

  Data-Driven Method for Wind Turbine Yaw Angle Sensor Zero-Point Shifting Fault Detection




Data-Driven Method for Wind Turbine Yaw Angle Sensor Zero-Point Shifting Fault Detection







Energies 2018, 11(3), 553; doi:10.3390/en11030553




Article



Data-Driven Method for Wind Turbine Yaw Angle Sensor Zero-Point Shifting Fault Detection



Yan Pei 1,*, Zheng Qian 1, Bo Jing 1, Dahai Kang 2 and Lizhong Zhang 2





1



School of Instrumentation Science and Opto-electronics Engineering, Beihang University, Beijing 100083, China






2



Beijing Power Concord Technology Co. Ltd. Beijing 100048, China









*



Correspondence: peiyan@buaa.edu.cn; Tel.: +86-10-8233-9267 or +86-188-1025-3066







Received: 10 February 2018 / Accepted: 1 March 2018 / Published: 5 March 2018



Abstract:



Wind turbine yaw control plays an important role in increasing the wind turbine production and also in protecting the wind turbine. Accurate measurement of yaw angle is the basis of an effective wind turbine yaw controller. The accuracy of yaw angle measurement is affected significantly by the problem of zero-point shifting. Hence, it is essential to evaluate the zero-point shifting error on wind turbines on-line in order to improve the reliability of yaw angle measurement in real time. Particularly, qualitative evaluation of the zero-point shifting error could be useful for wind farm operators to realize prompt and cost-effective maintenance on yaw angle sensors. In the aim of qualitatively evaluating the zero-point shifting error, the yaw angle sensor zero-point shifting fault is firstly defined in this paper. A data-driven method is then proposed to detect the zero-point shifting fault based on Supervisory Control and Data Acquisition (SCADA) data. The zero-point shifting fault is detected in the proposed method by analyzing the power performance under different yaw angles. The SCADA data are partitioned into different bins according to both wind speed and yaw angle in order to deeply evaluate the power performance. An indicator is proposed in this method for power performance evaluation under each yaw angle. The yaw angle with the largest indicator is considered as the yaw angle measurement error in our work. A zero-point shifting fault would trigger an alarm if the error is larger than a predefined threshold. Case studies from several actual wind farms proved the effectiveness of the proposed method in detecting zero-point shifting fault and also in improving the wind turbine performance. Results of the proposed method could be useful for wind farm operators to realize prompt adjustment if there exists a large error of yaw angle measurement.
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1. Introduction


During the past decades, wind energy has experienced rapid development for the advantages of cleanness, renewability, and environmental friendliness. In the meantime, the capacity of the single Wind Turbine (WT) is growing continuously. This calls for a higher demand for WT control systems and condition monitoring systems for the purposes of extracting wind energy more efficiently and protecting the WT [1,2,3].



In particular, a yaw system allows the WT to align to the wind direction and plays an important role in increasing wind power production and decreasing the fatigue load on the blades, especially with active yaw control systems [4,5,6,7]. It was reported that even a relatively small yaw error (less than 10 degree) could reduce the WT production significantly [2]. The impact of yaw error on the aeroelastic characteristics of the horizontal axis of WT blades has been investigated. The conclusions were drawn that the yaw misalignments would adversely influence the dynamic aeroelastic stability of the blades [4,8]. Furthermore, an effective yaw system could be useful for the design of a pitch controller for the purpose of WT power regulation and blade load mitigation [1].



It is apparent that accurate yaw angle measurement (angle between wind direction and nacelle position) is the basis for effective yaw controllers [9,10,11]. In [12], an intelligent approach based on k Nearest Neighbor (KNN) was proposed to estimate the yaw position of the WT using a simulated dataset. The postulate of this approach was that the accurate yaw position should be known in the model training phase. However, in real applications, the wind vanes are always imprecise [13]. It is essential to develop a method to determine the error of the yaw angle measurement on wind turbines. Actually, very few publications have reported such approaches. In [13], the Support Vector Machine (SVM) method was adopted to effectively estimate the WT yaw error based on wind data, electrical data, control data, and bending moment of the rotor blades. However, in actual applications, the bending moments are always unavailable. On the other hand, from the perspective of wind farm operators, it would be useful to develop a method for providing the yaw angle measurement error qualitatively. In this way, if the measurement error is larger than a pre-defined threshold, engineers would be sent to fix this problem. At the time of this writing, there are still no publications focusing on evaluating the yaw angle measurement error qualitatively.



