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Abstract. For offshore wind turbines, the wind and wave loads are the main actions exerted on 
the offshore structures during the operational process. In order to reasonably simulate the 
wind-wave coupling effect and the dynamic characteristics of the structure under the coupling 
effect, the Davenport horizontal fluctuating wind speed spectrum is processed according to the 
Fourier transform and the harmonic superposition method, thus the fluctuating wind spectrum 
which coincided well with the target power spectrum is acquired. On the basis of the random wave 
theory, the calculation equation of wave load for offshore wind turbine structures are put forward. 
Besides, the wind and wave coupling mechanism analysis is carried out by Turkstra method. In 
numerical analysis, the integrated finite element model of the offshore wind turbine structure is 
established considering the interaction between the wind turbine foundation and the soil. 
Meanwhile, based on the frequency domain method, the in-site measured acceleration signals of 
an offshore wind turbine are processed and analyzed and the dynamic characteristics of each part 
of the wind turbine supporting system are obtained. Comparing the measured values with the 
numerical simulation results, it shows that the calculation method of the wind-wave coupling 
effect has a preferable accuracy as well as a certain amount of safety coefficient, which can ensure 
the safety of the structure in actual operation process. 
Keywords: wind-wave coupling effect, offshore wind turbine, dynamic characteristics. 

1. Introduction 

With the rapid development of global economy, energy consumption is also growing, the 
non-renewable resources of coal, oil and natural gas in the decades have been constantly  
consumed, thus the development of new and renewable resources are the main trend in present 
society. Wind power is a green source of sustainable energy with a relatively reliable application 
technology. At present, the global wind power industry has entered a stage of rapid development 
and caused increasing concern, the foundation and support structure design require the 
development of highly cost-effective constructions, such as various forms of bucket foundations 
and pre-stressed reinforced concrete wind-turbine tower [1-4]. A new type of large-scale 
pre-stressed concrete bucket foundation (LSPCBF) for offshore wind turbines that can be 
produced on land, integrated transportation and installation, as proposed by Tianjin University  
[5-7]. LSPCBF have obvious advantages in construction expense and speed, a prototype of wind 
turbine with this type of foundation has been installed in the sea adjacent to China’s Jiangsu 
Province (shown in Fig. 1). 

The wind turbine support structure systems are currently designed by using the static method, 
and the dynamic effects are less considered. As wind turbine support structures are constantly 
exposed to ambient dynamic loads such as wind and wave loads, the sufficient strength and 
stability of the support structures should be guaranteed. Vibration characteristics of the wind 
turbine support structures with LSPCBF foundation based on long-term monitoring data are 
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studied in this paper. The field measurement data is analyzed and the actual vibration state of the 
structure is acquired. A simulation method of wind-wave coupling effect is proposed based on the 
random physical models, and the coupling numerical model of soil-LSPCBF foundation-wind 
turbine tower is established in order to verify the feasibility of this coupling method, the structural 
dynamic response under the combined wind-wave loads is carried out. Finally, the accuracy of the 
wind-wave load coupling method and numerical model are verified by comparing with the field 
measurement data. 

 
Fig. 1. Offshore wind turbines with LSPCBF 

 
Fig. 2. Layout of field testing and measurement system 

2. Vibration test of offshore wind turbine supporting structure 

2.1. Monitoring equipment layout 

This experimental offshore wind turbine is in service in Qidong Sea area of Jiangsu province 
in China, a 2.5 MW wind power generator is placed on its top. The experimental structure 
consisting of a LSPCBF foundation, a curved transition section, and a wind power generator 
system with three 46.7 m-long blades is shown in Fig. 1. The curved transition section is a 
pre-stressed concrete structure, and its function is to transfer the force from the superstructure to 
the underwater foundation. The 80 m tall upper steel tower, which has working platforms between 
nacelle and tower or two adjacent parts of tower, is divided into three stories. The vibration 
frequency of wind turbine under ambient loads is distributed over a wide range, so high precision 
seismic accelerometers are adopted in this test (0.1 Hz-200 Hz). The locations of five observed 
points are illustrated in Fig. 2, each part has three mutually perpendicular seismic accelerometers, 
which are used to acquire wind turbine vibration response signals. 

