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Introduction: In this paper, a dynamic structural response simulation program TwrDyn for wind turbine tower is developed based on geometrically exact beam theory model, and the program is verified by comparing with numerical simulation and experiment results.


Results and discussion: The results show that TwrDyn program can accurately predict the dynamic deformation and load response characteristics of large wind turbine tower under normal and extreme operation conditions, in which the prediction deviations of tower deformation and load response are less than 6.8% and 5.2%, respectively. The program developed in the present study can provide reliable prediction results for tower response characteristics.
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1 INTRODUCTION


To achieve the goal of cost-competitive offshore wind energy utilization, the large-scale development of offshore wind turbines has become an inevitable trend to reduce the levelized cost of electricity (LCOE) (Ma et al., 2024; Huang et al., 2024; Fang et al., 2024). Both the rotor diameter and tower height increase significantly with the capacity of the wind turbine. Under the effect of the aerodynamic loads and wave loads, the elastic deformation and vibration amplitude of the tower of offshore wind turbine are much greater than those of onshore wind turbines. Accurately evaluating the dynamic response characteristics of the tower is crucial for ensuring the structural stability and operational safety of offshore wind turbines, and it remains a key issue in the offshore wind energy research field (Zhou et al., 2024; Guo et al., 2024).

Currently, the tower accounts for approximately 20%–30% of the total cost of a wind turbine. Reasonable design of tower structures is one of the most effective ways to reduce costs, which largely depends on efficient and accurate calculations and simulations of external loads and structural responses. Compared to the wind turbine blades, the tower’s diameter and stiffness are larger, so the existing wind turbine structural simulation programs tend to focus more on the development of blade structural models. For example, the HAWC2 program at the Technical University of Denmark uses a Timoshenko beam model to calculate the deformation of wind turbine blades (Larsen and Hansen, 2007; Rinker et al., 2020), and the BeamDyn program developed by the National Renewable Energy Laboratory in the U.S. is based on geometrically exact beam theory for blade structural simulations (Wang et al., 2017). In terms of the wind turbine tower, most current integrated wind turbine load and structural analysis program uses the Euler-Bernoulli beam model. This beam model can account for nonlinear velocity-displacement effects under small deformations but is unable to accurately capture the geometrically nonlinear effects under large deformations. Flexible towers subjected to wind loads undergo significant deformation and nonlinear vibrations, leading to more complex aeroelastic issues in interaction with the inflow wind (Cheng et al., 2024a; Lin et al., 2024). Besides, the foundation of offshore wind turbines provides less constraint on the tower and is more sensitive to environmental loads. Under the combined effect of wind, waves, and currents, the tower structure undergoes considerable elastic deformation, which can lead to tower vibrations (Cheng et al., 2024b). For floating wind turbines, the aerodynamic yawing moment at the top of the tower and the wave-induced yawing moment on the floating platform are in opposite directions, causing significant torsional deformation of the tower (Cheng B. et al., 2024; Jiang et al., 2024).

Therefore, the dynamics of the flexible tower of large offshore wind turbine is quite complex, presenting challenges for design and analysis. In-depth research on the fundamental dynamics of wind turbine tower under large deformations and the development of corresponding dynamic calculation programs are of great significance for the structural optimization of wind turbines, reducing offshore wind farm development costs, and ensuring the long-term safe and stable operation of the turbines. To address these issues, China Three Gorges Corporation (CTG) has developed the TwrDyn (Tower Dynamics) dynamic structural response simulation program based on geometrically exact beam theory based on the key technology research and application project for offshore wind turbines. The program’s accuracy has been verified through comparisons with numerical simulation results and experimental tests.




2 METHODOLOGY AND OBJECT




2.1 Geometrically exact beam theory method


This study employs geometrically exact beam theory to develop a simulation program for the structural response of large wind turbine towers. Based on Hamilton’s principle, the governing equations of the geometrically exact beam are established. For the wind turbine tower, the relationship between stress and strain at each cross section along the tower can be expressed as Equation 1:


[image: image]


where, [image: image] and [image: image] represent the force and moment acting on the beam cross section, respectively; [image: image] denotes the stiffness matrix of the cross section; [image: image] and [image: image] represent the force strain and moment strain at the beam cross section, respectively.

