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As the blade size of wind turbine ascends, the potential flutter issue has become a crucial factor in the safety design of wind turbines. The high flexibility and strong nonlinearity result in the possibility of flutter for ultra-large horizontal axis wind turbine blades even at low rotor speed. With the IEA 15 MW wind turbine blade as the research object, the dynamic model of the wind turbine blade aeroelastic system was established. Research on the aeroelastic response during flutter at low rotational speeds and the multi-degree-of-freedom coupling characteristics therein was conducted. The results indicate that under the operating conditions of low rotational speed and high wind speed, the wind turbine blade can undergo multi-degree-of-freedom coupled flutter involving flapwise-edgewise-torsional coupling. Only the edgewise-torsional coupling characteristics are presented in the frequency domain. However, from the energy perspective, it is found that the flutter is maintained by the combined work of the aerodynamic forces in all three degrees of freedom. Different blade segments contribute differently, and the middle section and the tip of the blade make the main contribution. There exists a distinct coupling phenomenon in the development of the instantaneous aerodynamic power of each degree of freedom.
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1 INTRODUCTION
In recent years, the development trend of large-scale wind turbines has led to the rapid increase in the size of wind turbine blades. However, the limited capacity of existing blade materials has led to the increase in the flexibility of wind turbine blades, and the possibility of flutter has gradually increased. The flutter problem of wind turbines becomes increasingly prominent with the increase in the size of wind turbines, and the flutter problem is basically not considered in the operation of early small-size wind turbines (Hansen, 2007). The blade flutter margin of large wind turbines with blade length below 100 m is still sufficient, and the possibility of flutter during operation is still limited. For instance, the critical flutter rotor speed of NREL 5 MW wind turbines with blade length of about 60 m exceeds 150% of the rated rotor speed (Hansen, 2007; Pourazarm et al., 2016). The flutter margin of super large wind turbines with blade length exceeding 100 m is greatly reduced. For example, the critical flutter speed of SNL 100–00 wind turbine is only about 1.1 times of the rated rotor speed (Griffith and Ashwill, 2011). Lower flutter margin means that wind turbines are more likely to enter the flutter state when faced with complex and changeable actual incoming flow. Therefore, flutter of long flexible blades above 100 m has become a key factor that cannot be ignored in the design of ultra-large wind turbines (Wang et al., 2016).
The aeroelastic system of wind turbines contains a variety of complex nonlinear factors, and the strength of the nonlinearity increases with the increase of the size of wind turbines, which increases the difficulty in the study of flutter characteristics. Researchers have done a lot of research on this. Meehan (Meehan, 2023) studied the chaotic motion characteristics of wind turbine blades after flutter from the airfoil point of view. Shakya et al. (2022) used numerical simulation methods to conduct time-domain aeroelastic analysis on the blades of NREL 5MW, SNL 61.5 and SNL 100–00 wind turbines, focusing on the influence of geometric nonlinear factors on aeroelastic stability. Farsadi and Kayran (2021) proposed a classical flutter analysis method in frequency domain considering flow compressibility, based on the new issue that the flow velocity near the tip of wind turbines increases in recent years under the trend of large-scale wind turbines and the need to consider air compressibility. Zhuang and Yuan (2024) analyzed the influence of parameter changes in different regions of the blades on flutter characteristics based on the Euler-Bernoulli beam theory combined with Theodorsen non directional aerodynamic loads. Hayat et al. (2016) numerically simulated the aerodynamic stability of 5 MW wind turbine blades under runaway condition, and focused on the influence of the bend-torsional coupling characteristics of the blade structure on the aerodynamic stability. Zhang (2022) developed a nonlinear aerodynamic analysis method of blades based on coupled beam model by using numerical simulation and experiment, and studied the natural vibration characteristics, flutter characteristics and their influencing parameters of 5 MW wind turbine blades. Chen et al. (2020) paid attention to the bend-bend coupling effect of the blade structure in the numerical simulation, and found that the influence of the bend-bend coupling on the aerodynamic response of the blade cannot be ignored.
