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Abstract 

 

The structural health monitoring (SHM) is of primary importance among all the 

monitoring systems, because the integral functionality of the wind turbine relies heavily 

on the robustness of the supporting structure. From one aspect of SHM, traditional 

frequency domain tools limit the precise interpretations of the in-situ vibration signals 

of an onshore wind turbine. In this study, therefore, by time-frequency analysis, we try 

to identify the structurally, as well as mechanically, dynamic characteristics of an 

onshore wind turbine (Zephyros Z72, 1.5 MW), based upon the vibration signals of the 

supporting structure under parked (idling) and operational states. The dynamic 

signatures of the structure could be estimated from the vibration signals by system 

identification tools. However, several non-structurally dynamic patterns appear 

unexpected on the time-frequency representation while analysing the vibration signals 

by Short-Time Fourier Transform (STFT). Hence, STFT, equipping with the concepts 

of mechanical vibration and rotor dynamics, are used as the tools to push the implicit 

clues discovered on that representation to the explicit illustrations of events probably 

occurred on the wind-power generating machinery, such as the run-up of the rotor, 

blade shadowing effects and the subsequent beating phenomena over its supporting 

structure. 

 

 

1.  Introduction 
 

There are varieties of loads acting on onshore wind turbines, such as self-weight, 

accidental impacts, inertia forces induced by seismic events, wind blows, aerodynamic 

turbulence, and rotational loads due to the eccentricity of the rotor-nacelle-assembly 

(RNA). 
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Except for the self-weight, the loads mentioned above have intrinsically non-stationarity. 

From the viewpoint of practice, more understanding of the nature of the external loads, 

more potential robustness of the whole structural design, and more intelligence of a 

SHM system. This motivates us to use the time-frequency analysis as the primary 

approach instead to analyse the vibration signals measured from the supporting structure 

of an onshore wind turbine. 

 

Time-frequency analysis (TFA) compromises both the resolution of time domain and 

frequency domain analysis. Nonetheless, its emerging property can manage the 

complexity of the non-stationary process much better than either time domain or 

frequency domain analysis does. It approximates well the overall interactions between 

all external loads and the whole onshore wind turbine in a space of three parameters - 

time, frequency, and strength of the corresponding energy. In other words, the fancy and 

intricate colourful distributions on the time-frequency representation (TFR) tell us a 

comprehensive phenomenon about the how the structural system responds to all 

external loads in a combinational sense. However, due to the limited domain knowledge 

in this research, only the rotational loading patterns on TFR are recognized. 

 

In this study, the onshore wind turbine is conceptually modelled as the combination of 

two distinct parts. Its operating RNA is treated as a forcing source to excite the 

supporting structure, which behaves as if a sink. We try to investigate how the vibration 

signals physically link to the rotating imbalance during operations. 

 

The framework of this study is as follows. Section 2 demonstrates a brief introduction 

of time-frequency analysis, especially on short-time Fourier transform. We show in 

detail how the in-situ experiments were done in section 3. In section 4, we try to relate 

the results from TFA to the RNA-induced events probably occurred on the supporting 

structure. The parked state is first examined to find the fundamental frequency of the 

Z72 wind turbine. Then, in the operational scenario, the tower’s responses to the 
corresponding excitations from RNA are shown by comparing TFRs of the vibration 

signals of different sensors. Finally, section 5 are conclusions and future works.. 

 

 

2.  Short-Time Fourier Transform 
 

Although as successful tool to investigate how a dynamic system works, Fourier 

transform (FT), which assumes stationarities of a process, can only reveal the overall 

frequency contents. However, the assumption of stationarity fails to be true in many 

applications. Instead, the concept of non-stationarity is much closer to the reality - 

frequencies and the corresponding energies vary along with time. It can be illustrated 

through an analogy: If we imagine a series of signal as a music sheet, the time-

dependent frequencies play roles like the music scores appearing on specific locations 

within that sheet. To provide a more accurate description of the spectral contents 

varying with time, the time variable has been incorporated into TFA, which therefore 

can determine the energy concentration at the temporal localization of a signal’s spectral 
component and hence approaches the non-stationary problems effectively. 
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The lineage of TFA originated from Wigner distribution in 1932 [1]. Many variations of 

TFA have been developed, and they can be generally grouped as two categories [2]: 

linear and quadratic TFA. The linear representation contains short-time Fourier 

transform (STFT) and wavelet transform (WT). In classical quadratic TFA, Wigner 

Ville distribution (WVD) and ambiguity function are typical representatives. 

