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AN INVESTIGATION INTO FAULT DIAGNOSIS IN A ROTOR-
BEARING SYSTEM WITH DAMPERS USED IN CENTRIFUGAL 

MILK SEPARATORS  

Summary 

This paper deals with the problems encountered in the fault diagnosis in damped rotor-
bearing systems used in centrifugal milk separators. It is shown that direct bearing vibration 
measurements are more reliable than indirect (through rotor housing) vibration measurements. 
However, in most cases it is not possible to measure bearing vibrations directly. The factors 
causing large diagnostic measurement errors, such as the influence of the vibration damping 
system, step-up gear and electric motor noise are discussed in the paper. It is established that 
vibration measurements of the damping system are noninformative and cannot be used to 
diagnose faults in bearings. It is proposed to use the vibration spectra correlation to predict 
bearing failures in rotor-bearing systems of this type. 

Key words: centrifugal milk separator, bearing fault diagnosis, vibration signal 
analysis, correlation. 

1. Introduction 

Rolling bearing faults can be categorized into inner race faults, outer race faults, rolling 
element faults, and cage faults. The rolling bearing fault is one of the main causes of failures 
in rotating machinery [1]. Such failures can lead to catastrophic consequences and costly 
downtime [2]. In order to prevent bearing faults, various bearing fault diagnosis techniques 
have been developed. The vibration signal analysis is the main bearing fault monitoring 
method [1]. 

In practice, the bearing fault detection is a difficult task [3]. It is known that vibration 
sources emit high levels of noise due to complex surroundings [1]. In most cases, defect-
induced impulses are weak at the incipient stage, and often buried in the background noise [1, 
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3]. In such cases, the vibration-based methods tend to give a wrong diagnosis. It is therefore 
necessary to have a robust signal processing method for an effective extraction of incipient 
fault symptoms [1, 3, 4]. 

Rolling bearing fault signals are usually transient and modulated by carrier signals of 
high frequency [5]. Some of the most useful signal processing approaches used for the bearing 
fault detection are enveloping (demodulation) methods, where the vibration signal is first 
processed by a classical high-pass filter to obtain a high signal-to-noise ratio signal [1]. Then, 
the Hilbert transform is applied to obtain the envelope. If periodic impulses excited by the 
bearing fault appear in the envelope corresponding to the bearing characteristic frequency, it 
can be stated that the bearing is under fault conditions [1]. In many cases, the enveloping 
methods are effective [1]. However, it is necessary to choose a proper cut-off frequency of the 
filter. This is a complicated task, especially if the noise type and frequency range are 
unknown [1]. 

Wavelet transform is another effective signal processing method used in the bearing 
fault diagnosis [6]. It has the local characteristic of time domain as well as frequency domain 
and its time-frequency window is changeable [1]. In comparison with traditional feature 
extraction methods it delivers better performance [7]. Prabhakar et al. established that the 
discrete wavelet transform can be effectively used to detect single and multiple bearing faults 
[8]. He et al. proposed a wavelet filter-based method that uses the filtering characteristic of 
the wavelet transform at a fixed scale [5]. Su et al. compared the performance of the discrete 
wavelet transform and the wavelet filter-based method used to detect faults in ball bearings 
[9]. The results were in favour of the wavelet filter-based method which was also adopted by 
the authors [1] to extract the fault characteristic signal (impulsive signal) from the noisy 
vibration signal. Although some progress has been made in this area, there exist many kinds 
of mother wavelets in signal processing, but not every wavelet is suitable for extracting the 
fault characteristic from the vibration signal [6]. 

A vibration signal model of a faulty rolling bearing was investigated in the study [1]. A 
bearing vibration system was considered as an under-damped second-order mass-spring-damper 
system. It was assumed that the rolling element hits the raceway and an impulse is produced 
when a fault occurs in the rolling element bearing. As the impulse with short time duration is a 
transient excitation, the resonance of the natural frequency of the bearing system arises. 