2.2. Analysis of measured data 

Data in this study was collected in the fall of Jiangsu province, based on the long time 
observation, some representative data was selected for detailed analysis. The collected signal of 
each measuring point is the acceleration signal, acceleration signal need to be converted to the 
displacement signal for a more direct way of analyzing the dynamic performance of the supporting 
structure system, the commonly used processing method are based on differential and integral. 
The commonly used data processing methods are integral and differential, which can be both 
realized in time domain and frequency domain. The frequency domain method is selected in 
processing and analyzing the acceleration signals in this paper. Based on its basic principle, the 
signals are firstly converted by Fourier transform, then the conversion results are operated by 
integral or differential in the frequency domain and finally the integral or differential time domain 
signals can be obtained by Fourier inversion. 

When the initial velocity component and displacement component are both 0, the displacement 
component can be obtained by double integral of acceleration signal component as shown in the 
following: 
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(ݐ)ݔ = න ቈන ௧݀(ߣ)ܾ
଴ ቉௧ߣ

଴ ݀߬ = න ܸܿ௜௪ఛ௧
଴ ݀߬ = ܸ݅߱ ܿ௝ఠ௧ = − ଶܣ߱ ܿ௜ఠ௧ = ܺܿ௜ఠ௧, (1)

where (ݐ)ݔ  is the Fourier component of displacement signal at frequency ߱,  ܺ is the 
corresponding coefficient of (ݐ)ݔ (ݐ)ܾ ; is the Fourier component of acceleration signal at 
frequency ߱, B is the corresponding coefficient of ܾ(ݐ), ݅ is an imaginary number; (ݐ)ݒ is the 
Fourier component of velocity signal at frequency ߱, ܸ is the corresponding coefficient of (ݐ)ݒ. 

The acceleration signals can be transferred to displacement signals by Eq. (1) in theory, 
however, the field collection signals are accompanied with various kinds of noise and interference. 
Among them, the low frequency signals are crucial to the displacement vibration amplitude. There 
is a large swing trend term when the signal data is processed by integral transform, and the 
con-version results may distorted entirely after double integration. High frequency interference 
noise signals may affect the measuring accuracy of the instantaneous displacement values, as the 
integral values can be counteract by each other, the accumulation will not occur. For the errors 
caused by the zero point drift, initial value of the integral and the high frequency environment 
noise signals, the frequency domain filtering and integration treatment method is applied in this 
paper and the analytical flow is showed in Fig. 3. 

Acceleration signal a(t)

DFT spectrum of acceleration 

FFT

High-pass filter Low-pass filterLower cutoff frequency fd Upper cutoff frequency fu

Frequency-domain integral

DFT spectrum of displacement 

IFFT

Time-domain Displacement signal  
Fig. 3. Flowchart of frequency-domain filter and integral 

The specific analysis procedure based on the frequency filtering and integration treatment 
method is demonstrated in the following: 

Step 1: The discrete Fourier transform of the input signal data is processed by FFT fast 
algorithm; 

Step 2: According to the filtering requirement, the appropriate lower and upper limits of cut-off 
frequency are determined by finite element calculation or spectral analysis of the actual measured 
signals. The high-pass filter and low-pass filter of the Fourier transform data after integration are 
conducted in frequency domain. The compositions lowered than the minimum cut-off frequency 
are set as zero, which is equivalent to high-pass filter aiming at removing the low frequency trend 
term. Similarly, the compositions higher than the maximum cut-off frequency are also set as zero, 
which is equivalent to low-pass filter aiming at removing the high frequency interference noise. 
The expression of the frequency domain filtering is demonstrated as follows: 