Since the yaw angle measurement is affected the most adversely by zero-point shifting, the zero-point shifting fault of the yaw angle sensor is firstly defined in this paper. A data-driven method to detect the yaw angle sensor fault qualitatively is proposed accordingly based only on the Supervisory Control and Data Acquisition (SCADA) data. SCADA systems have been used widely in power systems, including electricity grids, wind farms, etc., for monitoring and controlling in real time [14,15,16]. Although more than one hundred parameters are included in the SCADA system, only several related parameters are considered in our work, i.e., yaw angle, wind speed, wind power output, blade pitch angle, pitch motor power, yawing set value, and WT operation mode. The reason why we choose these parameters will be explained in this paper. The wind power data of different measured yaw angles (with error) are analyzed in our approach to evaluate the error of the yaw angle sensor and detect the zero-point shifting fault. A data preprocessing scheme is designed to make sure the power data analysis is based on the same condition. Case studies based on the SCADA data of wind turbines from several wind farms in China proved the effectiveness of the proposed method in yaw angle sensor fault detection. Compared with earlier works, contributions of this work are:

	(a).

	
The wind turbine yaw angle zero-point shifting fault is defined in this paper. This definition could be useful for wind farm operators to realize reasonable maintenance in order to reduce maintenance costs and improve wind turbine production.




	(b).

	
A data-driven method for zero-point shifting fault detection based only on SCADA data is proposed. The cost of fault detection could be significantly reduced by using only SCADA data.




	(c).

	
A data preprocessing procedure is adopted to eliminate the influences of some other factors on the power performance of the wind turbine.




	(d).

	
The results from several wind farms proved the effectiveness of the proposed method. Meanwhile, the results also show that the proposed method could be useful for both prompt yaw angle sensor adjustment and to improve the performance of wind turbines.









This paper is organized as follows. Section 2 introduces the WT control system and yaw angle measurement scheme adopted in wind turbines. The yaw angle sensor zero-point fault is also defined in Section 2. The proposed data-driven method of detecting the zero-point shifting fault is presented in Section 3, followed by the case studies and discussions in Section 4. Conclusions are finally drawn in Section 5.




2. The WT Control System and Definition of Yaw Angle Sensor Zero-Point Shifting Fault


2.1. WT Control System


The considered WTs in this research are all horizontal axis direct driven WTs. The rated power of each WT is 2 MW. The cut-in wind speed of the considered WTs is 3 m/s, while the cut-out wind speed is 20 m/s.



The blade pitch angle remains at [image: ] until the generated power reaches the rated power of the WT with the increasing wind speed. The blade pitch control system would be activated to regulate the pitch angle in order to keep the generated power around the rated power.



The yaw control system allows the WT to align to the wind direction for the purpose of extracting the energy of wind more efficiently. If the 15 s-averaged yaw angle is larger than [image: ], the yaw control system is activated to reduce the yaw angle in order to align the WT to the wind direction. The yaw control operation is terminated if the 5s-averaged yaw angle is less than [image: ]. This control scheme can effectively align the WT to wind direction while reducing the cost of the control system.




2.2. Yaw Angle Measurement Scheme


In this paper, the WT yaw angle means the angle between the absolute wind direction (azimuth) and the turbine nacelle position, as shown in Figure 1. The yawing system will be activated to reduce the yaw angle to zero if the yaw angle is larger than a predefined threshold.


Figure 1. Yaw angle measurement scheme.



[image: Energies 11 00553 g001]






The yaw angle is usually measured by the wind direction sensor mounted on the top of the WT nacelle. Figure 2 shows the diagram of a typical wind direction sensor [17]. This sensor could be used to measure the azimuth (absolute wind direction to the North) or the yaw angle, depending on the zero-point position of the sensor. If the zero point of the sensor is permanently set on the top of the nacelle position line rather than the top of N-S line shown in Figure 1, the measurement result of the sensor would be the yaw angle, rather than the azimuth.


Figure 2. Diagram of the wind direction sensor.



[image: Energies 11 00553 g002]






The specification of the adopted yaw angle sensor on the considered WTs is shown in Table 1. The yaw angle sensor measures the yaw angle every 100 ms. The SCADA system collects every yaw angle sensor measurement value but only logs the one-second-averaged value. So, the yaw angle value in the SCADA system is the average yaw angle during one second.


