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Abstract

:

Induction motors are mainly used for variable load applications and it is vital to have a condition monitoring system with capabilities to diagnose motor faults in variable load conditions. The environment noise varies has non-linear relation with motor load and it challenges the decision making capability of the condition monitoring system. This paper addresses the issue of reliable decision making on the existence of bearing faults in variable load conditions. Two type of threshold schemes have been proposed to reliably diagnose bearing faults in Park vector modulus spectrum. The performance of the developed threshold based condition monitoring system has been analyzed theoretically and experimentally.
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1. Introduction


The preventive maintenance has gained significant importance in modern production facilities since last decade and hence, it has received a deep focus from the researchers. A significant amount of total operating cost of a plant involves maintenance costs [1]. Condition monitoring is a technique used to prevent unexpected failures of machines. Condition monitoring of various components of machine can estimate the health of each component of the machine and can forecast the need for maintenance.



Bearings are important component of the rotating machinery and majority of the machine failures are linked with bearing problems [2]. Bearing failures create unplanned shutdown of the machine which leads to heavy production loss. Hence, accurate detection of impending faults in bearings of rotating machines is vital for modern production plants to achieve timely production targets and to reduce operating cost.



The techniques used for the bearing fault diagnosis are mainly classified based on the type of measurement such as invasive and non-invasive techniques. Invasive techniques (vibration analysis, thermal analysis, acoustic emission) are very basic and reliable but the sensitivity to the installation position and sensors costs are their main limitations. Non-invasive techniques are based on the stator current measurements and does not need access to the machine for data collection [3,4,5]. The non-invasive motor current signature analysis (MCSA) method has been widely used in early 20th century for the analysis of bearing faults. However, the amplitude of the sidebands in MCSA is affected by the fundamental frequency component and thus reliability of the MCSA to diagnose bearing faults is debatable in on-line condition monitoring. Some of the researchers have reported instantaneous power analysis (IPA) as an alternative of MCSA [6]. However, IPA involves measurements from stator current and voltage and thus proves to be less economical. Another non-invasive method has been reported in References [7,8], which converts the three phase motor stator current to two phase Park vectors. It was shown that analysis of Park vector current spectrum can overcome the problems associated with MCSA as the sidebands in Park vector current appear for away from the fundamental component.



The bearing faults of smaller size (1 mm outer or inner race defect) are known to produce small amplitude signatures and it is a great challenge for the condition monitoring system to reliably diagnose these small fault signatures in the presence of the random noise [9,10,11,12,13,14]. The discrimination of bearing fault signatures from random noise signatures is a real issue in real time fault diagnosis [15,16,17,18].



Several studies have been performed to deal with issue of environment noise for reliable fault diagnosis. They involve time domain, frequency domain and time-frequency domain analysis of the signal [19,20,21,22,23]. Effective filtering, wavelet decomposition and signal thresholding are mainly three methods which are reported for signal de-noising [24]. The noise filtering techniques reported in the literature are based on using Wiener filter, Kalman filter, low-pass filter, high-pass filter and band-pass filter. However, the Wiener filter and Kalman filter methods are not applicable for complicated non-stable signals [25,26]. While the implementation of low-pass filter, high-pass filter and band-pass filter requires prior knowledge about signal center frequency and bandwidth [27]. Even though center frequency and bandwidth are known for a particular operation of motor still these methods could not be utilized for variable operating conditions. A spectral kurtosis (SK) based noise filtration method was proposed by [28,29]. However, there method was proved to be time-consuming and was not applicable for on-line condition monitoring. To tackle this limitation of SK, a fast Kurtogram estimator was proposed by [30]. However, fast Kurtogram estimator method may not be useful due to being unrealistic to check each window length for searching the optimal center frequency and bandwidth.



The second technique for the noise removal from the signal is based on wavelet filter. Recent developments in the wavelet technology have made wavelet as a strong signal processing tool. Bayesian technique and non-Bayesian technique are the most famous methods of wavelet de-noising. Non-Bayesian technique is further classified into (i) Wavelet threshold filtering (ii) spatial correlation filtering (iii) Wavelet transform modulus maxima reconstruction filtering. Among these three techniques, Wavelet threshold filtering requires less calculations and is easy to use [18]. The noise removal using wavelet has mainly has three steps: signal decomposition, coefficient thresholding and signal reconstruction. The most crucial step among these three is coefficient thresholding. The two thresholding strategies have been reported in the literature which are: soft thresholding and hard thresholding [31,32,33,34,35]. Although, wavelet de-noising can perform noise suppression and better maintain the signal features, however, wavelet based de-noising was unable to remove vibration interferences completely.



