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Purpose. Determination of particular features of electric machines electromagnetic field modeling when the
change of magnetic system properties is caused by the presence of damages of the main types occurring during
electric machines long-term operation and repairs.

Methodology. The comparative experimental analysis of changes of the properties of electric machine mag-
netic systems during their repair and long-term operation is substantiated. Mathematical grounds for influence of
magnetic system main faults on electromagnetic field described by Maxwell’s equations. Numerical modeling of
magnetic field in electric machines with damaged magnetic systems with the finite-element method.

Findings. The principles of modeling electromagnetic field in electric machines with magnetic system dam-
ages characterized by considerable error-free running time and subjected to a number of overhauls have been
grounded. As a result, the necessity of the use of models of various types for calculation of electromagnetic field,
depending on the presence and localization of the main types of magnetic system damages, has been proved. The
adequacy of the proposed approach to modeling core defects of DC motors has been confirmed.

Originality. The peculiarities of different types of damages in laminated cores and the ways to take them into
account while simulating electric machine electromagnetic field are studied. The ways of solving the mentioned
task using the finite element method by the example of computation of the change of vibroexcitation forces caused
by the electromagnetic nature in direct current machines are developed.

Practical value. The obtained results make it possible to predict the change of an electromagnetic component
of vibration and irregularity of torque distribution of DC motor, caused by laminated core defects. There is also a
possibility of estimating the rate of laminated core damage influence on the main IM operating characteristics.

Keywords: DC motor, defects, laminated core, electromagnetic field

Introduction. The properties of electric machine
(EM) magnetic system change in the process of their
repair and long-term operation [1]. It results in in-
crease in losses, deterioration of EM performance
characteristics, variation of thermal and vibration op-
erating conditions [2]. A similar problem occurs when
improper magnetic materials are used in EM designs,
which has been typical of the electric machine indus-
try in the recent years. The analysis of processes in EM
as a rule is based on the electric circuit theory and im-
plies the use of equivalent circuits. Equivalent circuit
parameters contain implicit information about the de-
sign and the connecting circuit of the machine wind-
ings, configuration of magnetic system, etc. However,
these methods are based on a number of simplifica-
tions, which considerably affects the calculation accu-
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racy. The calculation of EM parameters using electro-
magnetic field analysis is an alternative for such meth-
ods [3].

Magnetic field research is the most informative ap-
proach to taking magnetic system properties variation
into consideration. However, estimation of influence
of EM magnetic system condition on electromagnetic
field is a complicated scientific and practical problem.
Taking into account the nonlinearity of magnetic pa-
rameters dependences and nonuniformity of their dis-
tribution, as well as magnetic material saturation rate
for existing geometry of magnetic systems is only pos-
sible when numerical methods are used. The per-
formed analysis resulted in the substantiation of the
possibility of determining EM main parameters and
characteristics in the process of their modeling by cre-
ating models based on the finite element method
(FEM).
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The purpose of the paper consists in determining
particular features of EM electromagnetic field mod-
eling when the change of magnetic system properties is
caused by the presence of damages of the main types
occurring during EM long-term operation and repairs.

Presentation of the main research and expla-
nation of the results. Laminated cores of stator, ro-
tor, armature, poles, etc. are magnetic system compo-
nents of most EMs. The earlier research revealed the
necessity of taking into account the variation of their
properties both for the whole cores and locally for their
different sections.

Variations of core properties on the whole can be
explained by their heating and reversal magnetization
influence on the main electric and magnetic parame-
ters during operation. As a rule, these parameters de-
teriorate when the operation time increases, which can
be explained by electrical steel ageing. Admissible pa-
rameter variations are usually normalized by corre-
sponding standards. Ageing processes are considerably
intensified during repairs of electric machines. This is
mainly explained by the repair technology itself. So,
when windings are removed during an overhaul, the
cores are annealed in a furnace at the temperature of
400 °C for 4 hours.

Fig. 1 shows technical magnetization curves B,, =
=f(H) for electrical steel of 1211 type before and after
a number of annealings, Fig. 2 contains curves of steel
losses P, =f(B,,) (the curve before annealing is desig-
nated by number 1, the curves after the Ist — 3d an-
nealings — by numbers 2—4 correspondingly). The re-
sults were obtained for rectangular laminated samples
with the use of Epstein’s device.

