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In recent decades, there has been a consistent trend towards the increasing role of automated electric
drives based on induction motors. This is driven by objective factors, such as the development of high-precision
mathematical models of induction motors, which have improved the accuracy and functionality of their control
systems, as well as advancements in power semiconductor technologies that have enhanced efficiency and reduced
the cost of frequency converters. These advancements in scientific and technical progress have led to an expansion
of the application of induction motors in controlled electric drives under difficult starting conditions, which were
traditionally implemented using direct current motors, as well as an increase in the number of electric drives with
electric control types.

At the same time, modern technological progress has also resulted in increased complexity, cost, and
technological demands of industrial equipment, which raises potential risks of emergency failures. Another common
trend for Ukraine and many industrially developed countries is the growing number of electrical equipment that
has reached the end of its nominal service life. Since there is an inverse relationship between the reliability and
operating time of rotating electrical machines, this logically leads to an increased need for effective diagnostic
systems.

The article theoretically proves the influence of interturn short circuits in the stator windings of an
induction motor on the shape of its stator currents. It is shown that this diagnostic method has a sufficient degree
of expressiveness, allowing for a high probability of identifying this type of defect among other types of damage to
the induction electric machine. The justification for using the amplitude of the fundamental harmonic f, for
diagnosing this type of defect is provided, along with the subsequent modulation of even harmonics at frequencies
of 2f; to 10f;. It is proposed to consider the current spectrum in a logarithmic scale of dB/Hz due to the presence of
a dominant current component at the power supply frequency fi.
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Eq. 8. Fig. 1. Ref. 10.

1. Problem formulation

During the operation of an ideal induction motor (IM), the stator magnetic field has a perfectly
symmetrical structure. However, in real IMs, where actual physical parameters deviate from the ideal, this field
inevitably becomes distorted [1]. Such deformation of the magnetic field, in turn, leads to changes in the
parameters of the stator circuit (resistance, inductance, etc.) over time, resulting in the emergence of higher
harmonics in the stator currents. It is important to note that different types and degrees of deviation of real
parameters from the design will have unique characteristics, forming an individual current spectrum of the stator
[2]. Since this spectrum is convenient for real-time monitoring, it can be concluded that current diagnostic
methods have high potential for assessing the degree of defect development in the motor's design parameters.

According to the statistical analysis of the causes of failures in induction motors conducted by the
company "VENTUS.UA" [3], stator winding short circuits account for over 20 % of emergency failures in
medium-power induction motors. This indicates that short circuits in stator windings can be considered a
highly probable defect during the operation of induction motors.

It is noteworthy that most modern automated control systems for induction motors already include
functions for measuring currents and voltages in the stator circuit. If such a measuring system is absent in the
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motor control system, its technical implementation will not require changes to the design of the electric
machine [4]. In particular, an example of such a monitoring system for current and voltage in the stator circuit
of an induction motor is presented in Figure 1.

Fig. 1. Implementation of the current and voltage monitoring system of the stator circuit of an
induction motor

This allows us to conclude that using stator current parameters for diagnosing the specified defect
offers significant advantages compared to other diagnostic methods. However, the widespread application of
this approach is currently limited by the lack of effective mathematical models that correlate the spectral
composition of the stator current with the presence and severity of stator winding short circuits. Therefore,
solving this scientific and practical problem holds great theoretical and practical significance.

2. Analysis of recent research and publications
In alternating current machines, the electromagnetic forces acting on their structural elements have a
frequency that is twice that of the magnetic field. This is due to their proportionality to the magnitude of the
magnetic flux [5]. That is:

o, =21, Q)
where f; — power supply frequency.
In a symmetrical rotor winding, the electrodynamic forces do not have varying components and only
generate a working torque. However, if the stator currents are asymmetric, this leads to the emergence of
pulsating components of the electromagnetic torque with a double slip frequency.

f,, =1 -2s, (2)
where s — IM sliding, which can be defined as:
f,—f
s=-1—T, 3
. 3)

1

where f; — rotation frequency of the IM.

The mechanical vibrations in an induction motor, caused by electrodynamic forces, will also have a
frequency that is twice that of the power supply frequency. Thus, the electrodynamic force of influence
between each pair of current-carrying elements will also exhibit a double frequency relative to the supply
frequency:

fop =21, (4)

In the case of an asymmetric stator field, where the magnetic field has a reverse component, a weak
variable electrodynamic force arises, as well as a torque with a frequency of:

o, =21, (5)

In such cases, an increase in the amplitude of the reverse sequence is typically observed either with
stator winding asymmetry or with asymmetry in the power supply. In the latter case, the corresponding

76



Ne3(126) /2024 TexHika, eHepreTHka,

% TpaHcnopt AIIK
E & Vol. 126, No 3 / 2024

distortions can also be detected in the three-phase voltage system at the terminals of the machine being studied

[6].

