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1. Introduction

Question of condition monitoring and predictive maintenance 
is an important one in modern industry. In case of electrical motors, 
the question of their bearings’ health and remaining useful life of the 
whole device can be asked. In order to diagnose abnormal states and 
faults, a wide range of indicators have been used, including stator cur-
rent, vibration and sound [7].

In this study, we will focus on the properties of vibration signals 
and ability to do the motor diagnostics based on vibration content. 
Such approach is widely used in practice [10] with various parameters 
extracted from the vibration signal.

While some authors choose to base their methods of vibration di-
agnostics on the features of signal in time domain [12], the others use 
the features in frequency domain [17], which is an attractive area of 
research and being often considered invariant opposed to amplitude 
variations in time domain analysis, influenced by the motor type or 
the sensory equipment employed in the experiment.

In case of random vibrations, the classical power spectral density 
(PSD) is serving just as a foundation for more complex methods of 
frequency based analysis [16]. Often, in case of motor vibrations, de-
composition is applied, for instance the Hilbert Huang Transform or 
Wavelet Transform, with a possibility of applying frequency analysis 
to components obtained that way [2], or simply taking time domain 
characteristics of such components [1]. In this work, we have chosen 
to work with the whole signal, without any decomposition, avoiding 
analysis of components’ significance and noise level within each of 
them.

While these works often focus on known bearing faults, showing 
methods of detecting and identifying them, the practical situation often 
resembles the one seen in case of artificial motor aging: motor bear-
ings, shaft and windings suffering the unpredicted failures and faults 
[4, 5]. In that case, it is important to be able to determine what the level 
of aging the motor is achieved, so the remaining life can be estimated 
[12]. An important question that arises there is what is the difference 
between ordinary isolated, controlled bearing faults and those emerg-
ing in (artificial) motor aging processes. Hence, this study aims to fill 
the gap in knowledge about the nature of bearing faults occurring in 
artificial aging processes of induction motors, as well as to investigate 
on the frequency spectrum properties of vibration produced in mo-
tor aging applicable for determination of motor age. Conclusions are 
given to support the claim that the aging process is not possible to ap-
proximate with a single type of bearing fault, but that characteristics 
common for certain types of faults appear within the frequency signa-
ture of motor vibration in characteristic aging signals.

Furthermore, simple statistical measures that are selected for dem-
onstration of emerging patterns in motor aging can readily be used 
for detection of motor age, without the need for introduction of more 
complex machine learning and intelligence components. Simplicity 
of patterns also indicates an existence of a logical theoretical basis for 
the results obtained.

The paper is structured as follows: after an introduction, frequen-
cy-based methods and experimental data from motors used in this 
study are presented in the second part. Third part presents the results 
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of methods applied with a discussion. Finally, conclusions and future 
work directions are given.

2. The methods and experimental data

In order to determine the existence of usable patterns in artificial 
motor aging data, several frequency domain features are to be extract-
ed from the spectrum. Before that, the spectrum has to be estimated 
and represented in a suitable manner. Finally, results obtained on the 
artificial motor aging data had to be compared with results obtained 
on controlled bearing faults in order to compare the processes. This 
section introduces both the methods used to extract the frequency fea-
tures and the data the research was conducted on.

2.1.	 The methods used

Spectral methods in general have been extensively used in sig-
nal processing [8], processing of vibrations being just one part of it. 
While the straightforward approach is to find spectrum for the signal 
by applying (Fast) Fourier Transform to its time series, methods based 
on autoregressive models have shown to be applicable in wide sense 
of signal processing applications, vibration being one of them [3].

The Burg method for AR spectral estimation stems from mini-
mizing the forward and backward prediction errors and satisfying the 
Levinson-Durbin recursion [11]. The autocorrelation function is not 
calculated, reflection coefficients are estimated directly. Burg meth-
od is able of resolving closely spaced sinusoids in signals with low 
noise, which makes it applicable for vibration. It is also computation-
ally efficient and the produced system is stable. In this work, it is 
straightforwardly applied to the signal and then the statistical proper-
ties (minimum, maximum, mean and standard deviation) of the ob-
tained spectrum are examined. There are of course other methods for 
autoregressive estimation of PSD, but in the experimenting with data 
in this research, the Burg method shows the best results in displaying 
the characteristic points of the PSD for the motor vibration in case of 
artificial aging.

Another way of representation for the signal’s spectrum is cep-
strum which is the inverse Fourier transform of the logarithm of spec-
trum estimate. While it has been well known for its application in 
speech processing, there are known successful applications of it to 
vibration analysis [18]. 

