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Abstract

:

The present research envisages a method for calculating the dynamic responses of the wind turbines under typhoon. The measured power spectrum and inverse Fourier transform are used to generate the fluctuating wind field in the eyewall of the typhoon. Based on the beam theory, the unsteady aerodynamic model and the wind turbine dynamic model are coupled to calculate the dynamic response. Furthermore, using this method, the aeroelastic responses of a 6 MW wind turbine at different yaw angles are studied, and a 2 MW wind turbine are also calculated to verify the applicability of the results for different sizes of wind turbines. The results show that the turbulence characteristics of the fluctuating wind simulated by the proposed method is in good agreement with the actual measurement. Compared with the results simulated by the recommended power spectrum like the Kaimal spectrum, the energy distribution and variation characteristics simulated by the proposed method represent the real typhoon in a superior manner. It is found that the blade vibrates most violently at the inflow yaw angle of 30 degrees under the coupled effect of the aerodynamic, inertial and structural loads. In addition, the load on the tower exceeds the design limit values at the yaw angles of both 30 degrees and 120 degrees.
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1. Introduction


Typhoons are a kind of extreme weather with a large-scale vorticity system. Based on the structural characteristics of typhoon, it is usually divided into three parts: wind eye region, eye wall region and outer gale region. The eye area of a typhoon exhibits the subsidence airflow and the speed of the wind is so low that it can be ignored. The characteristics of wind field in the outer gale region are similar to the normal situation, where the destructiveness is small. However, there are extreme gusts, turbulent fluctuations and sudden changes of wind direction in the eye wall region that lead serious hazards to the large offshore wind turbines [1,2,3,4]. The schematic of the physical phenomena is shown in Figure 1. By the observations of strong typhoon such as “Hagupit” and “Parrot”, it is found that there exist more extreme gusts during the 10-min observation of typhoon than the normal wind, the wind speed can change 17.6 m/s in 3 s, and the wind direction can change 28 degrees [5] in 6 s. Furthermore, the three-dimensional turbulence is so extreme that the turbulence intensity in the longitudinal direction can reach 18% (the reference value of IEC61400-1 standard is 12% [6]), which greatly exceeds the prescribed limit value by the design standard.



To study the dynamic response characteristics of the wind turbines under typhoons, an involvement of the complex coupling of multiple models and methods from different disciplines is needed. A lot of research has been done that mainly focused on the models calculating the aerodynamic loads [7,8,9,10,11,12], the dynamic models calculating the effect on the complete wind turbine [13,14,15] and aeroelastic analysis methods [16,17,18]. However, there are a few studies that compare the reliability and accuracy of a simulating typhoon wind field. Han [19] measured the whole process of typhoon from landing to departure. It is found that the turbulence intensity and turbulence integral scale at different times are significantly different. The power spectrum fitted by the measured data is quite different from the Von Karman spectrum in the low frequency part. According to the measured data of typhoon Usagi, Chen [20,21,22] fitted the wind profile to construct the wind field of typhoon using solely the average speed, and carried out the static analysis of wind turbine. In other reports, the fluctuating wind field was simulated by combining the power spectrum and the wind profile [23,24]. The spectrums used in these simulations are fitted according to the data of the normal wind. Lian [25] combined the typhoon profiles with the CFD (Computational Fluid Dynamics) method to improve the accuracy of aerodynamic calculation of wind turbines, but the power spectrum of the typhoon was not used when the turbulence characteristics of far-field boundary are input, and the calculation amount of this method is huge. Based on the above research findings in literature, there is significant room for the improvement in accuracy of the typhoon fluctuating wind field simulation.



On the other hand, the wind direction in the eyewall region of the typhoon varies dramatically [26]. Although the wind turbine would be shut down in typhoons, and the yaw system would still be in working condition so as to adjust the position of the rotor to keep it against the incoming flow, there still exists a delay for a certain period of time (typically, 10 min) due to the statistical time consumed for the wind direction changes [27]. Therefore, the wind turbine may run for a long time at large yaw angle under typhoon, which will bring serious hazards in terms of structural safety of the wind turbine blades and towers. At present, most of the research working on the impact of yaw on wind turbines focuses on the aerodynamic performance affected by the yaw-induced inclined wake on blades [28,29,30]. There are a few further studies on the vibration response and structural damage caused by yawing of wind turbines. It was found that, when the deflection of the incoming flow reached 30 degrees and 40 degrees, the thrust of the wind turbine changed by 17% and 44%, respectively [31,32]. When the yaw angle was between 40 and 50 degrees, the wind turbine blades stalled. The vibration response analysis of the wind turbine under various conditions was carried out based on experiments, which showed that the existence of yaw angle increased the vibration of the blades at low natural frequencies [33]. Through the structural health monitoring [34,35], it was found that the yaw angle affected the dynamic response of the wind turbine blades in a frequency domain that changed to lower frequency. Once the wind turbine exhibited a significant yaw in extreme weather, it would lead to an increase in the tower stress with a risk of being damaged.