 

In the study, based on the familiarity with Fourier transform, STFT is selected as the 

tool to determine the time-varying spectral components local sections of the signal 

under consideration as it changes with time. The STFT of a signal  is defined as  

 
  

 

Where the window function  centred at time  is multiplied with the signal  

before the Fourier transform. The window function is spanning the signal just close to 

time , and the Fourier transform will be an estimate locally around . In practice, the 

procedure for computing STFT is to divide a longer time signal into shorter segments of 

equal length and then compute the Fourier transform separately on each shorter segment. 

Therefore, STFT can be considered as performing Fourier transform with a moving 

(sliding) analysed window along the time axis of the signal under consideration. This 

reveals the Fourier spectrum on each shorter segment. As an example, a linear chirp 

signal, , is shown in upper part of Figure 1. A clear red stripe with a 

slope on the TFR (the lower part of Figure 1) demonstrates the frequency of the chirp 

signal varies linearly with time. It should notice that, in the study, the smaller values of 

window size (denoted as h) of STFT means higher frequency resolution, contrary to the 

common sense of the window length of STFT. 

 

 

Figure 1. Linear chirp signal STFT (h = 5) 

 

 

 

 

3.  The In Situ Experiment 

 
With the increasing demand on wind power, the effective management of the wind 

turbine in service lays the foundation of an abundant and uninterrupted energy supply 

from wind. An integral SHM system for offshore wind turbine was proposed by Rolfes 

et al [3], who also introduce the concept of safety-monitoring for support structures of 

the wind turbines. 

 

The model of the on-shore wind turbine is Zephyros Z72, 1.5 MW, with a 65 meter-

height tower and a pile foundation. The profile and specification of Z72 are referred to 
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Figure 2. More about the wireless sensing system, sensor instrumentation, 

measurements, and the time signal overview are introduced as follows. 

 

  

Figure 2. Z72 wind turbine profile (1.5 MW / 65 M Height) 

 
The wireless sensing system (NTU-WSU), developed by NCREE and NTU, and the 

high sensitivity velocity meter (VSE-15D1), designed by Tokyo Sokushim Co., Ltd., 

are adopted as the structural monitoring system of wind turbine to address the issues on 

sensor wiring and layout in the support structure of wind turbine. 

 

The entire wireless sensing system is coordinated with a laptop as the server. The server 

provides the functions of data storage, signal analysing and sensor management. The 

entire wireless sensing system must make sure that the sensitivities of all sensors in this 

system are calibrated, to perform this calibration, all sensors are co-located and recorded 

at the same time segment and the sensitivities are evaluated through the comparison of 

the signals of different sensors. Figure 3 shows the server and the wireless sensing 

system prior to the calibration. 
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Figure 3. Wireless sensing system (NTU-WSU) 

 
As shown in Figure 4, each measurement location is installed with a velocity meter, 

which consists of 3 uniaxial velocity meters (VSE-15D1). To identify the modal 

parameters and investigate the tower motion and the interactions between soil and the 

foundation in the future, eight location of measurements were instrumented to record 

the responses of the whole structure. 

 

Along the tower, the sensors are instrumented on 4 different levels. U12 and U14 were 

at the ground; U11 (Elevation 15 m) and U10 (Elevation 40 m) were instrumented at D1 

and D2 level respectively. On the top of the tower (Elevation 60 m), 4 equally-quartered 

sensors were installed around the circle of the tower. Figure 5 and Figure 6 shows the 

server and one sensor installed on the supporting structure. 

 

The records of each sensor are named systematically based on four spots, A, B, C, D, as 

shown in Figure 4. Therefore, the code of all the records from U3, U10, U11, and U14 

begins with the letter “C”; those from U9 and U12 begins with the letter A, and so on. 
 

