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Today, in conditions of given the high demands for reliability and uninterrupted operation of equipment,
electric machines are used in important and even critical technological processes, where their failure can lead to
serious consequences, including production downtime, material losses, or even safety hazards. Diagnostic systems
enable the timely detection of potential faults, which helps prevent emergency situations and significantly reduces
costs associated with unforeseen repairs.

Moreover, with the advancement of technology, the design of electric machines is becoming increasingly
complex, necessitating the implementation of more precise monitoring methods. Such diagnostics not only help
prevent emergency situations but also extend the service life of equipment. Additionally, the timely detection of
defects helps maintain high energy efficiency in machines, which is crucial for reducing energy costs and
minimizing the negative environmental impact.

Integrating diagnostic systems into the overall automated infrastructure allows for real-time monitoring
and more accurate forecasting of potential failures. These approaches reduce the risk of accidents, improve the
efficiency of production process management, and ensure safety. In the context of the transition to Industry 4.0 and
the widespread use of digital technologies, such systems have become an indispensable element for ensuring the
stable and safe operation of rotating electric machines, which is critical for modern industrial enterprises. They
also allow for a significant reduction in the energy intensity of production processes by extending the operational
life of primary production assets.

The work proposes diagnostic indexes for detecting bearing defects in induction motors, theoretically
justifying the use of the Hilbert transform for current-based bearing defect diagnostics, and demonstrating that the
spectrum of the current envelope waveform should be plotted on a linear scale.

Key words: diagnostics, induction motor, defect, bearing assembly, emergency failure, envelope of
current diagram.

Eq. 9. Fig. 1. Ref. 10.

1. Problem formulation

The analysis of envelope waveforms holds significant practical value in the theory of signal processing.
The processing of envelope waveforms of currents, voltages, and torques is also applied in the analysis of
transient processes in powerful rotating machines. This method is particularly important in the diagnostics of
machines, especially when analyzing the spectra of envelope vibration signals for the early detection of machine
defects [4].

In classical spectral analysis, the original current waveforms are used, which allow for diagnosing
machine faults [5]. A fault in the motor leads to periodic amplitude modulation of the current, causing a change
in the amplitude of its waveform [6].

Based on existing research results and theoretical considerations, it can be assumed that the resulting
curve of current waveform amplitudes for a healthy motor is approximated by a straight line, while for a faulty
motor, it corresponds to distinct oscillations (pulsations). In several studies, the analysis of current envelope
waveforms is used for diagnosing rotor faults [7]. This research aims to develop a method and mathematical
framework for detecting bearing defects based on the analysis of the envelope diagram of the stator current of an
induction motor.
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2. Analysis of recent research and publications

Induction motors (IM) play a crucial role in modern industry. They are widely used across various
sectors due to their versatility and ability to operate in challenging conditions, making them indispensable for
many manufacturing processes. Furthermore, the ability to regulate speed using frequency converters allows
them to be easily integrated into automated systems, providing precise control over processes [1].

These motors are known for their high mechanical strength, which enables them to handle heavy loads,
and the absence of moving parts like brushes contributes to their longevity and reduces maintenance costs. All
these characteristics make induction motors essential for the efficient operation of modern manufacturing,
ensuring stability, cost-effectiveness, and reliability.

Another trend in post-industrial production is the reduction of the energy intensity of manufacturing
processes, which is also manifested by extending the operational lifespan of power equipment until its complete
physical wear, as the latter is characterized by relatively slow amortization of the second type and high resource
consumption [2, 3]. Since the implementation of such a resource management strategy requires continuous
monitoring of the equipment's technical condition, it is clear that the development of automated technical
diagnostic systems for induction electric machines holds significant theoretical and practical value.

3. The purpose of the article

The purpose of this work is to develop a method and mathematical apparatus for diagnosing defects in
the bearing assembly of an asynchronous electric motor based on the analysis of the stator current envelope
diagram. Special attention is paid to substantiating the feasibility of using the Hilbert transform and
constructing the current envelope spectrum on a linear scale as an effective diagnostic index. The proposed
approaches are aimed at increasing the accuracy of diagnostics, ensuring reliable and safe operation of electric
machines in industrial conditions, as well as integrating diagnostic systems into the general infrastructure of
automated control

4. Results and discussion

Current fluctuations due to bearing wear are found in the low-frequency and mid-frequency ranges of
the spectrum [6, 8]. Therefore, it is advisable to obtain the envelopes of low-frequency and mid-frequency
oscillations by applying the Hilbert transform.

