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STUDY OF PHYSICAL PROCESSES IN LAMINATED MAGNETIC
CORES OF ELECTRIC MACHINES

The aim of the work is to use fast-moving processes to detect defects in the interlayer insulation of
laminated magnetic cores of electric machines. Damages of interlayer insulation causes increased eddy currents
as a result of increased losses and integral local overheating in the magnetic core. The article develops a
mathematical field model of induction distribution in a toroidal toothed magnetic core of a 0.37 kW 4AA63V4U3
asynchronous motor when superimposed on the back of the core of the power winding powered by a high
frequency voltage source in the given range. An experimental study of losses in the magnetic core and the
distribution of eddy current losses and magnetization reversal (hysteresis) were carried out.

When designing an electric machine, its performance, optimum operating conditions, thermal state and
many other factors are calculated using the nominal values of the parameters of steel, windings and all materials
used in the machine. However, these materials do not always have the declared characteristics and quality. For
example, in the manufacture and stamping of electrical steel sheets, it experiences a significant level of influence,
which in a certain way affects its characteristics. In addition, even if one assume that during production all the
stages of manufacturing the material came flawlessly, the state and, as a result, the parameters of the materials
and the electric machine as a whole change during operation as a result of emergencies or even simple aging and
wear.

Therefore, given these facts, it becomes clear that during planned or unplanned repairs it makes sense to
check the condition of materials, insulation, since the allowable loads, temperature conditions, etc. depend on
their condition. In particular, the state of the magnetic core largely determines the temperature around the
conductors in the grooves and, as a result, determines how long the winding will actually last, in contrast to the
specified service life and the rated power at which this electric machine should be used.

The concept of the state of the magnetic core can be divided into the state of electrical steel and the state of
its insulation. The first component changes rather little during operation and is generally caused by the "aging" of
the steel, except for any serious damage as a result of faults, but it can be damaged during manufacture. But it is
the second component that is significantly influenced during operation and significantly determines the quality of
the magnetic core as a whole.
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Introduction

Laminated magnetic cores of electric machines are an active part, one of the most important components
for carrying out a working magnetic flux, without which electromechanical energy conversion is impossible.
During the operation of an electric machine in the magnetic core, the field is remagnetized in each sheet separately
in the case when they are ideally isolated and in parasitic eddy current circuits in case of damage of the interlayer
insulation. In this case, defects can be of a local nature if they are concentrated in a separate zone, and they can
also be of a distributed nature if the defects are in the form of damages of interlayer insulation and are
stochastically located in the core. The causes of defects are technological and operational in nature.

Causes of manufacturing defects

Electrical steel sheets are subjected to different manufacturing processes during the manufacture of
magnetic cores for electric machines. Each of these manufacturing steps changes the physical and magnetic
characteristics of the sheet material.

Cutting

To obtain the required shape of the magnetic core sheet, electrical steel sheets are stamped or cut, which
causes deformation near the interaction line. These deformations worsen the permeability and degrade the
performance of the electric machine, which negatively affects the distribution of the flux density and increases the
losses.

The degree of deformation of the crystalline molecular structure depends on many factors of the cutting
process and the properties of the sheet material.
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Worn punching cutting tools, slow laser cutting speed, large grain size, and high silicon content increase
the wear rate. In addition, the deformation of the material (burrs) right at the border of stamping or cutting creates
additional short-circuited contours when assembling magnetic core packages, which increases eddy current losses.

Stamping

The stamping process also negatively affects the properties of the laminated magnetic core. In the article,
the effect of stamping on the distribution of the magnetic field and the power loss in the region of the teeth was
studied. The stamping effect was modeled as a continuous exponential decrease in permeability from the center of
the tooth to its edges according to equations (1) and (2).

Urooth = #Sheete_ax/dl (1)

B = #Sheetﬁ' (2)

Despite the high flux density (at which the existence of the stamping effect stops) and the relatively small
area affected by punching in the area of the teeth, an increase in the magnetization flux by about 5-10% is
observed.

Force of pressing and fastening packages into a solid magnetic core

Ensuring sufficient interlayer insulation and increasing compaction density are two opposing current trends
in the process.

With an increase in pressing pressure, simultaneously with an increase in the fill factor of the core with
steel, the sheets are stressed, the electrical resistance between the sheets of the core decreases and, accordingly,
eddy currents increase.

For cores stapled, welded, etc. after removing the effort, no noticeable deterioration in the parameters of the
stators is observed even at pressures of 100-150 MPa.

The actual specific pressure of the sheets relative to each other in the finished core after bonding and
release of the pressing pressure is significantly different from the specific pressure created during its pressing.