The third technique reported to tackle the noise interferences is based on the signal threshold. The pre-determined fixed threshold scheme has been developed by [36,37] to diagnose the eccentricity faults in the stator current spectrum. An adaptive threshold design based on the percentage of the fundamental current was reported in [38]. However, these threshold schemes tend to diagnose only severe fault signatures and are limited to specific load condition. They are unable to tackle the instantaneous noise variations which occur due to variation of load.



Park vector analysis is used to investigate the various faults of the motor. The stator, eccentricity and rotor defects were investigated by [39,40,41] through Park vector analysis technique. The Park vector patterns obtained in these studies require complex image processing algorithms to segregate the healthy and defected motors. Still, this method cannot locate the position of the defect. In a recent paper [42], Park vector modulus spectrum analysis is used to analyze bearing outer race defects of 5 mm size. It is shown that Park vector modulus spectrum analysis (PVMSA) method has much more capability as compared to the previously used IPA and MCSA to detect various motor faults. However, the capability of the PVMSA has not been tested for the small size fault (fault size less than 1 mm) analysis in the bearings of the motor. It is due to the fact that the small size faults produce low energy signatures which are overwhelmed by large noise and in real time condition monitoring system, it is difficult to discriminate between the amplitude of fault frequency component and the amplitude of environment noise. Therefore, a real time condition monitoring system could not make reliable decisions without considering the noise variations.



The contributions of this paper are (1) to design and develop a PVMSA based reliable condition monitoring system for the diagnosis of the small size fault bearing outer race faults (fault size less than 1 mm) (2) The decision making in the presence of environmental noise has been a challenge in real time condition monitoring systems and to tackle this challenge we have developed the threshold scheme which can tackle the instantaneous noise variations for various operating points of the motor. (3) The theoretical development has been verified through experimental results conducted on various operating points of the induction motor.



The rest of the paper has been organized as follows: Section 2 presents procedures and theory to derive the bearing outer race defect frequencies for Park vector modulus spectrum approach. Section 3 presents the theoretical design of the threshold scheme for reliable decision making system. Section 4 describes the design of test rig and experimentally evaluate the performance of the designed system to analyze bearing outer race faults. Section 5 attempts to compare the performance of the proposed method with the existence methods. Finally, the conclusions of this paper have been presented in Section 6.




2. Design of Fault Diagnosis System Based on PVMSA


It was demonstrated in [43,44] that vibrations related to motor bearings are periodic in nature. These vibration features could be analyzed at specific characteristic defect frequencies using FFT spectrum analysis. The harmonic frequencies related to bearing localized defects have been reported in [45,46]. However, the detail derivation of these characteristic defect frequencies has not been given. Therefore, it is necessary to understand how the bearing defects modulate the Park vector currents. This section of the paper presents the detail derivation of characteristic defect frequencies for Park vector currents.



Bearing dynamics could be described through five motions with corresponding frequencies such as ball rotation frequency (    f b    ), outer race frequency (    f o    ), inner race frequency (    f i    ), cage frequency (    f  c a g e     ) and rotor frequency (    f r    ). The bearing element velocities and frequencies are shown in Figure 1.



The cage of the bearing moves with the balls. The cage frequency could be calculated through linear velocity of the cage. The linear velocity of the cage (    V  c a g e     ) is mean of outer race and inner race linear velocities. The cage frequency (    f  c a g e     ) is obtained by dividing the cage velocity with the radius of the cage [47].


    V  c a g e   =    V  o u t e r   +  V  i n n e r    2    



(1)






    f  c a g e   =    V  c a g e      r c    =    V  o u t e r   +  V  i n n e r      D c    =    f o   r o  +  f i   r i     D c      



(2)






    f  c a g e   =  1   D c     (   f o     D c  +  D b  c o  s α   2  +  f i     D c  −  D c  c o  s α     D c     )    



(3)




where:




	
    V  o u t e r      is the linear velocity of the bearing outer race.



	
    V  i n n e r      is the linear velocity of the bearing inner race.



	
    D b     is the ball diameter (6 mm).



	
    D c     is the pitch diameter of bearing (25 mm).



	
α is the ball contact angle (zero degree).



	
    f i     is the bearing inner race frequency.



	
    f 0     is the bearing outer race frequency.



	
    r i     is the radius of inner race of the bearing (8 mm).



	
    r o     is the radius of outer race of the bearing (17.5 mm).