Table 1. Specification of the yaw angle sensor.


	Measuring Range
	Accuracy
	Start-Up Wind Speed
	Permitted Temperature
	Permitted Humidity





	0–360°
	±1°
	0.5 m/s
	−30–70 °C
	0–95% RH










2.3. Zero-Point Shifting Point Definition


In the real applications, the zero point of the wind direction sensor might deviate from the nacelle position line by [image: ] for the reason of installation or operation in harsh environments, as shown in Figure 3. In this situation, the measurement result of the wind direction sensor would be [image: ], which includes a systematic error [image: ] for the yaw angle measurement in the SCADA system. The systematic error will lead to a misalignment between nacelle position and wind direction, which would lead to a reduction of wind power production in the operation of the wind turbine.


Figure 3. Yaw angle measurement with zero-point shifting.



[image: Energies 11 00553 g003]






In this paper, the yaw angle sensor is considered to have zero-point fault if the zero-point shifting angle [image: ] is larger than a set threshold. It has been reported that a yaw error less than [image: ] could reduce the power output significantly. Furthermore, the threshold of the yaw angle to activate the yaw control system is [image: ] in the considered WTs in this research. Thus, the zero-point shifting fault threshold is set as [image: ] (less than [image: ] and more than half of [image: ]).



Definition 1.

The condition of the yaw angle sensor with the zero-point shifting angle [image: ]is defined as yaw angle sensor zero-point shifting fault.





The existing method to detect this fault is by periodic, manual inspection according to the maintenance strategy. In this paper, a data-driven method based on the on-line SCADA data is proposed to detect the yaw angle sensor zero-point shifting fault. The result of the proposed method could be useful for prompt maintenance of the yaw angle measurement system. The production of the WT would be increased by the prompt maintenance. Furthermore, the maintenance costs would also be reduced based on the result of our method.




2.4. Dataset


The proposed data-driven method for WT yaw angle sensor zero-point shifting fault detection is based only on the SCADA data. Since the SCADA systems are already in-place for most of the modern WTs, it would be cost effective to use only SCADA data. Furthermore, it is easier to obtain on-line results of fault detection using only SCADA data.



The SCADA system logs data every one-second. If more measurement values are obtained by a certain sensor, the SCADA system only logs the one-second-averaged value of these measurements. More than one hundred parameters are included in SCADA data, such as WT control data, WT operation data, WT condition data, WT mode data, etc. However, only several parameters related to the power performance are considered in our approach to detect the yaw angle sensor zero-point shifting fault. Besides the yaw angle value [image: ] in SCADA data, the other considered parameters are shown in Table 2. The WT performance parameters are adopted to evaluate the wind turbine performance under different yaw angles [image: ]. The WT controller parameters and WT operation mode parameter are adopted in the pre-processing procedure. The time interval of the dataset is 5 s in our approach based on the consideration of detection accuracy and also computational efficiency.


Table 2. The adopted parameters in the proposed approach. WT = wind turbine.


	Type
	Data





	WT performance parameters
	Wind speed [image: ], active power output [image: ]



	WT controller parameters
	Blade pitch angle [image: ], pitch motor power [image: ], yawing set value [image: ]



	WT operation mode parameter
	Operation mode [image: ]











3. The Proposed Approach for Wind Turbine Yaw Angle Sensor Zero-Point Shifting Fault Detection


3.1. The Principle and Structure of the Proposed Approach


The power output of a wind turbine is influenced by several factors, such as wind speed, yaw angle, blade pitch angle, wind turbine condition, and so on. Figure 4 shows the power output of a wind turbine with installed capacity of 2 MW corresponding to wind speed. It can be observed that the power output of the wind turbine varies a large amount even under the same wind speed. For example, the wind power output ranges from less than 600 kW to more than 1500 kW for wind speed 6–6.2 m/s.


Figure 4. Power output corresponding to wind speed.



[image: Energies 11 00553 g004]






There are several factors influencing the wind power output of a wind turbine. Betz’s law [18] explains how the wind speed and yaw angle influence the power output, as shown by Equation (1). Where [image: ] is the generated wind power, [image: ] is the air density, [image: ] is the wind speed, [image: ] is the power coefficient, while [image: ] is the yaw angle.




[image: ]



(1)





It can be concluded from Equation (1) that the power performance of a wind turbine should be the best if [image: ]. Considered from another point of view, the SCADA data with the best power performance should correspond to zero yaw angle (wind turbine blade plane faces perpendicular to wind direction) in practice.