It can be seen in Figs. 1-2 that steel thermal an-
nealing results in: first, the magnetic induction value
at which steel saturation takes place reduces; second,
steel losses increase.

Steel properties deteriorate uniformly after the first
and the second annealing. So, if the initial magnetiza-
tion curve for unannealed steel (curve /, Fig. 1) is con-
sidered to be the reference, for the saturation point,
when intensity is H = 741.861 A/m, magnetic induc-
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Fig. 1. Technical magnetization curves B, = f(H)
of 1211 type steel
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tion decreases by 2.57 and 5.21 %, respectively. After
the third annealing there occurs a sudden change in
properties deterioration (induction decreases by
9.35 % in relation to the initial curve). In this case steel
losses growth occurs in the following way. After the
first and the second annealing normal condition steel
losses (magnetization curve operating point H =
= 741.861 A/m, B,, = 0.824 T) increase by 4.14 and
7.81 %, respectively, and after the third annealing —
only by 5.94 % in relation to the initial value, which is
difficult to provide a logical explanation for.

If supply voltage is constant, in case of annealed
steel, increased current consumption is observed,
which results in the shift of operating point at the mag-
netization curve into the saturation zone. So, for rated
voltage, at which the operating point for unannealed
steel is located on the bend of the magnetization curve
(point A, Fig. 1), due to current growth and, conse-
quently, magnetic intensity, by 4.01, 8.41 and 21.59 %,
respectively, the values of induction, less than the ini-
tial rated one by 1.59, 3.35 and 4.7 %, respectively,
(points B, C and D in Fig. 1) correspond to operating
points for annealed steel. When the values of losses
were corrected in relation to new operating points,
their values exceeding the value of losses in point A by
7.29, 14.72 and 24.86 %, respectively, were obtained
(Fig. 2).

These results can be explained by comparing
them with variation of properties of sheet electrical
steel, which is known from literature. On this ground
the mentioned variations can be accounted for by the
growth of eddy currents in the cores steel due to de-
terioration of the properties of intersheet insulation
covering under thermal action. Besides, the varia-
tion of magnetic circuit saturation rate is evident,
which is to be properly taken into account in calcula-
tion models.

Alongside with this, in particular cases, there can
be observed general slackening of core pressing caused
by both destruction of intersheet insulation and wors-
ening of the core fit on the body or on the shaft. The
mentioned variations result in the growth of the core
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Fig. 2. Curves of losses P, = f(B,,) in 1211 type
steel at successive annealings at the tempera-
ture of 400 °C
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magnetic reluctance, thereby reducing the main flux.
It causes decrease in the moment on IM shaft.

The considered local core damages include crush-
ing of top part of the teeth zone and shorting of electri-
cal steel sheets [4]. All these damages mainly influence
the variation of magnetic and electric parameters of
magnetic system sections in the axial and radial direc-
tions.

Decrease in magnetic induction at such sections
may reach 7—10 %, increase in magnetic intensity —
60—70 %, growth of steel losses — up to 50 %.

The results of EM research by field methods con-
firm the efficiency of the use of application packages
based on the finite element method [5, 6] for solution
of such problems.

To choose the type of the created field model ra-
tionally it is necessary to analyze the kind and loca-
tion of core damages. For the case of uniform varia-
tion of magnetic parameters along the EM core, suf-
ficient accuracy of the analysis results is provided by a
2D model of calculation of the electromagnetic field
in the cross section of the active zone. Variation of pa-
rameters in the axial direction is caused by damages
along the core (pressing slackening, lengthwise teeth
shortening).

To determine integral values of a torque moment,
research of the influence of axial redistribution of vi-
broexitating forces, when vibroparameters are calcu-
lated, as well as winding temperature ununiform dis-
tribution caused by local exceed of steel losses, it is
necessary to use 3D models.

