
 

  
Abstract--Online fault diagnosis is an effective means to 

improve wind turbine reliability and performance and reduce 
wind turbine operating and maintenance costs. Current-based 
fault diagnosis techniques have received more and more attention 
in academia and industry due to their nonintrusive character and 
economic advantages. This paper presents an algorithm based on 
power spectral density (PSD) analysis for bearing fault signature 
extraction of direct-drive wind turbines by only using stator 
current measurements. An impulse detection method is then 
applied to screen out the excitations in the PSD spectrum, where 
the excitations at the characteristic frequencies of the bearing 
fault are extracted as the fault signature. A median filter-based 
method is then designed to evaluate the physical condition of the 
wind turbine based on the extracted fault signature to determine 
whether maintenance is required. Experimental results are 
provided to demonstrate the effectiveness of the proposed method 
for bearing faults diagnosis of a direct-drive wind turbine 
operating at variable-speed conditions. 
 

Index Terms--Bearing fault, current measurement, power 
spectral density (PSD) analysis, impulse detection, median filter, 
direct-drive wind turbine, fault diagnosis. 

I.  INTRODUCTION 
HE penetration of wind power has increased greatly over 
the last decade in the United States and across the world. 

The American wind power industry installed 1,118 MW of 
new capacity in the first quarter of 2011 alone and entered the 
second quarter with another 5,600 MW under construction [1]. 
By 2030, wind energy is expected to provide 20% of the U.S. 
electricity needs [2]. As the number of wind turbines 
continues to grow, the need for effective condition monitoring 
and fault diagnosis systems becomes increasingly important 
[3]. Online condition monitoring and fault diagnosis is an 
effective means of not only increasing the reliability, but also 
reducing the costs associated with operation and maintenance 
of wind turbines. 

Current-based (mechanical-sensorless) fault diagnosis 
techniques use generator current measurements that have been 
used by the control system of a wind turbine generator 
(WTG); no additional sensors or data acquisition devices are 
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needed. Moreover, current signals are reliable and easily 
accessible from the ground without intruding the WTGs. 
Therefore, current-based fault diagnosis techniques have great 
economic benefits and potential to be adopted by the wind 
power industry. Many studies have shown that the signatures 
of WTG bearing faults are able to be successfully extracted by 
using stator current measurements [4], [5]. Furthermore, the 
signatures of other wind turbine faults can also be extracted, as 
long as they have one or more characteristic frequencies in the 
measured current signals [6]. 

In practical applications, it is desired to evaluate the wind 
turbine condition solely based on the fault signature in real 
time. When a bearing fault signature is detected, it indicates 
that the bearing corresponding to the fault signature is in a 
deteriorated condition and maintenance is required. For a 
bearing fault which generates excitations in the PSD of the 
processed current signal, an impulse detection method can be 
applied to screen out the signature of the bearing fault. There 
are many impulse detection methods based on signal statistics 
[7], fuzzy algorithm [8], and median filter [9]. Since the 
design of the algorithm for impulse detection is determined by 
the patterns of the processed signals, an effective method for 
detecting impulses in frequency spectra is required in this 
research. 

This paper proposes a current-based online bearing fault 
diagnosis method for direct-drive wind turbines via spectrum 
analysis and impulse detection. The proposed method firstly 
estimates the shaft rotating frequency from generator stator 
current measurements. The variable characteristic frequencies 
of wind turbine bearing faults in the PSD of the estimated 
shaft rotating frequency signal are then converted to constant 
values by using the 1P-invariant PSD method proposed in [6]. 
An impulse detection method is then developed to detect and 
quantize the excitations (i.e., impulses) generated by bearing 
faults in the 1P-invariant PSD of the estimated shaft rotating 
frequency signal. The detected impulses are then used to 
evaluate the health condition of the wind turbine bearings. The 
proposed method is validated by experimental studies for 
bearing fault diagnosis of a direct-drive WTG operating in 
variable-speed conditions. 
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II.  ONLINE BEARING FAULT DIAGNOSIS 

A.  Characteristic Frequencies of Bearing Faults 
According to [10], the fault characteristic frequencies of a 

ball bearing in vibration measurements can be computed as 
functions of the geometry and rotating frequency of the 
bearing. 

fi = 0.5·NB·fr·(1 + Db·cosθ/Dc)                      (1) 
fo = 0.5·NB·fr·(1 – Db·cosθ/Dc)                      (2) 

fb = 0.5·fr· (Dc/Db)·(1 – (Db·cosθ/Dc)2)                (3) 
fc = 0.5·fr·(1 – Db·cosθ/Dc)                        (4) 

where fi is the characteristic frequency of bearing inner-race 
faults; fo is the characteristic frequency of bearing outer-race 
faults; fb is the characteristic frequency of bearing ball faults; 
fc is the characteristic frequency of bearing cage faults; fr is the 
rotating frequency of the bearing; NB is the number of balls in 
the bearing; Db is the ball diameter; Dc is the pitch diameter; 
and β is the ball contact angle, which is normally zero. The 
schematic diagram of a ball bearing with 8 balls is given in 
Fig. 1. 
 