The yaw angle is controlled based on the measurement of the yaw angle sensor. If the zero-point of the yaw angle sensor deviates from the nacelle position line, a systematic error would occur for the measurement of the yaw angle sensor, as shown in Figure 3. The starting point of the proposed approach is to analyze the power performance under different yaw angles with the aim of analyzing the yaw angle sensor zero-point shifting fault based on SCADA data. The yaw angle in the SCADA system with the best power performance is considered as the yaw angle measurement error.



The overall structure of the proposed method is shown in Figure 5. Given the raw SCADA dataset [image: ], a preprocessing procedure is necessary to eliminate the influence of the blade pitch system and wind turbine operation mode on the performance of the wind turbine. In order to analyze the power performance more effectively, the SCADA data are partitioned into different bins by both wind speed and yaw angle. The data in the same bin have similar wind speed and yaw angle values. An indicator reflecting the power performance of each yaw angle is proposed in our work based on the partitioned data bins. The larger the indicator, the better is the power performance. The yaw angle value with the largest indicator value is considered as the yaw angle sensor zero-point shifting angle according Betz’s law. An alarm for a zero-shifting fault would be activated if the shifting angle is larger than [image: ]. Details of each procedure will be shown in the next.


Figure 5. Overall structure of the proposed method. SCADA = Supervisory Control and Data Acquisition. The symbols in this figure share the same meaning with the ones in Table 2.
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3.2. Data Preprocessing


As mentioned above, a data preprocessing procedure is necessary in the proposed method. In this work, the zero-point shifting fault is detected by comparing the values of the performance indicators of each data bin. The object of the data preprocessing is to eliminate the influence of the factors other than yaw angle on the power performance when calculating the performance indicator. Since the performance indicator is calculated based on the power performance, several factors influencing the wind turbine output are considered in the data preprocessing procedure.



According to the wind turbine control scheme, blade pitch angle is an important factor influencing the output of a wind turbine [19]. The blade pitch system is considered in this work for data preprocessing. Given a dataset, the data [image: ] is filtered out if the blade pitch angle [image: ] is not zero and the power of the pitch control motor is larger than zero. A pitch angle [image: ] larger than zero means the power output of this wind turbine is regulated by the pitch angle, while a value for the power of the pitch control motor larger than zero means the wind turbine is in the operation of pitch controlling. Only data with zero pitch angle and zero pitch control motor power are selected for the purpose of eliminating the influences of the pitch system on power performance.



Yawing set value [image: ] is the angle the blade plane can be rotated by the yaw control scheme. A non-zero yawing set value [image: ] means the yaw control scheme is active and the wind turbine is still rotating. Therefore, data with a non-zero yawing set value [image: ] are not stable and are thereby filtered out in the preprocessing procedure.



Finally, only the data when the wind turbine is in normal operation mode (K = 6) are selected for the detection method. Hence, the data collected when the operation mode parameter is not in the normal operation mode are also filtered out.



The preprocessing procedure mentioned above could be summarized as follows:

	Step 1:

	
Given a datum, if the operation mode parameter is not 6, filter out this datum and go to the next datum. Otherwise go to Step 2.




	Step 2:

	
If the blade pitch angle is not zero, filter out this datum and go to the next datum. Otherwise go to Step 3.




	Step 3:

	
If the power of the pitch control motor is larger than zero, filter out this datum and go to next datum. Otherwise go to Step 4.




	Step 4:

	
If the yawing set value is not zero, filter out this datum and go to next datum. Otherwise go to Step 5.




	Step 5:

	
Add the processed data from Step 1 to Step 4 to the preprocessed dataset and go to next datum, until all the data are processed.










3.3. Zero-Point Shifting Fault Detection Based on the Preprocessed Dataset


Within the preprocessed dataset, the wind power data are only influenced by wind speed and yaw angle. The dataset is firstly partitioned into different bins according to the wind speed. The i-th bin of the dataset is shown in Equation (2), where [image: ] is the minimum wind speed of the i-th bin. The wind speed step [image: ] is set to be 0.2 m/s. In this way, the data in the same bin have very similar wind speeds (difference no larger than 0.2 m/s).




[image: ]



(2)





Wind power value [image: ] is only influenced by yaw angle in the same bin, as shown in Figure 6. In order to obtain a statistical result of the relationship between wind power and yaw angle for each bin, each bin is further partitioned into different sub-bins according to the yaw angle value, as shown in Equation (3).