Modeling was performed on the basis of Maxwell
equations supplemented with material properties cou-
pling equations describing its behavior in electromag-
netic field [7]. Simplified coupling equations are of the
form

8., = 1E;
i=5,(B-B)va 2B B)-0, (BB,

—

where 8, is conduction current density; v is material
electric conductivity; E is a vector of electric field
strength; H isavector of magnetic intensity; U, is ve-
locity vector field; B isavector of magnetic induction;

Er is a vector of residual magnetic induction; g,, g, are
dynamic indices of laminated material electrophysical
parameters, that are determined from equations

g1 = (1/12)A%y; (D
q2 = (1/720)A4p’max’yil' (2)

In (1-2) A is steel sheet thickness in cores; L.y 1S
absolute magnetic permeability; v,, is sheet material
conductivity.

The features of modeling include, first of all, the
necessity of taking into consideration all the above
considered phenomena: decrease in magnetic induc-
tion B, growth of magnetic intensity A, increase in

ISSN 2071-2227, HaykoBun BicHuk HI'Y, 2016, N2 6

steel losses P, rise of magnetic system saturation
rate.

As a first approximation, it is rather simple to solve
this problem. With this purpose in view, it is necessary
to take into account the fact that the considered varia-
tions of magnetic system properties will cause the de-
crease in active resistance r, and reactance x,, of mag-
netization circuit. It will result in the increase in IM
consumed current. Thus, current cannot be the main
invariable parameter in calculations, the value of IM
supply voltage is to be used instead, which is easily
done in [6].

Then it is necessary to single out the damaged sec-
tions in the volume of laminated cores and determine
their geometry in the form of closed figures. Variations
of magnetic properties are assigned for these sections
through real magnetization curves corresponding to
the form and rate of damage.

When electric steel sheets of EM laminated cores
are short-circuited, the calculation of eddy currents
circuits was made on the basis of the analysis of vector
magnetic potential distribution

—

0%—‘3+Vx(u0"ur" xA)=1J.

Here o is electric conductivity of the analyzed area;
uo — permeability of free space; p, is core steel relative

permeability; A is vector magnetic potential; J is
external source current density.

Variation of cores electric properties due to eddy
currents growth was taken into consideration by steel
electric conduction reduction equivalent to eddy EMF
growth. Steel losses P, at magnetic circuit sections
were determined according to modified Steinmetz
equations [6]

P,=P,+P+P =K B+ KB
K=k, f+k.f* Ky=kJf",

where P, P,, P, are hysteresis, eddy currents and ad-
ditional losses components, respectively; B,, is am-
plitude value of magnetic induction component at
the alternating current; f is frequency; k, is coeffi-
cient of hysteresis losses; k. is coefficient of eddy cur-
rents losses; k, is coefficient of additional losses in
the core.

Coefficients K| and K, were calculated according
to the losses curve P, =f(B,,) using quadratic minimi-
zation function

err(K,,K,) = Y[ P~ (K, B}, + K,B))) ] =min,

where P, stands for losses in the i-th point of the
curve; B,,; — magnetic induction in this point.

With the aim of experimental verification of the
above stated provisions, a P—31U4 type direct current
motor (DCM) with nominal power of P, =700 W and
nominal rotation frequency of #,, = 1000 rpm was taken
as the object of modeling.
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The influence of four contiguous partially short-
ened armature teeth was investigated. The teeth were
shortened in their upper part along the height of the
top from the external end of the core along its full
length. The area of shortening across the external sur-
face of the teeth was changed from 25 to 100 % of their
total area with 25 % pitch (Fig. 3).

Variation of steel properties was assigned in accor-
dance with the results obtained during local testing of
laminated cores in the course of repairs [4] with the
help of corrected material magnetization curves and
for the whole core — in accordance with the data in
Figs. 1-2.

Fig. 3. Model of direct current motor with dam-
aged armature tooth steel
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Fig. 4. Distribution of magnetic induction vector

E,T in DCM with an armature core in normal
condition (a) and when 25 % of the upper part
of a four armature tooth area is shortened (b)
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Modeling results shown in Fig. 4, a, b demonstrat-
ed that even insignificant (as to its depth and area)
shortening of the armature tooth zone causes reduc-
tion of magnetic induction value in the area of dam-
aged teeth by 17—23 %.

This range of magnetic induction variation practi-
cally corresponds to the one obtained experimentally
for a stalled armature of the investigated DCM (Fig. 5).