Finally, zero crossing represents a very crude method of estimat-
ing the mean frequency of the (zero mean) signal, but extensions on 
the basic principle have been used for much more complex analysis 
of signals [15]. In this study, it is the basic principle that is being 
employed, counting the zero crossings of signal having its mean sub-
tracted. 

2.2.	 The data

Central point of this study is the accelerated aging process. The 
accelerated aging test conducted on induction motors according to 
IEEE Std 117-1974 test procedures involved thermal and chemical 
aging together with fluting [1, 4, 5, 13]. Thermal and chemical aging 
suggests heating the motors and soaking into water to cause corrosion, 
while fluting is the passage of electrical current through the device. 
After making the motor go through a cycle of accelerated aging de-
scribed through these processes, it is put on a performance testing 
platform where vibration is measured at frequency of 12 kHz for 10 
seconds under full load. Hence this data contains eight vibration time 
series, one for each aging cycle before the final motor breakdown, 
120,000 samples long and measured at the load end.

On the other hand, the controlled bearing faults are produced in 
the form of single point faults using electro-discharge machining [9]. 
Fault diameters of 7 mils, 14 mils and 21 mils have been used for this 
study. Vibration data used here was collected at 48 kHz for approxi-

mately 10 seconds. In order to keep the data comparable, vibration 
records were taken from the load end at full load. All three charac-
teristic types of faults: ball, inner and outer race defects were tested, 
but in the results only ball and inner race fault cases were presented 
for brevity.

3. Results and discussion

PSD estimates obtained using Burg method have shown to keep 
the most information in this particular application, so they are pre-
sented in Figures 1 and 2 in case of artificial motor aging and bearing 
faults, respectively. Throughout this section, ball and inner race faults 
are used as characteristic cases. Outer race faults are usually showing 
similar behaviour as inner race faults, hence omitted. 

Even through visual inspection one may draw conclusions on ap-
plicability of PSD in classification. Namely, while the trend in case 
of artificial motor aging is clearly visible, only disrupted in the case 
of data set 5, any trend in case of bearing faults that might be estab-
lished doesn’t hold for both types of faults. Some low order statisti-
cal features extracted in tables 1 and 2 confirm this hypothesis and 
suggest potential use of PSD minimum, mean and standard deviation 
as indicators of motor age. They are shown in Figures 3 and 4 to il-
lustrate obvious trends in case of aging and lack of trends in case of 
bearing faults (only ball fault results are presented graphically, since 
outer race results show the same lack of trends). One may note that the 
standard deviation in case of ball fault is even growing, opposed to the 
trend of decline in case of artificial aging. 

Cepstral representation of the vibration signals in this case is not 
visually insightful, so the figures showing the cepstrum are omitted. 
Low order statistical analysis on the other hand shows again that, for 
example, standard deviation of cepstra in case of motor aging has a 
monotonic growth with respect to motor age (again, with exception of 
data set 5), as shown in Figure 5. One may notice that a trend simi-
lar to this one exists in ball fault data and does not exist in case of 
inner race fault data, visible in Figure 6. A hypothesis that this im-
plies dominant ball faults in motor aging does not have more support 
than a hypothesis inner (or outer) race faults dominate in the process, 
though. For instance, in [14] it has been shown that the behaviour of 
Hurst exponents for motor aging resembles the behaviour in case of 
inner and outer race faults. Hence, we may safely conclude that it is 
not reasonable to approximate whole aging process with just one type 
of bearing fault.

Finally, number of zero crossings within the vibration signals has 
been analyzed. In order to obtain meaningful results, the mean of sig-
nals has been subtracted to produce zero mean sequences. Counting 
zero crossings and dividing that number with the total length of vi-
bration sequences produces results shown in Figures 7 and 8. Visible 
opposite trends in the two regimes are observed and the already cus-
tomary monotonic behaviour (with exception of data 5) is observed 
in the aging case.

Interesting fact concerning the data collected in controlled bear-
ing faults experiment is that PSD and cepstrum standard deviation 
have the same values for vibration on the load end and the drive end.

At this point, it is important to provide a physical interpretation 
of results as well. The zero crossings monotonic increase observed for 
artificial aging implies increase in the overall frequency of the signals 
(as shown in Figure 9 (a) in time domain representation of vibration 
data), while such behaviour is not present in controlled (ball) fault 
data (as shown in Figure 9 (b)).