 
 

Fig. 1.  Schematic diagram of a ball bearing. 
 

The excitations of a bearing fault appear not only in the 
frequency spectrum of WTG vibration measurements, but also 
in the frequency spectrum of WTG shaft rotating frequency 
signals [11]. Therefore, the excitations at fi, fo, fb, and fc, in the 
frequency spectrum of shaft rotating frequency signals are 
signatures for bearing fault diagnosis. In this paper, the ball 
bearing 7C55MP4017 is used for the experiments. 

B.  Current Signal Processing 
In the proposed method, only one phase stator current is 

measured form generator terminals for wind turbine bearing 
fault diagnosis. The shaft rotating frequency of the WTG is 
estimated from the stator current measurements. In a direct-
drive wind turbine, the relationship between the shaft rotating 
frequency and the fundamental frequency f1 of the stator 
current is given below: 

f1 = p×fr                                       (5) 
where p is the number of pole pairs of the generator. A phase 
lock loop (PLL) model is designed to calculate f1 from the 
stator current measurements of the WTG. Then the shaft 
rotating frequency fr can be obtained from (5). 

By using the method proposed in [5], [6], which is called 

the 1P-invariant PSD method, the estimated shaft rotating 
frequency is processed in a way such that the variable 
characteristic frequencies of the wind turbine bearing faults 
become constant values in the PSD of the processed shaft 
rotating frequency signal. The excitations at the characteristic 
frequencies corresponding to the bearing faults will be 
extracted as the fault signature. 

C.  Bearing Fault Signature Extraction and Evaluation 
Fig. 2 illustrates the schematic of the overall online bearing 

fault diagnosis framework for direct-drive wind turbines. The 
1P-invariant PSD method is used to convert the variable 
characteristic frequencies of WTG bearing faults to constant 
values in the frequency domain. To facilitate the 
implementation of WTG bearing fault diagnosis in real 
automatically controlled and operated wind turbine systems, 
an impulse detection method is developed for automatic 
extraction of fault signatures in the 1P-invariant PSDs. The 
extracted fault signatures will be used by a fault signature 
evaluator to evaluate the health condition of the bearing and to 
determine whether maintenance is required. 
 

 
 

Fig. 2.  The flowchart of the overall online bearing fault diagnosis framework 
for direct-drive wind turbines. 
 

In a PSD spectrum, the magnitude at one frequency 
represents the energy of the time-domain signal at that 
frequency. If the signal has high energy around a certain 
frequency, it will generate an impulse at that frequency in the 
PSD of the signal. An impulse detection method is proposed to 
find the impulses in the 1P-invariant PSD signals. It has been 
reported that the spectra of the vibration of a WTG with three 
blades are determined by certain events. For instance, the 
vibration at the 3P frequency, which is three times the shaft 
rotating frequency fr of a WTG, is generated by the effect of 
yaw error, wind shear, or tower shadow [12]. The excitations 
of the 1P-invariant PSD signals at the 3P frequency are noise 



 

for wind turbine bearing fault diagnosis. Therefore, the PSD 
signals are firstly pretreated by removing the excitations at the 
3P frequency. The 1P-invariant PSD of the estimated shaft 
rotating frequency signals usually has nonstationary 
amplitudes in the frequency domain. Therefore, a localized 
method is required for impulse detection of the 1P-invariant 
PSD. 

Assume that x(f) is the sampled 1P-invariant PSD of an 
estimated shaft rotating frequency signal, where f = 1, 2, 3, … 
F; and F is the length of x(f).  Define the energy of the 
estimated shaft rotating frequency signal at frequency f is: 

Px(f) = x(f)                                   (6) 
If a moving window of length 2W+1 is applied to x(f), the 

total energy of the signal in the window is defined as: 
PW(f) = x(f – W) + x(f – W+1) + … + x(f+W)        (7) 

The ratio R(f) is defined to be the percentage of the energy 
of the estimated shaft rotating frequency signal at the 
frequency f with respect to the total energy of the signal at all 
the frequencies contained in the moving window: 