3. The purpose of the article

Development of a technique for diagnosing inter-turn short-circuits in the stator windings of
asynchronous motors based on the analysis of the spectral composition of the stator currents to increase the
reliability of the operation of electric machines and prevent emergency situations.

Research objectives:

- to theoretically substantiate the influence of inter-turn circuits in the stator windings on the spectral
composition of the stator currents;

- investigate the characteristics of changes in the amplitudes of the fundamental harmonic (f;) and
modulated even harmonics (2f; + 10f1) depending on the presence of a defect;

- develop a mathematical model to estimate the relationship between the parameters of the stator
currents and the degree of inter-turn short circuit development

- propose the use of the logarithmic scale of the current spectrum (dB/Hz) as a tool to improve real-
time defect detection

- develop recommendations for the implementation of this technique in automated control systems of
asynchronous motors without making constructive changes in their design.

These tasks are aimed at creating an effective diagnostic system to increase the reliability of
asynchronous motors, especially in conditions of increased wear or difficult operating conditions.

4, Results of the researches

The operating mode of an induction motor with interturn short circuits is characterized by increased
heating of the affected winding section. In this case, the development of the defect is quite intense.

When an IM operates with a symmetrical stator winding, the currents in all phases are nearly equal.
However, an interturn short circuit in one of the stator phases leads to a reduction in the number of turns in
that winding. With a decrease in the number of turns, the corresponding phase current increases [7].

Winding asymmetry in the stator results in a decrease in the sinusoidal distribution of the magnetic
flux density, leading to the emergence of higher harmonic magnetic fields that rotate at different frequencies.
Due to the asymmetry of the windings, any higher harmonic of the magnetomotive force (MMF) can exhibit
both forward F and reverse Fyrey waveforms [8].

Works [1, 9] note that interturn short circuits in the stator winding lead to the emergence of harmonic
components determined by the equation:

f, = f{%(l—s)iv), (6)

where n =1, 2, 3 —whole numbers;

v = 6-ct1 — higher MMF harmonics of the stator winding.

The expression (6) is dependent on slip, meaning that in certain cases, the analysis of the amplitude of
harmonic components fs: in the current spectrum may be ambiguous.

Typically, when the number of turns in a phase winding decreases, the current increases not only in
the damaged phase but also in the other two phases, as the main inductance and active resistance decrease.
Works [9, 10] note that when the current in the closed circuit of the damaged phase rises, the third harmonic
component of the current significantly decreases, while it increases in the undamaged phases. The emergence
of interturn short circuits disrupts the third harmonic MFD in the phase windings. In these cases, the MMF of
the third harmonics in the three stator phases forms an asymmetric system, and their sum does not equal zero.

The resultant magnetic field of the asymmetric stator winding is non-circular and pulsates with the
frequency of the flux. As the degree of asymmetry in the stator winding increases, the additional harmonics of
the MMF also increase.

The slip for higher harmonics can be defined as follows:

s, =1-v-(1-s). (7
And the magnetic flux of the v-th order harmonics of the stator rotates with the frequency:
= ©
14
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It follows that in a symmetrical three-phase stator winding, higher harmonics of the order v=6c+1
arise. In the case of an asymmetric stator winding, in addition to the odd harmonics of the orders defined by
v=6c+1, even and fractional order harmonics also emerge due to faults.

Moreover, winding asymmetry does not always lead to an increase in the amplitude of all odd
harmonics [9], which is attributed to the instantaneous changes in inductance depending on the rotor's position
relative to the stator. Considering this, for diagnosing interturn short circuits, it is proposed to primarily rely
on changes in the amplitude of the even harmonics of the asynchronous motor.

It is also worth noting that the increase in the amplitudes of even harmonics may be caused by other
faults (such as eccentricity or rotor bar breakage). However, the main indicator of stator winding asymmetry
is the fundamental harmonic f; and the subsequent modulation of even harmonics at frequencies 2f; +~ 10f;.

In a symmetrical stator winding, the currents in the windings are sinusoidal, resulting in the absence
of a constant component. However, with stator winding asymmetry caused by interturn short circuits, the shape
of the currents deviates from sinusoidal. Even harmonics emerge due to the appearance of a constant
component in the phase currents.

Given that the main indicator of stator winding faults in induction motors is the modulation of the
current at the power supply frequency fi, the spectrum is analyzed based on the output current oscilloscope
waveform when diagnosing interturn short circuits. It is advisable to consider the current spectrum in a
logarithmic scale of dB/Hz due to the dominant current component at the power supply frequency f;.

5. Conclusions

1. The influence of interturn short circuits in the stator windings of induction motors on the shape of
their stator currents has been theoretically proven. It has been shown that this diagnostic method has a sufficient
degree of expressiveness, allowing for a high probability of distinguishing this type of defect from other types
of damage in induction electric machines.