(݊)ݔ = − 1݇ଶ ܣ = ෍ − ଶேିଵ(Δ݂ߨ2)1
௞ୀ଴ .௡݁ି௝ଶగ௞௡ேܽ(݇)ܪ (2)

The frequency-response function of the frequency domain filter is presented as follows: ܪ(݇) = ൜1,   ௗ݂ ≤ ݇Δ݂ ≤ ௨݂ ,0,   other, (3)
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where Δ݂ is the frequency resolution, ௗ݂ and ௨݂ are the lower limit and upper limit respectively, ܰ is the number of data. 
Step 3: The displacement signals can be gained by the inverse Fourier transformation of the 

above formula. 
The top of the wind turbine tower is the key position to guarantee of the whole supporting 

system. Taking the acceleration measured values of point 1 located on the tower top as an example 
to analyze, the measured acceleration time history curve of point 1 is showed in Fig. 4. The 
corresponding velocity and displacement time history curves handled by the frequency domain 
filtering and integration method are showed in Fig. 5 and Fig. 6. According to the figures, the 
signals gained through this method are relatively smooth and not lose the stability due to the low 
frequency trend term and the high frequency noise, which shows that this method can be a 
preferable way to eliminate the low frequency trend term and the high frequency noise. From 
Fig. 6, we can see that the maximum displacement of the tower top is 0.103 m under the 
environmental load effect. 

 
Fig. 4. Acceleration time history curve  

of the tower top 

 
Fig. 5. Speed time history curve of the tower top 

 

 
Fig. 6. Displacement time history curve of the tower top 

3. Numerical model 

The integrated model of the structure-foundation-soil system is established by ABAQUS 
software, including the wind turbine, the tower, the arc transition part, the bucket foundation and 
the soil. Whereby, the arc transition part is a pre-stressed concrete structure with 19.7 m height, 
the top cap and the cap beam of the foundation are reinforced concrete structure with a total height 
of 1.3 m. Besides, the bucket diameter, the skirt height and the skirt thickness are 30 m, 10 m and 
0.02 m, respectively, which are made of steel. In order to satisfactorily reduce the influence of 
boundary effect, the soil diameter and depth are set as five times of the bucket, which are 150 m 
and 50 m respectively. The well-established Mohr-Coulomb model, a simple elastic-perfectly 
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plastic constitutive model is used to model the soil. The parameters of each soil layer are shown 
in Table 1. 

The upper blades and the nacelle located on top of the wind tower are simplified as a 130 t 
mass block in modeling. The upper steel wind tower is divided into three parts, the geometric 
characteristics of which are indicated in Table 2.The steel wind tower structure and the bucket 
skirt, which has a high height-thickness ratio are modeled by Shell elements, the pre-stressed steel 
strands are modeled by Truss elements. The bucket cap, the cap beam and the soil are modeled by 
8-nodel reduced integral elements (C3D8R). Coulomb friction formula is used for contact 
interface between the foundation and the soil and penalty function equation is established. The 
friction coefficient is set as 0.3. Due to the great impact of the initial stress of the soil, the balance 
of geostatic stress is conducted before acting load to eliminate the additional deformation under 
its self-weight. The finite element model of the structure-foundation-soil system is shown in Fig. 7. 

Table 1. Parameters of the soil 
Soil 
layer 

Geotechnical 
title 

Thickness 
(m) 

Unit weight 
(kN/m3) 

Deformation 
modulus (MPa) 

Frictional 
angle (°) 

Cohesive 
force (kPa) 

1 Sandy silt 10 0.97 14.2 30.4 9.2 
2 Silty soil 18 0.92 10.6 28.7 8.1 
3 Sandy silt 22 0.95 11.5 29.3 6.0 

Table 2. Geometric characteristics of the steel tower 
Segment Lower base diameter (m) Upper base diameter (m) Shell thickness (m) Height (m) 
Bottom 4.3 3.8 0.035 30 
Middle 3.8 3.3 0.032 30 

