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Abstract

The monitoring of vibrations in rotating machinery aims
to provide information on the operational state of the
machine without interrupting the production line. This
prevents production losses and enhances reliability and safe-
ty. In this regard, this article presents a study integrated
within the context of applying condition-based maintenance
through vibration analysis of bearings, utilising the Estima-
tion of Signal Parameters via Rotational Invariance Tech-
nique (ESPRIT) method to detect bearing faults in the induc-
tion motor. The results of experimental tests conducted on a
3 kW, 50 Hz induction motor demonstrate the effectiveness
of the ESPRIT method in identifying low-amplitude har-
monics that characterise bearing failures.

INTRODUCTIONS

Ball bearings constitute a fundamental component of all
electric motors, playing a crucial role as an electromechani-
cal interface. Unfortunately, this function renders them more
susceptible, placing them at the forefront of the primary
causes of failure in electrical machines, /1, 2/. Among the
most significant factors contributing to bearing failures, one
can cite excessive load, lubricant contamination, as well as
electrical issues such as the circulation of leakage currents
induced by pulse-width modulation inverters (PWM), /3-6/.
Indeed, statistical studies reveal that bearing defects account
for between 40 % and 52 % of total motor failures in certain
industrial sectors /7, 8/. This type of failure typically results
in various mechanical effects within the machine, such as
an increase in noise levels and the emergence of vibrations
/9/. The critical point of bearing failure is manifested by the
rotor locking. Therefore, it becomes imperative to detect such
failures early on to ensure personnel safety and prevent pro-
duction line interruptions, thereby minimising economic
losses.

Vibration monitoring of electric motors is widely em-
ployed in the industry to detect various defects affecting
electrical machines, with a particular focus on mechanical
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lzvod

Pracenjem vibracija kod rotacionih masina omogucava
se dobijanje informacija o operativnom stanju masine bez
prekida rada. Ovim se izbegavaju gubici u proizvodnji i
poboljsava se pouzdanost i bezbednost. Imajuci to u vidu, u
ovom radu je predstavljeno istrazivanje koje integrise
kontekst primene odrzavanja na osnovu stanja shodno anali-
zi vibracija lezista, i to upotrebom Procene parametara sig-
nala rotacionom invarijantnom metodom (ESPRIT) za detek-
ciju ostecenja na leZistima indukcionog motora. Rezultati
eksperimentalnih ispitivanja indukcionog motora od 3 kW,
50 Hz pokazuju efikasnost metode ESPRIT u otkrivanju
nisko-amplitudnih harmonika karakteristicnih za ostecenja
leZista.
failures such as bearing faults /10, 11/. This monitoring is
carried out through the spectral analysis of the vibration
signal, enabling the tracking of the evolution of frequency
components characteristic of the defect. Consequently, it
becomes possible to ascertain the condition of various bear-
ing components.

To detect bearing defects in the early stages of their occur-
rence, various signal processing methods have been devel-
oped, among which is spectral analysis using Fast Fourier
Transform, commonly known as FFT /12, 13/. This method
is one of the most significant and widely utilised techniques
since the introduction of spectrum analysers. However, this
technique does not yield reliable results when the number of
acquired signal samples is limited, i.e., when the acquisition
time is short, /14, 15/.

To address this issue, it is necessary to increase the signal
acquisition duration, thereby increasing the number of sam-
ples. However, this approach is often impractical in reality,
given that most spectrum analysers used in the industry
have limitations in terms of signal acquisition, such as a
predefined frequency range and a limited number of samples.
These constraints make it challenging to distinguish closely
spaced characteristic frequencies. Consequently, it is imper-
ative to employ more advanced analytical methods capable
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of separating harmonics that are very close, independent of
the resolution of the measuring instrument.

For this purpose, parametric methods are developed in
the field of signal processing, particularly in the context of
spectral analysis, with the aim of distinguishing closely
spaced frequency components /1, 16/. These methods, known
as high-resolution methods, have numerous applications in
various fields, particularly recently in the vibration analysis
of rotating machinery /17, 18/. Furthermore, these methods
rely on decomposing the covariance matrix of the analysed
signal into eigenvalues and eigenvectors. The goal is to
assess the spectral content of the signal by distinguishing
the space of useful data, generated by sinusoids, from the
noise space /19-22/. Among these techniques, we find the
MUItiple Slgnal Classification (MUSIC) method that
exploits the noise space, and the Estimation of Signal Param-
eters via Rotational Invariance Techniques (ESPRIT) method
based on signal space. The applications of these methods in
the diagnosis of bearing faults are detailed in /12, 18, 23/.