Therefore, the strain energy of the deformation of the tower can be expressed as Equation 2:
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where, l is the length of the beam.

Moreover, the momentum and angular momentum at the cross section of the tower can be expressed as Equation 3:
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where, [image: image] is the mass matrix of the cross section; [image: image] is the velocity vector array; [image: image] is the mass of the cross section; [image: image] is the translational velocity of the reference axis of the blade; [image: image] is the angular velocity of the cross section. Therefore, the kinetic energy of the deformation of the tower can be expressed as Equation 4:
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Based on Hamilton’s principle, the governing equation for the deformation of the tower can be expressed as Equation 5:
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where, [image: image] is the position vector of the tower node; [image: image] is the displacement of the tower axis; [image: image] represents the derivative with respect to time; [image: image] represents the derivative with respect to reference of the beam; [image: image] is the tilde operator.

According to the Bauchau (2011), the governing equation for the tower deformation can be expressed as Equation 6:
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where, [image: image] is the inertial force; [image: image] and [image: image] are the two components of the elastic force; [image: image] is the gravitational force; [image: image] is the external force. These terms can be expressed as Equations 7–10:
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Through linearization and discretization of Equation 11, and represent the physical quantities of the beam element in terms of the nodal quantities, the expression becomes Equation 11:


[image: image]


where, [image: image], [image: image], [image: image] represent the displacement, velocity, and acceleration at the discrete nodes, respectively; [image: image], [image: image], [image: image] represent the nodal stiffness matrix, gyroscopic matrix, and mass matrix, respectively. Equation 8 can then be solved using the generalized α-time integration method.




2.2 NREL-5 MW wind turbine


This study uses the developed TwrDyn program to conduct numerical simulation for the NREL-5 MW wind turbine tower, and compare the prediction results from TwrDyn with those obtained from ANSYS software to verify the reliability of the TwrDyn. The NREL-5 MW wind turbine is a digital wind turbine developed by the U.S. National Renewable Energy Laboratory (NREL) and is widely used in wind turbine research (Jonkman et al., 2009). The basic parameters of the NREL-5 MW wind turbine is shown in Table 1. The tower of the NREL-5 MW wind turbine is a steel structure with a height of 90 m, and its stiffness distribution along the height is shown in Figure 1. The rated operational wind speed for the NREL-5 MW wind turbine is 11.4 m/s. In this study, simulations are conducted at wind speeds of 8, 11.4, and 22 m/s to assess the reliability of the TwrDyn under condition below, at, and above the rated wind speed.





TABLE 1 | 
Basic parameters of the NREL-5 MW wind turbine.
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FIGURE 1 | 
Distribution of the stiffness along the tower of NREL-5 MW wind turbine.







3 RESULTS AND DISCUSSION




3.1 Comparation with numerical results


To verify the accuracy of the TwrDyn program in calculating the dynamic response of tower structures, the NREL-5 MW wind turbine is adopted as the object, and the results calculated by the TwrDyn are compared with those obtained using commercial software ANSYS. The required load time-domain data for the simulation was generated using OpenFAST, and the generated load sequences were then applied to both the TwrDyn program and ANSYS software.



3.1.1 Loads generation


By using the OpenFAST, the normal force and tilt moment at the tower top of the NREL-5 MW wind turbine under turbulent wind condition at 8, 11.4, and 22 m/s are calculated, and the results are shown in Figure 2. Since the initial rotational speed of the rotor is set to 0, the thrust and moment at the tower top exhibit a noticeable gradual increase under all three wind conditions. Under lower wind speeds, the rate of increase is slower, while under higher wind speeds, the thrust quickly reaches its peak. As the wind speed exceeds the rated value under condition of 22 m/s, the rotational speed of the turbine quickly reaches its rated value, and activate the pitch control system. Consequently, aerodynamic forces begin to decrease and a significant jump in the tower top thrust is observed around 30 s under 22 m/s wind condition, which is due to the pitch and speed control effect of the controller, leading to a sudden change in aerodynamic forces.