2.1. Derivation of Outer Race Defect Frequency


The bearing balls remain in in contact with the outer and inner race during rotation. For healthy bearing, the surface of the outer race will be smooth and bearing ball rotate between inner race and outer race without creating any impact. However, fault in the race ways create roughness and the movement of ball over the rough surface will create an impact which will eventually change the air-gap distribution between the rotor and the stator. This disturbance in the air-gap distribution will create harmonic frequencies in the stator current. These harmonic frequencies (    f  o f     ) have been calculated using the information of the rate at which balls pass over the rough surface.




    f  o f   =  N b   |   f  c a g e   −  f o   |    



(4)






    f  o f   =  N b   {   1   D c     (   f o     D c  +  D b  cos α  2  +  f i     D c  −  D b  cos α  2   )  −  f o     }    



(5)





As the outer race of the bearing remains static so     f o     will be zero. The inner race of the bearing rotates with rotor speed (    f r    ), therefore     f i  =  f r    . So by simplifying (5) we get


    f  o f   =  N b   f r   (     D c  −  D b  cos α   2  D c     )    



(6)




where:




	
    f  o f      is the bearing outer race characteristic defect frequency.



	
    N b     is the number of balls inside the bearing (8 balls).









2.2. Background of Park Vector Approach


The three phase stator current under normal operating conditions can be represented by Equations (7) to (9) [48].


    I a   ( t )  =  I f  cos  (  2 π  f e  t − δ  )    



(7)






    I b   ( t )  =  I f  cos  (  2 π  f e  t − 2 π / 3 − δ  )    



(8)






    I c   ( t )  =  I f  cos  (  2 π  f e    t + 2 π / 3 − δ  )    



(9)




where:




	
    I f     is the fundamental current



	
    f e     is the frequency of     I f    



	
  δ   is the initial phase angle of fundamental current.








As mentioned earlier, presence of bearing outer race defect will produce harmonic frequencies in the stator current. Therefore, the stator current in presence of fault related harmonics can be represented as:


        I a ′   ( t )  =      I f  cos  (  2 π  f e  t − δ  )             +  I  d l   cos  [  2 π  (   f e  −  f  o f    )  t −  β l   ]  +  I  d r   cos  [  2 π  (   f e  +  f  o f    )  t −  β r   ]        



(10)






        I b ′   ( t )  =      I f  cos  (  2 π  f e  t − 2 π / 3 − δ  )             +  I  d l   cos  [  2 π  (   f e  −  f  o f    )  t − 2 π / 3 −  β l   ]             +  I  d r   cos  [  2 π  (   f e  +  f  o f    )  t − 2 π / 3 −  β r   ]        



(11)






        I c ′   ( t )  =      I f  cos  (  2 π  f e  t + 2 π / 3 − δ  )             +  I  d l   cos  [  2 π  (   f e  −  f  o f    )  t + 2 π / 3 −  β l   ]             +  I  d r   cos  [  2 π  (   f e  +  f  o f    )  t + 2 π / 3 −  β r   ]        



(12)




where:




	
    I  d l      is the lower side band at of     f e  −  f  o f   .   



	
    I  d r      is the upper side band of     f e  +  f  o f     .



	
    β l     is the phase angle of the lower side band component.



	
    β r     is the phase angle of the upper side band component.








It can be concluded from Equations (10) to (12) that the presence of outer race defect induces two frequency components in the motor stator current and that induced characteristic defect frequencies appear at the lower side band (LSB) and at the upper side band (USB) of the fundamental frequency component. It was shown in [43,49] that the defect in the motor causes change in amplitude value at LSB and USB. This change in amplitude could be observed in the FFT spectrum of the motor current obtained through motor current signature analysis (MCSA).



The Park’s transformation of the three phase currents shown in Equations (10) to (12) can be expressed as:


        I d  =    1.22  [  I f  cos  (  2 π  f e  t − δ  )             +  I  d l   cos  [  2 π  (   f e  −  f  o f    )  t −  β l   ]  +  I  d r   cos  [  2 π  (   f e  +  f  o f    )  t −  β r   ]  ]       



(13)








        I q  =    1.22 [   I f  sin  (  2 π  f e  t − δ  )             +  I  d l   sin  [  2 π  (   f e  −  f v   )  t −  β l   ]  +  I  d r   sin  [  2 π  (   f e  +  f  o f    )  t −  β r   ]  ]       



(14)