[image: ]



(3)




where [image: ] is the minimum yaw angle of the j-th sub-bin. Since the accuracy of the yaw angle sensor is [image: ], the yaw angle step [image: ] is set to be [image: ]. The wind power data of each sub-bin are averaged to represent the statistical power performance of the sub-bin after noise processing by Pauta criterion, the red circle line as shown in Figure 6.


Figure 6. Wind power output with the wind speed range of 6–6.2 m/s.
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Figure 7 shows the statistical average power performance of a wind turbine corresponding to the measured yaw angle based on 7 days’ SCADA data. In order to clearly show the trend of the statistical power performance, only data with wind speed ranges from 6 m/s to 7 m/s are shown. It has to be noted that in real applications, wind speed ranges from 4 m/s to 8 m/s are considered, since the wind power output varies the most during this wind speed range.


Figure 7. Wind power performance corresponding to the measured yaw angle.



[image: Energies 11 00553 g007]






The power performance should be the best when the yaw angle is zero (blade plane faces the wind direction perpendicularly). In order to identify the statistical power performance of each yaw angle, an indicator is calculated for each yaw angle. The indicator is defined as follows:


[image: ]



(4)




where [image: ] is the number of wind speed bins and [image: ] is the statistical performance as shown in the red circle line in Figure 6 and is calculated by:


[image: ]



(5)







The yaw angle with the largest indicator value is considered as the yaw angle zero-point shifting error. A zero-point shifting fault would be identified if this yaw angle is larger than [image: ] or less than [image: ] in this approach. It has to be noted that the outlier errors are eliminated by the Pauta criterion [20] for both Equations (4) and (5).





4. Case Studies and Discussions


4.1. Fault Detection Results of a Wind Farm in Hunan Province, China


The proposed approach has been applied in several wind farms to detect the yaw angle sensor zero-point shifting fault. One of the wind farms is located in Hunan province, China. The wind turbines in this farm are all manufactured by a Chinese manufacturer (Xiangtan Electric Manufacturing Group, Xiangtan City, China). The installed capacity of these wind turbines is 2 MW. The yaw measurement scheme is mentioned in Section 2.2, while the accuracy of the adopted yaw angle sensor is [image: ]. The threshold value to activate the yaw control scheme is [image: ]. Limited data from this wind farm are available with yaw angles outside the range of [image: ]. Thus, only the data with yaw angles in the range of [image: ] are considered and analyzed in this approach. The detection methods are validated by manual inspection. It needs to be noted that the validation results are only available for the wind turbines for which the yaw angle sensor is detected to be faulty by the proposed method. This is because only the wind turbines with detected faults are inspected by engineers of the wind farm due to the cost of maintenance and the difficulties of accessing the yaw angle sensor.



For this wind farm, two wind turbines are detected to have yaw angle sensor zero-point shifting faults. These two wind turbines are denoted as WT1 and WT2 in this paper. Figure 8 and Figure 9 show the normalized indicators of WT1 and WT2, respectively.


Figure 8. Indicators for WT1.



[image: Energies 11 00553 g008]





Figure 9. Indicators for WT2.
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As can be seen in Figure 8, the yaw angle with the largest indicator value is [image: ], a fault alarm was activated for WT1 based on the definition of the zero-point shifting fault. The actual angle of zero-point shifting was [image: ] by manual inspection for WT1. Similarly, the zero-point shifting angle of WT2 was detected to be larger than [image: ] while the actual value is [image: ]. Thus, the proposed method effectively detected the yaw angle sensor zero-point shift faults for the two wind turbines.



Yaw angle sensors on both of the two wind turbines have been adjusted by engineers according to the results of our method. In order to evaluate the effectiveness of improving the wind turbine performance by adjusting the yaw angle sensor, comparisons between power curves 7 days before and 7 days after adjustment were conducted, as shown in Figure 10 and Figure 11. The improvement of the power curve is calculated by:


[image: ]



(6)




where [image: ] is the i-th power value according to the International Electrotechnical Commission (IEC) standard for the data after the WT was fixed by engineers, while [image: ] is the i-th power value for the data before fixing. The power curve values are generated according to the IEC standard [21].


Figure 10. Power curve comparison for WT1.



