figure 4]FIGURE 4 | Effect of wind speed on motor pitch torque.
The BIN method is to divide a parameter range into the data set into several small intervals. Then, the relevant parameters of each small interval data sample are statistically analyzed, and the statistical average value of each parameter is taken as the relevant parameter value of the new sample (small interval). In this way, the relatively stable relationship between parameters can be more clearly observed and obtained by analyzing these new samples with a small number. In essence, the BIN method is a smoothing method to eliminate noise and average filtering to obtain a simpler and single-valued parameter relationship while ignoring the influence of parameter changes between small intervals.
Taking the relationship between wind speed and motor pitch torque as an example, wind speed is an independent variable, and motor pitch torque is a dependent variable. The wind speed distribution range or value range obtained from SCADA data is [image: image]. By using the BIN method, the wind speed range is divided into m intervals, and the interval width is [image: image]. The number of samples in the kth interval is [image: image], and the samples in this range are counted to obtain the average value of wind speed and motor pitch torque, which is used as a new sample, namely,
[image: image]
To obtain more stable results, the abnormal samples can also be eliminated according to the PauTa criterion, and then the average value of the new sample parameters can be recalculated using Eq. 11. In fact, the SCADA data samples are very large, and some so-called abnormal samples have little impact on the statistical mean value. Generally, abnormal samples are not removed. Moreover, because the data sample is very large, it is assumed that the wind speed in each small interval is approximately uniformly distributed. Thus, Eq. 11 is simplified to
[image: image]
Subsequently, the BIN method used above to analyze the effects of a single parameter is extended to a multidimensional space. The multidimensional BIN method is applied to analyze problems with complex effects of multiple parameters. Firstly, these parameters are divided into small intervals within their value domain at certain intervals, ignoring parameter effects within each small interval. Then, the small interval BIN method is used for statistical analysis of the concerned parameters in their intervals. At this time, other parameters are within a fixed range, which means that other parameters remain unchanged. Finally, the small interval BIN method can be used for statistical analysis of all parameters in their intervals to obtain the influence rules of these parameters. To put it vividly, this is to mine a small multidimensional space from a large multidimensional data sample space composed of multiple parameters and carry out statistical analysis on the data samples existing in this small multidimensional space. Then, according to the research purpose, the BIN method can be carried out on the concerned parameters to obtain the influence and relationship of the concerned parameters, as shown in Figure 5. In the figure, wind speed [image: image] is at its [image: image] interval, and the azimuth [image: image] is at its [image: image] interval. [image: image] is the statistical average of the motor pitch torque for all samples in the region [image: image] consisting of wind speed [image: image] and azimuth [image: image].
[image: Figure 5]FIGURE 5 | Multidimensional BIN method visualization.
3.3 Force estimation model of pitch system
The generation process of wind turbines consists of two operating zones: the maximum wind energy tracking region and the constant power output region. Therefore, the pitch system has two stages: constant pitch and variable pitch. In addition, with the change of wind speed, the pitch stage has three states: smooth-pitch state, open-pitch state, and standstill state. Therefore, corresponding to the generation process of wind turbines, the pitch system exists in four different states: entire constant pitch state, smooth-pitch state, open-pitch state, and standstill state. As mentioned before, the force equilibrium equations of the blade are different for each state. Therefore, the force analysis of the pitch system based on field SCADA data should first obtain the data subset corresponding to the four states, that is, the SCADA data set should be decomposed.
The pitch system’s operating state is essentially the blade’s rotating state. According to the size and direction of the blade pitch angle, the running state of the pitch system can be determined. Because of the installation and test errors of wind turbines and the disturbance caused by the dynamic characteristics of wind energy and wind turbines, in the SCADA data, even when the wind speed is low, and the pitch system does not change, the pitch angle is not 0° but has a certain initial value of [image: image]. Thus, for convenience, [image: image] is defined as the constant pitch state and [image: image] as the pitch state. Considering the pitch angle dynamic perturbation, the pitch speed threshold is set to [image: image]. From this scenario, the following are defined respectively: [image: image] is the smooth-pitch state, [image: image] is the open-pitch state, and [image: image] is the standstill state.
