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Abstract

:

This study aims to calculate the ultimate loads through integrated load analysis under aerodynamic imbalance by individual pitch movement of offshore wind turbines, and based on this, to identify the allowable region of the individual pitch angle of the blade. For this, 5 MW offshore wind turbines were modeled using GH-BladedTM based on jacket type substructure data of the NREL-5 MW generic model and Upwind reports. For integrated load analysis, wind speeds were selected: 11 m/s, 14 m/s, 17 m/s, 20 m/s, 22 m/s, and 24 m/s. Ultimate load analysis was performed through the fixed pitch control mode with the individual pitch angles at an interval of 2°, ranging from 0° to 30°. Analysis was performed for the collective pitch control under the same environmental conditions as IPC. Through the comparison of loads at hub for CPC and the individual pitch movement states calculated through integrated load analysis, we identified the allowable pitch angle region where the ultimate loads of the individual pitch movement conditions were less than those of the CPC conditions. Furthermore, pattern analysis was performed using the artificial neural network for numerical modeling of the allowable pitch angle region. The results confirmed a high success rate of over 99%. Based on these results, this study suggested a new model according to the wind speed for the allowable pitch angle region.
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1. Introduction


It has been a recent trend that the wind industry shifts to large offshore wind turbines, with the advantages of large-scale MW, high wind speeds, and installation area for sustainable energy production [1,2,3]. As wind turbines become larger, aerodynamic loads on the rotors account for a large share of the loads that offshore wind turbine structures must withstand. In addition, rotor imbalance loads are generated in wind turbines due to the wind shear, tower shadow effect, yaw error, pitch error, and mass imbalance [4]. These loads could degrade the performance of wind turbines and shorten their lifespan. Therefore, to address these problems, numerous research has been performed from the conventional collective pitch control (CPC) to the individual pitch control (IPC) [5,6,7]. Engelen, T. [5] derived a simple model for the combined design of collective and individual pitch control for a typical 3 MW, 3-bladed variable speed wind turbine. The performance was evaluated in aero-elastic simulations. According to Bossanyi [6], a very significant reduction in operational loading can be achieved by means of individual pitch action, provided a proper measurement of asymmetric loading is available. In order to design the necessary control algorithms utilizing sensors based on linear-quadratic-gaussian (LQG) control design technique, it is mentioned that a linear model of turbine is required. According to Larsen et al. [7], a new load-reducing control strategy for individual blade control of large pitch-controlled wind turbines was explained based on local blade inflow measurements and the possibility of larger load reductions without loss of power production. They also discussed advantages and drawbacks of the system.



Sarkar et al. [8] considered the effects of reduction in structural loads. A low-authority linear-quadratic (LQ) controller was proposed, and this proposed controller was compared with the baseline controller (BC) utilized by the state-of-the-art wind turbine simulator FAST using a high-fidelity offshore wind turbine model. In Aghaeinezhad et al. [9], a controller that utilized a simplified two-mass model and an adaptive fractional-order non-singular fast terminal sliding mode controller (AFO-NFTSMC), based on individual pitch control strategy considering uncertainties and external disturbances, was proposed. The proposed controller was implemented in the FAST environment considering the wind profiles utilizing TurbSim, and was explored in the presence of parametric uncertainties. Lara et al. [10] proposed a control structure composed of the PI controller, adaptive feedforward compensator for the wind speed, and adaptive gain compensator for tower damping. This control structure was based on a Pareto optimization, multi-objective genetic algorithms and multi-criteria decision-making (MCDM) methods, and its performance was evaluated and compared with a classic baseline PI controller.



Hanifi et al. [11] reviewed the state-of-the-art approaches of wind power forecasting utilizing physical, statistical (time series and artificial neural networks), and hybrid methods. A guideline was provided for wind power forecasting, allowing the wind turbine/farm operators to identify the most appropriate predictive methods.



Robertson et al [12] assessed input parameters such as wind-inflow conditions, turbine structural, and aerodynamic properties, and an elementary effects sensitivity analysis was performed using the National Renewable Energy Laboratory 5 MW base-line wind turbine under normal turbine operation conditions. They explained that inboard lift distribution, blade-twist distribution, and blade mass imbalance are the most important secondary parameters.