Top 3.3 2.8 0.028 20 

 
Fig. 7. Finite element model 

4. Random wind-wave loading model 

4.1. Calculation model of the random wind load 

In the operational process, the incentive effect caused by environment loads will give rise to 
frequent vibrations of the structure, consequently lead to premature fatigue failure of the structure. 
For offshore wind turbines, wind load is the main load among the numerous incentive load effects 
which are acted on the wind turbine systems. In the time history curves of the wind along the wind 
direction, the wind can be divided into two parts, the average wind and the fluctuating wind. 
Whereby, the average wind refers to the quantity that the wind magnitude and direction keep 
unchanged with time in a certain period. However, the fluctuating wind refers to the wind changes 
with time based on the law of random, which data should be processed by random vibration theory. 
The simulation of wind mainly aims at the fluctuating wind.  

The fluctuating wind speed changes irregular with time. The wind speed record statistics show 
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that the fluctuating wind speed time history can be regarded as stationary Gaussian random 
process if the serious non-stationary area of the initial period of the record is ignored. The 
stationary stochastic process can be simulated by Monte-Carlo method and Orthogonal 
Decomposition method, while the most widely used analysis of Monte-Carlo method are linear 
filtering method and harmonic synthesis method, etc. [8-9]. The calculated amount of linear 
filtering method is relatively small, but the precision is relatively low. While the parameters 
simulated by the harmonic synthesis method agrees well with the target parameters, which is based 
on rigorous theoretical basis, explicit mathematical meaning but large amount of calculation. The 
harmonic synthesis method improved by FFT is adopted in this paper, which has a relatively high 
precision and an evidently reduced calculation amount. 

Usually the steady wind can be simulated by orthogonal decomposition method and 
Monte-Carlo method, the commonly used level fluctuating wind velocity spectrum are Hino 
spectrum, Kaimal spectrum and Davenport spectrum, etc. Among them, the Davenport spectrum 
is established by A. G. Davenport [10] according to the average values of the measured values of 
vertical turbulence power spectrums under 90 times of strong winds though different locations 
and different altitudes in the world. The variation relation of turbulence power spectrum with 
height cannot be responded in Davenport spectrum, which is the vertical turbulence power 
spectrum in 10 m high from the ground. Plus the turbulence integral scale is assumed as a constant, 
the spectrum is highly estimated in high frequency composition. Under the same conditions, the 
response value of the structure towards Davenport spectrum is 10 %-20 % larger than that towards 
Kaimal spectrum which makes the calculation values more conservative. The previous studies 
show that the wind spectrum changes slightly with height, if the variation with height is 
overlooked, Davenport spectrum can totally meet the engineering accuracy requirements [11-12]. 
For the sake of simplicity and convenience of engineering application, the most representative and 
reliable Davenport spectrum is adopted to level fluctuating wind velocity spectrum of wind load 
code in China, Canada, America and Germany [13-15]. The Davenport level fluctuating wind 
velocity spectrum is employed for analysis in this paper and the formula is shown as follows: 

ܵ௩(݊) = ௛ଶݒ ଶ݊(1ݔ4݇ + ,ଶ)ସ/ଷݔ ݔ(4) = 1200 ௛ଶ, (5)ݒ݊

where ܵ௩(݊) is the fluctuating wind power spectrum; ݊ is the frequency of the fluctuating wind 
(Hz); ݇ is the ground roughness coefficient; ݒ௛ is the wind speed at the standard height 10 m (m/s). 
The values of the parameters in the formula should be determined by the site landscape and the 
wind field conditions. 

Above all, the simulated calculation method of random fluctuating wind velocity spectrum, 
power spectrum and the target spectrum can be illustrated by the flow chart in Fig. 8. 

