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Abstract

:

The theoretical feasibility of the power output strategy based on rotor cone angle control for ultra-scale downwind wind turbines is studied in this paper via the Open FAST simulation platform. The performance of five cases, namely UW, DW, DWC, DW6, and DW6IC, which have different rotor parameters or control strategies compared with the reference DTU 10 MW wind turbine, are calculated and analyzed. It is found that the downwind rotors have significant advantages in reducing the blade root load. The DW case reduces the peak load at the blade root by 22.54% at the cost of 1.57% annual energy production loss. By extending the length and redesigning the stiffness of the blade, the DW6 case achieves 14.82% reduction in the peak load at the blade root and 1.67% increase in the annual energy production under the same blade weight as that of the UW. The DWC case with rotor cone angle control has the same aerodynamic performance as the DW case with the same blade parameters. However, when the wind speed achieves or exceeds the rated speed, the blade root load decreases at a greater rate with the increasing wind speeds, and achieves minimum load with a wind speed of 16 m/s. Compared with the UW case, the DW6IC case with the improved rotor cone angle control reduces the peak load of the blade root by 22.54%, leading to an increase in annual energy production by 1.12% accordingly.
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1. Introduction


Global wind power is gradually achieving grid parity. In pursuit of lower electricity costs, both the single capacity of wind turbines and the blade length have been increasing. However, the blade design may reach a maximum size which will fail in an extreme wind regime. Thus, there are new development opportunities in downwind wind turbines (DWTs) [1,2]. Although the downwind rotor will be affected by the tower shadow on aerodynamics and aeroacoustics [3,4,5], there is no need to worry about the interference between the blades and the tower. Theoretically, the DWT’s size can keep increasing. In addition, the downwind rotor can also reduce the blade root load by adjusting the cone angle, and by pre-bending and blade stiffness, while the blade can be lighter and more flexible, which reduces the electricity costs [6,7,8,9,10]. Therefore, DWTs may be more competitive in ultra-scale wind turbines.



As for the aerodynamic performance of ultra-scale DWTs, Kress et al. [11,12,13,14,15] proved by CFD simulation and Hitachi 2MW wind turbine scale model tunnel experiments that DWTs have better aerodynamics that include higher power output and better yaw stability than the upwind wind turbines (UWTs), under the same conditions. In sites characterized by upflow angles, the DWT with proper cone angle is more suitable than UWT. However, the maximum value of the rotor thrust and the aerodynamic performance of DWTs are also more fluctuating. Larwood [16] and Anderson [17] further demonstrated that the nacelle blockage effect leads to better aerodynamic performance of DWTs via NREL Phase VI tunnel experiments and CFD simulations. However, Wang [18] concluded that the DWT has higher fluctuating load and lower power output than UWTs. Multiple papers in the literature have obtained different study conclusions, so the aerodynamic performance of ultra-scale DWTs needs to be further studied.



Based on the aerodynamic characteristics of DWTs, the traditional pitch control method of regulating the power output and blade load of wind turbines has some disadvantages. To reduce the load on DWTs, Rasmussen [19] et al. designed the passive variable rotor cone angles downwind rotor with hinge structure for megawatt wind turbines, according to the bionic principle. With the increase of the rotor load, the rotor cone angles increase, and the rotor load decreases by 25% to 50%. In recent years, Loth et al. [20,21,22,23,24] took advantage of the characteristics of palm trees to resist aerodynamic loads. They theoretically performed the design and verification of the downwind variable cone angle rotor on ultra-scale wind turbines. In addition, they theoretically designed and verified the variable cone angle structure on the ultra-scale DWTs. To reduce the fluctuating load of downwind rotors, Noyes [22,23] proposed a control strategy of coupling the cone angle and the pitch control system. Hoghooghi [25,26] improved a sine/cosine pitch control strategy based on independent pitch. They both improve the power output and yaw stability and reduce the fluctuating loads on DWTs. The coupled control system is more complex and may increase the failure rate of DWTs. Flexible blades will generate opposite thrust during emergency braking, which increases the risk of the blade striking the tower [1]. Based on these, the rotor cone angle control strategy for DWTs needs more research to provide references for designers.



This study will propose a new rotor cone angle control strategy for controlling the power output of ultra-scale DWTs. The cone angle control replaces the traditional pitch control when the DWT operates above the rated wind speed, as shown in Figure 1. The comprehensive comparisons of the output power and the blade root loads with/without rotor cone angle control of different cases will be made to reveal the influence mechanism of the rotor cone angle control on the aerodynamic efficiency and load of DWTs.