The maximum stresses in the core remain when it is bonded by pouring. In this case:

1) During the pouring process, the cores are subjected to a fairly significant pressing pressure (when
pouring stators of asynchronous motors of low and medium power, the specific pressure reaches 550 MPa).

2) The maximum contact area of the fastening structure elements with the end and diametral surfaces of the
core is ensured.

3) The core is subjected to additional pressures created during the cooling of the filled stators.

An increase in the specific pressing pressure leads to a significant deterioration in the characteristics of the
cores. At pressures of about 550 MPa, the increase in specific losses in steel at induction B = 1.5 T at frequency f =
50 Hz was 46%; when the pressure decreases from 550 to 60 MPa, the specific losses decrease by 10% [3].

The two most common fastening methods are welding and stapling. Welding together with burrs creates
additional short-circuited contours for eddy currents between steel sheets, which cause an increase in eddy current
losses.

Annealing

Annealing is done to relieve residual stress caused by manufacturing processes.

Annealing involves uniform heating to a predetermined temperature, maintaining that temperature for a
period of time, after which uniform cooling occurs.

Studies on the action of cutting [1] and [2] have also been experimented on annealed samples and found a
marked reduction in loss compared to samples that did not go through it.

Local defects of magnetic cores

During the manufacture process, especially with the static pressing method, in certain zones of the core,
most likely in the tooth zone, there is an increase in pressure due to the structure of the surface of the steel sheets,
equal thickness and the presence of burrs. In such cases, insulation may be damaged. In damage zones, circulating
currents create local flashes of increased heat release.

At a level with the value of specific losses in steel, the thermal resistance of the core and its individual parts
characterizes the quality of its manufacture.

The main parasitic circuit of eddy currents in the magnetic core, due to the technological process, is closed
as follows: a closed outer surface - a closed surface as a result of burrs (tooth zone) - the outer sheets of the stator.
If the conductivity of burrs over the entire area of the bore is approximately the same, then this can be attributed to
the integral deterioration of the state of the magnetic core.
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If the conductivity of burrs in some zone significantly exceeds the average and the density of eddy currents
increases during engine operation in this zone, then this is already a local defect, since there is a zone of increased
heat generation.

Appearance of defects in interlayer insulation during repair work

Engines are often repaired, in which, as a result of a crash, the rotor barrel breaks off its axis and is
pumped, leaving behind a strong defect in the tooth zone, the so-called “licking” of part of the bore surface, plastic
deformation of the plates.

In many cases, the defect consists in the "tearing" of the plates from the tooth. The insulation between the
sheets in this case may be broken along the entire height of the tooth.

In repair shops, torn and deformed tooth plates are straightened to their original position with special
brackets.

In these cases, one can speak of a partial and even complete effect of a massive magnetic core in a separate
area of the laminated magnetic core. All this leads to additional power losses.

But the danger of local defects lies elsewhere. A magnetic core having a local defect may well satisfy the
integral level of quality, consisting in the given specific losses. At the same time, part of the winding adjacent to
the defective teeth falls into the region of increased heat release, which drastically reduces the service life. In some
cases, even thermal breakdown of the insulation is possible.

It should be noted that the necessity to take into account local defects is much higher for engines that are in
operation and have been repaired than in the production process.

Materials and methods of research

The main task is the determination of specific losses in the magnetic core of an asynchronous motor with a
power of 0.37 kW. The purpose of the experimental study was to evaluate the specific losses in the toothed
toroidal magnetic core in the absence and presence of defects in the interlayer insulation.

Measurement of specific losses was carried out by conventional methods [4].

Fig. 1. The magnetic core of a 0.37 kW 4AA63V4U3 asynchronous motor in the housing

As a result of the experiment it can be noted that the losses in the specified magnetic core were determined
at an induction B =1 T and a power frequency of 50 Hz, which are approximately 16.8 watts.

To get the specific loss in steel, one first need to calculate the mass of steel, which is 3.48 kg.

A theoretical study was carried out by means of a field calculation of the quasi-static process of
magnetization reversal in a toothed magnetic core in order to estimate the mass of that part of the magnetic core
that takes part in the conduction of the magnetic flux.

With a help of applied software COMSOL Multiphysics, on the basis of a ready-made calculation model,
the distribution of magnetic induction in one of the studied magnetic cores was calculated using the wattmeter
method. Fig. 2 shows the distribution of magnetic induction in the magnetic core of a 0.37 kW 4AA63V4U3
asynchronous motor. The peak value of the induction corresponds to the position of the field winding.
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Fig. 2. Distribution of magnetic induction in the magnetic core of a 0.37 kW 4AA63V4U3 asynchronous motor

This calculation visually displays the flow paths of the magnetic flux and confirms the formulas that were
used in the calculations, namely, the magnetic flux does not enter the teeth. Thus, the fact that only the height of
the stator back was used to calculate the area of active steel and the fact that when calculating the mass of active
steel only the mass of the back is calculated is theoretically and mathematically justified.