Let [image: image]、 [image: image]、 [image: image]、 [image: image] be the sample subsets of the wind turbine pitch system running in the four states of constant pitch state, smooth-pitch state, standstill state, and smooth-pitch state, namely,
[image: image]
In this way, the data sample set is decomposed into four subsets of state data. According to the four state data subsets, the blade pitch load, bearing friction torque, and motor pitch torque of the four states of the variable pitch system can be obtained respectively by using the multidimensional BIN method and based on the previous force equilibrium equation.
In the constant pitch state, the corresponding wind turbine operation is in the maximum wind energy tracking region. According to the value range of wind speed and azimuth, it is divided into m and n intervals, and then the sample set [image: image] is divided into mn subsets, namely,
[image: image]
In this case, the corresponding is
[image: image]
According to the force equilibrium equation (Eq. 2) of the blade, the corresponding blade pitch load can be obtained from the motor pitch torque of Eq. 1 as
[image: image]
In the pitch state, the corresponding wind turbine operation is in the constant power output region. According to the value range of wind speed and azimuth, it is divided into m and n small intervals respectively, so that [image: image], [image: image], and [image: image] are divided into mn subsets.
In the pitch system standstill state, from the data set [image: image], according to the force equilibrium equation (Eq. 3) of the blade, the corresponding blade pitch load can be obtained from the motor pitch torque of Eq. 1 as
[image: image]
[image: image]
[image: image]
When the pitch system is in the smooth-pitch or open-pitch state, the blades are in the rotating phase, and the bearing friction torque could be considered. The pitch system force analysis shows that the motor pitch torque depends on the blade pitch load, bearing friction torque, and blade rotation direction. The blade pitch load and bearing friction torque depend on the wind speed and blade azimuth. When the wind speed and blade azimuth are the same, the blade pitch load and the bearing friction torque are the same in the smooth-pitch or open-pitch state. Therefore, from the data sets [image: image] and [image: image], the motor pitching torque can be obtained for the corresponding states.
[image: image]
[image: image]
[image: image]
Then, the corresponding blade pitch loads and bearing friction torque are obtained according to Eqs. 4, 5 as
[image: image]
In this way, the blade pitch load and bearing friction torque during wind turbine operation can be estimated from the motor pitch torque obtained in Eq. 1, which also facilitates the analysis of the effect of wind speed and blade azimuth on the motor pitch torque, blade pitch load, and bearing friction torque.
3.4 Analysis process of force estimation of pitch system
When estimating and analyzing the forces acting on the pitch system, first of all, it is necessary to clarify the research object and establish the force equilibrium equation of the wind turbine pitch system under various operating conditions. Then, the multidimensional BIN method is applied to estimate the blade pitch load, bearing friction torque, and motor pitch torque at the corresponding moment based on the field SCADA data. Finally, using wind speed and azimuth as influencing factors, the variation of blade pitch load, bearing friction torque, and motor pitch torque in four states, including constant pitch state in the maximum wind energy tracking region, and smooth-pitch, standstill and open-pitch state in the constant power output region, are analyzed. The specific analysis process is shown in Figure 6.
[image: Figure 6]FIGURE 6 | Flow chart of force estimation and analysis of pitch system.
4 FORCE CHARACTERISTIC INVESTIGATION OF THE PITCH SYSTEM
4.1 Data observation and parameter setting
An entire year SCADA data of a 2 MW wind turbine are collected to conduct the research. The wind turbine locates at a mountainous wind farm in southern China. The technical performance parameters of the wind turbine and the pitch system are shown in Table 1 (Zhang et al., 2019). The SCADA system stores the operation parameters with an interval of 1 s (sampling frequency is 1 Hz). Table 2 shows the raw SCADA data form of the SCADA system. From the SCADA system, the operating parameters of the wind turbine are extracted for subsequent investigation, such as wind speed, rotor speed, blade azimuth, output power, pitch motor current, pitch motor power, and pitch angle. Considering the symmetry of the wind turbine, only one of the three blades is selected for analysis.
TABLE 1 | Main technical parameters of the 2 MW wind turbine.
[image: Table 1]TABLE 2 | Raw form of SCADA data.