2. Reference Wind Turbine and Simulation Tool


2.1. Reference Wind Turbine


The DTU 10 MW reference wind turbine is a UWT with variable speed and pitch control. Its main parameters are shown in Table 1, and the detailed parameters can be found in Ref [27].



The DTU 10 MW wind turbine class is IEC Class IA. This study uses the wind resource data in Table 2 to calculate the annual energy production (AEP) of the wind turbine.



In Table 2, Weibull scale parameter and Weibull shape parameter determine the probability density distribution of the hourly mean wind speed at the site. As the Weibull shape parameter increases, the variation range of the hourly average wind speed decreases when Weibull scale parameter is a constant value. As the Weibull scale parameter increases, the variation range of the hourly average wind speed increases when Weibull shape parameter is a constant value.



The DTU 10 MW wind turbine (referred to as UW) is considered as the baseline model. To study the influence of the rotor cone angle control on the aerodynamic performance of the large-scale downwind wind turbines, four cases are derived by improving the benchmark UW’s rotor parameters and control strategy:




	
DW: downwind rotor with the same aerodynamic shape and structural parameters as UW’s blade and the same control strategy as UW’s rotor.



	
DWC: same rotor as the DW, but replacing pitch control with rotor cone angle control.



	
DW6: applying DW’s control strategy. The blade length and chord length are increased by 6%. The mass and stiffness distributions of the blade are redesigned separately to make the weight of the DW6 blades equal to those in UW cases.



	
DW6IC: same rotor as the DW6, but replacing pitch control with improved rotor cone angle control, which is described in Section 3.4.








The blade is upscaled with the form of N = N0·ηk, where N is the blade scaling parameter (such as mass, stiffness), N0 is the initial blade scaling parameter (such as initial mass, initial stiffness), η is the scaling factor (η = 1.06), and k is a power law factor that depends on the parameter to be scaled (kmass = 2.1, kstiffness = 4.5) [24]. The blade weights of the DW6 and DW6IC are equal to UWs so as not to increase the cost of the blades. Consequently, the mass-per-unit-length of the DW6 and DW6IC is 0.943 times that of UW, and both flapwise and edgewise stiffness-per-unit-length are 1.085 times that of UW. In addition, due to the fact that DW6 and DW6IC are geometrically scaled from UW, and they have the same rotor solidity and the same optimal tip speed ratio, the UW’s controller in the region of tracking the optimal tip speed ratio is still applicable to the DW6 and DW6IC models [28].



The performance analysis and objectives of the comparison are shown in Table 3.




2.2. Simulation Tool


The primary simulation tool used in this study is Open FAST v2.4.0. Open FAST wind turbine co-simulation platform has been developed by the NREL. It is the framework that couples computational modules for aerodynamics, hydrodynamics for offshore structures, control and electrical system (servo) dynamics, and structural dynamics to simulate wind turbine configurations with upwind or downwind rotor. In 2005, GL (Germanischer Lloyd, Hamburg, Germany), one of the leading certification organizations in the wind energy area, issued FAST with a certification on its load calculation of onshore wind turbines [29].



The classic Blade Element Momentum Theory is used in the AeroDyn v15 module to determine the aerodynamic loads exerted on the blade. The simulation considers blade tip loss, hub loss, and three-dimensional rotation effect correction and couples the wind turbine tower shadow effect. As for the structural dynamics, the ElastoDyn module uses Linear Euler–Bernoulli Beam Theory (LBT module models the blades as straight, isotropic beams with limited geometric nonlinearities and only flapwise and edgewise bending deflections) and the assumed modes discretization method. The degree of freedom of the blade is opened, while that of the tower is closed.



Since the schedule of the active rotor cone angle control is not determined, the traversal method is used to complete the simulation calculation when the rotor cone angle control is simulated, and the pitch control in the Servodyn module is turned off. The performance of DWTs is simulated in the operating wind speeds from 4 m/s to 25 m/s. At each given wind speed, each case is simulated for a large number of operating conditions to find the suitable rotor cone angle from the initial value 2.5° with 0.01° bins, and the corresponding aerodynamic performance and blade load are obtained.



The simulation time is set to 200 s, the simulation time step is set to 0.005 s, and the stable simulation results of the last 100 s are considered.