The Park vector modulus spectrum of the Park’s vectors shown in (13) and (14) can be expressed as:


         |   I d  + j  I q   |   2  =   1.5  (   I f 2  +  I  d l  2  +  I  d r  2   )  + 3  I f   I  d l   cos  (  2 π  |  2  f e  −  f  o f    |  t − δ +  β l     )            + 3  I f   I  d r   cos  (  2 π  f  o f   t + δ −  β r     )  + 3  I  d r    I  d l   cos  (  4 π  f  o f   t − δ +  β l     )        



(15)







Equation (15) shows that the presence of the outer race defect inside the bearing induces three frequency components in the Park’s vector modulus spectrum and that induced characteristic defect frequencies appear at     f  o f     ,    2  f  o f      and     |  2  f  e   −  f  o f    |    . Notably, the amplitude of the defect frequency components has been amplified by the factor of 3    I f    . Thus, the PVMSA can give more valuable information about the existence of the small size faults under no load and noisy environment condition. Therefore PVMSA has been used in this paper to analyze the small size faults of the bearing outer race.



The bearing outer race defect frequencies calculated using Equation (15) have been shown in Table 1.





3. Design of Reliable Decision Making System


The capability to reliably diagnose and discriminate bearing fault amplitudes in an arbitrary noisy environment is the major challenge in designing the condition monitoring system. Under low operating points, the amplitude of the noise signatures is more than the bearing fault signatures and the condition monitoring system could not discriminate between fault signature amplitude and noise signature amplitude which challenges the reliability of decision making in real time condition monitoring.



The threshold scheme has been designed based on statistical decision theory. The Park vector model of the stator current, including the fault related harmonics, could be represented as follows:


    I  D Q   = Z +  [   I  f a u l t   cos  (  2 π m  f  o f   + θ  )  +  ω ˜   ]  W  ( d )    



(16)




where:




	
  Z   is the bias of the measured signal.



	
    I  f a u l t      is the amplitude of the harmonic.



	
    f  o f      is the bearing outer race harmonic frequency.



	
   ω ˜    is the environment noise.








The prerequisite for accurate decision making in real time condition monitoring is to identify all variables of the signal shown in Equation (16). In order to get precise signal statistics, the non-ideal signal disparities such as harmonics, bias and noise should be removed from the signal. The fundamental component and its harmonics were removed using correlation between the reference signal and measured signal.



After eliminating the fundamental component and its harmonics from the measured signal, the remaining current signal could be represented as:


    I  D Q     ′  = Z +  [   ω ˜   ]  W  ( d )    



(17)







The probability distribution of the modified     I  D Q     ′     current signal in Equation (17) could be defined as:


   P  (   I  D Q     ′  = ; Z  )  =  1     (    2 π  σ 2     )   N    e x p  [  −  1  2  σ 2     ∑   (   I  D Q     ′  − Z  )   ]    



(18)







To measure the statistics of the Park current spectrum, the unknown parameters in Equation (18), such as the noise variance    (  σ 2  )    and DC bias (Z) need to be calculated.



In an online diagnosis system, the DC bias disparities are taken as non-stationary noise. In order to measure accurate signal statistics, DC bias disparities were estimated in advance. The relation between DC bias with a motor operating point is shown in Figure 2.



3.1. DC Bias Estimation


To estimate the value of DC bias, we use minimum variance unbiased estimator (MVUE).



Taking natural log of Equation (18)


   ln  P d   (   I  D Q     ′  ; Z  )  = − ln   2 π  σ 2    −  1  2  σ 2     ∑     (   I  D Q     ′  − Z  )   2    











Taking the first derivative:


         ∂ ln  P d   (   I  D Q     ′  ; Z  )    ∂ Z       =  ∂  ∂ E    [  − ln   2 π  σ 2    −  1  2  σ 2      ∑  ​     (   I  D Q     ′  − Z  )   2   ]         =  1   σ 2       ∑  1 N    (   I  D Q     ′  − Z  )         =  N   σ 2     (     I  D Q     ′   ¯  − Z  )        











Taking the second derivative:


      ∂ 2  ln  P d   (   I  D Q     ′  ; Z  )    ∂  Z 2    = −  N   σ 2      



(19)







According to Cramer-Rao Lower Bound Theorem, it is assumed that probability distribution function,     P d   (   I  D Q     ′  ; Z  )     satisfy the regulatory conditions, which are given below:


   E  [    ∂ ln  P d   (   I  D Q     ′  ; Z  )    ∂ Z    ]  = 0 ,   for   all   Z .   










   v a r  (  E ^  )  ≥  1     ∂ 2  ln  P d   (   I  D Q     ′  ; Z  )    ∂  Z 2        











From Equation (19) we get following:


   v a r  (  E ^  )  ≥    σ 2   N    



(20)




where    E ^    is the estimated value of bias.