The aim of this article is to diagnose mechanical faults,
particularly bearing faults in induction motors operating
under constant load and speed conditions, by analysing the
vibration signal using the ESPRIT technique. This method
stands out for its high robustness against measurement noise
and superior frequency resolution compared to conventional
approaches. However, this method demands a significant
computation time which can be a hindrance during real-
time implementation. Nevertheless, the proposed solution
to mitigate this computation time constraint and reduce
memory space usage is to process only the frequency band
where the signature of the fault is expected, considering
that the frequency signature of the targeted fault is located
in a known frequency range.

In this study, we analysed a vibration signal generated by
a three-phase asynchronous motor using the ESPRIT method
for bearing fault detection. The obtained results are promis-
ing, demonstrating the capability of this method to detect
harmonics of very low amplitudes.

BEARING FAULT CHARACTERISTIC FREQUENCIES

Ball bearings are the most commonly used in electrical
machines. They consist of an outer ring, an inner ring, balls
that facilitate the movement of both rings with minimal
friction, and a cage that maintains a uniform distance be-
tween the balls. Figure 1 illustrates the geometry of a radial
contact ball bearing.

‘p

Figure 1. Geometry of a rolling-element bearing.
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Furthermore, bearing faults manifest as specific harmonics
in the vibration spectrum. The amplitudes and frequencies
of these harmonics, dependent on bearing dimensions and
shaft rotation frequency, allow for the characterisation of
the bearing's condition. In this case, these frequencies are
given as follows, /16, 24/

- outer race fault ~ f, _No fo|1-—2 Bp cosf | @
2 Co

- inner race fault ~ f; _Np f, 1+—Dcosﬂ : )
2 Co

-cage fault  f .= L = f, 1—B—Dcosﬂ : @)

) Co
ballfault: £, =S ¢ [1- BB cos? 5. (4)
BD CD

where: Bp and Cp are the balls and cage diameter, respec-
tively; fr is mechanical rotor frequency; Ny is the number of
bearing balls; and g, is the contact angle.

ESPRIT METHOD

The ESPRIT method was developed by Roy et al. /25/.
This is a subspace estimation method in which parameter
estimates (amplitude, frequency, and phase) of a sinusoidal
signal are obtained by exploiting the rotational invariance
structure of the signal subspace. We consider the following
noisy sampled signal:

L
x(n)= > a;cos(2z finTs +6)+b(n) ;
i=1

where: a;, i, and & are respectively the amplitude, frequen-
cy and phase of the i-th sinusoidal component; b(n) is a
measured noise that can be modelled as an additive white
noise with a zero mean and a variance o?; Ts is the sampling
period; L is sinusoidal components number; and N is the
acquired samples number.

According to Euler's formula, Eq.(5) can be written as
follows

x(n) = Z A

with A., the complex magnitudes.
In matrix form, Eq.(6) is written as, /26/:
X =SA+B, ()
where: X, A, and B represent respectively the observation,
amplitude, and noise vectors. They are defined as follows:

n=01...N, (5

eJZ”fT”er(n) zA 127t 1 pm), (6)
i=1

X =[x(n) x(n+1) x(n+m-1]", (8)
A=[A; A, Ay 1T 9)
B=[b(n) b(n+1) b(n+m-1)]", (10)
with S as the Vandermonde matrix,
S=[s; S ... sk SoL s (11)

o272,

where: Sk :[1 ej27szTs ej27sz(N—1)Ts]Tl (12)

Frequency estimation

The signal frequencies estimation is based on the covari-
ance matrix singular value decomposition of the noisy signal
x(n). This matrix is defined by the following relation:

Y =g[xx"7]. (13)
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where: E[.] is mathematical expectation; and H is the Hermit-
ian transposition operator.

Additionally, this matrix can be considered as the sum of
two covariance matrices, the signal and the noise matrix
127, 12,

Y=Y, +Yg =swsH 4521, (14)
where: W represents the power matrix of the sought harmon-
ics, defined as follows:

w=diag[A’ A ... Ajl (15)
In practice, the covariance matrix Y is unknown, however,
it can be estimated from the following observations:
5 1 N7m+1x (n)X (n)H
N-m+1 El ’
where: X = [x(n) x(n+1) ... x(n+m-1)]" is of length m.

