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ABSTRACT 

Vibration condition monitoring at low rotational speeds is still a challenge. Acoustic emission (AE) 
is the most used technique when dealing with low speed bearings. At low rotational speeds, the energy 
induced from surface contact between raceway and rolling elements is very weak and sometimes buried by 
interference frequencies. This kind of issue is difficult to solve using vibration monitoring. Therefore some 
researchers utilize artificial damage on inner race or outer race to simplify the case. This paper presents 
vibration signal analysis of low speed slewing bearings running at a low rotational speed of 15 rpm. The 
natural damage data from industrial practice is used. The fault frequencies of bearings are difficult to 
identify using a power spectrum. Therefore the relatively improved method of empirical mode 
decomposition (EMD), ensemble EMD (EEMD) is employed. The result is can detect the fault frequencies 
when the FFT fail to do it.  

 

1.
♣
Introduce 

Slewing bearings have been developed as new machine 
parts in the past 30 years. They were first used in 
excavators and cranes, and then applied to other machines 
such as loading and unloading machines, transporting 
machines, material processing machines, military 
products and medical instrument research equipment. 
Slewing bearings are almost the same as oversize ball and 
roller bearings which have roller and rolling ring with the 
raceway. But compared with common roller bearings, 
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they have many special features. They can be summarized 
in the following points: The size of double-row ball 
slewing bearings are great, diameter is generally between 
0.4-10m. Slewing bearings usually bear loads from 
different parts. They not only bear the axial and radial 
force but also endure tipping simultaneously. Therefore, a 
set of slewing ring bearings often complements the 
functions of many sets of common roller bearings. 
Slewing bearings differ greatly from roller bearings in the 
process of manufacturing, material and heat treatment. 
Generally slewing bearings have a gear ring as the driving 
device and seal device to prevent dust. The speed of 
slewing bearings is fairly low; usually ranging from 0.5 to 
15 rpm. Moreover, on most occasions, slewing bearings 
does not slew continually, but only slew back and forth 
over a certain angle like so called swing bearings. Slewing 
bearing maintenance is relatively complicated, failure go 
unnoticed will result to breakdown maintenance and 
costly. Therefore the condition monitoring of slewing 
bearings has become necessary due to the estimation 
times involved in bearing replacement. 

Most published articles in the area of slewing bearing 
research are frequently concerned with finite element 
method [1-5], there are few in oil analysis [6, 7], and even 
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less in vibration monitoring techniques [8]. A recent 
outstanding article about slewing bearings related to 
vibration analysis is presented by Žvokelj [9, 10]. This 
paper discusses the Ensemble EMD technique combined 
with multi scale Principal Component Analysis (MSPCA). 
Artificial fault in introduced on inner ring slewing bearing. 
In logic, the fault frequency of single artificial damage is 
easier to identify than natural and/or multiple damage and 
thus artificial damage does not representative of real 
conditions. An attempt to solve this discrepancy is made 
through testing the performance of ensemble EMD against 
real slewing bearing damage data. The objective of this 
paper is to identify the fault frequencies of slewing bearing 
damage data which cannot be solved by the FFT and power 
spectrum. 

2. EMD and EEMD 

Empirical mode decomposition (EMD) was first 
introduced by Huang et.al [11]. In the EMD method, the 
signal )(tx is decomposed in terms of intrinsic mode 
functions (IMFs), jc i.e., 
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where n is the number of IMFs, jc represent the IMFs 

and nr is the final residue of data. IMFs are oscillatory 

functions with varying amplitude and frequency. According 
to [11], an intrinsic mode function is a function that satisfies 
two conditions: 
1. Throughout the whole length of a single IMF, the 

number of extrema and the number of zero crossing 
must either be equal or differ by one at most. 

2. At any data location, the mean value of the envelope 
defined by the local maxima and the envelope defined 
by the local minima is zero. 

The process of decomposition of a signal into IMFs is 
called the sifting process. The result of the sifting process is 
decomposition into IMFs ranging from high to low 
frequency. 