It was shown in the study [10] that zero-crossing features extracted from time domain 
rotor vibrations are useful in the early detection and identification of bearing faults. The 
proposed model for fault detection does not require estimation of the rotational frequency of 
the rotor or specification of the geometry of the bearing or transformation of the time domain 
signal into another favourable spectral domain. With proper selection of the window size, the 
number of zero-crossing intervals and the interval thresholds, zero-crossing features combined 
with an artificial neural network are capable of high classification and low false alarm rates. 

The majority of machine condition monitoring systems employ sophisticated algorithms 
to extract a representative set of features from the spectral domain [11] or the wavelet 
coefficient domain [12, 13]. In some cases the diagnosis is performed using statistical 
parameters [14], such as the root mean square, kurtosis, crest factor, etc. The remaining useful 
life of the machine is predicted using the vibration signal of a partially degrading bearing [15]. 
Many approaches propose combining time domain features with other features extracted from 
the frequency domain [11] to better approximate the vibration signature for a more accurate 
diagnosis. This explains the popularity of wavelet coefficients in the detection of bearing faults. 

The magnitude of the vibration data can be used as an indication of a potential fault 
[10]. Early detection requires additional processing of the vibration data because some faults 
will not produce a significant change in the vibration data until a complete failure is about to 
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happen. A single point bearing fault will produce a harmonic series with a fundamental 
frequency equal to one of four characteristic frequencies depending on which bearing surface 
the fault occurs. Assuming that the inner race is rotating with the shaft while the outer race is 
fixed, these four characteristic frequencies are given in Refs. [11, 16, 17]. 

This study demonstrates complexity of the bearing fault diagnosis process for rotor-
bearing systems equipped with vibration dampers that add considerable uncertainty to the 
results of diagnostic measurements. In such a case, additional studies are required to assess 
the reliability of the bearing fault diagnosis results. 

2. Mathematical study 

Separator housing vibrations are caused by the rotor unbalance, bearings, the electric 
motor and the gearbox. Equations of motion of the housing with a rotor, bearings and 
dampers can be written as follows: 
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where m1, m2 and m3 are the masses of the rotor housing, rotor bearings with dampers and the 
bowl with a rotor, respectively (Fig. 1), hi, ci are the damping and stiffness coefficients of the 
housing and bearings with dampers (i = 1, 2, 3) (Fig. 1), yi are the displacements of the 
housing, bearings and the rotor expressed in absolute coordinates (i = 1, 2, 3) (Fig. 1), yp is the 
occasional displacement of the base (Fig. 1).   

Coefficient values in the system of equations (1) were obtained experimentally. 

 
Fig. 1  Mass spring model of the rotor-bearing system of a separator 

Using relative coordinates and considering tj
p ey   and   tj

yi ejHy
i

 ,  after 
carrying out simple rearrangements according to [18], the system of equations (1) can be 
written in a matrix form as follows: 
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where ω is the angular velocity of the rotor, t is the time,  jH
iy  is the complex transfer 

function [19, 20] and 
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Eq. 2 allows the calculation of the complex transfer function  jH
iy . It allows one to 

analyse the excitation effect of the separator bowl on the vibration behaviour of the bearings 
and the housing. Graphical representation of Eq. 2 is presented in Fig. 2. 

 
Fig. 2  Complex vibration transfer function plots: a – transfer to the bearing, b – transfer from the bearing to the 

damper, c – transfer from the damper to the housing 
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As it can be seen in Fig. 2, the vibration transfer to the bearing (Fig. 2a) is significant, 
as well as the vibration transfer from the bearing to the bearing damper (Fig. 2b). However, 
the transfer from the damper to the housing is low (Fig. 2c). This means that vibrations are 
well suppressed. In this way, the diagnostic measurements of vibrations of the centrifugal 
milk separator housing can be noninformative. However, this statement requires experimental 
verification. 

3. Experimental study 

Fig. 3 shows the centrifugal milk separator used in the study and Fig. 4 presents the 
vibration measurement scheme. 

According to the diagnostic measurement scheme, vibration acceleration signals of the 
bearing and the housing were recorded in the cases when a faulty and a new, healthy bearing 
were used in the rotor-bearing system of the separator. Then, vibration velocity signals were 
obtained and spectral densities were calculated as well as the correlation functions, errors and 
uncertainties. 