[image: Table 2]The pitch angle of the extracted parameters is obtained by the angle sensor installed near the inside of the blade inner gear ring. The pitch angle data are divided into four typical periods to analyze the change with wind speed, as shown in Figure 7. When wind speed is lower than the rated value, the wind turbine operates in the maximum wind energy tracking region, and the blade does not pitch. However, the pitch angle is not zero due to installation, testing, and the pitch system’s dynamic characteristics. As shown in Figures 7A–E, when the wind speed is about [image: image] ∼ [image: image] and the pitch angle is roughly around 0.24°–0.28°. When the wind speed exceeds the rated value, the wind turbine operates in the constant output power region. During this period, the pitch system drives the blade to adjust the pitch angle increase or decrease to maintain the output power stable at the rated power, as shown in Figures 7F–O. It also can be seen from Figures 7F–O that when the wind speed is more significant than [image: image], the output power exceeds the rated power, and the pitch angle is greater than 4°, while the absolute pitch angle speed is more than 0.1 deg/s. It is important to note that pitch angle control is not based on wind speed but on the average power output. Considering the massive inertia of the wind wheel, the parameters such as wind speed, pitch angle, and output power do not correspond to each other at a specific time. When the wind turbine operates in the constant output power region and the wind speed is relatively stable, the pitch system does not drive the blade to pitch but stays on hold. At this time, the pitch angle changes slightly due to the interference of various factors. As can be seen in Figures 7P–T, the corresponding pitch angle speed distribution is between −0.02 deg/s and 0.02 deg/s.
[image: Figure 7]FIGURE 7 | Four field data recording periods (A–E) the variation of wind speed, pitch angle, motor power, motor pitch torque and pitch angular velocity during low wind speed stage; (F–J) the variation of wind speed, pitch angle, motor power, motor pitch torque and pitch angular velocity during wind speed increases from low to high; (K–O) the variation of wind speed, pitch angle, motor power, motor pitch torque and pitch angular velocity during wind speed decreases from high to low; (P–T) the variation of wind speed, pitch angle, motor power, motor pitch torque and pitch angular velocity during minor changes in wind speed.
According to a comprehensive observation and analysis of SCADA data, the threshold of pitch angle value is selected as 0.5° ([image: image] = 0.5°), and the threshold of pitch angle speed is selected as 0.03 deg/s ([image: image] = 0.03 deg/s). Taking into account the performance parameters of the wind turbine and the distribution of the SCADA data, the wind speed value domain is selected as [2.5 m/s, 8.5 m/s) in the non-pitch data set [image: image], and [8.5 m/s, 13.5 m/s] in the pitch data complementary set [image: image]. The blade azimuth variation range is [0°, 360°]. The wind speed interval is divided into 0.2 m/s, and the azimuth interval is divided into 4°.
4.2 Blade pitch load analysis
The combined action of aerodynamic forces generates the blade pitch load, centrifugal forces, and gravity. To conduct the analysis of the influence of wind speed and blade azimuth on the pitch load, the azimuths 0°, 90°, 180°, and 270° are selected to investigate the effect of wind speed, and the wind speed 4 m/s, 7 m/s, 9 m/s and 12 m/s are also selected to examine the impact of the blade azimuth. Then, the pitch load can be obtained for different wind speeds and azimuth angles by applying the proposed force estimation method of the pitch system, as shown in Figure 8.
[image: Figure 8]FIGURE 8 | Relationship of blade pitch load with wind speed and azimuth angle (A) Influence of wind speed on blade pitch load; (B,C) Influence of azimuth on blade pitch load.
As shown in Figure 8, when the wind speed is relatively low, the blade pitch load first increases slowly with the wind speed and then rapidly increases with the wind speed. When the wind speed reaches about 7 m/s, the blade pitch load increases slowly with the wind speed or no longer increases until the wind speed reaches the rated wind speed. During this period, the wind turbine and its pitch system enter the state-switching phase, and the blade pitch load and wind speed undergo a very complex nonlinear jump change process. When the wind speed exceeds the rated speed, the blade pitch load does not change significantly with the wind speed. There is an interesting phenomenon, the blade pitch load first increases and then remains constant with wind speed. The reasons cause the phenomenon mainly has the following aspects. Firstly, when the wind turbine operates in the maximum wind energy tracking region, the blade does not pitch, the blade windward surface is the largest, and the aerodynamic force acting on the blade increases with wind speed. Meanwhile, the rotational speed of the wind wheel increases with wind speed; aerodynamic and centrifugal forces lead to an increase in blade pitch load. Secondly, when the wind turbine operates in the constant output power region, the rotational speed of the wind wheel is stable at the rated speed. At the same time, the centrifugal force remains unchanged. The blade pitch angle increases with wind speed which results in the decrease of the blade windward surface. Since the aerodynamic force acting on the blade depends on the wind pressure (wind speed) and the windward surface area, the two increase and decrease to cause the blade pitch load to remain unchanged. In general, the blade pitch control is designed to keep the output power constant and the blade pitch load from varying with wind speed.