Since aerodynamic imbalance loads due to individual pitch movement of the blade could adversely affect the entire offshore wind turbine, research on this subject is becoming more and more important [13]. Therefore, there are needs for continuous and systematic research on characteristics of ultimate loads and allowable pitch angle regions due to individual pitch movement when aerodynamic imbalance loads occur.



In this study, a NREL- 5 MW offshore wind turbine was modeled using GH-BladedTM with a jacket-type substructure for the integrated load analysis under the aerodynamic imbalance of individual pitch movement. Here, the study scope was focused on 11 m/s, 14 m/s, 17 m/s, 20 m/s, 22 m/s, and 24 m/s of wind speed for pitch control. For aerodynamic imbalance load analysis, ultimate load analysis was performed by changing the individual pitch angle of the blade at 2° intervals from 0° to 30° under the steady state wind speed. Then, the maximum force and moment of the stationary hub were converted into resultant loads for quantitative load analysis. Allowable Pitch Angle (APA) region for each wind speed was confirmed by comparing ultimate loads and aerodynamic imbalance loads analyzed in the CPC state. Additionally, the APA region was modeled using the artificial neural network (ANN) to identify the possible integration with the IPC strategy.




2. Integrated Loads Analysis


2.1. Offshore Wind Turbine Model


The superstructure model of the offshore wind turbine used in this study was 5 MW, which was conceptually designed in the NREL report [14]. As shown in Figure 1, the wind turbine has the basic structure of a 3-blade horizontal axis wind turbine with a rotor diameter of 126 m. The substructure of the wind turbine was modeled with the structure of a depth of 50 m and 20.15 m above the water surface by adopting the jacket type of the UpWind report. The height of the hub is 90.55 m above the water surface and has a structure with a transition piece (TP) section where the tower and substructure of the hollow cylindrical steel are connected. The specifications of the offshore wind turbine model are shown in Table 1 [15,16].




2.2. Ultimate Load Analysis Condition


The ultimate loads of the offshore wind turbine were analyzed under steady state wind condition at each wind speed. This is because marine environmental loads such as turbulence, irregular waves, and currents generate complex vibrations depending on the substructure, and eventually affect the ultimate load of the superstructure [17]. In addition, steady state wind conditions can reduce analytical errors with regards to the complexity of dynamic response loads of the offshore wind turbine. Table 2 shows the environmental conditions used in this study. For steady state wind conditions, wind speeds of 11 m/s, 14 m/s, 17 m/s, 20 m/s 22 m/s, and 24 m/s without turbulence were selected; they are above the rated wind speed. The wind shear exponent employed was 0.1, the tower shadow effect coefficient was 1 and yaw error was 8°, respectively. Using these data, the integrated load analysis for ultimate loads was performed under the individual pitch movement and CPC condition, respectively.




2.3. Aerodynamic Imbalance Condition


In this study, ultimate load analysis was performed on individual pitch movement under aerodynamic imbalance conditions using the commercial code GH-BladedTM V4.1 [18]. Table 3 shows the detailed analysis conditions. The maximum pitch error angle considers the maximum pitch angle of the wind turbine at turbulent wind speed, as shown in Figure 2. Here, the maximum pitch angle was identified to be about 28°. Figure 3 shows the pitch angle change as an example. Therefore, as defined in Figure 3 and Table 3, each of the three blades had 16 analysis cases at 2° intervals from 0° to 30°, respectively. Considering these aerodynamic imbalances and the six wind speed conditions described above, aerodynamic imbalance load analysis was performed on 24,576 (163 × 6) cases. Additionally, ultimate load analysis was carried out on each individual pitch angle, where pitch control was set up for the fixed pitch control mode for each blade.





3. Results and Discussion


3.1. Ultimate Load Analysis for CPC


In order to evaluate the ultimate loads of the offshore wind turbine with aerodynamic imbalance, ultimate load analysis was performed by the CPC state using the GH-BladedTM V4.1. The reference wind speeds were 11 m/s, 14 m/s, 17 m/s, 20 m/s, 22 m/s, and 24 m/s in the CPC state. The ultimate loads (i.e., maximum force (Fxc, Fyc, Fzc), and maximum moment (Mxc, Myc, Mzc)) were obtained through the ultimate load analysis, with reference to each wind speed. Using these results, resultant force and moment was calculated by Equations (1) and (2), respectively. Figure 4 represents the coordinate system of the hub. Table 4 shows the ultimate resultant loads and pitch angles of the CPC for each reference wind speed. The CPC is the principle of reducing the load by increasing the pitch angle of the three blades equally as the wind speed increases. Here, the CPC control used the basic algorithm built into the GH-BladedTM V4.1.
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3.2. Ultimate Load Analysis under Aerodynamic Imbalance