3.2. Noise Estimation


MSE based noise estimation has been performed using an average of the bias compensated signal and is given below [38,50,51]:


      I  D Q     ′   ^  =  1 N    ∑   k = 1  N    ω ˜  k  =  1 N    ∑  1 N   (   I  D Q     ′  −  Z ^   )    



(21)







The noise estimation of the Park current signal is derived from MSE of (21) as follow:


       m s e  (     I  D Q     ′   ^   )     = E  [     (     I  D Q     ′   ^  −  I  D Q     ′   )   2   ]        = E  {     [   (     I  D Q     ′   ^  − E  (     I  D Q     ′   ^   )   )  +  (  E  (     I  D Q     ′   ^   )  −    I  D Q     ′   )   ]   2   }         = v a r  (     I  D Q     ′   ^   )  +    (  E  (     I  D Q     ′   ^   )  −  I  D Q     ′   )   2         =  v a r  (     I  D Q     ′   ^   )  +  b 2   =  v a r  (   I  D Q     ′  −  Z ^   )  + 0         = v a r  (   I  D Q     ′   )  − v a r  (  Z ^  )         =  v a r  (   I  D Q     ′   )  −    σ 2   N             σ 2   N  = v a r  (   I  D Q     ′   )          σ 2  = N v a r  (   I  D Q     ′   )        



(22)




where E(x), is the expectation of the signal x.



The noise variance of the “    I  D Q     ” could be found from Equation (22). After estimation of noise variance (    σ 2    ), a threshold scheme has been derived to diagnose small fault signatures in the measured signal. The statistical theory [50,51,52] is used to evaluate the performance of the derived threshold. Fault signatures were detected through correlation of measured signal     I  D Q      and reference signal     I  r e f      as follows:


    T  C C   =   ∑   n = 1  N   I  D Q    ( n )   I  r e f    ( n )    



(23)




where     T  C C      is the output of cross-correlation between two signals.




   a n d    I  r e f   =  I  f a u l t   cos  (  2 π n  f  O f   + θ  )    









The decisions on the existence of fault signatures were performed based on the output of     T  C C     . A condition in which     T  C C   > γ    indicates the presence of a defect.



The capability of the proposed model shown in Equation (23) to reliably diagnose fault signatures in the presence of an arbitrary noise was measured based on the statistical theory presented in [50,51,52]. The probability of the wrong detection (    P  W D     ) was calculated using below mentioned relations:


    P  W D   = Q  (   γ ∅   )    



(24)






   γ = ∅  Q  − 1    (   P  W D    )    



(25)




where:   γ   is the assumed threshold.     P  W D      is the probability of wrong detection.




   and   ∅ =      σ 2   N      









In real time condition monitoring system, the value of     P  W D      should be pre-defined based on the user expectation. Thus, the value of the assumed threshold     ( γ )     could be selected by the user defined probability of wrong detection (    P  W D     ) and signal noise variance.



The block diagram of the developed system has been shown in Figure 3.





4. Results and Analysis


4.1. Test Rig Design


A test rig has been developed to conduct experiments for the validation of the proposed reliable decision making system for condition monitoring of bearings. The main parts of the test rig are: 0.37 KW, 4 pole, 50 Hz induction motor, the model of the bearing under test is 6202-2z, current transducer (SCT-013-030), a data acquisition device NI PCI 6281, a digital laser tachometer (DT2234A) and a dynamometer (Labvolt-8911-00). The 40,000 samples were collected with 8 kHz sampling rate, the frequency resolution was 0.2 Hz. The developed experimental test rig has been shown in Figure 4. The specification of the bearing under test has been shown in Table 2. The defects in the bearings outer race were simulated using electric discharge machine. The defected bearing has been shown in Figure 5.




4.2. PVMSA Based Diagnosis of Outer Race Defects


The experiments were performed for three loading points of the motor. Park vector current modulus spectrum of the healthy and defected motor for no load, medium load and full load has been shown in Figure 6, Figure 7 and Figure 8 respectively. It has been observed from Figure 6a that for the healthy motor under no load, the amplitude values at fault frequencies (    |  2  f  e   −  f  o f    |         f  o f     ,    2  f  o f     ) of 20.6 Hz, 79.4 Hz and 158.8 Hz are −75.57 dB, −75.72 dB and −74.6 dB respectively. The average value of amplitude at these fault frequencies has been −75.29 dB. For a faulty bearing in Figure 6b, the amplitude at fault frequencies has been observed to be −72.46 dB, −72.15 dB and −70.85 dB respectively. The average value of amplitude on fault frequencies has been −71.82 dB. Thus, a total of 3.47 Db change in amplitude occur due to defect in the bearing operating under no load. Figure 7 and Figure 8 represents the spectrum of healthy and defected bearings under medium load and full load operating conditions and it has been observed that the amplitude difference at fault frequencies increases with increase in load. The complete analysis of the amplitude values at fault frequencies under various load conditions has been given in Table 3.