In view of the shortcomings of the current research, this paper combines the measured data of typhoon eye wall region with the power spectrum method to simulate the fluctuating wind with typhoon characteristics, and combines them with the aerodynamic and dynamic models of the wind turbines to study the aeroelastic response characteristics of wind turbines with different yaw angles.




2. Methods


The research of dynamic simulation of wind turbine under typhoon mainly includes three parts: simulation of typhoon fluctuating wind, modeling of wind turbine and aeroelastic response analysis. The whole framework is shown in Figure 2. Combined with the inverse Fourier transform method, the fluctuating wind is simulated by the power spectrum to record from the measured data of typhoon. A 6 MW wind turbine is modeled, the aerodynamic loads and aeroelastic are calculated by the blade element momentum and multibody dynamics. The aeroelastic responses and ultimate loads of the wind turbine at different inflow angles of typhoon are studied.



According to the recorded data of the typhoon “Hagupit” [36], the wind speed in different regions of typhoons changes notably. From the typhoon gale region to the eye wall region and then to the typhoon center, the wind speed increases first and later decreases, respectively. After the typhoon center, the wind direction changes up to 180 degrees, so as to form a circular structure. The wind speed of the whole typhoon presents the distribution like the letter “M”. Different researchers have fitted the typhoon measured data, of which the most suitable results are selected in relation with the characteristics of the eye wall region. The index of wind profile is 0.158, which is substituted in the index model listed as Equation (1):


v=v0(hh0)α.



(1)







The simulation of the typhoon needs a combined mean and fluctuating wind speed, and the spectral method is usually the general method to simulate the fluctuating wind distribution. Wind power spectral density (PSD) is the important parameter for describing and simulating in this part, which characterizes the energy distribution of the turbulence in different frequency ranges. At present, most of the studies taking into account these factors in wind energy usually adopt the Kaimal spectrum or Von Karman spectrum recommended in various standards [37], which are not combined with the measured data under the real typhoon environment. Obviously, the fluctuation characteristics of typhoon are quite different from that of the normal strong wind, so the spectral function in the specification is not applicable. In order to ensure the accuracy of the simulated fluctuating wind to represent the typhoon, the determination of the parameters in the fluctuating power spectrum should be based on the measured data from the strong typhoon as described above. Referring to the records and analysis of the fluctuating data of typhoon “Hagupit” from earlier reports [38,39], the eyewall region of typhoon “Hagupit” is obtained based on the framework of the Moning–Obukhov similarity theory and the homogeneous isotropic turbulence theory. The power spectrum functions in three directions are shown in Equation (2):


{nSu(n)u∗2=0.647f0.029+1.808f5/3nSv(n)u∗2=0.258f0.019+1.8f5/3nSw(n)u∗2=0.224f0.148+2.869f5/3.



(2)







In order to obtain the inflow conditions of typhoon for subsequent dynamic calculation, it is essential to convert the fitted power spectral density function to the frequency domain to simulate the fluctuating wind speed during the whole period according to the stationary Gauss process. Since the measured power spectrum of the typhoon has been fixed above in this paper, the inverse Fourier transform method [40] is chosen to realize the situation. This method can simulate the ideal wind field similar to the measured data with a high accuracy. The basic theory is as follows:



Given the known fluctuating power spectrum S(n) and simulation time T, the Fourier amplitude spectrum F(n) can be calculated from the following formula because of the ergodicity of the process of fluctuating wind speed from Equation (3) as:


F(n)=T⋅S(n).



(3)







After inverse discrete Fourier transform of complex sequence F(n), the real part represents the fluctuating wind in Equation (4) as:


v(t)=real[IDFT(T⋅S(n))].



(4)







Considering that the wind turbine blade is a flexible structure with a large slenderness ratio, the spatial correlation of each simulation node in the wind field should be taken into account while generating fluctuating wind speed. The expression of the correlation function is shown in Equation (5) [41]:


coh(i,k)=e(−|zi−zk|Lz).