In terms of the flutter problems of ultra-large wind turbines with rotor diameters exceeding 200 m, some researches have been conducted in recent years, but they are not sufficiently in-depth or adequate. Qian et al. (2024) conducted numerical simulation based on the geometrically exact beam theory (GEBT) and blade element momentum theory (BEMT), and studied the influence of control strategy and structural parameters on flutter performance of 15mw wind turbine blades. Loubeyres et al. (2022) investigates stall-induced vibrations in an isolated IEA-15-RWT blade under idling conditions through code-to-code comparisons and parametric analyses, revealing critical dependencies on wind misalignment angles and aerodynamic polar datasets, while elucidating unstable aeroelastic modes via a simplified spring-mounted airfoil model. Li et al. (2023) investigates the impact of bend-twist coupling on the structural characteristics and flutter limits of IEA 15 MW wind turbine blades through parametric analysis of fiber angles in skin and spar cap, revealing that symmetric layup configurations significantly enhance flutter resistance while optimizing structural stiffness, thereby providing critical insights for the design of large-scale wind turbine blades. Lu et al. (2022) pioneered a 3D aeroelastic scaling framework for wind turbine blades, integrating stiffness equivalence and synchronized vibration-force measurements to reveal asymmetric flutter mechanisms, and the blade-root reaction force method demonstrates superior accuracy in predicting instability thresholds.
Most of the existing studies focus on flutter of wind turbine blades under high rotational speed and high aerodynamic load conditions. However, in this paper, the aeroelastic characteristics of flexible blades above 100 m of 15 MW horizontal axis wind turbines at low speed are studied, and it is found that high flexibility and strong nonlinearity lead to flutter of ultra-large wind turbine blades at low rotational speed. The multi-degree-of-freedom coupling characteristics are analyzed in detail. The results show that at low rotational speed, flapwise-edgewise-torsional coupled flutter occurs on the long and flexible blade of the wind turbine. The vibration in the three degrees of freedom includes the edgewise mode natural frequency and torsional mode natural frequency. The maintenance of flutter is contributed by aerodynamic work at each degree of freedom, and there is an obvious coupling phenomenon in the development of instantaneous aerodynamic power.
2 METHODOLOGY AND OBJECT
In this paper, the wind turbine aeroelastic system is numerically simulated based on the aeroelastic model coupled with unsteady BEMT and GEBT model. After building the aeroelastic model of the whole wind turbine, all the components other than the blades are regarded as rigid bodies, and the variable yaw angle is fixed at 0°. The influence of tower shadow effect, wind shear and yaw factors on the flow is ignored to focus on the aeroelastic characteristics of the wind turbine blades.
In the numerical simulation of wind turbines, the multi-degree-of-freedom vibration of blades is decomposed into flapwise direction along the wind turbine axis, edgewise direction along the wind turbine rotation direction, and torsional direction along the blade central axis in the structural dynamics model, as shown in Figure 1A. The positive direction of flapwise movement and aerodynamic force is defined as the downstream direction, the positive direction of edgewise movement and aerodynamic force is defined as the opposite direction of wind turbine rotation, and the positive direction of torsional movement and aerodynamic force is defined as the direction of increasing the Angle of attack.
[image: Figure 1]FIGURE 1 | (A) Terminology for degrees of freedom of wind turbine blade and (B) velocity triangle of wind turbine section airfoil.
Figure 1B further shows the velocity triangle of blade section airfoil. Where, [image: image] and [image: image] respectively represent the axial and tangential direction of the wind wheel, [image: image] refers to the inflow velocity, [image: image] denotes the linear velocity of wheel rotation at section, [image: image] and [image: image] respectively represent the axial and tangential inducing factor, [image: image] refers to the blade section vibration velocity, [image: image] denotes the exact relative velocity of the blade section, [image: image] refers to the exact inflow angle of the blade section.
2.1 Aerodynamic model
In the calculation of aerodynamic load, a model based on unsteady BEMT is constructed, which considers blade tip correction, hub loss, wake correction, and Leishman-Beddoes dynamic stall model to consider aerodynamic nonlinear characteristics. Compared with vortex theory methods (Sessarego et al., 2018) and computational fluid dynamics methods (Tran and Kim, 2015), the adoption of BEMT has significant advantages of high computational efficiency, and can ensure acceptable computational accuracy after introducing necessary amendments to the model. Therefore unsteady BEMT is selected in this study. Some key calculation formulas can be expressed as follows.