To date, the wind turbine systems with bucket foundations are built and in service in Qidong 
sea area of Jiangsu province. Take the offshore wind farm of 6 m water depth of Qidong sea area 
as a case study, of which the wind turbine foundation is a bucket foundation, the blades are the 
horizontal axis 2.5 MW offshore wind turbine blades, the rotor diameter, the rated speed, the wheel 
eccentric value and the hub height are 96 m, 18 r/min, 3.1 m and 90 m, respectively. According to 
the wind conditions of the wind farm, the basic wind speed is chosen as 28 m/s at the height 10 m 
in the fluctuating wind simulation. Combining the theory mentioned above and the harmonic 
superposition method, [16] a simulation program of the horizontal wind speed time history on 
each single point is written by Matlab software so as to conduct the simulation analysis of offshore 
wind farm and meanwhile, inspect the statistical characteristics of the obtained random samples. 
The simulation results of the fluctuating wind speed on top of the tower are illustrated in this 
section. The simulation outcomes of the time history and the power spectral density are presented 
in Fig. 9 and Fig. 10. 
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Basic parameters

Harmony superposition method

FFT
Power spectral density of the 

simulated wind velocity
Fluctuation wind speed spectrum Power spectral density of the 

target wind velocity

Davenport horizontal fluctuating 
wind velocity spectrum

 
Fig. 8. Flowchart of random fluctuating wind 

 
Fig. 9. Time history curve of the horizontal 

fluctuating wind speed 

 
Fig. 10. Spectrum verification of fluctuating  

wind speed 

It can be seen from the results that the main statistical indexes of the fluctuating wind speeds 
obtained by simulation are relatively identical with the theoretical values, that is to say, the simulated 
fluctuating wind spectrum is close to the target spectrum, which proves the feasibility and accuracy 
of the simulation method. However, the low frequency part of the simulated power spectrum has a 
relatively great discrepancy with the target spectrum. Therefore, the data of this part can be ignored 
in practical application to eliminate the influence of the transient effect on the result. 

The wind speed acting on any point of the structure is the summation of the average wind 
speed and the fluctuating wind speed. Then the wind load time history acted on the wind tower 
can be calculated after he transient wind speed time history curve are obtained, the calculation 
equation is shown as follows: 

,ݖ)ܨ (ݐ = 12 ,ݖ)ଶݒௗܥߩ ,ܣ(ݐ (6)

where ߩ is the air density, valued as 1.225 kg/m3; ܣ is the effective windward area; ܥௗ  is the 
resistance coefficient, among which the tower resistance coefficient is 1.2 and the blade flow 
resistance coefficient is 0.2. 

4.2. Calculation model of the random wave load 

Different from onshore wind turbines, offshore wind turbines are subjected to ocean waves 
besides wind load. As the wave load is one of the main environmental loads acted on marine 
structures, the correct calculation of wave load has a great significance on practical engineering. 
In general, the variation of wave is regarded as a stationary random process so that the frequency 
domain distribution and the energy of the wave can be described by the power spectrum theory. 
Another more reasonable method is Fourier model, which is based on the physical mechanism in 
analyzing that wind generate wave. The theoretical calculation formula of Fourier random wave 
spectrum is shown as follows [17]: 
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(߱)ܨ = 1ඨ ௪݃ଶߩ௔2ߩ ⋅ ݑ ⋅ ଵ(߸)ߚ ଶ⁄ ⋅ ߸ଷ ଶ⁄ ⋅ (߸)ܣ ⋅ ଴.ହୣ୶୮ቈି(ఠିఠು)మ൫ଶఙమఠ೛మ൯ߛ ቉, (7)

where suppose that the average wind speed ݑଵ at 10 min is the equivalent wind speed at the 
standard height 10 m; ߸ =  is the adjustment coefficient of ߤ ,௣, ߱௣ is the peak frequency߱/߱ߤ
the spectrum peak frequency; ߚ(߸) represents the energy transfer coefficient; ܣ(߸) represents 
the amplitude; ߛ is the adjustment coefficient of the spectrum peak value; ߪ = ߱) ௅ߪ < ߱௉) and ߪ = ߱) ோߪ < ߱௉) are the spectral shape parameters; ߩ௔ is the air density; ݃ is the acceleration of 
gravity. 