The value of magnetic induction was calculated ac-
cording to the EMF level of the magnetic-test coils put
on the investigated armature teeth. The teeth were
shortened artificially by grinding. Difference between
experimental and calculated data was from 5 to 8 %
depending on the area of teeth shortening across the
external surface, which confirms the adequacy of the
proposed approach to modeling EM core defects.

In addition, the considered armature defects,
mainly due to eddy currents from rotary magnetiza-
tion, cause decrease in torque mean value and its fluc-
tuation at the level of 5—12 % depending on the arma-
ture tooth damage rate. Such irregularity of torque
distribution may result in deterioration of loaded
DCM operation stability, especially in transient con-
ditions.

Distribution of normal component of electromag-
netic force (Fig. 6) and variation of torque instanta-
neous value (Fig. 7), obtained in a different position of
the defect area in relation to the main poles of DCM,
were investigated on the basis of the developed DCM
model with damaged armature core steel.

The obtained results point out a considerable vari-
ation (from 20 to 45 %) of the value of electromagnetic
force normal component in the area of laminated core
defects, which will result in nonuniformity of efforts
distribution and growth of vibration electromagnetic
component.

Taking into account the calculation features ac-
cording to [6], similar results can be obtained for the
main parameters of any type IM in static and dynamic
conditions. There is also a possibility to estimate the
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Fig. 5. Magnetic induction B,,, T experimental de-
pendences on the armature current 1, A:

1 — normal condition of the core; 2—5 — shortening
of 25, 50, 75 and 100 % of the tooth surface
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XY Plot 24
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Fig. 6. Distribution of the normal component F,, N of electromagnetic force in DCM in the function of time

t, ms:

1 — with normal condition of the core; 2 — when the upper part of four teeth is shortened
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Fig. 7. Variation of the instantaneous value M, Nm of the torque in the function of time t, ms when the ar-

mature turns:

1 — with normal condition of the core; 2 — when the upper part of four teeth is shortened

rate of laminated core damage influence on the main
IM operating characteristics.

Conclusions. The particular features of modeling
electromagnetic field in EMs with magnetic system
damages characterized by considerable error-free run-
ning time and subjected to a number of overhauls have
been determined. As a result, the necessity of the use of
models of various types for calculating electromagnetic
field, depending on the presence and localization of
the main types of magnetic system damages, has been
substantiated. The adequacy of the proposed approach
to modeling EM cores defects has been confirmed.
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Meta. BuzHayeHHsT 0co0JIMBOCTEl MOIETIOBAaH-
HsI €JeKTPOMATrHITHOIO TOJSI €JIeKTPUYHUX MAaIlUH
MpU 3MiHi BJIACTUBOCTEll MarHiTHOI CUCTEeMU, OOYy-
MOBJIEHOMY HAasIBHICTIO OCHOBHMX BMIiB IIOIIKO-
JIXKEHb, 1110 BUHUKAIOTh MPU TpUBadili eKCIuTyaTalii
Ta peMOHTAaX eJICKTPUIHNUX MAIIINH.

Metonuka. IlopiBHSJIbHUI eKCHEepUMEHTATb-
HUI aHaji3 3MiH BJACTUBOCTEM MarHiTHUX CUCTEM
eJICKTPUYHUX MAIIWH, 10 BUHUKAIOThH y TIPOIIECi iX
PEMOHTY I TpMBaJIO1 eKcrtyaraliii. MaremMaTuuHe 00-
IPYHTYBaHHS BIUIMBY OCHOBHMX BHIiB Ie(MEKTiB Mar-
HITHOI CUCTeMM Ha eJIEKTPOMAarHiTHe moJje, 110 OMu-
CyeTbesl piBHIHHsIMU MakcBesa. YucenbHe Moento-
BaHHS €JICKTPOMArHiTHOTO IIOJISI B €IEKTPUYHUX Ma-
IIMHAX i3 TTOIIKOMKEHHSIMM MarHiTHUX CUCTEM METO-
JIOM CKiHYEHUX €JIEMEHTIB.