3. Results and Discussion


3.1. Comparison of Downwind and Upwind Rotors


To study the influence of the downwind rotor on the aerodynamic performance of the wind turbine, the performances of the DW and UW are simulated in the steady-state operating conditions. The obtained results are shown in Figure 2.



It can be seen from Figure 2a that the power output of the DW is smaller than that of the UW when the operating wind speed is lower than the rated wind speed, due to the negative influence of the tower shadow and the reduction of the rotor swept area. The maximum power loss is 4.1% and annual energy production loss is 1.57%. The swept area of the downwind rotor is mainly affected by the structure of the rotor. As shown in Figure 3, the blade bends in downwind due to the flapping load, and the flapping load of the blade is affected by the pitch control, which increases first and then decreases, resulting in the swept area of the downwind rotor first decreasing and then increasing, as shown in Figure 2b. However, the upwind rotor has the opposite result. It can be observed from Figure 2c that the peak load at the blade root of the DW is reduced by 22.54%. This is because the rotor cone angles make the DW’s rotor reduce the angle between the blade net force and the blade axis, as shown in Figure 3. The blade flapping load is    F x  = F  cos (  θ − γ )   in UWTs, while the blade flapping load is    F x  = F  cos (  θ + γ )   in DWTs. Generally,   0 < θ − γ < θ + γ <  π 2   , so the peak load at the blade root of the DWT is less than that of the UWT. In addition, the DW case has a smaller rotor swept area (cf. Figure 2b). To ensure the same rated power output of the DW and UW case when operating at an over-rated wind speed, the DW case must have better aerodynamic performance than the UW case. Therefore, the pitch angle of the DW is slightly smaller than that of the UW at the same wind speed when operating at an over-rated wind speed, as shown in Figure 2d.




3.2. Comparison of Baseline Upwind Rotor and Downwind Rotor with Extended Blades


Since the downwind rotors have smaller rotor swept areas and power outputs, and the peak load at the blade root in the DW case is 22.54% lower than that in the UW case. To make both DW and UW cases have a same rated wind speed, the blade aerodynamic shape parameters (including blade length, chord length and blade pre-bend) of the DW are increased by 6%, hence the case is denoted as DW6. In addition, the blade stiffness of DW6 is redesigned so that the blade weight of DW6 is the same as that of UW.



The output power curves of DW6 and UW are shown in Figure 4a. They have the same rated power and rated wind speed. Because the downwind rotors have larger rotor swept area (cf. Figure 4b), the power output of DW6 is larger than that of UW when the wind speed is lower than the rated speed, and the annual energy production of DW6 is 1.67% higher than the UW. Although the DW6 blade is longer, its blade root load is smaller due to the downwind structure and the 2.5° cone angle. Compared with the upwind rotor, the blade root load can be reduced by up to 14.82% (cf. Figure 4c). Although its blade root flapping load is slightly smaller than UW when the wind speed is lower than the rated speed, because the relative stiffness of DW6 is smaller, the blade tip deflection in flapping direction of DW6 is still larger than that of UW, and the peak blade tip deflection increases by 3.79% (cf. Figure 4d). Due to the combined effect of the cone angle γ and the pitch control at over-rated wind speed, DW6 has greater reduction rate of the blade root flapping load than that of UW with increasing wind speed and DW6 has a much smaller blade root flapping load than that of UW. Therefore, the blade tip deflection of DW6 is smaller than that of UW.




3.3. Comparison of Downwind Rotors with Rotor Cone Angle Control and with Pitch Control


Figure 5 presents the performance simulation results of the DWC with rotor cone angle controller and the DW with pitch controller in the operating wind speed ranges.



It can be seen from Figure 5a that they have the same power output when the wind speed is lower than the rated speed because the blades of the DWC and DW are the same and both operate in the optimal tip speed ratio state with variable speed control (cf. Figure 5c,d). When the wind speed exceeds the rated speed, the blade root load of the DWC rapidly decreases due to the increasing rotor cone angle. The blade root load reaches the minimum value at the wind speed of 16 m/s (cf. Figure 5b), where the flapping moment of blade root My is approximately 0. As the wind speed and rotor cone angles continue to increase (cf. Figure 5d), the contribution of the centrifugal force FC of the blade to the blade root flapping moment My gradually increases, and the blade root flapping moment increases in the opposite direction, causing the blade root load to increase.