It has generally known that the EMD has mode-mixing 
problems associated with the intermittent signal. Mode-
mixing is defined as a single intrinsic mode function either 
consisting of a signal of widely disparate scales, or a similar 
signal if residing in different IMF components [12]. To 

overcome this drawback, Wu and Huang [13] proposed a 
new method named ensemble EMD (EEMD), which 
significantly reduces the mode mixing of the decomposition 
of any data. According to Wu et.al [13] the EEMD 
decomposition algorithm of the original signal )(tx can be 
defined in the following steps: 
1. Add white noise series to the original data; 
2. Decompose the amalgamation data (original and white 

noise) into IMFs; 
3. Repeat step 1 and step 2 continuously until smallest 

frequency is obtained, but with a different white noise 
series each time. (note that the smallest frequency is 
residual not IMF); and 

4. Obtain the (ensemble) means of corresponding IMFs of 
the decomposition as the final result. 

 
 
Ensemble empirical mode decomposition 
for Ei ,...,1=  do 

White noise 

α)()( )()( ii twtn =   , Ei ,...,1=  
Add white noise to the original data (step 1) 

)()()( )()()( iii tntxty =     , Ei ,...,1=  

for dj ,...,1=  do 

Decompose )()( ity  using EMD into IMFs (step 2) 

Result )(
)(
d

iimf , Ei ,...,1=  

end for 
Repeat step 1 and step 2 for Ei ,...,2=  (step 3) 
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end for 
Obtain the ensemble means (step 4) 

(IMF)meanresult =  
 

Figure 1. Ensemble EMD algorithm 

 E Is ensemble number, t is the data length of original 
signal )(tx , α is ratio of the standard deviation of white 
noise, )(tw  and the original signal, )(tx , d is number 
of decomposition or number of IMFs, d can be calculated 
by, 12 −= )(log td . 

3. DATA ACQUISTION AND RESULTS 

The vibration data used in this paper is acquired from an 
industrial company in Korea. The slewing bearing type is a 
one single row Koyo from Japan with an inner and outer 
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diameter of 1093mm and 1107mm. The slewing bearing 
figure and the sensor placement are depicted in Figure 2. 
The bearing runs continuously in one direction at a 
rotational speed of 15 rpm. The 15 rpm is obtained from 
a gear reducer mechanism. The driving motor rotational 
speed is 1800rpm and gear ratio is 17:1. The output shaft 
speed of the driving motor is 106rpm. The gear motor 
has 18 gear teeth and the slewing bearing has 123 gear 
teeth. So the slewing bearing speed is 15rpm. This 
bearing has been used for 7 years. The maintenance 
engineer of bearing company says that it must be 
changed after 6 years use. That means the acquisition 
data is damaged data, since it is believed that the 
bearings have been damaged. The bearing frequencies 
are presented in Table 1. 

Table 1 Bearing frequencies 

FTF 0.24Hz GMF 30Hz 

BSF 5.16Hz 2x GMF 60Hz 

BPFO 11.31Hz 3x GMF 90Hz 

BPFI 11.87Hz Bearing speed 0.24Hz 

  

 

 

2. EMD and EEMD 

Empirical mode decomposition (EMD) was first  
 

 
Figure 2. Sensor placement 

 
(1) Driving motor 
(2) Motor gear 
(3) Slewing bearing gear 
(4) Sensor placement 

 
Four datasets were acquired on May 26th 2010; December 

7th 2010; July 19th 2011 and November 1st 2011. The four 
different datasets from year 2010 and year 2011 are an 
arbitrary selection, to see the degradation conditions of 
bearing. In year 2011 the bearing has been running for 7 
years. The power spectrums of four datasets are presented 

in Figure 3. According to Figure 3(a) it is clearly seen that 
the gear mesh frequency (GMF) around 30Hz and the GMF 
harmonics 2x GMF of 60Hz, 3x GMF of 90 and 4x GMF 
of 120Hz are appeared. Enlarge the y-axis scale of 
amplitude [g] from 0.01 [g] to 0.006 [g] to see more clearly. 
Comparing Figure 3(a) and 3(d), the GMF and GMF 
harmonics amplitude on May 26th 2010 and November 1st 
2011 are different. The amplitude of 1x GMF on November 
1st 2011 is smaller than on May 26th 2011; and the 
amplitude of 1x GMF and GMF harmonics on November 
1st 2011 is relatively flat. This indicates that GMF is no 
longer dominant when the condition of the bearing is close 
to failure. 
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Figure 3. Power spectrums of four data samples 

 

