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BinHUIBKHIT HAITIOHATHHAUN arpapHAN YHIBEPCUTET

In recent decades, there has been a growing trend towards the increasing role of automated electric
drives implemented based on asynchronous motors. This trend is driven by several objective factors, among
which the main ones are the development of mathematical models of asynchronous motors, leading to
increased accuracy and functional capabilities of their control systems, and active advancement in power
semiconductor technology, resulting in improved efficiency and reduced cost of power frequency converters.

It is worth noting that a consequence of modern technical progress is the increase in complexity, cost,
and technological sophistication of industrial equipment, thus leading to potential losses accompanied by its
malfunction during operation. Another trend in the development of industry, both in Ukraine and in most
industrially advanced countries, is the increase in the quantity of electrical equipment that has reached its
nominal service life. Since there is an inverse proportional relationship between reliability and operating time
of rotating electric machines, it is quite logical and evident that this leads to the growing relevance of building
highly efficient systems for their diagnostics.

The article justifies the expediency of applying current-based diagnostic methods for asynchronous
motors, which do not require intervention in the construction of the electric machine, allowing simplification
of the design of the diagnostic system and reducing capital costs for its construction. It also theoretically
substantiates the functional relationship between the technological parameters of an asynchronous motor and
the frequencies of the components of the current signal of its stator circuit, on which their influence will
manifest, which in perspective will allow identifying abnormal deviations from the corresponding
technological parameters by monitoring the harmonic components of the stator current.

Key words: asynchronous motor, diagnostics, stator current, harmonic components, magnetic field,
disturbance, technological parameters.

F. 15. Fig. 1. Ref. 13.

1. Problem formulation

The magnetic field that arises in the stator of an ideal asynchronous motor (AM) has a completely
symmetric shape. However, in the operation of a real AM, the formation of disturbances in the electromagnetic
field inevitably occurs, due to deviations in its design parameters both due to inaccuracies in its manufacture
and due to defective degradation of structural nodes [1]. It is obvious that the presence of disturbances, which
lead to deformation of the AM magnetic field, will inevitably manifest through the increase in nonlinearity of
the stator resistance and its asymmetry. This, in turn, will cause an increase in the amplitudes of both higher
harmonics in each phase separately and the amplitude of the direct and reverse sequence of the three-phase
stator current system [2, 3].
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It should be noted that the stator current is a convenient signal for monitoring. Therefore, considering
the presence of a functional dependence between the characteristics of the three-phase stator current system of
the AM and its current technical condition, it is obvious that the study of the features of such a functional
relationship is a relevant scientific and applied task, the solution of which can become a significant impetus
for the further development of promising diagnostic systems for rotating electrical machines.

2. Analysis of recent research and publications

In most modern automatic control systems for asynchronous drives, functions for measuring currents
and voltages of the stator circuit of electric machines are already provided [4, 5]. However, in the absence of
such a measurement system, its practical implementation will not require intervention in the construction of
the electric machine. These circumstances, in the case of using stator current parameters as diagnostic
indicators, will allow for significant simplification of the design of the diagnostic system and reduce the capital
costs for its construction in many cases, thereby increasing the feasibility of such a diagnostic method [6]. For
instance, one possible example of practical implementation of a measurement system for currents and voltages
of the stator circuit of the AM is shown in Fig. 1.

Fig. 1. An example of the implementation of the measuring system of currents and voltages of the
stator circuit AM

At present, the widespread use of such an approach is significantly limited by the absence of high-
precision mathematical models that would describe the influence of deviations in the technological parameters
of AMs, including those caused by the development of the most probable defects, on the parameters of the
three-phase stator current system. Therefore, considering the aforementioned, the relevance of further research
aimed at obtaining such mathematical dependencies can be emphasized.

In alternating current motors, the electromagnetic forces applied to their structural nodes have a
frequency twice that of the magnetic field frequency, as the latter is proportional to the magnitude of the
magnetic flux modulation [7]. That is:

fo, =21, (1)
where f; — power supply frequency.

In a symmetric winding of the rotor, electromagnetic forces do not have variable components but only
generate the working torque. However, if the stator currents are asymmetric, pulsating components of the
electromagnetic torque are formed with a double slip frequency:

f,, =1, -2s, )
where s — AM sliding, which can be defined as:
s fifo (3)
f

1

where f, — rotation frequency of the AM rotor.