Obtained for the rotor rotational frequency of 112.4Hz, the vibration velocity frequency 
spectra are presented in Fig. 5. 

It can be seen in Fig. 5a that the differences between the amplitudes of the faulty 
bearing and the healthy bearing are observed in the whole frequency range. If the vibrations 
of the housing are measured, these amplitude differences are observed at high frequencies 
only, i.e. from 1500Hz to 6400Hz (Fig. 5b). 

The velocity amplitudes of the faulty bearing and the healthy bearing obtained in direct 
and indirect (through the housing) measurements differ by about ten times (Fig. 5). 

  
 Fig. 3  Centrifugal milk separator (bowl shell is not   Fig. 4  Measurement scheme 
 shown): 1 – electric motor, 2 – step-up gear,  
 3 – computer, 4 – rotating bowl, 5 – accelerometer  
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 (a) (b) 

Fig. 5  Vibration velocity spectra: a – obtained from bearing vibration measurements, b – obtained from housing 
vibration measurements, 1 – case when a faulty bearing was used in rotor-bearing system, 2 – case when a 

healthy bearing was used in rotor-bearing system 

The vibration transfer functions presented in Fig. 6 show great influence of the vibration 
damping system. 

  
 (a) (b) 

Fig. 6  Vibration transfer function plots: a – transfer from the healthy bearing to the housing,  
b – transfer from the faulty bearing to the housing 

It can be stated that the vibration transfer from the bearing to the housing is different in 
the case when the faulty bearing was used and the case when the healthy bearing was used. 
Since the transfer function reflects the inertia of the system, some spectrum frequencies are 
amplified while others are suppressed. Thus, faulty bearing vibration frequencies ranging 
from 2000 to 4000Hz are transmitted to the housing and the vibrations up to 2000Hz do not 
show significant differences as compared with the healthy bearing (Fig. 6). 

The results of vibration measurements of the damping system are presented in Fig. 7. 
High frequency vibrations (from 1500 to 6400Hz) of the faulty bearing dominate in the 
damping system spectra. Thus, the vibration measurements through the damping system are 
low informative and reliable, especially at frequencies up to 1500Hz, i.e., at the real 
frequencies of the bearing. 
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Fig. 7  Vibration velocity spectra of the damping system: 1 – case when the faulty bearing was used in rotor-

bearing system, 2 – case when the healthy bearing was used in rotor-bearing system 

 
Fig. 8  Vibration velocity spectra: 1 – of the faulty bearing, 2 – of the healthy bearing, 3 – of the housing when 
the healthy bearing was used, 4 – of the housing when the faulty bearing was used, 5 – of the damper when the 

healthy bearing was used, 6 – of the damper when the faulty bearing was used 

The vibration velocity spectra obtained by means of four accelerometers are presented 
in Fig. 8. The vibration amplitudes of the damping system do not differ in overall spectra in 
the case when the faulty bearing is used in the rotor-bearing system of the separator. Thus, by 
measuring the vibrations of the bearing housing, a decision about the bearing fault can be 
made only by employing high-frequency amplitudes (Fig. 7), i.e. starting from 1500Hz. 
However, this diagnostic information may be affected by vibrations of the other installed 
mechanisms. 

It can be concluded that indirect diagnostic vibration measurements show significantly 
reduced amplitudes at frequencies up to 1500Hz. 

As the housing vibration measurement results differ from the direct bearing vibration 
measurement results, the reliability of the fault diagnosis can only be assessed by using the 
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correlation function calculated for the respective frequencies. The correlation between the 
healthy bearing velocity spectrum and the faulty bearing velocity spectrum (Fig. 5a) is weak 
and positive according to the obtained correlation coefficient (r = 0.34168). The correlation 
between the housing velocity spectra (Fig. 5b) obtained for the healthy and the faulty bearing 
is strong and positive according to the correlation coefficient (r = 0.85954). This indicates that 
the damping system greatly suppresses the faulty bearing vibrations and the housing 
amplitudes do not depend on the condition of the bearing. 