Since the magnetic flux almost does not enter the stator teeth when examining a disassembled motor and
calculating specific losses, the mass of the teeth is not taken into account, since the losses in them are almost zero.
And then the specific losses are:

Pgooy 10,97 w
= =0 =315 —
P =, T 348 kg )

Also, on the basis of the complete mathematical model, the induction distribution over the sheet thickness
was calculated at different remagnetization frequencies.

So, at a frequency of 50 Hz, which corresponds to the purple line, it can be seen that the induction is
distributed evenly over the width of the sheet, that is, it completely penetrates it. And with increasing frequency, it
can be seen that in the center of the sheet, the value of induction decreases and is almost equal to zero, which
indicates that the magnetic flux penetrates the sheet only on the surface and does not penetrate into the depths.
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Fig. 3. Distribution of magnetic induction over the thickness of the sheet in the magnetic core of a 0.37 kW
4AA63V4U3 asynchronous motor at different frequencies
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In a previous article by the authors [4], the measured losses were divided into hysteresis and eddy
currents separately at frequencies in the frequency range close to the industrial frequency from 40 to 70 hertz using
the Steinmetz method [9].

However, the most recent publications use a steel loss distribution model, also often referred to as the
Bertotti model, which separates steel losses into hysteresis losses, eddy current losses, and sometimes excess
losses.

More advanced steel loss models attempt to mathematically describe the physical properties of material
hysteresis. However, such models require more input data and take much longer to calculate. Thus, there is a
compromise between the effort involved and the time and accuracy of the results.

It should be kept in mind that the engineering approach of distributing losses in steel into different
components and the calculation models associated with it is an empirical approach that tries to separate different
physical effects, due to changes in frequency and induction in an electromagnetic system, into different
components.

As a result of the analysis of various approaches, the Jordan method was chosen, the formula of which for
the distribution of hysteresis losses is as follows:

Psteet = Ph t De =Chf§2+ Cefzgz- (4)

Based on the results of the studies, the dependences of losses in the magnetic core on hysteresis and eddy
currents were plotted in the absence and presence of interlayer insulation defects, shown in Fig. 4.
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Fig. 4. Distribution of losses for eddy currents and hysteresis in the magnetic core with a defect in
interlayer insulation and without a defect at different frequencies

Conclusions

As a result of the study on the distribution of losses, the following values were obtained: at a frequency of
50 Hz and an induction of 1 T, the total hysteresis loss is 12.6 W, the specific loss is 4.8 W/kg, and the eddy
current loss is 4.2 W.

In the presence of defects, the hysteresis loss is 12.1 W, and the eddy current loss is 16.1 W.

The nature of the dependences obtained shows a significant increase in eddy current losses in the presence
of interlayer insulation defects. The difference between eddy current losses and hysteresis on a defective magnetic
core increases sharply with increasing frequency, which makes it possible to create the most sensitive methods for
assessing the state of intersheet insulation in the high-frequency region (in the audio range).

The obtained dependence of the distribution of magnetic induction in specific sheets of the magnetic core at
frequencies from 50 Hz to 50 kHz shows that at high frequencies the skin effect sharply increases, which manifests
itself in the fact that the field does not penetrate into the depth of the sheet, but is concentrated on its side surfaces.
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In the article, using a field mathematical model, the distribution of the magnetic field in the toroidal
magnetic core was obtained at an industrial frequency and an induction of 1 T, which made it possible to
reasonably determine that part of the magnetic core that is involved in the conduction of the magnetic flux, which
allows one to reasonably calculate the specific losses in the magnetic cores, which, according to regulatory
documents, indicate the quality of the magnetic core.
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HanionanbHuii TexHiyHuii yHiBepcuTeT YKpainu

«KuiBcbkuii nojitexHiynuii inctutyT imeni Irops Cikopcbkoro»