It has been observed from Table 3 that the amplitude at outer race fault frequencies increases with increase of load. The results indicate that the fault frequencies in Park vector modulus spectrum appear for away from the fundamental component and hence, the amplitudes of fault frequencies are not affected due to the high amplitude of the fundamental component. This is the most desirable feature for non-invasive condition monitoring system. However, the amplitude at fault frequencies is very small and it becomes difficult to discriminate amplitude variations due to bearing fault and non-linear noise. The Figure 9 presents the non-linear relation of environment noise with motor operating point. This is the critical issue for making reliable decision on bearing health in real time condition monitoring applications and to tackle this issue, the threshold scheme has been proposed in after-mentioned section.




4.3. Decision Making Based on Designed Threshold


The Figure 9 indicates the non-linear behavior of environment noise with motor load. Small fault signatures diagnosis will be challenged by this non-linear noise for various load conditions of the motor. To address this issue, the threshold has been designed using the theoretical derivations presented in Section 3. The amplitude values at specific characteristic defect frequencies    (  f  o f   , 2  f  o f   ,   2  f e  −  f  o f   )    are used to analyze the performance of the designed threshold scheme. For various loading conditions as presented in Figure 6b, Figure 7b and Figure 8b, the amplitude values at the fault frequency component    (  f  o f   )    are −69.3 dB, −67.17 dB and −60.41 dB. The overall noise level in the Park vector modulus spectrum has been observed at −74 dB.



Two threshold schemes are developed to detect the small fault signatures based on the values of the design parameter (k =     Q  − 1    (   P  W D    )    ). The fault signatures which have magnitude less than the designed threshold are considered as a noise. The first threshold (    γ  f 1     ) has been defined at −74.4 dB with design parameter k = 1. The amplitude of the fault signatures for no-load, medium-load and full-load conditions is higher than the “    γ  f 1     ” and these signatures could be detected at this threshold level with 85% accuracy. This low level of accuracy might be unacceptable in real time condition monitoring system. A second threshold (    γ  f 2     ) has been designed at −64.6 dB by adjusting the design parameter at k = 3. The detection accuracy of the “    γ  f 2     ” has been increased to 99.87%. This accuracy level is quite high and would be acceptable in industry. However, the magnitude of the fault signatures for no-load and medium-load conditions is less than the “    γ  f 2     ” and thus, these signatures will be misdetected. Notably, at full-load conditions the threshold “    γ  f 2     ” is quite well placed as the fault signatures have magnitude greater than this level and could be reliably diagnosed with high accuracy. Thus, for no-load and medium load, the condition monitoring system will reliably diagnose the bearing outer race defects with 85% accuracy. While for full load conditions, the designed system has accuracy 99.87%. The performance of the developed condition monitoring system has been summarized in Table 4.



The Table 4 shows that the value of the design parameter (k) keeps varying for every load condition. It is an undesired feature for real time automatic fault diagnosis system as it needs human involvement. To make system fully automated, an adaptive threshold system has been designed in which the design parameter remains constant at a pre-defined level. The performance of the adaptive threshold scheme has been shown in Table 5.



It has been observed from Table 5 that the adaptive threshold keeps varying with the motor load variations. This is due to the non-linear noise variations as shown in Figure 9. It has been concluded from Table 4 and Table 5 that the performance of the developed thresholds based condition monitoring system could be controlled through design parameter “k” which users have to define according to their accuracy demand.





5. Comparison of the Developed System with Previous Studies


The MCSA was used by [4,18,26] to investigate the rotor, gear and bearing localized defects. It was shown that two sideband components at     (   f e  −  f v   )  ,    (   f e  +  f v   )     appeared in a spectrum of the MCSA and change in amplitude at those sideband components gives the indication of the fault. For the case of MCSA, it was shown that sometimes two sideband components     (   f e  −  f v   )  ,    (   f e  +  f v   )     lie near to the fundamental component (    f e    ) and amplitude of these sideband components is overwhelmed by the amplitude of the fundamental frequency component. Due to this, misdetection occurs in real time fault diagnosis system. On the contrary, the PVMSA method used in this paper contains three characteristic defect frequency components    (  f  o f   ,   2  f  o f   ,   2  f e  −  f  o f   )    which lie away from the fundamental frequency component (    f e    ). Thus, the condition monitoring system based on the PVMSA method has an extra feature for fault diagnosis as well as the amplitude attenuation does not occur in PVMSA. These features enhance the reliability of the developed system in real time condition monitoring.