 
Figure 4. Instrumentation on Z72 



 6 

 
Table 1. Measurements on Z72 

Record Status Time 

1 Parked 2014_09_25_12_44 

2 Parked 2014_09_25_12_50 

3 Parked 2014_09_25_12_53 

4 Parked 2014_09_25_12_57 

5 Parked 2014_09_25_13_01 

6 Parked 2014_09_25_13_05 

7 Parked 2014_09_25_13_08 

8 Parked 2014_09_25_13_12 

9 Parked 2014_09_25_13_17 

10 Parked 2014_09_25_13_23 

12 Parked 2014_09_25_13_27 

13 Operation 2014_09_25_13_40 

14 Operation 2014_09_25_13_45 

15 Operation 2014_09_25_13_50 

16 Operation 2014_09_25_13_54 

 

 

 

  

Figure 5. The server (laptop) of NTU-WSU Figure 6. Sensor at D2 level (40 m height) 

 

 

Duplicated measuring is essential to make a substantial understanding of the vibrations 

of the structure. The measurement list is shown in Table 1, the parked and operating 

conditions of the wind turbine are both considered. On the parked condition, Z72 is 

subjected to the ambient excitations. On the operational condition, the responses of the 

wind turbine contain a great number of other disturbances, such as the machinery 

vibration of power generator, aerodynamics, and the soil foundation interaction. 

Therefore, the responses under the operating condition contain great numbers of 

information which could be used to analyse many interactions between the foundation 

and other forcing effects. To perform enough data for the following-up analysis, there 

are 4 tests in each instrumentation case, and each test measured 1 minute response 

histories with 200Hz sampling rate.  

 

Among the 16 records, record 1 (parked) is picked as the representative of parked states, 

and record 13 (the duration of run-up / transient stage) is selected for the purpose of 

transient analysis. Third, record 15 (steady operation) are chose to be the signals 

undergoing TFA for the steady operational state. Their corresponding signals on time 

domain are illustrated Figure 7, Figure 8, and Figure 9. 
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Figure 7. Signals of record 1 (Parked / A60X sensor went down) 

 

 

 

Figure 8. Signals of record 13 (Transient operation / A60X sensor went down) 
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Figure 9. Signals of record 15 (Stable operation / A60X sensor went down) 

 

 

4.  Interpretations of TFR 
 

As a basic parameter of a wind turbine, the 1st natural frequency of Z72 - 0.4395 Hz - is 

first identified. The data of A60Y and C60X in record 1 are for this usage. Figure 10 

demonstrates the consistency between FFT and TFA, which is considered as a 

generalization of the former. The peaks of the curves on FFT (upper half) correspond to 

the red stripe on TFR (lower half), and both of them indicate 0.4395 Hz. Also, the 

duration of the measurement (1 minute) is not long enough, the close modes of Z72 are 

not observed. 

 

Record 13, as a transient part in the operational state, is selected for observing the rotor 

run-up, as shown in Figure 11.1 (the measurement on the ground) & Figure 11.2 (the 

measurement on the top of the tower). Both of the curves which lower parts of the 

figure contains show something like “flattened sigmoid”, which demonstrate the rotor 

acceleration during run-up stage. Also, some red spots observed in both TFR suggest 

momentary pulses. 

 

  

 
 

Figure 10. First natural frequency of Z72 (Record 1) 
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Figure 11.1 C00X FFT & TFR (Record 13) Figure 11.2 A60Y TFR (Record 13) 

 

 

The blade shadowing effects and beating waves over the supporting structure are 

uncovered in record 15, in the sense of stable operation. Figure 12.1 shows a whole 

story about record 15 in frequency and time-frequency respects, and shows a 

consistency between the FFT and TFA. Two clusters of frequency around 34 Hz and 68 

Hz at FFT correspond to the two bright stripe in Figure 12.1 lower part. The details 

around the natural frequency of the tower are presented in Figure 12.2. The three peaks 

are observed in the upper part, which correspond to the three horizontal bright stripe in 

the lower part. The pattern matches “soft-stiff” design criterion [6] of the design of wind 
turbines, and indicates the blade shadowing effects.  