As shown in Figure 1B, the blade section velocity consists of incoming flow velocity, wind wheel rotation velocity, induced velocity and blade motion velocity, and the relationship among them can be given according to Equation 1:
[image: image]
The traditional BEMT is only applicable to quasi-steady problems, so the unsteady BEMT introduces the dynamic inflow model (Snel and Schepers, 1995) to be applicable to the calculation of unsteady problems, as shown in Equations 2, 3:
[image: image]
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Where [image: image] refers to the induction velocity considering the unsteady effect, [image: image] represents the induced velocity obtained by quasi-steady calculation, [image: image], [image: image] and [image: image] are process variables. Detailed discussion of the remaining key formulas and models can be found in reference (LI and Wang, 2017; Bortolotti et al., 2024).
2.2 Structural model
The structural module is solved by Geometrically Exact Beam Theory (GEBT). The GEBT can consider transverse shear and bending of the section, as well as large displacement and rotation, so it can capture the coupling effects between the six degrees of freedom of the beam, including extension, bending, shear and torsion. In GEBT, the motion governing equation can be expressed as Equations 4, 5:
[image: image]
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Where [image: image] and [image: image] respectively represent the linear momentum and angular momentum, [image: image] and [image: image] respectively refers to the Beam section forces and moments, [image: image] denotes the linear displacement of a point on the reference line of the beam, [image: image] represents the position vector of points along the beam reference line, [image: image] and [image: image] refers to the distributed forces and moments applied to the beam; superscript [image: image] and [image: image] respectively denotes the derivative with respect to time and derivative with respect to the beam axis [image: image], superscript [image: image] represents a skew symmetric tensor corresponding to a given vector.
The constitutive equation can be expressed as Equations 6, 7:
[image: image]
[image: image]
Where [image: image] and [image: image] respectively represents 6 × 6 cross section mass and stiffness matrix, [image: image] and [image: image] respectively refers to the one-dimensional strain and curvature, [image: image] denotes the angular velocity vector defined by the rotation tensor [image: image]. Other key formulas and detailed descriptions of GEBT model can be found in reference (Wang et al., 2017). It should be stressed that, the structural damping based on a viscous damping model is defined as Equation 8:
[image: image]
Where [image: image] represents 6 × 6 cross section damping matrix.
2.3 IEA 15 MW wind turbine
In this study, the IEA 15 MW wind turbine (Gaertner et al., 2020) is taken as the research object. The blade length of this wind turbine is about 120 m, which is a typical long and flexible blade with strong nonlinear characteristics. Various studies on the aeroelastic and flutter characteristics of IEA 15 MW wind turbines have been accumulated (Qian et al., 2024; Loubeyres et al., 2022; Li et al., 2023; Lu et al., 2022). Table 1 shows some basic parameters of the IEA 15 MW wind turbine.
TABLE 1 | Basic parameters of the IEA 15 MW wind turbine.
[image: Table 1]First of all, the vibration mode of the blade is calculated based on the condition that the rotor speed is 0 and there is no aerodynamic load. The results are shown in Table 2. In Table 2, the modal frequency calculation results of the aeroelastic model in this paper are compared with those in the literature, and it is found that the overall error between the modal frequencies is small, which verifies the accuracy of the aeroelastic model in this paper.
TABLE 2 | Mode frequency of the IEA 15 MW wind turbine.
[image: Table 2]First of all, the vibration mode of the blade is calculated based on the condition that the rotor speed is 0 and there is no aerodynamic load. The results are shown in Table 2. In Table 2, the modal frequency calculation results of the aeroelastic model in this paper are compared with those in the literature, and it is found that the overall error between the modal frequencies is small, which verifies the accuracy of the aeroelastic model in this paper.