(5)







The aerodynamic and dynamic characteristics of the wind turbine are analyzed using the commercial software GH-Bladed [42]. The unsteady blade element momentum theory is used in the aerodynamic calculation, adding the dynamic inflow and stall models for the unsteady aerodynamic effects. The expression of structural response is based on the multibody dynamics. The floquet analysis method is used to determine the modal characteristics of the periodic systems. Different coordinate systems are established for the main components of wind turbines, so that the modal characteristics of each component can be calculated independently. The motion equation is established at the period of response analysis. The differential equation is time-advanced by using fourth-order Runge–Kutta numerical integration method with variable step size. Finally, the coupling of aerodynamics and structure is obtained by solving the equation and getting the response of each mode. It should be noted that, although there is a module of wind modeling in GH-Bladed, the software can only generate gusts and turbulent winds under normal conditions, but not inflows with typhoon structure characteristics. Therefore, the typhoon generation codes are developed in this study and are incorporated into the GH-Bladed to obtain the wind turbine structural dynamic response in typhoons.




3. Results and Analysis


3.1. Wind Turbine Model


Based on the beam theory, a commercial 6 MW offshore wind turbine is modeled. The specific model parameters are given in Table 1. The first and second natural frequency of blades and the tower are calculated. The total simulation area of the typhoon is 200 m × 200 m, which is discretized into 256 nodes, covering the whole rotor, as shown in Figure 3. The position and direction of the blades are also indicated with the state of parking. In the process of dynamic calculation, the flow direction facing the rotor is 0 degrees, clockwise, it is positive and counterclockwise, it was negative. In this paper, the aeroelastic response of the complete wind turbine is calculated in seven cases at yaw angles of 0, 30, 60, 90, 120, 150 and 180 degrees.




3.2. Analysis of Wind Characteristics


Figure 4 shows the comparison of the fluctuating power spectral intensities in the three directions between the simulated and measured results. The generated spectrum fluctuates around the target spectrum, and there is no large deviation, demonstrating that the turbulence characteristics of the simulated fluctuating wind are in line with the measured actual typhoon. In addition, the longitudinal fluctuating energy is higher than the other directions, and the vertical energy is the lowest, which corresponds to the fluctuating wind speed in the three directions. In addition, the fluctuating wind using the Kaimal spectrum and Von Karman spectrum that are commonly used in the specification were also simulated, and compared with the results of the measured typhoon spectrum. At the hub height of the wind turbine, the turbulence intensities of the three fluctuating wind were 10.83%, 10.35 and 13.89%, respectively. In order to quantify the error of the numerical results, Table 2 shows the comparison of the turbulence intensities in three directions between the simulated and the measured results at the height of the anemometer. The results simulated by the proposed method in this paper are in good agreement with the measured ones. The most important longitudinal error for wind turbine dynamics simulation is only 1.7%, and the turbulent fluctuation is higher than the recommended spectrum in the standards; this difference reflects the particularity of typhoon. Figure 5 shows the fluctuating wind speed in three directions at the hub height of the wind turbine. The longitudinal inflow fluctuation reaches a value of 36.73 m/s. The horizontal and vertical fluctuation amplitudes are reduced, but the minimum vertical fluctuation amplitude still reaches to 13.06 m/s, which reflects the strong fluctuation of typhoon wind.




3.3. Analysis of Aeroelastic Response


Figure 6 shows the maximum tip displacements of three blades in the direction of the flap at yaw angles of 0, 30, 60, 90, 120, 150 and 180 degrees under typhoon. The height of blade 1 is the highest, which means that the wind speed was higher, so the total vibration of blade 1 is significantly more intense than that of the other blades. Since the yaw angle is defined as the left side of the inflow axis is positive (Figure 3), there is a positive superposition between aerodynamic and inertial load of blade 3. On the contrary, the aerodynamic and inertial loads on the blade 2 are partially offset to each other, resulting in a weakened load on the blade, and the overall vibration is slightly lower than that of blade 3. It should be noticed that, influenced by extreme fluctuating wind speed of typhoon and the combined force of lift and drag, the blade displacement reaches a maximum at this angle of attack, and the maximum displacement of the blade tip reaches 15.79 m at yaw angle of 30 degrees. As a result, it may lead to serious safety hazards of blade yaw angle of 30 degrees caused by large ultimate loads.