R(f) = Px(f) / PW(f)                            (8) 
The resulting R(f) represents the locally normalized 1P-

invariant PSD of the estimated shaft rotating frequency signal 
.  If R(f) at a certain frequency point is greater than a threshold 
T, it indicates that there is an impulse at that frequency. In 
practice, it is important to automatically generate the threshold 
T from the PSD signal. The median filter, which is a nonlinear 
filter, is well known for impulse removal [9].  Define Rf(f) the 
result of R(f) processed by a median filter. The threshold T is 
then set to be the maximum value of Rf(f). Since the impulses 
that are not generated by bearing faults have been removed 
from the 1P-invariant PSD of the estimated shaft rotating 
frequency signal during a pretreatment process, the impulses 
generated by bearing faults have the highest amplitudes in the 
1P-invariant PSD of the estimated shaft rotating frequency 
signals. In this paper, a three-order median filter is chosen to 
calculate Rf(f) and the threshold T. The Rf(f) is calculated by: 

Rf(f) =  Median[R(f – 1), R(f), R(f + 1)]           (9) 
where Median[X] stands for selecting the median of the data 
set X. The threshold T is then obtained as: 

T = Maximum[Rf(f)]                         (10) 
where Maximum[ ] stands for the maximum value of Rf(f). 

In the 1P-invariant PSDs, the amplitudes of the impulses at 
the characteristic frequencies of bearing faults are the 
signature for wind turbine bearing fault diagnosis. Since there 
are no impulses at the characteristic frequencies of bearing 
faults when the bearings are healthy, a bearing fault signature 
evaluator is designed to generate an alert, if an impulse is 
detected at the characteristic frequencies of bearing faults. 

III.  EXPERIMENTAL RESULTS 
Experimental studies using a 160-W Southwest Windpower 

Air Breeze WTG, as shown in Fig. 3, was performed to 
validate the proposed method for bearing fault diagnosis. The 
generator has six pole pairs. The testing bearing is located 
between the rotors of the turbine and the generator. The WTG 
was operated in a wind tunnel, as shown in Fig. 4, which can 
provide controllable wind with the speed from 0 to 10 m/s. In 

the experiments, the wind speed in the wind tunnel was varied. 
One phase stator current of the WTG was recorded via a Fluke 
current clamp and National Instrument data acquisition system 
at a sampling rate of 10 kHz. The current samples were sent to 
a lab computer and acquired by the LabView software. 
 

 
 

Fig. 3.  The testing WTG. 
 

 
 

Fig. 4.  The wind tunnel with the testing WTG. 

A.  WTG with Healthy Bearings 
The WTG with healthy bearings was initially tested. The 

testing direct-drive wind turbine was operated with the 
rotating frequency in the range of 6 to 13 Hz, which leads to 
36 to 78 Hz fundamental frequency in the stator current 
signals, which was then processed using the proposed method. 
The length of the stator current measurement is 50 second. 
The 1P-invariant PSD of the estimated shaft rotating 
frequency signal is plotted in Fig. 5, where the variable shaft 
rotating frequency from 6 to 13 Hz was converted to a 
constant value of 10 Hz by using the 1P-invariant PSD 



 

method. In Fig. 5, there are excitations at the frequencies of 10 
Hz, 20 Hz, and 30 Hz besides the DC component in the 1P-
invariant PSD of the estimated shaft rotating frequency signal. 
The first and second excitations are the 1P frequency and its 
harmonic, which were created by imbalance of the WTG, 
including shaft imbalance and rotor eccentricity [6]. WTGs are 
inevitably subjected to a certain degree of imbalance due to 
manufacturing and construction errors, icing, deformation, etc. 
The third excitation at the 3P frequency has been discussed in 
Section II of the paper. These excitations were treated as noise 
for wind turbine bearing fault diagnosis and were removed 
before using the impulse detection method for bearing fault 
diagnosis. 
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Fig. 5.  The 1P-invariant PSD of the estimated shaft rotating frequency signal 
in the healthy bearing case. 

B.  Bearing with a Cage Fault 
To accelerate the degradation of the testing bearing, it was 

pretreated by removing the lubrication oil. The WTG was 
operated in the wind tunnel continuously for approximately 25 
hours. The WTG stator current signal was recorded every 20 
minutes. The length of each record is 50 seconds. The wind 
turbine stopped rotating at the end of the experiment due to the 
damage of the cage of the testing bearing. Fig. 6 illustrates the 
bearing before and after the experiment. 
 

 
 

Fig. 6.  The testing bearing before and after the experiment. 
The 1P-invariant PSDs of the shaft rotating frequency 

signals estimated from the first (healthy bearing) and the last 
stator current records (bearing with cage fault) are compared 

in Fig. 7, where the variable 1P frequency in the range of 6 to 
13 Hz was converted to a constant value of 10 Hz. As shown 
in Fig. 7, an excitation appears in the PSD of the estimated 
shaft rotating frequency signal at a fixed frequency of 4 Hz in 
the bearing cage fault case. This fault characteristic frequency 
is the same as the one calculated from (4) for the WTG 
operating with a constant shaft rotating frequency of 10 Hz. 
Thus, the excitation at 4 Hz in the 1P-invariant PSD of the 
estimated shaft rotating frequency signal is an effective 
signature for bearing cage fault diagnosis. Moreover, the 
second-order harmonic of the excitation generated by the 
bearing cage fault can be found at the 8 Hz in Fig. 7. 