[image: Figure 2]



FIGURE 2 | 
Tower tip loads under three wind conditions. (a) 8 m/s (b) 11.4 m/s (c) 22 m/s.






3.1.2 Tower deflections


The dynamic response of the tower structure under the three load conditions was calculated using both ANSYS software and the TwrDyn program developed in this project. Figure 3 presents the comparison of the tower top displacement results. From the figure, it can be observed that under all three conditions, the results obtained from the TwrDyn program closely match those from ANSYS, with very similar trends and amplitude fluctuations in the time domain. The only exception is for the 8 m/s wind speed condition, where the results from the TwrDyn program show slight fluctuations, as the tower top load in this model changes direction in response to the structural bending deformation. However, the results for all three conditions are generally consistent and closely aligned, indicating that the TwrDyn program developed in the present study can accurately predict the tower structural deformation.
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FIGURE 3 | 
Comparison of displacement of tower top under three wind conditions. (a) 8 m/s (b) 11.4 m/s (c) 22 m/s.




Figure 4 shows the distribution of the maximum tower deformation at different heights of the tower under the three wind conditions in the time-domain simulation, with the statistical range from 100 to 200 s. From the figure, it is clear that the results obtained from the TwrDyn program are in good agreement with those from ANSYS. As the tower height increases, the displacement at the tower top continuously increases, and the height distribution trend is similar to the first mode shape of the tower. The calculation results from the TwrDyn program in all three simulation wind conditions closely match the ANSYS results. The computational results of the TwrDyn program under three wind conditions are in good agreement with those obtained from ANSYS. Only the results for the 8 m/s wind speed condition are slightly higher, with the maximum displacement at the top of the tower reaching 0.28 m, compared to the ANSYS simulation result of 0.26 m, resulting in a difference of 6.8%. The discrepancies between the TwrDyn results and the ANSYS results for other conditions are all less than 1%.
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FIGURE 4 | 
Comparison of the distribution of the maximum time domain value of tower displacement with height under three wind conditions. (a) 8 m/s (b) 11.4 m/s. (c) 22 m/s.






3.1.3 Tower loads



Figure 5 presents the time-domain curves of the tower base moment calculated by both ANSYS and the TwrDyn program under the three wind conditions. Similar to the tower top displacement results, the results from the TwrDyn program are in good agreement with those from ANSYS in terms of the time-domain variation trend and the amplitude fluctuation range. The only exception is for the 8 m/s wind speed condition, where the results show little deviation in terms of fluctuation. However, the overall difference is minimal. This indicates that the TwrDyn program is highly reliable for load calculation of the tower loads.
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FIGURE 5 | 
Comparison of bending moment of the tower base under three wind conditions. (a) 8 m/s (b) 11.4 m/s. (c) 22 m/s.




Figure 6 shows the variation of the maximum tower moment with tower height under the three wind conditions. From the figure, it can be observed that the maximum tower moment exhibits an approximately linear relationship with the tower height. Both the results from the TwrDyn program and ANSYS demonstrate this trend. Similar to the displacement results, for the 8 m/s wind speed condition, the tower base moment calculated by ANSYS is slightly lower than the result from the TwrDyn program, with a difference of 5.2%. For the other two conditions, the results from both programs are almost identical, particularly in capturing the maximum tower moment, with differences below 2%, specifically 1.7% and 0.94%. This result indicates that the TwrDyn program can accurately predict the structural dynamic response of the tower under external loads.
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FIGURE 6 | 
Comparison of the distribution of the maximum time domain value of tower bending moments with height under three wind conditions. (a) 8 m/s (b) 11.4 m/s (c) 22 m/s.







3.2 Comparation with experimental results




3.2.1 Experiment scheme


To verify the accuracy of the TwrDyn program, an experiment is constructed, and the measured data are used for comparison with the TwrDyn program. For the NREL 5 MW wind turbine, a 1:50 scaling factor is applied, meaning that the key geometric parameters (diameter and height) of the experimental model are scaled by a factor of 1:50 relative to the full-scale model, as detailed in Table 2. It is important to note that the wall thickness of the prototype wind tower at its thinnest point is only 11 mm, and the tower diameter gradually decreases with height. If the geometrically similarity is strictly adhered to for scaling, it would result in a model with an unworkable wall thickness. Since the primary goal of this experiment is to validate the accuracy of the program, the differences between the experimental model and the reference prototype tower do not affect the calibration of the TwrDyn and ANSYS program as the model used in the TwrDyn program is identical to the scaled experimental tower. Figure 7 show the CAD model and the physical tower model used in the experiment.