It also can be seen from Figure 8 that the blade pitch load varies periodically with the blade azimuth., Taking the wind speed of 7 m/s as an example, when the azimuth changes from 0° to 90°, the pitch load decreases with azimuth. The pitch load is almost unchanged when the azimuth changes from 90° to 180°. When the azimuth changes from 180° to 270°, the pitch load increases with azimuth, and when the azimuth changes from 270° to 360° (0°), the pitch load first increases and then decreases. The wind wheel rotates in one circle, and the pitch load changes periodically. The periodicity of blade pitch load change with azimuth angle is closely related to wind speed. When the wind speed is relatively low [image: image], the pitch load is almost independent of the azimuth angle, and the periodicity is not reflected. When the wind speed exceeds [image: image], the pitch load varies periodically with azimuth. Comparing wind speeds of 7 m/s, 9 m/s and 12 m/s, it can be seen that the pitch load has a periodic change in amplitude. When the wind speed is 7 m/s, the amplitude of pitch load is about [image: image], with an amplitude ratio of [image: image]. When the wind speed is 9 m/s, the amplitude of pitch load is about [image: image]. When the wind speed is 9 m/s, the amplitude of pitch load is about [image: image], with no significant increase in pitch load while the amplitude ratio increases to [image: image] , which means the pitch load fluctuation increases with wind speed dramatically. It should be pointed out that the blade pitch load changes periodically with the azimuth angle, and the azimuth corresponding to the amplitude varies with the change in wind speed. When the wind speed is [image: image], the minimum pitch load corresponds to the azimuth of about 120°, and the maximum pitch load corresponds to the azimuth of about 300°. When the wind speed is 9 m/s, the minimum pitch load corresponds to the azimuth of about 60°, and the maximum pitch load corresponds to the azimuth of about 240°. When the wind speed is 12 m/s, the minimum value of blade pitch loading corresponds to the azimuth of about 300°, and the maximum pitch load corresponds to the azimuth of about 90°. When the wind turbine operates in the maximum wind energy tracking region, the pitch load varies periodically with the blade azimuth. The pitch load amplitude increases with the wind speed. However, the initial phase angle of the pitch load remains unchanged. When the wind turbine operates in the constant output power region, the initial phase angle of the pitch load decreases with the increase of the wind speed, while the amplitude of the pitch load remains the same. This is mainly due to the aerodynamic, centrifugal force, and gravity acting on the blade are all distributed forces. The resultant action point and direction are not only related to the blade shape and pitch angle but also to the blade azimuth angle, so the blade pitch load changes periodically with the rotation of the wind wheel and the change of azimuth angle. When the wind turbine operates in the maximum wind energy tracking region, the aerodynamic force acting on the blade increases with the wind speed, and the pitch load amplitude increases. However, the periodicity is not obvious at low wind speeds because the amplitude is relatively small, less than 10%. Since the pitch angle is unchanged, the initial phase angle of the pitch load remains unchanged, which is why the order of blade pitch load corresponding to the four azimuth angles in Figure 8 is not the same. When the wind turbine operates in the constant output power region, the pitch angle increases with the wind speed. Still, the blade windward surface decreases, keeping the blade pitch load and its change amplitude constant, and the amplitude ratio is nearly 20%. However, due to the change of pitch angle, the initial phase angle of pitch load at different wind speeds is different. That is, there is a phase difference.