The proposed impulse detection method was applied to 
extract the excitations in the 1P-invariant PSD for bearing 
cage fault diagnosis. The length of the window, W, was chosen 
to be 101. A third-order median filter was designed for 
threshold calculation. The locally normalized PSD [i.e., R(f)] 
of the last record (bearing with cage fault) is plotted in Fig. 8. 
The threshold was calculated to be 0.11. The impulses appear 
at 4 Hz and 8 Hz, where the impulse at 4 Hz indicates the 
signature of a bearing cage fault; the impulse at 8 Hz is the 
second-order harmonic of the excitation generated by bearing 
cage fault. 

The proposed impulse detection method was also applied to 
determine whether there is a signature of the bearing cage 
fault in the PSD of the estimated shaft rotating frequency 
signal during the entire 25-hour experiment. The result is 
given in Fig. 9. It shows that the signature of the bearing cage 
fault appeared from the 6th hour of the experiment. The fault 
signature indicates a degradation of the bearing cage and 
maintenance should be taken immediately. Since there was no 
maintenance taken after the 6th hour of the experiment, the 
bearing was damaged and the wind turbine was stopped at the 
25th hour of the experiment by the protection system. 
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Fig. 7.  Comparison of the 1P-invariant PSDs of the processed shaft rotating 
frequency signals estimated from the first and the last stator current records. 
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Fig. 8.  Locally normalized PSD and threshold generated by the impulse 
detection method for the bearing with cage fault. 
 

0 5 10 15 20 25
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Time (Hour)

A
m

pl
itu

de
s 

of
 lo

ca
lly

 n
or

m
al

iz
ed

 P
S

D
 a

t 
4 

H
z

 

 

Healthy bearing

Bearing with cage fault

 
 

Fig. 9.  Amplitudes of the locally normalized PSD at the bearing cage fault 
characteristic frequency of 4 Hz during the 25-hour experiment. 
 

C.  Bearing with an Outer-Race Fault 
An outer-race fault was generated artificially for a testing 

bearing, as illustrated in Fig. 10. The healthy bearing and the 
bearing with an outer-race fault were installed in the WTG and 
tested, respectively. The length of the stator current record in 
each case was 50 seconds. 
 

 
 

Fig. 10.  The testing bearing with an outer-race fault. 

Fig. 11 compares the 1P-invariant PSDs of the estimated 
shaft frequency signals for the WTG with a faulted bearing 
and against that with a healthy bearing, where in the 1P-
invariant PSD the variable 1P frequency of 6~13 Hz was 
converted to a constant value of 10 Hz. As shown in Fig. 11, 
an excitation appears at a fixed frequency of 30.8 Hz in the 
PSD plot of the bearing outer-race fault case. This fault 
characteristic frequency is the same as the one calculated from 
(2) for the WTG operating with a fixed shaft rotating speed of 
10 Hz. Therefore, the excitation at 30.8 Hz in the 1P-invariant 
PSD of the estimated shaft frequency is an effective signature 
for the bearing outer-race fault diagnosis. 
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Fig. 11.  Comparison of the 1P-invariant PSDs of the estimated shaft rotating 
frequency signals for the WTG with a bearing outer-race fault against that 
with a healthy bearing. 
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Fig. 12.  Locally normalized PSD and threshold generated by the impulse 
detection method for the bearing with an outer-race fault. 
 

As shown in Fig. 12, the proposed impulse detection 
method was successfully applied to extract the excitations in 
the 1P-invariant PSD for bearing outer-race fault diagnosis. 
The length of the window, W, was also chosen to be 101. The 
same third-order median filter as for Fig. 8 was used to 



 

calculate the threshold. The locally normalized PSD [i.e., R(f)] 
of the bearing outer-race fault case is plotted in Fig. 12, where 
the threshold was calculated to be 0.054. Fig. 12 clearly shows 
that the proposed method successfully detected the excitation 
at 30.8 Hz corresponding to the bearing out-race fault. 

IV.  CONCLUSION 
A current-based online bearing fault diagnosis method 

using spectrum analysis and impulse detection has been 
developed for variable-speed direct-drive wind turbines. The 
proposed method converts the variable characteristic 
frequencies of bearing faults to constant values by using a 1P-
invariant PSD method. The impulse detection method has then 
been designed to extract bearing fault signatures. If an impulse 
is detected at the characteristic frequency of a bearing fault, an 
alert will be generated and maintenance of the bearing will be 
required. Experimental studies for a WTG operating in a wind 
tunnel have shown that the proposed method can effectively 
diagnose various bearing faults for the WTG operating in 
variable-speed conditions. 
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