Ultimate load analysis was performed under aerodynamic imbalance conditions for an individual pitch angle of each reference wind speed using the GH-BladedTM V4.1 The ultimate loads (i.e., maximum force (Fx_ipa, Fy_ipa, Fz_ipa), and maximum moment (Mxc, Myc, Mzc) were obtained through the ultimate load analysis. Using these results, resultant force and moment were calculated by Equations (3) and (4), respectively.
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where, (  n 1 =  0 ∘   ,    2 ∘   ,    4 ∘   ,  ⋅ ⋅ ⋅  ,     30  ∘   ), (  n 2 =  0 ∘   ,    2 ∘   ,    4 ∘   ,  ⋅ ⋅ ⋅  ,     30  ∘   ), (  n 3 =  0 ∘   ,    2 ∘   ,    4 ∘   ,  ⋅ ⋅ ⋅  ,     30  ∘   )



Figure 5 and Figure 6 show the matrix of the pitch angles of a1 (blade) and a2 (blade 2) against a3 (blade 3) for each average wind speed for the resultant moment MR_ipa and the resultant force FR_ipa, respectively. Here, each cell of the matrix represents a load distribution contour plot for the pitch angles of a1 (blade 1) and a2 (blade 2) against a3 (blade 3). Additionally, red dots indicate the minimum resultant moment and force. From these results, the ultimate load characteristics were identified for the individual pitch movement of each blade at specific wind speeds. For Figure 5 (i.e., resultant moment), referring to the vertical scale bar of each matrix, we can identify that the differences between the minimum resultant moment and the maximum resultant moment become more than four-fold as the difference of relative pitch angles between the blades increases. On the other hand, the difference in the load is smaller as the relative difference between the pitch angle gets smaller. However, we can also identify that the position of the minimum resultant moment (set of individual pitch angle) according to the increase in the wind speed does not change significantly. In detail, the pitch angles (set of individual pitch angle) of the a1 and a2 blades that generate the minimum resultant moment are not sensitive to the wind speed when the pitch angle of the a3 blade is constant. This behavior similarly appears in the resultant force in Figure 6. However, in the case of the resultant force, even though the relative difference between pitch angle of the blades is large, the difference between the minimum and the maximum resultant force is insignificant compared to the resultant moment. It is, therefore, reasonable to say that the influence of the resultant moment is dominant when aerodynamic imbalance occurs.




3.3. Allowable Pitch Angle (APA) Region


In order to calculate the allowable pitch angle (APA) region (i.e., ultimate load reduction area) where IPC could be applied, we should find the pitch angle region where the individual pitch movement ultimate loads are smaller than the CPC ultimate load, as shown in Equations (5) and (6).
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Here, Ma and Fa refer to the allowable resultant moment and resultant force, respectively, and n refers to the pitch angle of 0°, 2°, ···, 30°.



In this study, the APA region was analyzed for the resultant moment Ma. This is because the influence of the resultant moment is dominant when aerodynamic imbalance loads occur, as described in Section 3.2. Figure 7, Figure 8, Figure 9, Figure 10, Figure 11 and Figure 12 show the Ma-based APA region (blue circle) obtained through the process according to the wind speed described in Equation (6), and summarized in Table 5. In these figures, the APA region shows the shape that spreads like a cone as the pitch angle increases. This occurs because the pitch angle of each blade increases with the growth in the APA, thus leading to the aerodynamic stall effect, which results in the load reduction of the wind turbine. In addition, the pitch angle increases with the increase in wind speed, and the relative pitch angle between the blades can only be within in a relatively small region.