The random wave model has 6 basic random variables, of which the distribution type and 
parameter value can be given by stochastic modeling method. On account of the relation between 
the Fourier density spectrum and the collection power spectrum, considering that the phase 
position is determined by the initial phase and the phase difference spectrum [18], the random 
wave can be expressed as follows: 

(ݐ)ߟ = ෍ √2Δ߱ܨ൫ ௝߱൯௡
௝ୀଵ cos ቀ ௝߱ݐ + ߶଴௝ + ෍ Δ߶௝ቁ, (8)

where ܨ൫ ௝߱൯
 
is the value of the random Fourier wave spectrum model at discrete points; ߶଴௝ is 

the random initial phase position; ݊ is the number of discrete points; Δ߶௝ is the phase difference 
spectrum; the random Fourier function is discrete in the region of [0, 2ߨ].  

The samples’ random initial phase ߶଴௝, the phase difference spectrum Δ߶௝ are produced and 
reserved by random number generation provided by Matlab procedure. The phase difference 
spectrum obeys normal distribution. 

 
Fig. 11. Elevation time history curve of the random wave surface 

Based on Fourier principle, the random wave surface model is built by Matlab software and 
thus the wave spectrum under the random sea condition can be simulated. The simulation result 
is demonstrated in Fig. 11. It can be seen from the diagram that the elevation range of the wave 
surface is from –3 m to 4 m, which relatively agrees well with the measured results in this period. 

In wave load analysis, Morison wave load calculation method, which divides the wave load 
into drag force and inertial force, is used to calculate the value of wave load acted on the 
foundation [7]. Wherein, the drag force is closely related to the speed of water particle while the 
inertial force is more related to the acceleration of water particle motion. Morison wave force 
calculation formula is shown in the following [19]: 

(ݐ)݂ = 12 |௫ݑ|௫ݑܦߩ஽ܥ + 14 ሶݑଶܦߨߩெܥ ௫, (9)
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where ݂(ݐ) is the wave load acting on the vertical cylinder of each unit length, ܥ஽ is the drag force 
coefficient; ܥெ is the quality factor; ߩ is the density of sea water; ݑ௫ is the horizontal velocity of 
the particle; ݑሶ ௫ is the horizontal acceleration of the particle. 

4.3. Wind-wave coupling mechanism 

At present, the study of mechanism and simulation of wind-wave coupling effect is a popular 
issue in offshore engineering research. Many researchers have carried out related theoretical and 
experimental studies and amounts of coupling theories and methods of wind-wave coupling effect 
have been put forward [20-22]. Among the rest, the most widely used one is the Turkstra method 
which is adopted and recommended by American standard A58. Turkstra method can produce 
reasonable results in most cases, is adopted in this paper to deal with the coupling analysis of 
random wind-wave load. As a certain difference exists between the responses under the wind and 
wave load effects for offshore wind turbine supporting system, the main load which produces 
larger response should be mainly considered and the secondary load of smaller response should 
also be taken into account when load combination is processed. Random time-history is applied 
to the main load and the maximum value is set as a dead load of the secondary load, then the two 
values are overlapped, which can not only protrude the time-domain characteristics of the main 
load, but also guarantee the safety of the structure. Turkstra coupling principle is to combine the 
maximum value of load effect in the region [0, ܶ] and the transient values of other load effects 
respectively and finally set the maximum load effect combination as the control form. Therefore, 
the coupling combination of wind and wave is acquired as follows: (ݐ)ܨ = maxሼܨଵ(ݐ), ,{(ݐ)ଶܨ (ݐ)ଵܨ(10) = max଴ஸ௧ஸ்ሼܨ ௪௜௡ௗ(ݐ) } + ,{(ݐ)௪௔௩௘ܨ (ݐ)ଶܨ(11) = max଴ஸ୲ஸ்ሼܨ ௪௔௩௘(ݐ) } + .{(ݐ)௪௜௡ௗܨ (12)