PesyabraTii. OOrpyHTOBaHI NPUHILIMIIA MOAECIIIO-
BaHHS €JICKTPOMATHITHOTO TIOJISI B €JIEKTPUYHUX Ma-
IIMHAX 3 TMOLIKOMKEHHIMHN MAaTrHITHUX CUCTEM, IO
XapaKTepu3ylThCsd 3HAYHMM YacoOM HapoOiTKy Ha
BiZIMOBY Ta psSIIOM MPOBEICHNX KaliTAIbBHUX PEMOH-
TiB. Y pe3yabTaTri AoBeleHa HeOOXiTHICTb BUKOPUC-
TaHHS Pi3HUX TUIIIB MOAeeH IJIsl pO3paxXyHKiB eJIeK-
TPOMATHITHOTO IT0JIsI 3aJIeXKHO BiJ HAsIBHOCTI I JToKa-
JIi3a1il OCHOBHUX BUIIB MOIIKOIXKEHb MAarHiTHOI CUC-
TeMu. [linTBepaKeHa aneKBaTHICTh 3alIPOITIOHOBAHO-
ro MigXomy 10 MOJEIOBaHHS Ae(EKTiB Ocepab IBUTY-
HiB TOCTiiTHOTO CTPyMY.

HaykoBa HoBu3HA. Po3misiHyTi 0COOJIMBOCTI i1 3a-
MPOMOHOBAHI CIOCOOM ypaxyBaHHS Pi3HUX BUIIB MO-
IIKOMKEHb IMNXTOBAHUX OCEepAb IMPH MOIETIOBAaHHI
€JIEKTPOMAarHiTHOIO TOJIsI €JIEKTPUYHUX MallluH. Po3-
KPUTi MiAXOAM OO PO3B’SI3KY TAKOTO 3aBHAaHHSI METO-
JIOM CKiHUEHHMX €JIEMEHTIB Ha MPUKJIali pO3paxyHKiB
3MiHU BiOpO30YIKYIOUMX CUJI €JIEKTPOMArHiTHOIO Xa-
paKTepy B eJICKTPUIHNX MAIIIMHAX ITOCTITHOTO CTPYMY.

IIpakTuyna 3HaUMMicTb. OTpuMaHi pe3yabTaTi
JIO3BOJISIIOTH TIPOTHO3YBAaTH 3MiHY €JIeKTPOMAarHiTHOL
CKJIQAOBOI BiOpalii Ta HEpPiBHOMIpPHICTh PO3IIOILTY
00epTOBOr0 MOMEHTY ABUIYHA IOCTIHHOIO CTpyMmy,
BUKJIMKAHI YIIKOIXKEHHSIMM IIUXTOBAHUX OCEPIb.
Takox iCHYe MOXJIMBICTh OLIIHKM CTYIIEHSI BILIUBY
MOLIKOJKEeHb IIIMXTOBAHUX OCEPAb HA OCHOBHI po00-
Yi XapaKTEPUCTUKM €JICKTPUIHUX MaIIH.
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KimouoBi caoBa: deéucyn nocmiitnoeo cmpymy,
NOWKOOINCCHHSI, WIUXMOBAHE 0CepPOsi, eNeKmpomae-
HImMHe noae

IHennb. OnpeneneHue ocoOEHHOCTEN MOAEIUPO-
BaHUS DJIEKTPOMATHUTHOIO TIONST DJIEKTPUYECKUX
MalllMH Py U3MEHEHUM CBOMCTB MAarHUTHOM CUCTE-
MbI, OOYCJIOBJIEHHOM HaJIMYUEM OCHOBHBIX BUIOB
MOBPEXASHUI, BOZHUKAIOIIUX TIPU MPOSOIKUTENb-
HOM 9KCIIyaTalliy U PEeMOHTAaX 3JeKTPUUECKUX Ma-
LIIMH.