3.4. Comparison of Downwind Rotors with Normal and Improved Rotor Cone Angle Control


The load at the blade root in the DWC case with the rotor cone angle control decreases rapidly when it operates at the over-rated wind speed. The DWC presents the smallest peak load (23,400 kN·m) at the blade root as well when compared with the UW and DW6 cases. To compensate the power output loss of the DWC case and to keep the minimum peak load at the blade root, the DW6IC case is introduced in the paper. DW6IC has the same rotor as DW6 but use the improved rotor cone angle control rather than pitch control in DW6. To make the peak load at the blade root in the DW6IC case not higher than 23,400 kN·m, the wind speed where begins the executing rotor cone angle control of the DW6IC is smaller than that of the DWC (cf. Figure 6c).



The simulation results of the DW6IC are shown in Figure 6. In Figure 6a, the power output of DW6IC is larger than that of UW and DWC before it executes rotor cone angle control due to the larger blade length and swept area of DW6IC (cf. Figure 6b). However, when the blade root load of DW6IC reaches 23,400 kN·m, DW6IC increases the rotor cone angle to limit its blade root load (cf. Figure 6c). The power output of DW6IC is gradually smaller than UW until it reaches the rated wind speed. However, the annual energy production of DW6IC is still 1.12% higher than that of UW and 2.72% higher than that of DWC. As shown in Figure 6c, the rotor cone angle of DW6IC is slightly larger than that of DWC when it operates at an over-rated wind speed, because the blade length of DW6IC is 6% longer than that of DWC and has a larger swept area. Therefore, larger rotor cone angles are required to reduce the sweep area and aerodynamic efficiency of the rotor to limit the power output.



Furthermore, the DW6IC case executes the rotor cone angle control to make it the same peak load at the blade root as in DWC when the wind speed is lower than the rated speed, and DW6IC has larger rotor cone angles when it operates at an over-rated wind speed. Therefore, the blade root load curves in both DW6IC and DWC cases are similar when the wind speed is greater than the rated wind speed, reaching the minimum value at the wind speed of 16 m/s. As the wind speed and rotor cone angles continue to increase, the reverse blade root flapping moment of DW6IC starts to be larger than that of DWC, resulting in DW6IC’s blade root load 6.11% larger than DWC at 25 m/s, as shown in Figure 6d.




3.5. Discussion


The simulation results of five cases under the wind conditions shown in Table 2 are shown in Table 4.



Under the same conditions of rotor parameters, although the power output of DW is lower than that of UW and annual energy production loss is 1.57% due to the tower shadow and the reduction of the rotor swept area, the peak load of the blade root is reduced by 22.54%, which proves that the DWT has advantages in reducing the load. The DW6 is 6% longer than the DW blade, making up for the power output loss of DW. Compared with DW, the annual energy production of DW6 increased by 3.29%, but the peak load of blade root also increased by 9.97%. Under the condition of the same blade weight of DW6 and UW, the peak load of the blade root of DW6 decreased by 14.82%, and the annual energy production increased by 1.67%. Therefore, under steady-state operation conditions, DW6 has better performance.



In addition, DWC with rotor cone angle controller has the same aerodynamic performance as DW with pitch controller. However, DWC has larger reduction rate of the blade root load when the operating wind speed is over-rated, and the minimum blade root load is found at the wind speed of 16 m/s. DW6IC has the characteristic that the blade root load decreases faster with the wind speed with the rotor cone angle control.



DW6IC executes the rotor cone angle control when the wind speed is lower than the rated speed, resulting in DW6IC’s annual energy production 0.54% less than DW6. However, DW6IC’s blade root load is 8.96% less than DW6. Furthermore, under the condition that DW6IC has the same the peak load of the blade root as DWC, the annual energy production is increased by 1.12% and the peak load of the blade root is reduced by 22.54% compared with UW.





4. Conclusions


The DTU 10 MW wind turbine was used as the baseline model, and Open FAST was applied to simulate five cases that improve the rotor parameters and control strategy. By comparing the performance of these five cases (UW, DW, DW6, DWC, DW6IC), the effects of the rotor-cone-angle control on the power output and blade load of large-scale downwind wind turbine blades were analyzed, and the following conclusions were obtained:




	
The downwind rotor has great advantages in reducing the blade root load and the downwind blade can be longer and less stiffness because of the relaxed tower clearance constraint. The DW reduces the peak load of the blade root by 22.54% at the expense of annual energy production loss of 1.57%. The DW6 achieves 14.82% reduction in the peak load of the blade root and a 1.67% increase in annual energy production than UW under the same blade weight via extending the length of the blade and redesigning the mass and stiffness distributions of the blade.