The wind load and wave load are served as random variables respectively, thus two load 
combinations are gained. In the formula above, ܨଵ(ݐ) is the superposition result of the maximum 
value of wind load and the time history of wave load in the region of [0, ܶ], while ܨଶ(ݐ) is the 
superposition result of the maximum value of wave load and the time history of wind load in the 
region of [0, ܶ], then (ݐ)ܨ is the maximum value among the results of ܨଵ(ݐ) and ܨଶ(ݐ). Previous 
studies show that the dynamic response under wind load is far above that under wave load for 
offshore wind turbine supporting system [23-25]. Because the random wind load acts on the whole 
structure above the sea level, while the random wave load only acts on the section below the sea 
level, which makes the dynamic effect more significant under the wind load than that under the 
wave load of the same order of magnitude. Therefore, when load coupling of wind and wave is 
conducted based on Turkstra method, wind load should be taken as the main load and wave load 
should be taken as the secondary load. For the wind-wave load coupling in this paper, the 
maximum wave load is overlapped to the random wind load, which can indicate the time domain 
characteristics of wind load without ignore the most dangerous situation when wind and wave 
loads reach their maximum values at the same time. 

5. Vibration characteristics analysis of the structure under wave load effect 

5.1. Vibration model analysis 

Modal analysis is fundamental to the dynamic characteristics analysis of a structure. When the 
natural frequency of the wind turbine supporting system is close to the rotation frequency of the 
blades, the resonance will be generated between the wind turbine and its supporting structure in 
the operational process. Hence the analysis of natural frequencies of the wind turbine supporting 
system is of great significance to dynamic characteristics analysis and resonance problems. 
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According to modal analysis of the wind turbine and its supporting structure, the related vibration 
characteristics can be gained, which provide the basic data in the subsequent load analysis and 
dynamic response calculation of the structure. As the offshore wind towers are almost “long-thin” 
flexible structure, of which the higher-order frequencies are far more different from the excitation 
frequency of the blades while the first-order frequency is relatively close to the excitation 
frequency, the first-order frequency is more concerned in modal analysis of the wind turbine 
structure. The first six order frequencies are listed in Table 3, and the first three modes of wind 
turbine supporting structure are shown in Fig. 12. 

Table 3. Natural vibration frequency of wind power structure 
Model First-order Second-order Third-order Fourth-order Fifth-order Sixth-order 

Frequency 0.365 0.366 1.603 1.603 3.589 3.591 
 

 
Fig. 12. The first three modes of wind turbine supporting structure 

 
Fig. 13. The first natural modal frequency of the offshore wind turbine structure 

In the design of wind turbine supporting structure and the foundation, the natural frequency of 
the structure should be different from the rotation frequency of the blades in a certain extent to 
avoid resonance between the wind turbine and the supporting structure. Wind turbines with three 
blades are applied in a wide range due to its uniform force-bearing, elegant appearance and high 
energy conversion efficiency. The main exciting sources of this kind of blades are 1P frequency 
and 3P frequency, as the rotating speed of the commonly used 3 MW-6 MW wind turbines in 
operation is 8.35-18.4 rpm, the 1P running frequency range is from 0.139 Hz to 0.31 Hz while the 
1P running frequency range is from 0.417 Hz to 0.93 Hz, which are shown in Fig. 13 [26-27]. 
From the graph, we can see that the natural frequencies of the wind turbine supporting system are 
effectively avoid the resonance region, meanwhile, the discrepancies between the first-order 
frequency and the rotating excitation frequency of the wind turbine are 17.74 % and 22.34 %, 
which meet the engineering requirement of ±10 %. 