JOCIIKEHHA OIBUYHUX ITPOLECIB B HIMXTOBAHUX MATHITOIMTPOBOJAX
EJEKTPUYHUX MAIIINH

Memoto pobomu € suxopucmanus WEUOKONIUHHUX NPOYeCi8 0151 BUAGNEHHS Oe@eKmis MidCIUcCmosoi
i302Yii WUXMOBAHUX MACHIMONPOB0Oi6 eneKmpuunux mawun. Ilopyuenns mixcaucmosoi izoaayii euxiuxae
nioueHi BUXPOGI CMPYyMU 5K HACTIOOK NIOGUWEH] 8Mpamu ma iHmezpaibHi mo JOKAAbHI nepezpieu 6 mili
MazHimonpogody. B cmammi po3pobieno mamemamuuny noivogy mMooens po3nodiny iHOyKyii 8 mopoioanvHomy
3y04aACMOMYy MASHIMONPOBOOi acuuxponnozo o0sueyna cepii 44A63B4Y3 0,37 kBm npu naxnadenui Ha CNuHKy
oceposi CUNoBoi 0OMOMKU KA JHCUBUMBCS 6I0 0Xcepena Hanpyeu 6UCOKOI wacmomu 8 3a0aHOMy Oiandaszowi.
Ilpogederno excnepumenmanvhe 0OCHIONCEHHS 6MPAM 8 MASHIMONPOBOOi i PO3NOOLL MPAM HA GUXPOSI CIPYMU
ma Ha nepemacHivy8anHs (2icmepesuc).

Ipu npoexmyeanni enekmpuynoi mawunu il poboui XapaKxmepucmuky, ORMUMALbHI pexcumu pooomu,
mennoguil cmaw ma 6azamo IHWUX (DAKMOPI8 PO3PAXOBYIOMbCA SGUKOPUCMOBYIOUU HOMIHAIbHI  3HAYEHHS
napamempis cmani, 0OMOMOK mMa 3A2aiom YCix mamepianie, sKi uxopucmogyiomecs y mawuni. Ilpome, yi
mamepiany _He 3a8iCc0u _MAaloms 3asA61eHl xapakmepucmuku 1 saxicmsb. Hanpuknao nio uac suzomosnenni ma
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WMAMNYBAHHA TUCMIE ENeKMPOMEXHIUHOI Ccmani 6OHA 3A3HAE 3HAYHO20 DIGHA GNAUGY, AKUU NEGHUM YUHOM
enausac na ii xapakmepucmuxu. /[o mozo ok, HA8iMb AKWO NPURYCMUMU, WO NI0 Yac GUPOOHUYMEA 8Ci emanu
BULOMOGIEHHS Mamepiany nputiuiiy 6e3002aHHO, CMAH i K HACTIOOK napamempu mamepianie ma ereKmpuiHol
MAWUHY 6 YILIOMY 3MIHIOIOMbCS NIO YAC eKCHyamayii 6 pe3yibmami agapilHux cumyayii abo Hagims npocmozo
CMApiHHA i 3HOCY.

Toorc 36adicarouu na yi paxmu, cmae 3po3yMino, wo nio Yac 3anIaHOBaAHUX Uil HE3ANTAHOBAHUX PEMOHIMHUX
PpOOIm Mae ceHC nepegipsmu Cmaw mamepianie, i30/ayil, OCKiIbKU 6I0 IX cmawny 3anexicums OO0NYCMUMI
HABAHMAIICEHHA, MeMNepamypHull pexcum i m.n. 30Kkpema cman MAacHimonpogooy 3HAYHOW MIPOI0 BUHAYAE
memnepamypy HAeKoJI0 NPOGIOHUKIE 8 NA3AX 1 AK Pe3VIbmam 8USHAYAE CKITbKU PeanbHO NPOCIYHCUMb 0OMOMKU
Ha GiOMiHY 6I0 3A3HAYEHO20 MePMIHYy eKCniyamayii ma HOMIHAAbHOI NOMYXHCHOCMI HaA AKill 8apmo
BUKOPUCTNOBYBAMU YIO EIeKMPUUHY MAUUUHY.

Honammsa cman mazHiMONPo8ooy MONMCHA pPO3JIUMU HA CMAH eNeKMpOmexHiyHoi cmani ma cmaw ii
izonayii. Ilepwa cknadosa Oocumv ciabo 3MIHIOEMbCA N0 YAC eKCHayamayii ma 3a2aiom GUKIUKAHA
“cmapinnam” cmani akwo He bpamu 00 y8acu SIKICb Cepuo3Hi NOUKOOICEHHS 8 Ppe3yIbmami agapitiHux cumyayit,
npome 8OHA Modice Oymu nopyuiena nio uac ueomosienus. A oco came opyea cKiad08a 3a3HAE 3HAYHO20 6NIUGY
nio uac excnayamayii i SHAUHUM YUHOM BUZHAYAE AKICMb MACHIMONPOBOJY 8 YLIoMY.

Kniouogi cnosa: enexmpuyna mawuna, MazHimonpogio, 6mpamu Ha 6UXpOGi CMpymMu, MAZHIMHULL NOMIK
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