[image: Energies 11 00553 g010]





Figure 11. Power curve comparison for WT2.
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It can be observed that after fixing the yaw angle sensor, the power curve could be significantly improved by as much as 9.45% for WT1 and 43.66% for WT2. This means the result of the proposed method is useful for wind turbine yaw angle sensor zero-point shifting fault detection and also for improvement of the wind turbine performance.




4.2. More Results of the Proposed Method


The proposed method was applied to three more wind farms to detect the zero-point shifting fault. Five of the total 72 wind turbines were detected as having a zero-point shifting fault. The manual inspection results and power curve improvements are shown in Table 3.


Table 3. Detection results for other three wind farms.


	Wind Turbine
	Detection Result
	Actual Result
	Fixing Date
	Improvement





	WT3
	Fault
	Fault
	28 December 2017
	13%



	WT4
	Fault
	Normal
	NA
	NA



	WT5
	Fault
	Fault
	28 December 2017
	0.1%



	WT6
	Fault
	Fault
	18 December 2017
	28%



	WT7
	Fault
	Fault
	25 December 2017
	1%









The proposed method detected four of the faults accurately, while giving a false fault alarm for only one wind turbine. Furthermore, the power curves of the wind turbines were all improved by fixing the yaw angle sensor zero-point.




4.3. Discussions


The conclusion could be drawn based on the validation data that the proposed method could be useful for yaw angle sensor zero-point fault detection and is also effective for improving the power performance of a wind turbine.



However, the proposed approach only provides qualitative detection results for yaw angle sensors’ zero-point position. It is difficult to obtain a precise estimation of the zero-point shifting angle, since the yaw angle resolution is only [image: ]. Furthermore, the data with a yaw angle out of the range of [image: ] is rare. Hence, it is difficult to obtain a quantitative result of zero-point shifting angle based on the dataset if the angle is out of the range of [image: ].



There are several directions for future studies that could improve the proposed method:

	(a).

	
The effectiveness of the proposed method was proved for the wind turbines with zero-point shifting fault. However, the actual condition of the yaw angle sensors which were detected as normal were not inspected manually due to the cost of maintenance and the difficulties of accessing the yaw angle sensor. The effectiveness of the proposed method could be further evaluated if more wind turbines are inspected manually.




	(b).

	
The threshold in the definition of zero-point shifting fault is set as [image: ] in this work. This threshold value could be further evaluated in the operation of wind farms, and could be adjusted in order to further reduce the maintenance cost and wind farm production loss.




	(c).

	
Since the accuracy of the adopted yaw angle sensor is [image: ], the yaw angle resolution in the method is currently [image: ]. It is difficult to obtain a precise estimation of zero-point shifting angle quantitatively. This work could be extended to provide the exact zero-point shifting angle if a more accurate yaw angle sensor is adopted.











5. Conclusions


Wind turbine yaw control systems play an important role in improving the wind power production of a wind turbine and mitigating the fatigue loads on the blades. An effective yaw control of a wind turbine is based on accurate measurement of the yaw angle sensor mounted on the nacelle of the wind turbine. However, the zero-point of the sensor might deviate from the correct position due to an error in installation or due to operation under harsh environmental conditions.



In order to provide the wind farm operators clear evidence of the yaw angle measurement reliability, the yaw angle measurement error was qualitatively evaluated in this paper to determine the extent of zero-point shifting. With the aim of evaluating the zero-point shifting error qualitatively, the yaw angle sensor zero-point shifting fault was firstly defined in this paper. The definition of the zero-point shifting fault could be a reasonable indication for timely and cost-effectively maintenance of the yaw angle sensor. An on-line data-driven method based on SCADA data was proposed accordingly to detect the zero-point fault for wind turbine yaw angle sensors. The proposed method is based on analyzing the power performance under different yaw angles. In order to deeply analyze the power performance, the SCADA data was partitioned into different bins with the object that all the data share similar wind speed and yaw angle values in a same bin. An indicator was then proposed in this method to evaluate the power performance under each yaw angle. The yaw angle with the largest indicator was considered as the yaw angle measurement error in our work. A zero-point shifting fault alarm would be triggered if this error is larger than a predefined threshold, i.e., ±8°in the current work. The effectiveness of the proposed method was proven by the wind turbines from four wind farms. The validation results show that the proposed method could effectively detect the zero-point shifting fault and be effective in improving the performance of wind turbines. The future directions that could be studied to improve the proposed method were also discussed in the paper.
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