3.4. Pattern Analysis for APA Using Machine Learning


In order to review the applicability of the aerodynamic imbalance APA region and IPC determined in Section 3.3, a pattern analysis using the artificial neural network–one of the machine learning techniques–was performed. Here, we used the commercial code Matlab [19]. This study employed the scaled conjugate gradient back propagation (SCGBP) algorithm suitable for pattern recognition among back propagation algorithms among the ANN techniques [20]. The ANN structure consists of the input, hidden, and output layers, as shown in Figure 13; the input layer has three input vectors. Additionally, the number of neurons used in the hidden layer were 10 to 40, due the convergence of results and unnecessary learning time, and the transfer function was obtained by tangent sigmoid function in Equation (7). The transfer function of the output layer used the sigmoid function shown in Equation (8), and the output of the neuron y was expressed as a result value from 0 to 1, as shown in Equation (9).
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For pattern analysis, we generalized the target value of 1 for the APA region, and the target value of 0 for the non-allowable pitch angle. There were a total of 4096 data for each wind speed, and they were randomly classified into 70% training data, 15% validation data, and 15% test data. Next, pattern analysis was performed.



Figure 14 shows the confusion matrix that represents the values that resulted from the ANN training with the Ma at the hub at a wind speed of 20 m/s. First, the training confusion matrix in the upper left corner was examined. We considered values where the target and prediction values matched to be true values. For the true values, 2826 (98.5%) of 0 and 33 (1.2%) of 1, respectively, matched–that is, a total of 2859 (99.7%) matched. Hence, these results were identified as having a 99.7% success rate. Combining this with the results of the validation confusion matrix (100%) and the test confusion matrix (99.7%), the success rate of all confusion matrix was 99.7%. Table 6 shows the success rates of all confusion matrix for each wind speed, and the appropriate number of neurons to obtain them. The success rate may change slightly depending on the number of neurons and hidden layers.



Figure 7, Figure 8, Figure 9, Figure 10, Figure 11 and Figure 12 show the prediction results (red asterisk) obtained through the above ANN pattern analysis, and the APA region analysis results (blue circle) for each wind speed based on the resultant moment. From these figures, the APA prediction results by ANN very well match the APA analysis results by ultimate loads analysis. This shows that the APA pattern analysis using ANN can implement the meta models for each wind speed. Furthermore, it is expected that this procedure can be used to make the basic design data of IPC strategy.





4. Conclusions


In this study, we proposed the procedure to determine the allowable pitch angle (APA) region that the relative pitch angle deviations should adhere to by performing ultimate load analysis under aerodynamic imbalance for a NREL-5 MW offshore wind turbine. We also performed pattern analysis using the artificial neural network (ANN) to obtain meta models for the APA region for each wind speed.



	(1)

	
The results of the ultimate load analysis under aerodynamic imbalance indicate that the difference in the resultant moment tends to increase largely as the relative difference of pitch angle between the blades increases. On the other hand, the resultant force is insignificant compared to the resultant moment.




	(2)

	
We proposed a procedure to determine the APA region for each wind speed, and also determined that the proposed APA region expands like a cone as the pitch angle increases. This seems to occur when reducing the load of the wind turbine due to the aerodynamic stall with the increase in the APA. In addition, we identified that the relative difference in the pitch angle between the blades was only possible in a small area. This approach may be used to reduce the blade loads due to the relative pitch angle deviation under aerodynamic imbalance.




	(3)

	
We proposed the pattern analysis procedure to implement the meta models for APA region at each wind speed using the artificial neural network (ANN), which is one of the machine learning techniques. The prediction results for the APA region using the ANN very well matched the APA analysis results by ultimate loads analysis. This approach may be used to reduce blade loads due to the relative pitch angle deviation under aerodynamic imbalance.




	(4)

	
This decision can only be generalized to this wind turbine. Applicability to other wind turbines will require further testing and studies. In addition, further studies considering comparative evaluations with other researchers’ IPCs are recommended.
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Figure 1. Schematic of jacket type substructure. 






Figure 1. Schematic of jacket type substructure.
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Figure 2. Pitch angle with wind speed histories. 






Figure 2. Pitch angle with wind speed histories.
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Figure 3. Section view for blade pitch angle. 






Figure 3. Section view for blade pitch angle.
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Figure 4. Coordinate systems for stationary hub loads. 
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Figure 5. Aerodynamic imbalance loads of MR_ipa. 
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Figure 6. Aerodynamic imbalance loads of FR_ipa. 
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Figure 7. APA and ANN data for Ma of 11 m/s. 
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Figure 8. APA and ANN data for Ma of 14 m/s. 
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Figure 9. APA and ANN data for Ma of 17 m/s. 
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Figure 10. APA and ANN data for Ma of 20 m/s. 
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Figure 11. APA and ANN data for Ma of 22 m/s. 
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Figure 12. APA and ANN data for Ma of 24 m/s. 
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Figure 13. Simple ANN model. 
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Figure 14. Confusion matrix for success rate (Ma, 20 m/s). 
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Table 1. General specification.