TABLE 2 | 
Comparison of main scale parameters between prototype and test scaling model of wind turbine tower.

[image: Table 2]



[image: Figure 7]



FIGURE 7 | 
CAD model and object of the tower. (a) CAD model (b) Real product.



The experimental setup is as shown in Figure 8. In this experiment, tower deformation is achieved using a cable-pulling mechanism. One end of the cable is connected to the nacelle, while the other end is attached to a balancing weight. The position of the balancing weight is adjusted using an excitation actuator and a lifting platform. The response of actuator is programmatically controlled to apply various types of excitations.


[image: Figure 8]



FIGURE 8 | 
Experimental scheme diagram.



This experiment measures the vibration acceleration response, displacement response, and force response of the tower. Accordingly, the following instrumentation is used:

1) Acceleration sensors: Ten sensors are placed on the front side of the tower at different heights from top to bottom, positioned at 180, 170, 160, 140, 120, 100, 80, 60, 40, and 20 cm above the ground.

2) Displacement sensor: One sensor is installed on the tower top.

3) Force sensor: One sensor is placed at the connection of the cable and nacelle.

4) Strain gauges: Five sets of strain gauges are attached to the front and back sides of the tower at five different heights.

This configuration ensures comprehensive data acquisition for acceleration, displacement, and force responses to evaluate the tower’s dynamic characteristics under varying excitation conditions.

By applying a sinusoidal wave with a period of 10 s and an amplitude of 20 N to the balancing weight using the actuator, the tower top experienced an average tensile force of 48 N. The tensile force measured by the force sensor is shown in Figure 9. As observed in the figure, the force measured by the sensor is generally consistent with the target applied load. However, due to factors such as the precision of the experimental equipment and environmental noise, there are slight fluctuations in the tension measured by the sensor. Nonetheless, the overall trend is quite consistent, and it can effectively represent the characteristics of the sinusoidal external force.


[image: Figure 9]



FIGURE 9 | 
Tower top thrust applied under dynamic load condition in time domain.






3.2.2 Comparation results


The comparison of the measured tower top displacement and tower base bending moment under dynamic load conditions with the results calculated by the TwrDyn program is shown in Figure 10. The input load for the simulation is the theoretical sinusoidal thrust force, without considering the effect of tower top bending moments. As shown in the figure, the phase and oscillation period of the calculated results from this project align perfectly with the experimental test results. Due to input excitation and measurement signal noise, slight differences are observed between the experimental and numerical results. However, these differences are within an acceptable range. This outcome demonstrates that the TwrDyn program has highly reliable accuracy in predicting the structural dynamic response of the tower under dynamic loading conditions.


[image: Figure 10]



FIGURE 10 | 
Comparison of the results under dynamic load conditions. (a) Tower top displacement. (b)Tower base bending moment.








4 CONCLUSION


Based on the geometrically exact beam theory, a dynamic structural response simulation program for wind turbine towers, TwrDyn, is developed and its simulation results were compared with those from ANSYS software and experimental data. Regarding blade deformation, the comparison results of tower deformation responses at different wind speeds between the TwrDyn program and ANSYS software are in close agreement. The variation trends and amplitude fluctuations in the time domain are very similar, with the maximum deviation in predicted node deformations under turbulent wind conditions between the TwrDyn and ANSYS results being 6.8%. In terms of tower loads, the time-domain responses of the tower base load at different wind speeds predicted by the TwrDyn program are in good agreement with the results from ANSYS software. The maximum deviation in predicted node bending moments under turbulent wind conditions is 5.2%. In conclusion, the program developed in this study can accurately predict the deformation and load characteristics of the tower under various conditions.
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