5.2. Dynamic characteristics analysis of offshore wind turbines 

In order to analyze the different dynamic responses of the structure under the separate action 
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of wind load, wave load and wind-wave coupling action, the random wind load, wave load and 
the coupling load are exerted on the finite element model using ABAQUS software. Then the 
corresponding acceleration, velocity, displacement and stress time history responses are obtained 
by calculation. Because of space limitation, only the most representative results are given. The 
horizontal displacement time history results of the tower top under different load actions are 
presented from Fig. 14 to Fig. 16. 

 
a) Acceleration 

 
b) Displacement 

Fig. 14. The time history curve of the tower top under the wind load 

 
a) Acceleration 

 
b) Displacement 

Fig. 15. The time history curve of the tower top under the wave load 

From the Figs. 14-16, it can be concluded that the maximum displacements of the tower top 
of the wind turbine supporting system are 0.092 m, 0.020 m and 0.121 m under the wind load, the 
wave load and the wind-wave coupling load, respectively. The maximum displacements of the 
tower top under the wind-wave coupling effect increase 31.52 % and 505.00 % respectively 
comparing to that under the separate wind and wave load, which shows obvious magnification 
effect of the wind turbine structure under wind-wave coupling effect. Take the maximum 
displacement of the tower top for example, the numerical simulation results and the measured 
values are compared and analyzed and the analysis result is demonstrated in Fig. 17. 

It can be concluded from Fig. 13 that when the wind load or wave load is considered separately 
acted on the wind turbine supporting system, the maximum displacements of the tower top are less 
than the measured values, and that is to say, the actual load is insufficiently considered in the 
calculation. Consequently, based on this separate load action, the designed supporting structure 
system will have a potential safety hazard in actual operation, which will be incapable to meet the 
requirements of practical engineering. Under the wind-wave coupling load effect, the maximum 
displacement is relatively close to the measured value, which illustrates the preferable accuracy of 
the wind-wave coupling calculation method demonstrated in this paper. The displacements of the 
tower top increase 18.63 % and 6.78 % respectively comparing to the measure values in the positive 
upwind side and the negative upwind side. It shows that the load obtained by this wind-wave 
calculation method has a certain degree of increase than the actual value, which improves the safety 
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coefficient so as to ensure the safety of the structure in practical operational process. 

 
a) Acceleration 

 
b) Displacement 

Fig. 16. The time history curve of the tower top under the wind-wave coupling effect 

 
Fig. 17. Contrast of tower top displacement under different loads 

6. Conclusions 

1) Based on the frequency domain method, the in-site measured acceleration signals of an 
offshore wind turbine are processed and analyzed and the dynamic characteristics of each part of 
the wind turbine supporting structure system are obtained. 

2) According to the Fourier transform and the harmonic superposition method, the Davenport 
horizontal fluctuating wind speed spectrum is conducted and the fluctuating wind spectrum which 
coincides well with the target power spectrum is acquired. When lack of the measured information 
of the fluctuating wind, the simulation results based on this method can provide a relatively 
preferable reference to the wind turbine structure design.  

3) On the basis of the random wave theory, the calculation equation of wave load for offshore 
wind turbine structures are put forward. Besides, the wind and wave coupling mechanism analysis 
is carried out by using Turkstra method. In numerical analysis, the integrated finite element model 
of the offshore wind turbine structure is established considering the interaction between the wind 
turbine foundation and the soil.  

4) Through the modal analysis of the wind turbine supporting system, the natural frequencies 
of this type of structure are effectively avoid the resonance region, meanwhile, the discrepancies 
between the first-order frequency and the rotating excitation frequency of the wind turbine can 
meet the engineering requirement of ±10 %. 

5) Wind-wave coupling load action has an obvious amplification effect on the dynamic 
characteristics of the wind turbine structure, which will lead to a relatively large increase 
comparing to that under separate wind or wave load. Therefore, the coupling effect of the two 
kinds of loads must be considered during structure design.  
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6) The calculation method of offshore wind turbine supporting structure under the random 
wind-wave coupling effect has a preferable accuracy as well as a certain amount of safety 
coefficient, which can ensure the safety of the structure in actual operation process. 
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