3 RESULTS AND DISCUSSION
3.1 Time domain analysis of wind turbine aeroelastic response
Figure 2A shows the tip vibration signal of the blades of IEA 15 MW wind turbine at a rotor speed of 5.5 rpm and a wind speed of 15.6 m/s. Under the working condition shown in Figure 3, in the initial stage of vibration, flutter energy has not accumulated, and blades mainly vibrate with rotation frequency under the influence of gravity. The vibration period is about 10.9 s, the flapwise amplitude is about 0.56 m, the edgewise amplitude is about 2.40 m, and the torsional amplitude is about 0.9°. Later, with the continuous input of aerodynamic energy, the amplitude gradually accumulates in an exponential form, and finally reaches a stable state of Limited Cycle Oscillation (LCO), which contains multiple frequency components. Finally, the flapwise amplitude is about 1.49m, the edgewise amplitude is about 5.40 m, and the torsional amplitude is about 13.1°. In addition, it can be seen from Figure 3 that during the gradual accumulation of amplitude, the average flapwise displacement decreases somewhat, reflecting the inherent load reduction characteristics of the blade itself.
[image: Figure 2]FIGURE 2 | (A) Blade tip deflection and (B) spanwise distribution of Angle of attack (rotor speed 5.5 rpm, wind speed 15.6 m/s).
[image: Figure 3]FIGURE 3 | Spectrum of blade tip deflection (rotor speed 5.5 rpm, wind speed 15.6 m/s).
Figure 2B shows the distribution of angle of attack at each position of blade extension when flutter occurs at a rotor speed of 5.5 rpm and a wind speed of 15.6 m/s, including the average value and fluctuation range. As can be seen from the Figure, when the blade vibrates under this working condition, the local average angle of attack at the working section of the blade is roughly 10°–30°, and gradually decreases along the blade root to the blade tip. The fluctuation range of the angle of attack of each section of the working section is 0–30°. In the part below 65% blade spanwise location, the AOA is always greater than 12° and the fluctuation range is less than 10° when the blade is vibrating. In the part between 65 and 100% spanwise location, the fluctuation of the AOA is further enhanced. The fluctuation of the AOA reaches more than 20° in the section from 88% spanwise location to blade tip. Rapid and large fluctuations at high average AOA will result in significant nonlinear effects of aerodynamic force on the blade, which further enhances the nonlinear characteristics of aeroelastic response of the blade.
3.2 Frequency domain characteristic analysis of wind turbine aeroelastic response
Figure 3 shows the spectrum diagram of blade tip vibration signal when the rotor speed is 5.5 rpm and the wind speed is 15.6 m/s. The dominant frequency in the spectrum is 2.2 Hz, which represents the second edgewise mode. In addition, the first torsional mode natural frequency is close to the second harmonic of the second edgewise mode natural frequency, so it is concluded that the spectrum of each degree of freedom also contains significant first torsional mode natural frequency.
As can be seen from Figure 5, the inherent coupling characteristics of each degree of freedom in the blade structure are reflected in the consistency of each peak value of the spectrum of each degree of freedom, that is, the blade vibration in each degree of freedom is carried out at the same frequency. The difference of the frequency spectrum of each degree of freedom is mainly due to the high natural frequency of the first torsional mode, so the high-frequency component of the torsional spectrum is relatively strong.
3.3 Aerodynamic work analysis of wind turbine aeroelastic response
When the blade vibrates stably, the instantaneous aerodynamic power of each blade element and the aerodynamic work done per unit vibration period can be calculated according to Equations 9, 10:
[image: image]
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Where [image: image] is instantaneous aerodynamic power, [image: image] refers to local aerodynamic force, [image: image] represents the local vibration velocity, [image: image] is aerodynamic work per vibration period, [image: image] is the vibration period.
Figure 4 shows the spanwise distribution of aerodynamic work done per unit vibration period when the blade is vibrating stably. As can be seen from the Figure, the aerodynamic work of flapwise, edgewise and torsional degrees of freedom all have influences on flutter, and the flapwise and edgewise direction have stronger influences. Flutter is mainly affected by the parts above 20% blade spanwise location, and the aerodynamic work from the blade root to 20% blade spanwise location is almost negligible. In flapwise direction, the aerodynamic force of the whole blade is positive, and work in the blade tip area above 90% blade spanwise location accounts for the largest proportion. In edgewise direction, the positive aerodynamic work is performed at 20–57% blade spanwise location, the negative aerodynamic work is performed at 57–75% blade spanwise location, and the most important positive aerodynamic work is performed at the blade tip aera above 75% blade spanwise location. In torsional direction, negative aerodynamic work is performed in 63%–80% of the blade spanwise location, and positive aerodynamic work is performed in the rest area of the blade.