In turn, mechanical vibrations in AM, caused by electromagnetic forces, will also occur at twice the
frequency of the mains. Therefore, the force of electromagnetic influence between each pair of current-carrying
elements will also have a double frequency relative to the mains frequency:

f, =21, (4)
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In turn, in the case of an asymmetric stator field, when the magnetic field has a reverse component, a
weak variable electromagnetic force appears, and accordingly, a torque with a frequency:

f,, =2f, (5)

In this case, as a rule, an increase in the amplitude of the reverse sequence occurs either due to
asymmetry in the stator windings or due to asymmetry in the power supply network. In the latter case,
corresponding distortions should also be expected in the three-phase voltage system at the terminal clamps of
the investigated motor [8].

The next most significant in terms of amplitude are the oscillating forces of electromagnetic nature
acting at tooth frequencies, which are determined by the periodic alternation of ferromagnetic teeth and slots
on the stator and rotor. The tooth frequency of the rotor can be determined by the following equation:

f,=f.2, (6)
where f; — rotor rotation frequency; Z, — the number of rotor teeth.

Accordingly, the stator tooth frequency:

f,-Z, ()

where Z; — the number of stator teeth; p — the number of pairs of poles.

The magnetic saturation of the active iron in the tooth zone of the rotor is characterized by the increase
in radial vibrations of the machine at frequencies kf;, which are multiples of the mains frequency [9].

The development of defects in AMs, caused by damage to mechanical and electrical components, leads
to the emergence of additional vibrations, which in turn results in the appearance of additional higher
harmonics in the magnetic field. As a consequence, there is an additional change in the spectral composition
of the investigated currents.

3. The purpose of the article

The purpose of this study is to develop and justify effective current methods for diagnosing
asynchronous electric motors, which allow identifying abnormal deviations of technological parameters
without contact and without interfering with the design of the equipment.

4. Results of the researches

In real electric machines, in the air gap, in addition to the fundamental harmonic, there exists an infinite
number of harmonics of the magnetic field. These harmonics have frequencies higher and lower than the
fundamentals, which are referred to as higher harmonics and subharmonics, respectively. Higher harmonics
differ from each other in amplitudes and frequencies, and they are conventionally divided into temporal and
spatial harmonics.

Temporal harmonics are those arising in the air gap from the side of the machine terminals (from the
network, shaft, and thermal output). Spatial harmonics are caused by the design features and nonlinear
parameters of the machine [8].

Spatial harmonics of the field induce higher harmonics of electromagnetic forces (EMF) in the stator
winding. To reduce these and consequently improve the shape of the EMF curve, measures such as shortening
the step, skewing the slots, and distributing the winding across slots are applied so that the number of coils
within a coil group is q > 1, etc.

Spatial harmonics arising from design features and nonlinear parameters of the machine significantly
influence energy conversion processes in the air gap. In the case of a concentrically arranged rotor in the air
gap and open slots in the stator and rotor with the numbers Z; and Z; and the number of pole pairs p, the most
pronounced harmonics of field induction of the following orders exist [7, 9]:

- the main harmonic, which has p periods around the air gap circumference, forming a rotating field
with induction:

B, =£%A® cos(ﬂ—x—a)ltj, ®)
T 0

where F; — amplitude of the magnetizing force of the main harmonic; z — polar division; ¢ — air gap
between stator and rotor, mm; 4o — constant component of air gap conductivity; wi1 — cyclic frequency of the
power supply network; x — projection of harmonic amplitude along the abscissa axis.

- harmonics of the order of stator tooth, arising as a result of variable magnetic conductivity, which
forms a rotating field with induction:
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(9)

B,, +B,, = %% Ayt cos((Zmlq —1)”7)( - a)ltJ + Ay cos((Zmlq —1)”7)( - a)ltj,

where m; —the number of phases of the stator winding; q — the number of grooves per pole and phase
of the winding; Zss1, Azs2 — the relative amplitudes of the toothed harmonics of the stator air gap conductance;

- harmonics of the order determined by the number of phase zones forming rotating fields of the type:
(10)

B,,+B,,= 4 Ry A cos[(i —1)7[—X — a)lt) + Ay, cos[(i -1 > a)lt),
T 0 p T p T

where Z, —the number of rotor grooves; wr — cyclic frequency of rotation of the rotor; /.1, A2 — relative
amplitudes of toothed harmonics of rotor air gap conductance.