Three bearing fault frequencies: BSF, BPFO and BPFI 
and their harmonics are set on the power spectrum on 
Figure 3(a) to 3(d). In Figure 3(a) no fault frequencies 
appeared; and from Figure 3(b) to 3(d) the only fault 
frequencies that can be identified are BPFI and their 
harmonics. There are at least four harmonics frequencies of 
BPFI are shown: 2x BPFI of 23.74Hz; 3x BPFI of 35.61Hz; 
4x BPFI of 47.48Hz and 6x BPFI of 71.22Hz. Even though 
BPFI frequency and BPFI harmonics have appeared, the 
amplitude is too weak. This means the BPFI is not a 
dominant frequency even when bearing condition is close 
to failure. This is a disadvantage for maintenance engineers 
when the condition of bearings still seems good, but 
actually it close to failure. Therefore another signal analysis 
technique is needed to conceive this information. 

The November 1st data is inputted to ensemble EMD  
 

method to find information related to fault frequencies. In 
EEMD method, there are two selected parameters that is (i) 
ratio of the standard deviation of white noise and the 
original signal,α and (ii) ensemble number, E . Wu and 
Huang [13] suggest using the ratio,α of 0.1, 0.3 or 0.4, 
therefore this paper uses two different ratios, α = 0.2 and 
α  = 0.4. For ensemble number, E  we use 1000. The 
EEMD results from ratio, α = 0.2 and ensemble 
number, E of 1000 is shown in Figure 4. According to 
Figure 4, 1x GMF frequency of 32.25 Hz and 2x GMF of 
63.59Hz are identified. The BPFI is not identified; but 
another fault frequency, BSF of 5.17 Hz has appeared. 
EEMD can be used as a filtering step as well as to keep 
only the useful IMF signals to then eliminate undesired 
IMF signals. The further process is usually called 
reconstruction signal. The reconstruction IMF signal of 
result 7 and result 9 of Figure 4 is conducted, but the result 
is displeased. Therefore another EEMD with α = 0.4 
and E = 1000 is considered and the result is shown in 
Figure 5. According to Figure 5, the 1x GMF of 33.75Hz 
still appears. The reconstruction signal is repeated by 
adding the IMF results of 7 and 9 to become a new signal. 
Then this new signal is decompose by using original EMD. 
The result improves with showing a BPFI frequency around 
11.63Hz emerging. There are unknown intermittent signals 
which appear periodically every 0.8 seconds in the GMF 
frequency. In Figure 6 the bearing speed of 0.2Hz is 
identified as well.

 

 

 

 

 

Figure 4. Ensemble EMD result (α = 0.2, E = 1000) 

Ensemble EMD results 
Result 2 2587.795 Hz 
Result 3 1722.780 Hz 
Result 4 1039.439 Hz 
Result 5 561.199Hz 
Result 6 311.864 Hz 
Result 7 219.184 Hz 
Result 8 63.597 Hz 
Result 9 33.750 Hz 

Result 10 18.076 Hz 
Result 11 8.544 Hz 
Result 12 5.178 Hz 
Result 13 1.145 Hz 
Result 14 0.677 Hz 
Result 15 0.535 Hz 
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    Ensemble EMD results 
Result 2 2886.137 Hz 
Result 3 1873.825 Hz 
Result 4 1211.694 Hz 
Result 5 571.993 Hz 
Result 6 363.478 Hz 
Result 7 206.097 Hz 
Result 8 555.623 Hz 
Result 9 33.750 Hz 

 Result 10 26.520 Hz 
 Result 11 9.727 Hz 
 Result 12 5.226 Hz 
 Result 13 2.402 Hz 
 Result 14 0.719 Hz 
 Result 15 0.634 Hz 

Figure 5. Ensemble EMD result (α = 0.4, E = 1000) 

 

        EMD results 
Result 2 62.423 Hz 
Result 3 31.598 Hz 
Result 4 11.631 Hz 
Result 5 6.495 Hz 
Result 6 3.313 Hz 
Result 7 1.696 Hz 
Result 8 0.835 Hz 
Result 9 0.495 Hz 

Result 10 0.201 Hz 

 

Figure 6. EMD results of reconstruction data (result 7 + result 9 of EEMD result)

4. Conclusion 

When the power spectrum failed to identify the fault 
frequencies, the relatively new and improved method called 
EEMD seems to have potential. This paper has shown the 
use of EEMD and EMD in real slewing ring bearing case 
with natural damage. The selection of ratio is affects the 
end result. The selection of reconstruction signal plays an 
important role as well.  
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