The Hilbert transform performs a 90° phase shift (n/2 shift) on all frequency components of the signal,
while preserving the amplitude relationships in the signal spectrum, removing only the constant component [9].
In the current spectrum based on the envelope waveform, the dominant harmonic is the frequency fo = 0 Hz,

which is related to the fact that the Hilbert operator has a function of this form h(t) = it . Figure 1 shows the main
T

segment of the Hilbert operator form and the resulting signal transformation [9, 10].
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Fig. 1. Hilbert transform: a) Hilbert operator; b) resultant and conjugate signals

In Figure 1, curve 1 represents the Hilbert operator n(t) _ L1 curve 2 represents the original signal i(t),
it

and curve 3 represents the conjugate signal [9]. Therefore, when the original signal i(t) passes through its
maximum, h[i(t)] the conjugate signal passes through zero.
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A fault in the operation of an induction motor leads to periodic amplitude modulation of the current,
which means that the disturbance-modulated signal can be represented as a cosine function. Thus, we describe

the amplitude-modulated current waveform, where the amplitude is modulated according to the cosine rule:
i(t) =i, cos(ayt)[1+i, cos(a,t)], 1)
where i1 — amplitude of the fundamental harmonic of the current, A; in — modulation depth, A;

wm — cyclic modulation frequency, s™.
To extract the envelope of the current waveform, we use the Hilbert transform:

i, (®=i(t)+ jh[i®)], )
where hl[i(t)] — imaginary component, which is the conjugate component to the output signal, which
is determined by the direct Hilbert transform:
: 1. 1%i(r)
hlit)|=—-i(t)=— | —=dz. 3
[O]=—-i(t)=— [ T=dr ©

t—-7

—00

Equation (3) shows that the Hilbert transform is the result of convolution of the signal i(t) with the

function h(t) :it. Using (2) for the current waveform i(t), the modulus and phase of its envelope will be
T
calculated by the expressions:

AQt) = Ji2() +h[i®)], (4)
o(t) = arctg [MJ (5)
i(t)
Taking into account (4) and (5), equation (2) can be written as follows:
i,, (1) = At)e’". (6)
Using (6), the analytical envelope signal for the current waveform (1) can be written as:
i,.(1)=i,[1+i, cos(w,t)]e™. 7)

The relation (7) shows that the analytic signal of the envelope contains periodic oscillations with
modulation depth in and frequency wm, which characterize changes in the current waveform (1) as a result of
the motor fault.

Since demodulation using the Hilbert transform allows for the examination of the spectrum without the
main current component at the frequency f; [9, 10], taking into account the previous statements [6], we can write
the analytical equations that characterize the changes in the currents due to periodic amplitude modulation.

For a faulty induction motor with bearing wear, we then have:

1+ii?r cos(wt—¢, )+ ii;ﬂ cos{a)r (11%} —¢rﬂj+

v=1 v=l

+ Zi‘f/rirZr Cos(wr (1i Ki er jt - ¢rinJ

i)=Y it,, cos(at-4)

PP

Iy (t) = i - COS(a)lt - %ﬁ - ¢1j , (8)

i (t)=> i, cos(a)lt + 2?” - ¢1j

v=l

+ zi;ﬂr COS(a)r (11 % + er jt — ¢r12r]

v=l

where the modulated oscillations of the component currents i, i}, and i}, inaworking induction
motor approach zero.
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Taking into account equation (7), we transform equation (8) to obtain the analytical relationships for
the envelope waveforms of the currents under bearing wear:

1+§:i¥r cos( ot —¢r)+ii¥rﬂ cos{a)r [thjt —¢Mj+
v=l v=1

i (t)= iy, cos gllaten,
= e k Kz,
+ Zlfrin Cos @, 1+—+ t- ¢r1rZr
L v=1 p p
1+ iy cos(mt—g¢ )+ D i}, cos wr(1+—jt—¢rﬂ + ,
— 2 ) v=1 p j[qt—?ﬂ—qﬂ]
Ib.mz (t) = z Immf Cos ‘€ ) (9)
vl C k  kZ,
+ ) .5 COS| @ | 1+ — = t—d.,
i PP |
1+ iy cos(ot—¢. )+ ir., cos(a)r [1i K]t _¢MJ+ ,
— = .y v=1 v=1 p j(“’lt‘*%—!ﬂ)
ig.,. ()= i, cos e .
- +Zi‘f/ri2r COS{a)r [1i£i— er \Jt_¢r+ZrJ
v=1 p p

The obtained relations (9) show that the envelope waveforms of the currents contain a constant
component of the resulting stator windings magnetomotive force and variable components of amplitude-
modulated harmonics due to the motor fault.

When diagnosing the operation of an induction motor with worn bearings, several characteristic signs
can be identified:

- harmonic components f, +v- f_, caused by current modulation and rotor rotation frequency;

- harmonic components f, (p_r Ej, caused by periodic changes in the magnetic conductivity of the
p

air gap due to eccentricity;

- harmonic components (Hki kzr], are associated with the periodic interaction of the rotor
p P
tooth harmonics and changes in the magnetic conductivity of the air gap due to eccentricity.

Considering this, it is clear that in the expression fi + vf, the first component is the main harmonic
of the supply network f;, and the second component is modulated due to the fault. The Hilbert transform allows
obtaining the envelope waveforms of currents and their spectra, which contain amplitude-modulated
oscillations without the dominant component f;.

When considering an induction motor with the number of pole pairs 2p=2, the rotor speed is
approximately equal to the supply network frequency f=fi. Given this, in the spectrum of the envelope
waveforms of the currents, the following amplitude-modulated oscillations of the current components should

be analyzed when operating with bearing wear: v- f_, vt f, (Ei Kz, j
p P P

The study of the envelope waveform of the current allows for the analysis of the spectrum, which

contains amplitude-modulated oscillations (low-frequency oscillations) in the absence of a dominant

component at the supply network frequency f.. It should be noted that amplitude-modulated oscillations, which

characterize bearing wear, are also present in the classical spectrum based on the initial current waveform, but
their comparative analysis is complicated due to the dominant current component.

For induction motors (IM) with healthy bearings, the amplitude-modulated oscillations at the

frequencies v- f,, YT i ¢ (Ei KZ,

P PP

Therefore, based on the above, it can be concluded that the analysis of the envelope waveforms of

the currents should be carried out with a bandwidth up to the maximum amplitude-modulated oscillations.

Since only the amplitude-modulated oscillations are analyzed, without the main current component, the

] are at the level of general noise within the spectral composition.
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spectrum of the envelope waveform should be presented in a linear scale (A/Hz), which facilitates better clarity
during graphical analysis, as opposed to the logarithmic scale (dB/Hz).

5. Conclusion

Diagnostic signs of bearing defects in induction motors have been proposed and substantiated, which
can be used for real-time diagnostics during operation.

The theoretical justification for the application of the Hilbert transform in current-based diagnostics of
bearing defects in induction motors has been provided. It has been shown that using this approach allows the
extraction of the main component corresponding to the supply network frequency from the current waveform,
leaving only the low-frequency harmonic components in the resulting envelope, which can be used as
diagnostic signs for the investigated type of defects.

It has been demonstrated that the analysis of the envelope waveforms of the currents should be
performed with a bandwidth up to the maximum amplitude-modulated oscillations, and the spectrum of the
current envelope waveform should be presented in a linear scale (A/Hz), which enhances the clarity during
their analysis.
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3ACTOCYBAHHSA O'HHAIOUUX JIATPAM CTATOPHUX CTPYMIB B 3AJIAYAX
JIATHOCTYBAHHSA NIJIIAITHUKIB ACUHXPOHHUX /IBUT'YHIB