In order to illustrate the relationship between the ultimate design loads and the response loads under typhoon, we calculate the ultimate design loads of the blade and tower of the 6 MW wind turbine according to GL2010 standards. In addition, the dynamic loads in 10 min under different inflow conditions in the direction of the flap are also studied, and the maximum/minimum values are compared with the ultimate design loads. Figure 7 shows the comparison of the flap bending moments at the root of three blades, in which the negative value represents the direction, the red and blue curves are the maximum and minimum, respectively, and the dashed line is the ultimate design load. From the series of curves, the maximum bending moment appears at yaw angle of the 30 degrees of blade 1, and the maximum value is 2.24 × 107 Nm, which reached 71.5% of the ultimate design value according to GL2010 standards, and the minimum value is −1.17 × 107 Nm (the negative sign indicates that the direction of flapwise moment is negative), occurring at blade 3 at the inflow angle of the 30 degrees. The results show that the loads on the blades of wind turbines did not exceed the ultimate value, but the average wind speed of the typhoon simulated in this paper is only 40 m/s, far less than the ultimate wind speed of 70 m/s in the specification, and the maximum load is very close to the ultimate value.



The dynamic response of the tower under the typhoon is also analyzed. Figure 8 and Figure 9 show the results of the load on the top of the tower and the ultimate design values under different inflow conditions. When the inflow yaw angle is 120 degrees, the minimum load in the y-direction exceeds the design extreme value of the model. When the inflow angle is 30 degrees, it is very close to the design ultimate value. Figure 10 shows the load variations in the y-direction within ten minutes under six yaw inflow angles. When the inflow angle is 30 degrees and 120 degrees, respectively, the amplitude of vibration load is higher than other conditions, which means that more vibration energy is included in these cases. The above results show that, if the typhoon enters the flow at these two yaw angles, and if the yaw system does not adjust in time, the tower could be damaged.



The above results reveal that the inflow yaw angle has a significant effect on the blades and tower of the wind turbine. In order to study whether such effect is universal, a 2 MW wind turbine which is widely used at present is also modeled and calculated. The model is also a three-blade horizontal axis wind turbine whose rotor diameter is 93 m and the height of tower is 78 m. The results of 6 MW simulation show that blade 1 vibrates more intensely than other blades, and the vibration of the tower is more severe in the y-direction. Therefore, Table 3 gives the maximum tip displacement of blade 1 and the distribution of ultimate loads of the tower in the y-direction under different inflow angles of the 2 MW model. The results show that there is a significant effect on the vibration of wind turbine when the inflow yaw angle changes. The blade displacement reaches a maximum at the inflow yaw angle of 30 degrees, and the vibration amplitude of the tower in the y-direction is higher than that in other cases when the yaw angle is 30 degrees and 120 degrees, which are similar to those of the 6 MW wind turbine.



In order to further study the particularity of the typhoon and its influence on the structure of wind turbine, the modal decomposition of the fluctuating wind speed is carried out in the frequency domain, and the instantaneous frequency of the intrinsic mode is obtained by the Hilbert-Huang transformation (HHT). The HHT methodclearly shows the frequency of structural response variation with time [43]. In practice, the range about structural frequency which is greatly affected by the fluctuating wind is between 0.1 Hz and 1 Hz. Figure 11 shows the instantaneous frequency in the three kinds of the fluctuating winds simulated by the different power spectrums which are located among the above frequency range. The black curve is the second order instantaneous frequency and red is the third order instantaneous frequency. The second order instantaneous frequencies in Figure 11a,b fluctuate sharply between 0.1 to 0.5 Hz, while most of the second order peak frequencies in Figure 10c are concentrated between 0.2 to 0.3 Hz. Table 1 shows that the first natural frequencies of the wind turbine blades and the towers are observed in this range, so the energy of typhoons can be more easily resonant with the structure. According to the third-order instantaneous frequency, it is found that the peak of Figure 11a changes very slightly, but there are obvious abrupt changes in Figure 11b,c. These differences show the non-stationary characteristics of the typhoon.





4. Conclusions


In the present work, the random fluctuating wind with typhoon characteristics is simulated by coupling the measured data of the typhoon and inverse Fourier transformation. Based on the beam theory, a 6 MW wind turbine model is constructed to study its aeroelastic response in typhoon conditions. The aerodynamic loads and aeroelastic responses are calculated using the GH-Bladed software. A new method for calculating the dynamic responses of wind turbines under typhoon is established. The characteristics of the typhoon and the response of wind turbine at different yaw angles are analyzed. The conclusions are as follows:




	
By analyzing the power spectrum and turbulence intensity of the simulated typhoon, it is found that the characteristics are similar to the measured results. Therefore, it can be considered that the simulated wind can represent the real-time fluctuating typhoon wind and establish the calculating reliability of the wind turbine response.