Metoauka. CpaBHUTEIbHBIN 3KCTIEPUMEHTAIb-
HbIA aHaJIU3 M3MEHEHMII CBOWCTB MArHUTHBIX CU-
CTeM DJIEKTPUICCKUX MAIIIMH, BO3HUKAIOIINX B TIPO-
Iecce X peMOHTA U TIPOJOJIKUTEILHOM SKCITyaTa-
nuu. MateMaTuyeckoe 0OOCHOBAHUE BIUSIHUSI OC-
HOBHBIX BUIOB Ne(EKTOB MAarHUTHOM CHUCTEMBbI Ha
3JIEKTPOMArHUTHOE MOJIe, OIMChIBAeMOE YpaBHECHM -
amu MaxkcBemna. YuciieHHOe MoAenpoBaHUe DJIeK-
TPOMArHUTHOIO MOJSI B 3JEKTPUUECKUX MalllMHaX C
MOBPEXASHUSIMU MarHUTHBIX CUCTEM METOIOM KO-
HEYHBIX 3JIEMEHTOB.

PesyasraTbl. OG0CHOBaHbI MPUHLIMITBI MOJEJIM-
pOBaHUSl BJIEKTPOMArHUTHOTO TIOJISI B BJIEKTpUYE-
CKMX MalllMHax C TMOBPEXIEHUSIMU MarHUTHBIX CU-
CTeM, XapaKTepM3YIOIINUXCS 3HAUMTEIbHBIM BpeMe-
HeM HapabOTKM Ha OTKa3 M MPOINEAIINX P KaIlr-
TaJabHBIX peMOHTOB. B pe3ynbrate moka3aHa He0OX0-
JMMOCTb MCIOJb30BaHUS Pa3IMYHBLIX TUIIOB MOJIE-
JIel UIST pacueTa 3JIEKTPOMArHUTHOTO TI0JIsI B 3aBU-
CHUMOCTH OT HaJIMYUs U JOKaIU3allM1i OCHOBHBIX BU-
JIOB MOBPEXAEHUI MAarHUTHOM cucTeMbl. [ToaTBepxK-
JieHa aJleKBaTHOCTb MPEAI0XKEHHOTOo TMoaxoaa K Mo-
JeIMpOBaHNI0 Ne(EeKTOB CEepIeYHUKOB ABUraresei
MOCTOSIHHOTO TOKA.

Hayunas HoBu3zHa. PaccMoTpeHbl 0COOEHHOCTU
U TIPEJIOKEeHbI CIOCOObI yyeTa pa3jiuyHbIX BUIOB
TMOBPEXICHUN IMIMXTOBAHHBIX CEPACYHUKOB IIPU MO-
JeIMPOBAHUM 2JIEKTPOMATHUTHOTO TTOJIS JIeKTpUJe-
CKUX MamIH. PacKpBIThI MOIXOIBI K PEIIEHUIO TAKOMU
3a/a4M METOAOM KOHEUHBIX DJIEMEHTOB Ha IIpUMepe
pacueta U3MEHEHMs BHUOPOBO30OYXKIAIOIMINX CHII
9JEKTPOMArHUTHOIO XapakTepa B 3JIEKTPUYECKUX
MallluHaxX HOCTOSIHHOTIO TOKa.

IIpakTHyeckasi 3HAYUMOCTb. [lonyyeHHbBIE pe-
3yJbTaThl MO3BOJISIIOT TPOTHO3UPOBATh U3MEHEHUE
3JIEKTPOMATrHUTHOI COCTaBJIsIIOLIel BUOpALlMU U He-
PaBHOMEPHOCTb pacrpeie/ieHusl Bpallalollero Mo-
MEHTa JBUTATEJIsI TMOCTOSIHHOIO TOKA, BbI3BAHHBIE
MOBPEXKICHUSIMU IIMXTOBAHHBIX CEPICUHNKOB. Tak-
JKe CYIIIECTBYET BO3MOXHOCTh OLICHKHU CTEIIEHU BIIUSI-
HUS TIOBPEXIEHWI IIMXTOBAHHBIX CEpPISYHUKOB Ha
OCHOBHBIE paboune XapaKTepUCTUKU DJIEKTPUIECKUX
MallH.

KiaroueBble cjoBa: deuzamenv NOCMOSHHO20
moKa, noepexcoeHUsi, WUXMOBAHHbLI CepOeHHUK,
2NeKMPOMACHUMHOE Noae

Pexomendosano 0o nyoéaikauyii dokm. mexH.

nayk B. I1. Jlawenxom. JJama Hao0xo0xceHHs: pyKo-
nucy 03.07.15.
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