In addition, there are higher-order harmonics, which typically have smaller amplitudes and different
combinatorial components. It is worth noting that the harmonic composition of the actual spectrum of the stator
current of an AM is the result of electromagnetic phenomena, power supply conditions, and the specifics of
the mechanical drive system. The spectrum of harmonic components of the current includes harmonics related
to its design features [10]:

- higher-order harmonics of order 6¢£1 are caused by other harmonics of the magnetically motive
force (MMF) in the stator winding:

fupe = f,(6C£1), (11)

where ¢ =1, 2, 3 ... (whole numbers).
Harmonics are multiples of the 50 Hz frequency. Harmonics of order (6¢c+1) rotate in the same
direction as the first-order harmonic, while harmonics of order (6¢-1) rotate in the opposite direction [10]:
- tooth harmonics of the rotor caused by the presence of grooves in the rotor core:
fop = k-2, f+1, (12)
p
where Z; — number of rotor grooves (number of rods).
- tooth harmonics of the stator caused by the presence of grooves in the stator core:

k-Z, (13)
f3rc = fl( D il]v
where k=1, 2, 3 ... (whole numbers); Zs — the number of stator grooves; p — the number of pairs of

poles.

A significant increase in the amplitude of tooth harmonics of the stator field occurs during the no-load
operation of the AM, while relatively less occurs during nominal load [7].

- higher harmonics caused by a change in the mutual location of the grooves of the stator and rotor:

k- Z k-Z (13)
f3rc_3rP = fl[ il}

+ r
p P
As a rule, the amplitudes of tooth harmonics are significantly influenced by the ratio of the number of
grooves on the stator and rotor. Some ratios are not permissible as they cause significant vibrations and noise
11, 12].
[ ]— higher harmonics due to core saturation:
f.=f(2k-1), (14)

Hac

In low-power AMs, the influence of these harmonics in the slip interval s = 0+1 can be neglected due
to their negligible contribution [10, 13].

- higher harmonics, characterized by the number of pole pairs, are caused by the interaction of
saturation harmonics with the rotor winding:

fre or = fi(P(2k-1)£k-Z), (15)
- higher harmonics caused by the discreteness of the arrangement of bars in the closed-loop rotor winding:
: :f(k-zr +1j (16)
OP 1 p - )
- harmonics with frequencies dependent on the rotor rotation speed [11, 13]:
fo=|k-f+n-f], (15)

where n==+1, £2, ... (whole numbers).
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It is necessary to take into account current harmonics, the frequencies of which are related to the third
harmonic with respect to f; , which may arise due to the supply of stator windings with voltages containing the
third harmonic. Another reason for their manifestation is saturation of the magnetic circuit. Diagnostic
assessment of the motor using spectral analysis of currents requires identifying the largest number of harmonics
and selecting those necessary for a correct fault assessment. When a fault occurs, the operating machine
becomes a generator of additional harmonics with corresponding frequencies [10, 11].

Considering [9-11], the stator winding (with an integer number of slots per pole and phase) with
magnetic and electrical symmetry of the motor acts as a filter for this frequency, passing only harmonics whose
order satisfies the condition (v = 6-c £1) Ta (v = I + kZs/p).

In the event of a fault, there is a disruption of the internal symmetry of the motor. In such a case, it is
necessary to theoretically consider their impact on the operation mode. It is essential to identify harmonic
components caused by bearing wear and inter-turn short circuits.

5. Conclusions

1. The application of current-based diagnostic methods for asynchronous motors is justified as they
do not require intervention in the machine's construction. This allows simplification of the diagnostic system
design and reduces capital costs for its implementation. Current-based methods, such as spectral analysis of
currents, provide information about the machine's condition by measuring and analyzing electrical parameters
reflecting mechanical status. This enables timely detection of anomalies and deviations in machine operation,
facilitating planned maintenance and repair activities.