The some of the previous studies have focused on the design of threshold-based decision making systems. Some simple threshold selection schemes were reported based on the expected defect severity level [38]. In the meantime, pre-determined threshold schemes reported in the literature have limited performance evaluation as they have been commonly designed based on limited analysis and signal statistics have not been considered in threshold design. So, these pre-determined threshold schemes could not be used in real time condition monitoring systems for the fault detection, where to tackle the non-stationary noise is the main challenge.



The stator current was statistically analyzed by [36] to tackle the impact of frequency offset errors and noise variations in the real time condition monitoring system. The performance of their defined threshold model was experimentally analyzed to diagnose eccentricity faults at full load conditions. However, the impact of instantaneous noise variations under variable operating conditions was not calculated in their study. Comparatively, the adaptive threshold technique designed in this paper analyze the impact of load variations on the decision making capability of the fault diagnosis system.



In [38], the threshold was derived with a pre-determined percentage of the stator current amplitude and was shown to be an efficient way to analyze the fault severity level. In order to detect severe fault signatures, the pre-determined threshold was selected at 1% of the fundamental current signal (−40 dB) as shown in Figure 10. It has been observed that all fault signatures of the bearing faults (Figure 6, Figure 7 and Figure 8) are below the pre-determined threshold (−40 dB) defined in Figure 10 which has resulted in miss detections. Comparatively, the threshold scheme proposed in this paper could reliably diagnose the bearing faults up to a level of −74.4 dB, as shown in Table 4 and Table 5 respectively.



The stator current was analyzed statistically by [37] to diagnose various motor faults via MCSA. These noise statistics were measured at idol conditions and a pre-determined threshold value was defined based on the measured noise statistics. In their study, the pre-determined threshold was selected at −57 dB. Their pre-determined threshold definition does not consider the noise and bias variations with respect to all operating conditions of the motor and thus is not versatile. As the magnitudes of the bearing faults at various operating points lie within the range of −60 to −70 dB, thus, pre-determined threshold (−57 dB) level cannot detect these small fault signatures and would cause misdetection in the real time condition monitoring system.



The threshold system as reported in [53] was designed based on the t-test table of standard deviations of the healthy and faulty motor. They consider the impact of speed variation on the decision making system. However, they did not consider the non-linear variations of environmental noise. Comparatively, the threshold scheme proposed in this paper has shown to be reliable and has the ability to make decisions independent of environmental noise and motor operating points. Thus, for real time condition monitoring applications, the proposed threshold scheme in this paper is more suitable as compared to the method as reported in [53].



Notably, the predetermined threshold designing techniques used in [36,37,38,53] needs to be updated according to the motor operating point (load) which is quite difficult in real time condition monitoring applications. However, the proposed threshold scheme in this paper adopt itself automatically according to the motor operating situations and thus, can perform reliable decisions on the presence of defects. The comparison of previous fault detection schemes with proposed fault diagnosis scheme is summarized in Table 6.




6. Conclusions


This work proposes PVMSA based condition monitoring and fault diagnosis system to analyze the bearing outer race defects. The PVMSA method provides an extra feature for fault diagnosis without attenuation of the fault signature amplitudes due to fundamental component. These features enhance the reliability of the developed system in real time condition monitoring. It has been shown that the environment noise challenges the reliable decision making in variable load operations of the motor and two threshold schemes have been designed to deal with these instantaneous noise ambiguities. The performance of the proposed system has been analyzed theoretically and experimentally. It has been concluded that the design parameter in the fixed threshold scheme is dependent on the load condition and needs human involvement to update design parameter for every load condition. While the adaptive threshold scheme is fully automated and has the ability to diagnose faults for any load condition without human involvement. The choice of the proper threshold scheme depends upon the user requirements. The developed condition monitoring system has the capability to make decisions on the existence of small fault signatures independent from the motor operating point.
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Figure 1. Bearing geometry showing (a) bearing velocities (b) bearing frequencies. 
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Figure 2. DC bias disparities with respect to motor operating point. 
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Figure 3. The block diagram of the developed system. 
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Figure 4. The developed experimental test rig. 
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Figure 5. Bearing outer race defect of size 0.5 mm. 
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Figure 6. The PV modulus spectrum of the motor under no-load condition at bearing fault frequencies of 20.6 Hz, 79.4 Hz and 158.8 Hz (a) Healthy bearing (b) Defected bearing. 
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Figure 7. The PV modulus spectrum of the motor under medium-load condition at bearing fault frequencies of 23.2 Hz, 76.8 Hz and 153.6 Hz (a) Healthy bearing (b) Defected bearing. 
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Figure 8. The PV modulus spectrum of the motor under full-load condition at bearing fault frequencies of 25.8 Hz, 74.2 Hz and 148.4 Hz (a) Healthy bearing (b) Defected bearing. 
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Figure 9. The relation of environment noise variations with motor load. 
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Figure 10. The predetermined threshold defined based on the % of the fundamental signal [38]. 
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Table 1. Bearing outer race defect frequencies.
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Load Conditions