Cb0200Hi 8 YMOBAX BUCOKUX 8UMO2 00 HAJitiHOCMI ma be3nepedilinoi pobomu 0OIAOHAHHS, eleKMPUYHI
MAWUHU BUKOPUCTOBYIOTNBCAL Y BANCIUBUX | HABIMb KPUMUYHUX TNEXHOIOSTUHUX Npoyecax, Oe iX agapitina 6ioMosa
MOdICe CRPUMUHUMU CePUO3HI HACTIOKY, BKIIOUANOYU 3VNUHKY SUPOOHUYMEA, MaAmepiaibhi 30umku abo Hagimo
3aeposu ons besnexu. Cucmemu OiAeHOCMUKYU OAIOMb MONCTUBICTIL CBOEYACHO GUABUIMU MOJICTUBL HECHPAGHOCTII,
WO 00360JI5E€ YHUKHY MU ABAPIUHUX CUMYAYITl MA 3HAYHO 3HUZUMU UMPAMU HA Henepeddawy8ani peMoHmu.

Kpim moeo, 3 pozsumxom mexHonoz2iti KOHCIMpYKYisi eeKmpuyHuUx MAwuH cmae éce Oibll CKIAOHO, WO
BUMAAE BNPOBAONCEHHST OLIbUL MOYHUX Memooie MoHimopuney. Taxa OiaecHOCmuKa 0036015€ He Jauuie
nonepeoumu GUHUKHEHHs AGAPItIHUX cUMyayil, a i noooexdcumu mepmin cayxcou oonaouanns. Kpim yvoeo,
CBOEUACHE BUABTEHHSA OeheKkmia 0onomMazae NiOMpUMy8amu GUCOKY eHepeoeheKmMUGHICINb MAWUH, WO GANCTUBO
0151 BHUMCEHHS BUMPAM HA eHePeopecypcy Mma MIHIMI3AYil He2amueHo20 6NIUBY HA HABKOIUWMHE cepedosuLye.
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Inmeepayin  OiaeHocmuunux cucmem y 302anbHy AGMOMAMU308AHY  THOPACMpPYyKmypy 0036075€
npo8OOUMU MOHIMOPUHE Y PEATbHOMY 4AcCi ma 30ICHI08amu OLIb MOYHe NPOSHO3YEAHHSL MONCIUBUX BIOMOB.
Taxi nioxoou 3HUNCYIOMb PUSUKU ABAPIL, NOKPAWYIOMb eqheKmMUSHICMb YIPABTIHHA GUPOOHUYUMU HPOYECaMU ma
3abeszneuyroms 6e3nexy. B ymosax nepexody 0o [ndycmpii 4.0 ma wupoxo2o 3acmocy8ants yupposux mexHoaoeiu,
MaKi cucmemu Cmaioms He3amiHHUM eJleMeHmoM OJis 3a0e3neueHHs CmabiibHoi ma b6esneunoi pobomu 0bepmosux
CNeKMPUYHUX MAWIUH, WO € GANCTUBUM OISl CYUACHUX NPOMUCTOBUX NIONPUEMCIG, A TAKOIC 00360JI0Mb
CYMMEBO 3MEHUUMU EHEPLOEMHICTING BUPOOHUYLX NPOYECIE 3a PAXYHOK NPOOOBICEHHS MPUBANOCH eKCIIyamayii
OCHOBHUX BUPOOHUUUX (POHOIB.

B pobomi 3anponomosano OiacHocmuuHi 03HaKU HAAGHOCMI OeqeKkmig NIOWUNHUKOBUX 8Y371i6
ACUHXPOHHUX OBUSYHIG, MeopemuyHo 008e0eH0 OoyintbHicmy 3acmocyéanns nepemeopenuss 1inwbepma npu
30iliCHeHHI CMpPYMO080i diazHOCuUKY OegheKxmie NIOWUNHUKIE MA NOKA3AHO, WO CNEKMP 02UHAIOYO0I OCYUIoepamu
Cmpymy Cio 6UKOHY8AMU 8 JHIUHIT WIKAII.

Knrwuosi cnosa: diacnocmysarns, acuHxpoHHUll 08UcyH, oeghekm, NIOUWUNHUKOBULL 8V30, A8apiliHa
8i0MO08a, 02UHAYa diazpamu CMmpymy.
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