	
The DWT has better performance by replacing pitch control with rotor cone angle control. The DWC with rotor cone angle controller has the same aerodynamic performance as the DW. However, it has greater reduction rate of blade root load at over-rated wind speed. It reaches the minimum blade root load at a wind speed of 16 m/s. Compared with the UW, the DW6IC with improved rotor cone angle control reduces the peak load of the blade root by 22.54%, and the annual energy production increases by 1.12%, which is more suitable for offshore wind farms with high wind speed.








Although downwind rotors are not extensively used, the advantages of the downwind structure, that they have no need to consider blade-tip deflection striking the tower, will become more obvious as modern commercial wind turbines continue to grow aggressively in size. The analysis of different examples in this paper proves the feasibility of the downwind structure and cone angle control, which can provide a reference for the design of large downwind rotors. The future work will be to further optimize the cone angle control strategy and apply it to the actual unit.
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Figure 1. Schematic of pitching control and coning control. 
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Figure 2. (a) Output power curves. (b) Rotor swept area curves. (c) Loads of blade root curves. (d) Pitch angle curves. 
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Figure 3. Influence of rotor cone angle on blade load. 
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Figure 4. (a) Output power curves. (b) Rotor swept area curves. (c) Loads of blade root curves. (d) Blade tip deflection in the flapping direction curves. 
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Figure 5. (a) Output power curves. (b) Loads of blade root curves. (c) Pitch angle and cone angle curves of DW. (d) Pitch angle and cone angle curves of DWC. 
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Figure 6. (a) Output power curves. (b) Rotor swept area curves. (c) Rotor cones angle curves. (d) Loads of blade root curves. 
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Table 1. Main parameters of the DTU 10 MW wind turbine.
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	Param. *
	Value
	Param.
	Value





	Prated (MW)
	10
	B
	3



	Drotor (m)
	178.3
	Rhub (m)
	2.8



	γ (°)
	2.5
	T (°)
	5



	Vrated (m/s)
	11.4
	Ωrated (rpm)
	9.6



	Vin (m/s)
	4
	Vout (m/s)
	25







* Nomenclature in Table 1: Prated is the wind turbine rated power, B is the number of blades, Drotor is the rotor diameter, Rhub is the hub radius, γ is the rotor cone angle, T is the tilt angle, Vrated is the rated wind speed, Ωrated is the rotor rated rotational speed, Vin is the cut-in wind speed, and Vout is the cut-out wind speed.
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Table 2. Basic parameters of wind resource at the site.
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	Param.
	Value
	Param.
	Value





	Weibull scale parameter
	11.60
	Average wind velocity (m/s)
	10.10



	Weibull shape parameter
	2.11
	Average wind power density (W/m2)
	1125
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Table 3. Pairwise comparison of these five simulation cases.






Table 3. Pairwise comparison of these five simulation cases.





	Model Comparison
	Performance Analysis *
	Objective





	UW vs. DW
	P/Mxy/RtArea/β
	Influence of the downwind rotor on the wind turbines



	UW vs. DW6
	P/Mxy/RtArea/Def
	Performance of DWT with extended blades



	DW vs. DWC
	P/Mxy/β/γ
	Feasibility of downwind rotor cone angle control



	DWC vs. DW6IC
	P/Mxy/RtArea/γ
	Performance of DWT improved downwind rotor cone angle control







* Nomenclature in Table 3: P is the wind turbine output power, Mxy is the blade root resultant moment of flapping moment My and edgewise moment Mx, RtArea is the rotor swept area, β is the pitch angle, and Def is the blade tip deflection.
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Table 4. Case simulation results.
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	AEP (kW·h)
	∆AEP (%)
	Max-Mxy (kN·m)
	∆Max-Mxy (%)





	UW
	5.05 × 107
	-
	3.02 × 104
	-



	DW
	4.98 × 107
	−1.57%
	2.34 × 104
	−22.54%



	DW6
	5.14 × 107
	1.67%
	2.57 × 104
	−14.82%



	DWC
	4.98 × 107
	−1.57%
	2.34 × 104
	−22.54%



	DW6IC
	5.11 × 107
	1.12%
	2.34 × 104
	−22.54%
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