	
The typhoon is simulated based on the measured spectrum and its energy mainly concentrates in the low frequency region, which is close to the natural frequency of wind turbines and it is easy to resonate with the structural coupling. There are more abrupt changes in the higher order instantaneous frequency, which reflects the non-stationary characteristics of typhoons.



	
There are significant differences in the response characteristics of wind turbines at different yaw inflow angles. Especially when the inflow angle is 30 degrees, the blade exhibits the greatest load and shows the most violent vibration; when the yaw angle is 120 degrees, the extreme load of the tower exceeds the design ultimate value obtained according to the specification. The vibration energy of the tower is much higher than that of the other working conditions when the yaw angle is 30 degrees and 120 degrees. The simulation analysis of different sizes of wind turbine models shows that the vibration changes similarly under different inflow yaw angles, which indicates the universality of the influence of inflow yaw angles on the aeroelastic responses of wind turbines.








In this paper, the dynamic response of wind turbines in the eyewall region of typhoon is studied with the measured data. In the future, the fluctuating wind of typhoons with different wind levels and different distances from the wind eye will be simulated systematically, and the vibration characteristics and flutter instability of wind turbines in extreme weather conditions will be studied in detail. The Weather Research and Forecasting Model (WRF) for typhoon simulation and nonlinear methods for aeroelastic analysis should be taken into account for the accuracy improvements.
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Figure 1. The schematic of typhoon structure. 
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Figure 2. Block diagram structure of the analysis of wind turbine in typhoons. 
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Figure 3. Calculation zone and node partition. 
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Figure 4. Comparison of the power spectrum. (a) x-direction; (b) y-direction; (c) z-direction. 
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Figure 5. Fluctuating wind speed at hub height. 
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Figure 6. Comparison of the maximum tip displacement. 
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Figure 7. Flap bending moment of blade root. (a) Blade 1; (b) Blade 2; (c) Blade 3. 
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Figure 8. Fx of tower. 
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Figure 9. Fy of tower. 
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Figure 10. Variation of Fy in ten minutes. (a) Inflow of 0°; (b) Inflow of 30°; (c) Inflow of 60°; (d) Inflow of 90°; (e) Inflow of 120°; (f) Inflow of 150°. 
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Figure 11. Comparison of the instantaneous frequencies. (a) simulation by Kaimal spectrum; (b) simulation by Von Karman spectrum; (c) simulation by measured spectrum. 
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Table 1. 6 MW wind turbine parameters.
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Parameter

	
Value

	
Parameter

	
Value






	
Rated speed

	
10.5 m/s

	
Hub height

	
100 m




	
Number of blades

	
3

	
Blade length

	
78 m




	
Diameter of rotor

	
160.7 m

	
Tip prebending

	
4.5 m




	
First-order natural frequency (out of plane)

	
0.438 Hz

	
First-order natural

	
0.826 Hz




	
frequency (in plane)




	
Second-order natural frequency (out of plane)

	
1.364 Hz

	
Second-order natural

	
2.565 Hz




	
frequency (in plane)




	
First-order natural frequency of tower

	
0.217 Hz

	
Second-order natural

	
1.321 Hz




	
Frequency of tower
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Table 2. The comparison of turbulence intensity.






Table 2. The comparison of turbulence intensity.





	Direction
	Measurement
	Proposed
	Kaimal
	Von Karman





	x
	18%
	17.7%
	12.63%
	15.45%



	y
	15%
	14.3%
	10.66%
	12.36%



	z
	7%
	5.8%
	5.89%
	7.87%
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Table 3. Aeroelastic responses of 2 MW wind turbine at different yaw inflow angles of the typhoon.
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	Inflow Yaw Angle (Deg)
	0
	30
	60
	90
	120
	150
	180





	Deflection Amplitude of Blade 1 (m)
	4.16
	5.99
	5.31
	5.31
	4.95
	4.5
	2.61



	Fy Maximum of Tower (×105N)
	2.81
	7.38
	2.31
	2.27
	7.09
	4.54
	2.74



	Fy Minimum of Tower (×105N)
	−3.48
	−5.05
	−5.33
	−4.24
	−4.61
	−3.75
	−2.38











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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