The singular value decomposition allows the separation of
the matrix Y into several orthogonal components according
to the classification of singular values, /12/,

2L N
Y=Y 2uu+ Y Al
i=1 i=2L+1
where: A and u; are respectively the eigenvalues and eigen-
vectors of matrix Y.
Thus, in matrix form, Eq.(17) is written

Y =U AU +u AU,

(16)

(17)

(18)
where:
Ug =[ug, U, Uz 1 Up =[Upp41,Up 42, U] (19)
As=diag(h, 2, 2ol ] Ap=02In o (20)
with As as the matrix of signal space eigenvectors corre-
sponding to the 2L strongest eigenvalues; Ay is the noise
space eigenvector matrix; and o2 is the noise variance.

The ESPRIT method's main aspect is the property of the
space signal's rotational invariance.

Then, two matrices S; and S; are defined as follows, /26,
28/

S1=[lny OIS (21)

S, =[0 1,41S" (22)
where: S, S, represent, respectively, the first and last rows
of matrix S. with, In.1 an identity matrix of dimension (m —
1)(m-1).

Subsequently, these two new matrices S; and S, are com-
bined as shown in Eq.(23), which allows us to extract the
eigenvalues /28/,

o=(s's))tsfs, . (23)

From this equation, the signal frequencies can be esti-
mated using the following relation:

g 280D oo L
27Ty
where: T’ are eigenvalues of the matrix @.

(24)

Amplitudes and phases estimation

Once the signal frequencies are estimated, the complex
amplitudes can then be determined using the least squares
estimator. This estimator is given by /26, 29/

c=(s"s)tsHx. (25)

Finally, the initial amplitudes and phases can be obtained

as follows:
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ai=2, i=1,2,..., L, (26)

G=arg(c), i=1,2,...,L, 27)

where: ¢; is the i-th component of c; |.| represents the com-
plex module; and arg(.) argument.

Experimental results

The motor used in the experimental tests is a three-phase
squirrel cage type, with nominal power of 3 kW, a frequency
of 50 Hz, current of 7 A, and rotational speed of 1410 rpm.
Additionally, this motor is mechanically coupled to a direct
current generator connected to a resistive load. In addition,
the measurement chain consists of an acquisition card and a
piezoelectric-type accelerometer used to measure the vibra-
tions of the motor. The entire setup is connected to a com-
puter for visualisation and processing of recorded signals.
Figure 2 illustrates the test bench used.

All acquisitions are performed under steady-state condi-
tions, at constant load, over a duration of 20 seconds with a
sampling frequency f; = 10 kHz. This ensures a frequency
resolution of 0.05 Hz. Furthermore, the diagnosed bearings
are of 6205-ZZ type, characterised by following parameters:
Np = 9 balls, Bp = 7.938 mm, Cp = 38.5 mm, and f=0. The
fault addressed in this article concerns the outer ring and
cage, as illustrated in Fig. 3.

|

Figure 3. Bearing faults: outer race fault (left); cage fault (right).

Furthermore, since various tests are conducted under a
constant load at a speed of 1440 rpm, corresponding to a
rotation frequency f, = 24 Hz, and based on the geometric
parameters of the bearing and Egs. (1) and (3), the vibration
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signatures of bearing defects, if present, should manifest at
the following theoretical frequencies, Table 1.

Table 1. Theoretical frequencies of bearing faults for fr = 24 Hz.

Bearing faults Vibration frequency | The analysis band
outer race fault 85.73 Hz [80 Hz, 90 Hz]
cage fault 9.52 Hz [5 Hz, 15 HZ]

Table 1 demonstrates that analysing the spectrum of the
vibration signal in specific frequency ranges around each
characteristic fault frequency is adequate for detecting vari-
ous bearing faults.

Healthy bearing

The measured vibration signal is shown in Fig. 4. It is
noteworthy that this temporal waveform provides no infor-
mation about the condition of the studied.

Amplitude

0.05 0.1 0.15 0.2
Time(s)

Figure 4. Vibration signal.

The spectral analysis of the vibration signal using FFT is
shown in Fig. 5. This illustration reveals the presence of a
component at the frequency of 85.85 Hz within the range
[80 Hz, 90 Hz]. However, no frequency signatures are de-
tected within the range [5 Hz, 15 Hz].
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Figure 5. Vibration analysis by FFT algorithm: a) [5 Hz, 15 Hz];
b) [80 Hz, 90 Hz] - healthy bearing.

The application of the proposed ESPRIT method to the
same frequency ranges mentioned above yield the follow-
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Figure 6. Vibration analysis by the ESPRIT algorithm: a) [5 Hz,
15 Hz]; b) [80 Hz, 90 Hz] - healthy bearing.