The same monotonic trend of cepstral standard deviation in case 
of motor aging and controlled ball faults follows opposite trends in 
PSD standard deviation, implying a more complicated relationship, 
but in general suggesting that peaks in cepstra of these signals are 
increasing with time, widening the distribution.
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The trend of increasing minimum and mean PSD for the aging 
process implies increase in power caused by additional elements con-
tributing to the motor vibration as the aging process mechanically 
disrupts the normal state. Since the standard deviation is essentially 
measuring the “height” of the PSD as shown in Figures 1 and 2, we 
may say that the monotonic increase in standard deviation for aging 
process is a consequence of the maximum value (not shown in the 
table for its lack of monotonicity) or the mean value increasing faster 
than the minimum value, therefore widening the PSD. Such behav-
iour is not a characteristic of the signals produced by controlled faults 
which implies that the other mechanical sources of vibration in ag-
ing processes influence the power of the vibration strongly, unlike 
the case of controlled faults where all possible additional vibration is 
caused solely by the bearing fault.

An interesting feature that was expected and noted in the Figures 
1 and 2 is a substantial difference in nature between the healthy case 
and all faulty cases. In case of controlled bearing faults (Fig. 2), it is 
related to the already mentioned defect frequency which is not appear-
ing in the healthy case, i.e. no peaks in the PSD, while it appears as a 
peak in the faulty cases.

On the other hand, in the case of artificial motor aging, shift in the 
peak suggests a bearing fault at that particular frequency visible in all 

Fig. 1. PSD estimates for artificial motor aging data

Fig. 3. Low order statistics for PSD in Figure 1
Fig. 4. Low order statistics for PSD in Figure 2(a)

Fig. 2. PSD estimates for bearing faults: (a) ball fault, (b) inner race fault
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Fig. 5. Standard deviation of cepstra for artificial motor aging data

Fig. 6. Standard deviation of cepstra for bearing faults

Fig. 7. Number of zero crossings for artificial motor aging data Fig. 8. Number of zero crossings for bearing faults

Table 1.	 Summary results for artificial motor aging data

1 2 3 4 5 6 7 8

PSD min −54.7 −44.93 −38.92 −34.59 −30.74 −31.68 −29.85 −26.57

PSD mean −36.1 −28.06 −22.94 −19.29 −17.69 −17.23 −15.79 −13.09

PSD std. deviation 11.87 8.857 7.641 6.954 5.603 6.339 6.116 6.086

Cepstrum std. deviation 0.0057 0.0079 0.0091 0.0095 0.0099 0.0098 0.0100 0.0114

No. of zero crossings 0.1604 0.2226 0.3242 0.3663 0.4805 0.4277 0.4473 0.4939

Table 2.	 Summary results for bearing faults

Ball fault Inner race fault

0 mil 7 mil 14 mil 21 mil 7 mil 14 mil 21 mil

PSD min −52.72 −57.38 −62.05 −50.85 −43.37 −46.38 −48.98

PSD mean −37.61 −41.26 −44.79 −37.19 −28.18 −36.42 −36.67

PSD std. deviation 11.45 14.17 15.28 15.82 13.82 10.8 14.87

Cepstrum std. deviation 0.0036 0.0039 0.0041 0.0044 0.0057 0.0077 0.0048

No. of zero crossings 0.1684 0.1236 0.1083 0.1125 0.1307 0.1136 0.1077
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faulty cases, significantly different than the base frequency observed 
in healthy case.

4. Conclusions and future work

Analysis conducted has led to two important conclusions concern-
ing artificial motor aging vibration. A pattern in frequency domain 
representation of artificial motor aging vibration has been detected, 
disrupted at only one vibration time series out of eight. Different sta-
tistical features have shown the same behaviour, indicating its sig-
nificance. It can obviously be used for determining motor age, hence 
having a big practical impact on condition monitoring. This pattern 
does not appear in case of controlled bearing faults, and sometimes 
it is even reversed in that case. Therefore, we conclude that an ap-
proximation of motor aging with a common bearing fault growing is 
not justified.

Future work may include a real-time implementation within a 
condition monitoring system based on an FPGA embedded system, 
alongside with theoretical consideration of results on experimental 
data presented in this study. Furthermore, these results may have im-
plications on question of modeling vibration in artificial aging proc-
esses, which represents another path future work may take. Impor-
tant question that might have to be settled first is whether this pattern 
emerges in aging processes of different motors and is it characteristic 
both for artificial and natural motor aging.

Fig. 9. Time domain representation for the vibration signals in case of motor aging (a) and controlled ball faults (b)
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