	
Speed (rpm)

	
Characteristic Defect Frequency




	
     f  o f       (Hz)

	
    2  f  o f       (Hz)

	
     |  2  f e  −  f  o f    |      (Hz)






	
No Load

	
1480

	
79.4

	
158.8

	
20.6




	
Medium Load

	
1440

	
76.8

	
153.6

	
23.2




	
Full Load

	
1390

	
74.2

	
148.4

	
25.8
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Table 2. Specifications of bearing.
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	Pitch diameter (    D c    )
	25 mm



	Ball diameter (    D b    )
	6 mm



	The contact angle of the ball with the race (α)
	0



	Number of balls
	8
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Table 3. Amplitude values for bearing outer race defect.
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	Load Level
	Characteristic Defect Frequencies (Hz)
	Change in Amplitude (dB)





	No Load
	20.6, 79.4, 158.8
	3



	Medium Load
	23.2, 76.8, 153.6
	7



	Full Load
	25.8, 74.2, 148.4
	13
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Table 4. Performance evaluation of fixed Threshold system.
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Motor Load

	
Fault Signature Amplitude (dB)

	
Fixed Threshold (     γ f     ) Design




	
     γ  f 1       = −74.4 dB

	
     γ  f 2       = −64.6 dB




	
   k   

	
     P  W D      

	
Detection Accuracy

	
Remarks

	
k

	
     P  W D      

	
Detection Accuracy

	
Remarks






	
No Load

	
−72.15

	
1

	
15%

	
85%

	
D

	
3

	
0.0013%

	
97.8%

	
MD




	
Medium Load

	
−70.54

	
0.7

	
24%

	
76%

	
D

	
2.3

	
0.01%

	
99.99%

	
MD




	
Full Load

	
−63.82

	
0.55

	
29%

	
71%

	
D

	
2

	
0.022%

	
97.8%

	
D
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Table 5. Performance evaluation of adaptive threshold system.
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Motor Load

	
Fault Signature Amplitude (dB)

	
Adaptive Threshold (     γ a  )     Design




	
k = 1

	
k = 3




	
Threshold 1      (   γ  a 1    )      dB

	
     P  W D      

	
Detection Accuracy

	
Remarks

	
Threshold 2 (     γ  a 2   )     dB

	
     P  W D      

	
Detection Accuracy

	
Remarks






	
No Load

	
−72.15

	
−74.4

	
15%

	
85%

	
D

	
−64.6

	
0.0013%

	
99.87%

	
MD




	
Medium Load

	
−70.54

	
−71.6

	
D

	
−62.3

	
MD




	
Full Load

	
−63.82

	
−69

	
D

	
−60.1

	
MD
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Table 6. The comparison of proposed fault diagnosis scheme with previous fault diagnosis schemes.
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Previous Studies

	
Current Study




	
Reference

	
Year

	
Signal Analysis Technique

	
Threshold Design Technique

	
Designed Threshold Type

	
Impact of Load Variations

	
Signal Analysis Method

	
Threshold Design Technique

	
Designed Threshold Type

	
Impact of Load Variations






	
[36]

	
2012

	
MCSA

	
Statistically derived threshold

	
Adaptive

	
Only two levels of load variations were considered

	
PVMSA

	
Statistical threshold adaptive to arbitrary Environment condition in variable load of the motor

	
Both Fixed and Adaptive

	
Describes impact of load variations on the decision making




	
[38]

	
2006

	
MCSA

	
Pre-determined threshold

	
Adaptive

	
Not Given




	
[37]

	
2006

	
MCSA

	
Zero input test based statistical analysis

	
Fixed

	
Not Given




	
[53]

	
2014

	
MCSA

	
Reference based statistical analysis

	
Fixed

	
Four levels of speed variation were considered
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