4.3 Analysis of bearing friction torque
The bearing friction torque prevents the blade from rotating. When the blades are in the pitch state in the constant output power stage of the wind turbine, and the pitch system is in the state of smooth-pitch or open-pitch, the bearing friction torque can be estimated. The sample data near 0°, 90°, 180°, and 270° are extracted to investigate the relationship between bearing friction torque and wind speed. The sample data near wind speeds 4 m/s, 7 m/s, 9 m/s and [image: image] are also extracted to investigate the influence of blade azimuth in bearing friction torque. The estimated results are shown in Figure 9.
[image: Figure 9]FIGURE 9 | The relationship between bearing friction torque and wind speed and azimuth angle (A) Influence of wind speed on bearing friction torque; (B) Influence of azimuth on bearing friction torque.
It can be seen from Figure 9 that when the wind turbine operates in the constant output power region, the bearing friction torque fluctuates around 12 [image: image]. The greater the wind speed, the greater the fluctuation of the friction torque. This is because the bearing friction torque depends on the load and friction coefficient of the bearing, while the friction coefficient is only related to the bearing type, the fit clearance, and the smoothness. Therefore, for a specific bearing, the bearing friction torque depends on the bearing load. The bearing load is generated by the aerodynamic force, centrifugal force, and gravity acting on the blade. The blade gravity is constant, and the wind wheel rotates at the rated speed during the constant output power output region, so the centrifugal force remains unchanged. As the pitch angle increases with the increase of wind speed, the windward surface area of the blade decreases to keep the aerodynamic force invariant. Therefore, the bearing load is the same, and the change in pitch angle only acts on different parts of the bearing. The bearing friction torque can be estimated from SCADA data. Once the friction coefficient is determined, the bearing load can also be calculated from the bearing friction torque. The pitch system bearing of the studied 2 MW wind turbine adopts a cylindrical roller negative clearance bearing with a diameter of 2110 mm. The friction coefficient of the bearing is close to the sliding friction, which is 0.01. In this way, the blade bearing of the wind turbine may suffer a load [image: image].
4.4 Analysis of motor pitch torque
The motor pitch torque is the main force driving the blade to rotate or keep the blade stationary. Its magnitude depends on the blade pitch load and bearing friction torque and is also related to the blade rotation direction. The sample data near azimuth of [image: image], [image: image], [image: image] and [image: image] are selected to investigate the relationship between the motor pitch torque and the wind speed. At the same time, the sample data near the wind speed of 4 m/s, 7 m/s, 9 m/s, and 12 m/s are selected to analyze the influence of azimuth angle on the motor pitch torque. The results are shown in Figure 10, Figure 11A refers to the constant state in the maximum wind energy tracking region, and Figure 10, Figures 11B–D refer to the smooth-pitch state, standstill state, and open-pitch state in the constant power output region of wind turbines.
[image: Figure 10]FIGURE 10 | Relation between motor pitch torque and wind speed (A) The maximum wind energy utilization region; (B–D) The smooth-pitch state, standstill state, and open-pitch state in the constant power output region of wind turbines.
[image: Figure 11]FIGURE 11 | Relation between motor pitch torque and azimuth (A) The maximum wind energy utilization region; (B–D) The smooth-pitch state, standstill state, and open-pitch state in the constant power output region of wind turbines.
When wind turbines operate in the maximum wind energy utilization region, according to the force equilibrium equation mentioned above, if the friction torque is ignored, the motor pitch torque is equal to the blade pitch load. They all increase with the increase of wind speed and show periodic changes with the rotation of the wind rotor and the change of azimuth, as shown in Figure 10. Due to the constant pitch angle, the blade forces are relatively stable, and regression fitting can be performed as shown in Figure 12. The mathematical relationship is
[image: image]
[image: Figure 12]FIGURE 12 | Regression fitting model of equilibrium torque in the maximum wind energy tracking region (A) Scatter plot of equilibrium torque; (B) Surface fitting of equilibrium torque.