[image: Figure 4]FIGURE 4 | Spanwise distribution of single period aerodynamic work under stable vibration.
Figure 5 shows the instantaneous aerodynamic power at each degree of freedom within one blade rotation period after the blade reaches a stable LCO state when flutter occurs. Because the vibration frequency during flutter is much higher than the rotor rotation frequency, the signal in one blade rotation period nearly contains all the vibration characteristics. It can be seen from Figure 5 that the aerodynamic nonlinear factors and structural nonlinear factors together lead to significant nonlinear aerodynamic work development on the blade surface. In the Figure, the aerodynamic work near the tip of the blade fluctuates greatly, which is consistent with the large-period aerodynamic work near the tip of the blade in Figure 4.
[image: Figure 5]FIGURE 5 | Development of aerodynamic power per rotation period during LCO. (A) flapwise. (B) edgewise. (C) torsional.
For further analysis of the development process of instantaneous aerodynamic power, in flapwise direction, as shown in Figure 5A, in the blade vibration process, the upper and lower sections of the blade alternately perform positive and negative work with the boundary of 65% blade spanwise location. The aerodynamic power fluctuation is the most severe in the 80%–98% blade spanwise location. In edgewise direction, as shown in Figure 5B, when the blade vibrates, the upper and lower sections of the blade alternately perform positive work and negative work at the boundary of 72% blade spanwise location, and the aerodynamic power fluctuation is the most severe at the 85%–98% blade spanwise location. In torsional direction, as shown in Figure 5C, the fluctuation of aerodynamic power mainly exists in the part above 40% blade spanwise location, and the 40%–100% blade spanwise location enters the positive aerodynamic power state almost simultaneously at some time, and then gradually exits from the blade root to the tip. In addition, Figure 5 indicates that the energy changes on all 3 degrees of freedom are tightly coupled. The positive and negative peaks of aerodynamic power in each degree of freedom appear synchronously, and the aerodynamic power fluctuation is basically the same frequency and phase.
Figure 6 show the phase trajectory of aerodynamic force at 69% and 94% blade spanwise location. It can be seen from the Figure that in the 69% blade spanwise location, in torsional direction, the phase trajectory is dominated by the counterclockwise ring, which corresponds to the local negative aerodynamic work. Due to the constant change of blade balance position under the action of gravity, the flapwise and edgewise direction do not show obvious phase trajectory loops, but it can be roughly judged that the clockwise and counterclockwise directions are respectively dominant, corresponding to the positive aerodynamic work in the flapwise direction and negative aerodynamic work in the edgewise direction. In the 90% blade spanwise location, the clockwise phase trajectory ring dominates the flapwise and edgewise direction, but the phase trajectory in the torsional direction shows the alternating characteristics of positive and negative work.
[image: Figure 6]FIGURE 6 | Phase trajectory of aerodynamic moment per rotation period during LCO (A) 69% spanwise; (B) 94% spanwise). (A) flapwise. (B) edgewise. (C) torsional.
4 CONCLUSION
Based on the aeroelastic model of wind turbine coupled with unsteady BEMT and GEBT, the flutter characteristics of IEA 15 MW wind turbine at low rotor speed are analyzed. The results show that the multi-degree-of-freedom coupling flutter of flapwise-edgewise-torsional degrees of freedom will occur at high wind speed at 73% rated speed. Because of the inherent bend-torsional coupling characteristics of the blade structure, the vibration spectrum of the blade in the three degrees of freedom is the same, including the edgewise natural frequency and the torsional natural frequency. The analysis of aerodynamic force and work shows that flutter is maintained by the joint action of flapwise, edgewise and torsional degrees of freedom, especially flapwise and edgewise direction. The analysis of instantaneous aerodynamic power further verifies the flapwise-edgewise-torsional coupling characteristics of energy during flutter. There is an obvious coupling phenomenon in the development of instantaneous aerodynamic power at each degree of freedom.
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