Therefore, based on these results, it is not possible to make an unambiguous decision 
about the suitability of the bearings. Further analysis of the correlation functions and the 
correlation coefficients is required. For this purpose it is necessary to establish a correlation 
between the bearing and the housing vibration spectra obtained in the case when the rotor is 
supported by a healthy bearing as well as a correlation between the bearing and the housing 
vibration spectra obtained in the case when the rotor is supported by a faulty bearing. The 
calculation results obtained by using the Microcal Origin 7.0 software are presented in Fig. 9. 

 
 (a) (b) 

Fig. 9  Correlation function between vibration spectra of bearing and housing: a – obtained for the case when a 
healthy bearing was used, b – obtained for the case when a faulty bearing was used 

The results obtained show that the correlation between the bearing and the housing 
vibration spectra in the case when the rotor is supported by the healthy bearing exists only at 
the bearing cage frequency and at the rotor rotational frequency. At other frequencies, the 
correlation is weak (Fig. 9a) and the total correlation coefficient reaches 0.6158, which shows 
that the correlation is average. The correlation between the faulty bearing vibration spectrum 
and the housing vibration spectrum in the case when the rotor is supported by the faulty 
bearing occurs only at the bearing cage frequency and the rotor rotational frequency as well as 
at high frequencies (Fig. 9b). The total correlation coefficient (r = 0.2714) shows a very weak 
correlation. 

Thus, these results demonstrate a range of problems encountered during the use of 
indirect measurements to diagnose faults in bearings. The combined standard uncertainty can 
be calculated according to the following formula: 

 
, ,

2 1
2 2

1 1 1
2 , .

i

i i i j i j

n n n

c x i j
i i j ii i jx x x x

f f fu u u x x
x x x



    

  
 

      (4) 

where the measured quantities xi are related by a functional relationship f. 
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According to Eq. 4 the value of 1.571mm/s was obtained. This is a very high value that 
influences the reliability of the obtained results. 

It is known from the diagnostic measurements that the bearing outer ring vibration 
signal Xi and the housing vibration signal Xj are correlated, i.e. they are interdependent to 
some degree – xi and xj covariance, which provides an additional contribution to the 
uncertainty and is calculated by the following formula: 

       , , ,i j i j i ju x x u x u x r x x  (5) 

where  ,i jr x x  is the correlation coefficient   1 , 1i jr x x   . 
The relative error calculated from the vibration spectra obtained for the healthy bearing 

and the housing ranges from 5% to 1% at low and medium frequencies, while the relative 
error calculated from the vibration spectra obtained for the faulty bearing and the housing 
ranges from 15% at low and medium frequencies to 3% at the high frequencies. 

Therefore, the results of the indirect diagnostic measurements can be incorrectly 
interpreted. This requires consideration of the diagnostic method selection and the realization 
aspects. The vibration spectra correlation analysis may be suitable for the prediction of 
bearing failures only. 

4. Conclusions 

1. Differences in the vibration velocity amplitude of the healthy and the faulty bearing 
occur only in the case of direct diagnostic measurements. The results of the indirect diagnostic 
measurements show that the fault diagnosis may be insufficient at frequencies higher than 
1500Hz. The results of the measurements obtained in the case when the accelerometer is 
attached to the damping system are little informative and cannot be used to diagnose the state 
of the bearing.  

2. After the detailed analysis of the vibration velocity spectra and their correlations, it is 
proposed to assess the reliability of the diagnostic measurements by applying the correlation 
relationship between the vibration spectra obtained from the direct and the indirect 
measurements. The correlation between the healthy bearing and the housing vibration spectra 
exists only at the bearing cage frequency and at the rotor rotational frequency. At other 
frequencies, the correlation is weak and the total correlation coefficient reaches 0.6158, which 
shows that the correlation is average. The correlation between the faulty bearing vibration 
spectrum and the housing vibration spectrum occurs only at the bearing cage frequency and 
the rotor rotational frequency as well as at high frequencies. The total correlation coefficient 
(r = 0.2714) shows a very weak correlation. 

3. The correlation relationship between the vibration spectra obtained from the indirect 
measurements can be insufficient for bearing failure prediction. 
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