Table 1. General specification.





	Rated power
	5 MW



	Class
	IB



	No. of blade
	3



	Blade length
	61.5 m



	Hub height
	90.55 m



	Tower height
	88.15 m



	Cut-in, Rated, Cut-out wind speed
	3 m/s, 11.4 m/s, 25 m/s



	Cut-in, Rated rotational speed
	6.9 rpm, 12.1 rpm



	Rotor overhang
	5 m



	Rotor position
	Upwind



	Transmission
	Gearbox



	Power control
	Pitch/Permanently stuck



	Fixed/Variable
	Variable



	Gear ratio
	97



	Substructure type
	Jacket
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Table 2. Ultimate load analysis condition.






Table 2. Ultimate load analysis condition.





	Wind Condition
	Steady State (Constant Wind)



	Wind shear
	0.1



	Tower shadow factor
	1



	Yaw position error
	8°










[image: Table] 





Table 3. Aerodynamic imbalance condition.






Table 3. Aerodynamic imbalance condition.





	Wind speed (m/s)
	11, 14, 17, 20, 22, 24



	Individual pitch angle (Deg.)
	0, 2, 4, ···, 30



	Pitch control
	Fixed pitch



	No. of blade
	3



	Total number of cases
	   24,576 =   16  3  × 6   
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Table 4. Ultimate loads and pitch angles for CPC.






Table 4. Ultimate loads and pitch angles for CPC.





	Steady Wind Speed (m/s)
	MRc (kNm)
	FRc (kN)
	Pitch Angles





	11
	3677
	1280
	0°



	14
	4469
	1227
	6.3°



	17
	4516
	1179
	11.6°



	20
	4581
	1154
	15.9°



	22
	4632
	1143
	18.5°



	24
	4706
	1133
	20.8°
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Table 5. Approx. APA region for Ma.
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a3 (Blade 3)

	
a1 (Blade 1), a2 (Blade 2)






	

	
11 m/s

	
14 m/s

	
17 m/s

	
20 m/s

	
22 m/s

	
24 m/s




	
4°

	
2°~6°

	

	

	

	

	




	
6°

	
4°~10°

	

	

	

	

	




	
8°

	
6°~12°

	
8°~10°

	

	

	

	




	
10°

	
6°~14°

	
8°~14°

	

	

	

	




	
12°

	
8°~18°

	
10°~16°

	
12°~14°

	

	

	




	
14°

	
10°~20°

	
10°~20°

	
12°~16°

	

	

	




	
16°

	
12°~22°

	
12°~22°

	
14°~20°

	
16°

	

	




	
18°

	
12°~26°

	
14°~24°

	
16°~22°

	
18°~20°

	

	




	
20°

	
14°~30°

	
14°~26°

	
16°~24°

	
18°~22°

	
20°

	
20°




	
22°

	
16°~30°

	
16°~30°

	
18°~26°

	
20°~24°

	
22°~24°

	
22°




	
24°

	
18°~30°

	
18°~30°

	
20°~28°

	
22°~28°

	
22°~26°

	
24°~26°




	
26°

	
20°~30°

	
20°~30°

	
22°~30°

	
24°~30°

	
24°~28°

	
24°~28°




	
28°

	
20°~30°

	
22°~30°

	
24°~30°

	
24°~30°

	
26°~30°

	
26°~30°




	
30°

	
20°~30°

	
22°~30°

	
26°~30°

	
26°~30°

	
28°~30°

	
28°~30°
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Table 6. All confusion matrix for success rate.






Table 6. All confusion matrix for success rate.





	

	
Steady Wind Speed (m/s)

	
Moment




	
Success Rate (%)

	
Neuron Number






	
Stationaryhub

	
11

	
99.5

	
10




	
14

	
99.4

	
10




	
17

	
99.8

	
10




	
20

	
99.7

	
10




	
22

	
100

	
20




	
24

	
99.8

	
10




	
Average

	
99.7

	
-
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