2. The rationale for using the amplitude of the fundamental harmonic fi, for diagnosing this type of
defect, along with the subsequent modulation of even harmonics at frequencies 2f; + 10f; has been established.
It is proposed to consider the current spectrum in a logarithmic scale of dB/Hz due to the presence of a
dominant current component at the power supply frequency fi.
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OCOBJIMBOCTI BIIJIMBY KOPOTKOI'O 3AMMKAHHSI CTATOPHOI OBMOTKH
ACHHXPOHHOI'O IBUI'YHA HA CIEKTPAJIBHUM CKJIAJL HOI'O CTATOPHOI'O CTPYMY

B ocmanui oecamunimms cnocmepicacmocs cmitika meHOeHYis 3pOCMAHHSL POTL A8MOMAMU308AHUX
eneKmponpusodie Ha 6azi acuHxpoHHux osucyHie. Lle 3ymoeneno o00'exmueHuMu ghaxmopamu, MaKumu sK
PO3POOKA  BUCOKOMOUHUX MAMEMAMUYHUX MOOelell ACUHXPOHHUX OBUSYHIS, WO NIOGUYUIO TMOYHICD |
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QyHKyionanbHicmy ix cucmem YNPAeuiHHA, A MAKONC PO3GUIMOK CUNOBUX HANIBNPOBIOHUKOGUX MEXHONO2IH, WO
nIOGUYUTIO eheKMUBHICIb | 3HU3UIO 8apmicmb nepemeoprosauis uacmomu. Tooc 3a3Haueri hakmu HaAyKogo-
MEXHIUHO20 Npoepecy CHPOBOKYBAIU K POSUUPEHHS Chepu 3aCmMOCYBAHH ACUHXPOHHUX OBUSYHIB Y KEPOBAHUX
eNeKMPONPUBOOAX 3 BANHCKUMU YMOBAMU NYCKY, WO MPAOUYIIIHO Peanizo8y8aicCsa HA OCHOBI 08USYHI8 NOCMIUHO20
cmpymy, max i 30i1bUeHHs. KITbKOCMI eIeKmponpusoois 3 eleKmpUiHUM MUunom KepyeaHHs..

Boonouac cyuacnuti mexuiunuti npocpec npusgie i 00 3pOCMAHHA CKIAOHOCHI, 6apmocmi ma
MEXHON02IYHOCME NPOMUCTI08020 0ONIAOHAKHSA, WO NIOBULLYE NOMEHYIUHI pU3UKYU a8apitiHux 8iomos. Ll]e ooHicio
MEHOEHYIEN, CNibHO0 011 YKpainu ma 6a2amvox iHOYCMpPIaIbHO PO3GUHYMUX KPAIH, € 30UIbIUEHHS KilbKOCmi
e1eKMPOOONAOHAHHSL, SIKE BUYEPNATIO CBIll HOMIHATbHULL MePMIH ciyocou. OCKITbKU MIdC HAOTHICIIO mMa YacoM
Hanpayro8ants 00epmosuUx eleKmpudHUX MAWUH ICHYE OOEPHEHO NPONOPYILIHA 3ANEHCHICMb, Ye J02IYHO
npu3600UmMs 00 3POCAKHS NOMPEdU 8 ePEKMUBHUX CUCEMAX OiASHOCIMUKU.

Y cmammi meopemuuno 008e0eH0 6NAUE MINCEUMKOBO2O KOPOKO20 3AMUKAHHS OOMOMOK CINANOPHO20
KONA ACUHXPOHHO20 O8UcYHA Ha Gopmy Uo2o cmamopHux cmpymie. Ilokazauo, wo 3a3HaueHuti cnocio
O0lacHOCMY8anHA MAE OOCMAMHIN CMYNIHb SUPANCEHOCHI, WO O00380JAE 3 BUCOKOW IMOBIPHICMb BUOLIUMU
3a3Havenutl 6u0 Oeghekmy 3 NOMINC THWUX TUNIB NOWKOOMNCEHb ACUHXPOHHOT eleKMPUYHOi MAUUHL.
Ob61pyHmMo8an020 OOYINbHICIb BUKOPUCTIAHHA Ol OiA2HOCIYBAHHS 3A3HAYEH020 6U0Y Oeghekmy amnaimyo
ocHosnoi eapmonixu Ty, i nacmynnoi moodynayis napnux eapmonix na uacmomax 2f1 + 10f.. 3anpononosano
po3ens0amu. CmpymMosuil chekmp 6 joz2apu@mivnomy macuima6bi 0b/I'y enacniook npucymuocmi 0oMiHyOHOl
CKIA0080I CMPYMY HA Hacmomi mepedici scuenens 1.

Knwuosi cnosa: acunxponnuil 08u2yH, 0iacHOCMYBAHHS, KOPOMKe 3AMUKAHHSA, 0OMOmMKA cmamopa,
Hecumempis, 2apMOHIKA.
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