2. The theoretical justification of the functional relationship between the technological parameters of
the asynchronous motor and the frequencies of the components of its stator current signal, where their influence
manifests, will allow the identification of abnormal deviations from the respective technological parameters
through monitoring of the harmonic components of the stator current.
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OCOBJIMBOCTI BINIMBY TEXHIYHUX ITAPAMETPIB ACUHXPOHHOI'O IBUT'YHA HA
®OPMYBAHHS TPUDPAZHOI CUCTEMHU CTPYMY CTATOPA

OcmanHimu Oecamunimmsamuy yce aKmueHiue CHOCmepieacmvcsi meHOeHYyis 00 3POCMAHHA POl
aA8MOMAMU308AHUX eeKMPONPUBODi8, PedNi308aAHUX HA OA3] ACUHXPOHHUX eleKmpPoo8uzyHie. Lle 06ymosneno
PAOOM 00 €EKMUBHUX (paxmopie, ceped AKUX OCHOGHUMU € PO3GUMOK MAMEMATHUYHUX MOOeLell ACUHXPOHHUX
eeKMPOOBUSYHIB, W0 Y CEOI0 Uepey Npu38eno 00 Ni0GUWEeHHs MOYHOCME MA QYHKYIOHATbHUX MONMCIUBOCHEN
cucmem ix Kepy8awHs, ma aKMUEHUM PO3BUMKOM CULOB0I HANIBNPOGIOHUKOBOI MEXHIKU, W0 Y C80I0 Uepay
00yMOBUN0 NIOBUUEHHSL eDEeKMUBHOCIT A 3MEHUEHHS 8aPTNOCTHI CUTOBUX YACHOMHUX NEPemEopiosais.

Bapmo 6iosnayumu i my obcmasuny, wo HACTIOKOM CYYACHO20 MEXHIYHO20 NPo2pecy € 3POCMANHs
CKIAOHOCHI, 8aPMOCMI Ma MEeXHONI02IYHOCHI 6UPOOHUL020 0OIAOHAHHS, A OMdICe, 3POCMAHHS NOMEHYIUHUX
8MPAm, WO CYNPOBOONHCYEMBCA 1020 A8apitiHO0 8I0MO08010 8 npoyeci excnayamayii. Lle oOHielo menoenyiero
PO3BUMKY NPOMUCTIOBOCHI, IK YKpainu, max i 6iibulocmi npomMucio8o po3sUHymux Kpaii ceimy, € 30i1bueHHs.
KIIbKOCMI eeKmpooOIAOHARH S, sIKe GIONPAyo8ano Ceitl HOMIHANbHULL mepMin cayxcou. OCKitbKu Midc
HAOIUHICMI0O Ma 4aCOM HANPAYIOBAHHAM 00EPMOBUX eIeKMPUYHUX MAWUH ICHYE 0OepHeHO NpONnopyilHa
BANEHCHICMb, MO YIIKOM JIO2IYHUM | OUe8UOHUM HACTIOKOM Yb020 € 3POCMAHHS AKMYAIbHOCMI nody0osu
BUCOKOEPEKMUBHUX cUCmeM IX 0iacHOCTNYBAHHSL.

Y cmammi obrpynmosano OoyinvbHicms 3aCMOCYBAHHA CMIPYMOBUX Memo0i8 Oia2HOCYBAHHS
ACUHXPOHHUX OBUZYHIB, AK MAKUX, WO He nepedbayaomsv HeoOXIOHICMb 6MPYUYAHHA Y KOHCMPYKYIIO
eNeKMPUYHOT MAWUHY, 00380JISIIOMb CHPOCMUMU KOHCMPYKMUBHE 8UKOHAHHS cUcmeMu 0iaeHOCMY8anHs ma
SHUBUMU KANimanvHi eumpamu Ha ii no6yoosy. A makoxc meopemudHo OOTPYHMOBAHO (HYHKYIOHANbHULL
36 30K MIJC MEXHONO2IYHUMU NAPAMEMPAMU ACUHXPOHHO20 O8USYHA MA YACMOMAMU CKAAO0BUX
CMPYMOB0O20 CUSHANY U020 CMAMOPHO20 KOIA, HA SAKUX NPOAGIAMUMEMbCA iX 8HAUS, WO Yy NepPCneKmusi
00360aUMb  [0eHMUDIKY8AMU AHOMANLHI  GIOXUNCHHSL GIONOGIOHUX MEXHONOSIUHUX NAPAMEMPIE ULISAXOM
MOHIMOPUHEY 2APMOHIUHUX CKIA008UX CHIPYMY CIAMOPA.

Knwuosi cnosa: acunxponnuii 08ucyH, 0iazHOCMYBAHHA, CHIPYM CMAMOPA, 2aPMOHIUHI CKAAOO0E,
MazHimHue noJK, 30ypeHHst, MexHOA02IUHI Napamempu.

@. 15. Puc. 1. JIim. 13.
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