From the model, if the influence of wind speed is not considered, that is, assuming that the wind speed is 0 and the blade pitch load is 11.53 [image: image], this can be considered as the blade pitch load generated by the blade gravity. The blade pitch load is proportional to the square of wind speed, which is consistent with the fact that the output power of the wind turbine is proportional to the cubic of wind speed. The proportion of the periodic function part is very small, so when the wind speed is low, the periodic change is not significant. The periodic variation of blade pitch load has an initial phase angle, which is related to the blade shape and its spatial position. When wind turbines operate in the constant power output region, the pitch system is in the variable pitch state, and the change of wind speed causes the corresponding change of blade pitch angle. This will not only achieve the basic stability of output power but also keep the blade pitch load, bearing friction torque, and motor pitch torque basically unchanged. However, the pitch angle causes nonlinear factors and torque fluctuations, which will become more and more severe with the increase of wind speed. According to the blade force equilibrium equation, when the pitch system is in the open-pitch state, the motor pitch torque is the sum of the blade pitch load and bearing friction torque, about 48 [image: image] (36 [image: image] +12 [image: image]). When the pitch system is in the smooth-pitch state, the motor pitch torque is the blade pitch load minus the bearing friction torque, approximately 24 [image: image] (36 [image: image]-12 [image: image]). When the pitch system is in the standstill state, the motor pitch torque is considered to be equal to the blade pitch load, that is, about 36 [image: image]. When wind turbines are in the three states of open-pitch, smooth-pitch, and standstill state, motor pitch torque changes periodically with the blade rotation and azimuth change, and the amplitude of change is different, as shown in Figure 11. It can be seen from the figure that in this operation region, the fluctuation of motor pitch torque increases with the increase of wind speed. When the wind speed is 9 m/s, the maximum fluctuation amplitude is about 8.3 [image: image]; when the wind speed is 12 m/s, the maximum fluctuation amplitude is about 22 [image: image]. It should be noted that these conclusions are based on the data after averaging.
In summary, for the investigated 2 MW wind turbine, when operating in a constant power output region, the blade pitch load is approximately 36 [image: image]. Here, the blade pitch load caused by gravity is 11.53 [image: image], accounting for about 32%. During the rotation and azimuth change, the blade pitch load has a periodic change amplitude of 13 [image: image], accounting for about 36.1%. The bearing friction torque generated during blade rotation and pitch is approximately 12 [image: image]. During the actual operation of wind turbines, the wind speed changes randomly, resulting in the change of blade pitch load and ultimately the change of motor pitch torque. The alternating characteristics of motor pitch torque come from three aspects. The first is the alternating nature of wind speed in the wind field, which depends on the characteristics of airflow variation and is naturally inevitable. The second is the alternation of blade pitch load when the wind rotor rotates. The azimuth changes from 0° to 360° and then returns to 0°. This will be affected by the spatial relationship between the two centerlines of the wind rotor rotation axis and the blade rotation axis, which exists throughout the entire process of wind turbine operation. The third is the switching of the smooth-pitch state and open-pitch state when the blade is pitching. The pitch angle increases from 0° and then decreases back to 0°, which is caused by the rotation of the blade in both positive and negative directions. The alternating nature of the motor pitch torque may be an important reason for affecting the fatigue failure of the components of the pitch system and causing the failure of the pitch system (Hameed et al., 2009; Bi et al., 2014).
5 CONCLUSION
In this paper, the blade pitch principle of a 2 MW direct-drive wind turbine is analyzed. By investigating the force of the pitch system under multiple operating conditions, the force equilibrium equations of the wind turbine blade are established. Based on SCADA data, a method for estimating the blade pitch load, bearing friction moment, and motor pitch torque is proposed by using the multidimensional BIN method. Many interesting phenomena have been observed. When the wind turbine operates in the maximum wind energy tracking region, the blade pitch load and motor pitch torque are proportional to the square of the wind speed and show periodic changes with the wind rotor rotation and azimuth changes. When the wind turbine operates in the constant power output region, the blade pitch load is about 36 [image: image], and the blade pitch load caused by gravity is 11.53 [image: image], accounting for about 32.1%. In the process of wind rotor rotation and azimuth change, the amplitude of periodic change is 13 [image: image], accounting for about 36.1%. The bearing friction torque fluctuates around 12 [image: image] during the pitching process, accounting for 33.3% of the pitching load, and the higher the wind speed, the more severe the fluctuation. The work of this paper is of great value to fully understand the load mechanism of pitch system, and can provide important knowledge support for the design, operation, and maintenance of large-scale wind turbine pitch system.
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