 

The values of three peaks are as follows: 0.1831 Hz, 0.4395 Hz, and 0.5615 Hz. The 1st 

and 2nd are the rotor speed and natural frequency of the wind turbine respectively. The 

3rd corresponds to the blade passing frequency (BPF) over the tower. Indeed, the upper 

and lower part of Figure 12.2 are consisent.  

 

Heisenberg’s uncertainty principle says a low time domain resolution is unavoidable 
when obtaining a high frequency domain resolution. By setting the window length of 

STFT extremely large, TFA is equivalent to FFT, and the emerging of the three distinct 

stripes is at the cost of extremely low time domain information. How the frequency 

varying with time cannot be observed in Figure 12.2. However, when adjusting the 

window length, periodic pulses emerges in the same TFR plane as shown in Figure 13.1 

and Figure 13.2. 
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Figure 12.1 A60Y TFR (Record 15) Figure 12.2. TFR at lower frequency (Record 15 

/ h = 0.1) 

Figure 13.1 TFR (A60Y / Record 15 / h = 0.5) Figure 13.2 TFR (C60Y / Record 15 / h = 0.5) 

 

 

Considering the slight differences in the three distinct frequencies observed in Figure 

10.2, the blade shadowing effect should subsequently lead to the beating waves over the 

supporting structure. Beating phenomena is actually the wave interference in time [7], 

and beating frequency is equal to the difference between the two distinct frequencies. 

Therefore, in Figure 13.1, and Figure 13.2 three beating waves should be identified. 

Their corresponding period are 3.9, 8.19, and 2.64 seconds respectively. 

 

The period of the pulse train coloured by red in the lower part of Figure 13 is around 8.1 

~ 8.2 seconds. Moreover, the curved green band, which envelope the red pulse train, 

also indicates a pattern, whose period is around 4 seconds. The two number of periods 

calculated from the TFR coincide with the first and the second beating frequency, and 

the third beating pattern with the period of 2.64 seconds is covered by the previous two 

patterns. Therefore, the wave interferences actually beat the tower with a superimposed 

amplitude. The beating patterns are similar in the y (side-side) direction, but does not 

behaves so identifiably in the x (fore-aft) direction, as shown in the upper parts in 

Figure 14.1 and Figure 14.2. It is the aerodynamic effects that considered to lead to the 

asymmetries. 

 

Additionally, the orientation of RNA is deduced from the contrast between Figure 15.1 

and Figure 15.2. A relatively smooth energy distribution on 34 and 68 Hz exists in 

Figure 15. The discontinuity along the red stripe (pulse train) in Figure 15.1 indicates 

the energy A00X sensor received from the rotational impacts dissipated quickly the 

RNA is oriented toward x (fore-aft) direction. 
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Figure 14.1 TFR (B60 / Record 15 / h = 0.5) Figure 14.2 TFR (D60 / Record 15 / h = 0.5) 

 

 

 

  

Figure 15.1 TFR (A00X / Record 15 / h = 5) Figure 15.2 TFR (A00Y / Record 15 / h = 5) 

 

 

 

5.  Conclusions and future works 
 

In the study, Z72 is modelled as the combination of a forcing component (RNA – power 

generating device) and a supporting structure (tower). The TFA of the measured data of 

structural vibrations provided us a more precise interpretation on the dynamic events 

(rotational load patterns in this case) occurred on the onshore wind turbine. The rotor 

run-up, blade shadowing effect, tower beating, and orientation of RNA are clearly 

observed in TFR. Whether the design criterion of soft-stiff principle is met to avoid the 

resonance can be confirmed through the transformation of blade shadowing effect by 

either TFA or FFT during the stable operation state. Also the subsequent beating waves 

impact the supporting structure periodically, which may lead to the fatigue on tower in 

the long term. These identified dynamic loads during the normal operation may be 

incorporated into the design of sub-structures, and hopefully result in a co-design work 

of the whole wind turbine system. 
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