Figure 6 demonstrates that, in addition to the harmonic
revealed at 86.07 Hz by both methods (FFT and ESPRIT),
another harmonic appears at 10.02 Hz in the spectrum ob-
tained by ESPRIT. This confirms its ability to identify low-
amplitude harmonics compared to the conventional method.

Comparing this result with Table 1, we can speculate
that these very low-amplitude harmonics might correspond
to a minor scratch on the outer ring and cage of the bearing
which should remain intact. Thus, this scratch could be ex-
plained by the repetitive process of disassembly and assem-
bly of bearings during various tests (multiple tests with the
same bearing). Therefore, this characteristic can be consid-
ered as an incipient defect.

Indeed, the signals acquired and analysed during this ini-
tial test will serve as a reference for all subsequent tests.

Bearing with an outer race fault

In this test, the motor operates with a bearing having a
3 mm hole in the outer ring. In this case, the theoretical
characteristic frequency of this defect should appear at
85.73 Hz (see Table 1).

Figure 7 illustrates the vibration spectrum obtained by
ESPRIT, highlighting the presence of a component at the
frequency of 85.80 Hz.
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ing results. Figure 7. Vibration analysis by ESPRIT algorithm - outer race fault.

INTEGRITET | VEK KONSTRUKCIJA 144
Vol. 25, br.1 (2025), str. 141-146

STRUCTURAL INTEGRITY AND LIFE
Vol. 25, No.1 (2025), pp. 141-146



Vibration analysis of induction motor for bearing faults detection ...

Analiza vibracija indukcionog motora radi detekcije ostecenja ...

Figure 7 illustrates the presence of a harmonic at the
frequency of 85.98 Hz, with a more significant amplitude
compared to the case of the healthy bearing (Fig. 6b). This
indicates a defect in the outer ring of the bearing.

Bearing with cage fault

In this test, a small hole is created in the bearing cage.
Figure 8 shows the plot of the result obtained by FFT. Con-
sidering that, according to Table 1, the harmonic character-
ising this defect should appear at a frequency of 9.52 Hz.
However, from this figure, it can be observed that the FFT
fails to identify the frequency of the sought defect.

-20

-30
-40 M
-50

-601

Amplitude (dB)

5 15

Frequeln(():y (Hz)
Figure 8. Vibration analysis by FFT algorithm - cage fault.

Analysing the vibration signal using the ESPRIT method
yields the result illustrated in the following figure.

50
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Figure 9. Vibration analysis by ESPRIT algorithm - cage fault.

According to Fig. 9, a component at a frequency of
10.42 Hz is observed with an increase in amplitude com-
pared to the case where the bearing is healthy (Fig. 6a),
indicating a sign of a defect in the cage.

Table 2 summarises and compares theoretical frequencies
of the outer ring defect and cage defect with those obtained
through the ESPRIT technique, along with the time taken
by the latter.

Table 2. Theoretical and experimental values of faults harmonics
(ESPRIT method).

Bearing | Theor. Experimental results
fault freq. | Experimental Analysis  |Computation
(Hz) |frequency (Hz) band time (s)
outer race [0 Hz, Fs/ 2] 1146.1
fault 8573 8598 [80 Hz, 90HZ] 0.27
[0 Hz, Fs/ 2] 1013.15
cage fault | 9.52 10.42 [5 Hz, 15Hz] 024

According to Table 2, it is observed that results obtained
by the ESPRIT algorithm are superior, as the frequencies
identified by this method are very close to theoretical fre-
quencies. Additionally, applying this method to well-defined
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frequency ranges, where the defect is expected to appear
leads to a significant reduction in computation time.

CONCLUSION

This article proposes a reliable and effective ESPRIT tech-
nique for identifying mechanical faults, particularly bearing
faults in induction motors by analysing the vibration signal.
This approach overcomes the limitations and disadvantages
of spectral resolution observed in the classical DSP method
(FFT). Experimental results demonstrate the superiority of
the proposed approach compared to the classical method in
detecting certain frequency signatures of very low amplitude.
Additionally, the ESPRIT method enables tracking the sever-
ity evolution of bearing faults. However, the ESPRIT algo-
rithm has a high computation time. To alleviate this con-
straint, processing is focused on frequency bands where the
sought fault signature is likely to appear. This strategy
reduces computation time without compromising analysis
precision, making the technique suitable for real-time appli-
cations.
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