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U literaturi koja se bavi problemom osovinskih struja uglavnom su obradivane
metode dijagnostike motora, koje samo promatraju i analiziraju frekvencije
harmonika karakteristicnih za osovinske struje. Analiticki proracun amplituda
tih struja nije dosad obradivan za motore s homogenim jarmom, a da bi se
mogle provesti pravilne mjere zastite, bitno je odrediti tocno parametre koji
utjecu na te struje. Osovinske struje su bitna komponenta struja koje elektricki
ostecuju leZajeve i obic¢no predstavljaju dominantan doprinos. Osobito je to
vazno za niskonaponske asinkrone motore, koji su prema podacima IEC-a
motori s najvecom ekspanzijom primjene u industriji i za koje je u radu
objasnjen analiticki proracun osovinskih struja.

Literature dealing with the matter of shaft currents mostly elaborates on the
methods of motor diagnostics which only observe and analyse harmonics
frequencies characteristic for shaft currents. The analytic calculation of the
amplitudes of those currents has not been analysed so far for homogenous
yoke motors and, in order for correct protection measures to be undertaken,
it is necessary to determine exactly the parameters which influence those
currents. Shaft currents are an important component of the currents which
electrically damage the bearings and usually represent the dominant
contribution. This is especially important for low-voltage induction motors
which, according to IEC’s data, are the motors with the widest application
range in the industry. In this work, the analytic calculation of shaft currents
is explained for those motors.
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Suvremene analize pouzdanosti asinkronih mo-
tora pokazuju da vecinu kvarova predstavljaju
kvarovi na lezajevima. Elektricki uzrocnici oSte-
¢enja lezajeva su struje koje teku kroz lezajeve i
dovode do njihove erozije. One se razlikuju, kako
po nacinu nastanka, tako i prema njihovom tra-
janju tijekom rada motora i mogu biti: osovinske
struje (induktivne) i leZajne struje (kapacitivne).
Kapacitivne struje karakterizirane su probojima
izolacije maziva leZaja, kratko traju i imaju velike
iznose, te stvaraju oStecenja u obliku nasumic-
nih kratera po obodu lezajne kosuljice (u praksi
poznata pod engl. nazivom: pitting). Induktivne
struje su relativno puno manjeg iznosa u odno-
su na kapacitivne, ali su trajno prisutne u radu
motora. Njihovim djelovanjem javljaju se oSte-
¢enja u obliku zareza, koji su pravilno raspore-
deni po obodu leZajne koSuljice (u praksi pozna-
ta pod engl. nazivom: fluting). Oba tipa struja
djeluju erozivno na lezajnu koSuljicu, zbog cega
dolazi do mehanickog oStecenja lezajnih kugli-
ca ili valjaka, Cije raspadanje uzrokuje pojavu
povecanih vibracija i daljnjeg oStecenja ostalih
dijelova motora.

Teorijske postavke nastanka osovinskih struja,
kod asinkronih motora s homogenim stator-
skim jarmovima (bez zracnih raspora), u litera-
turi koja se bavi tim problemom nisu do kraja
objasnjene. Uglavnom su obradene metode
dijagnostike motora s kojima se promatraju i
analiziraju frekvencije harmonika karakteri-
sti¢nih za osovinske struje, te se samo ukazuje
na stupanj oStecenja lezaja [1]. Da bi se mogle
provesti pravilne mjere zastite, bitno je odrediti
tocno parametre koji utje€u na osovinske struje.
S tim je ciliem objasnjen postupak analitickog
prora¢una osovinskih struja za dva osnovna
uzroka osovinskih struja: magnetska nesimetri-
ja i ekscentricni polozaj rotora u provrtu statora
(staticka i dinamicka ekscentricnost i ovalnost).
Pri tome nije pravljena razlika izmedu kaveznih
ili kliznokolutnih motora, jer se izvor osovinske
struje prvenstveno trazio u djelovanju stator-
skog namota.

UZROCI NASTAJANJA 0S0-
VINSKIH STRUJA

Uzroci nastajanja struja koje teku kroz osovinu i
osovinskih elektri¢nih napona su razliciti [2], [3],
[4] i [5] mogu se podijeliti u nekoliko osnovnih
grupa: magnetske nesimetrije, kruzni magnet-
ski tok u jarmu, elektrostatski naboji i naponi na
rotorskom namotu. Pojave osovinskih napona,
te struja kroz lezajeve i druge dijelove u dodi-
ru s osovinom postaju to kompliciranije i opa-

INTRODUCTION

Up-to-date analyses of induction motor’s reliabili-
ty show that defects on the bearings are the most
usual defects. Electrical causes of bearings defects
are currents which flow through the bearings and
cause their erosion. These differ both according to
the source of their occurrence and their duration
during motor operation, and they can be: shaft cu-
rrents (inductive) and bearing currents (capacitive).
Capacitive currents are characterized by ruptures of
the insulation of bearing lubricants, they have short
durations and high rates, and cause damages in the
form of sporadic craters along the rim of the bea-
ring sleeve (known in the practice under the English
name: pitting). Inductive currents are relatively of
much lesser rates in relation to the capacitive ones,
but they are constantly present in engine operation.
Theirimpact causes damages in the form of cuts re-
gularly spread along the rim of the bearing sleeve
(known in practice under the English name: fluting).
Both current types have erosive effects on the bea-
ring sleeve which causes mechanic damage of bea-
ring balls and cylinders, the disintegration of which
causes the occurrence of increased vibrations and
further damage to the other motor parts.

Theoretical postulates about the occurrence of shaft
currents in induction motors with homogenous sta-
tor yokes (without air gaps) are not fully explained
in the literature concerned with that problem. The
main subject of such literature are motor diagnosti-
cs methods used to observe and analyze harmonic
frequencies characteristic for shaft currents, and it
only points to the level of bearing damage [1]. In or-
der to be able to implement appropriate protection
measures, it is necessary to determine accurately
the parameters influencing shaft currents. With that
in mind, the procedure has been explained of shaft
currents analytical calculation for two main causes
of shaft currents: magnetic asymmetry and eccen-
tric rotor position in the stator bore (static and dyna-
mic eccentricity and ovality). Thereat no difference
is made between squirrel-cage and slip-ring motors
because the source of the shaft current was sear-
ched for in the impact of the stator winding.

CAUSES OF OCCURRENCE OF
SHAFT CURRENTS

The causes of the occurrence of currents flowing
through the shaft and of the shaft electric voltages
are different [2], [3], [4] and [5] and can be divided into
several main groups: magnetic asymmetries, circu-
lar magnetic flux in the yoke, electrostatic charges
and voltages on the rotor winding. Occurrences of
shaft tensions and currents through the bearings
and other parts touching the shaft become all the
more complicated and dangerous as power and di-
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snije Sto se vise povedavaju snaga i dimenzije
elektromotornog pogona. Napone na osovini, ili
bolje receno uzduz osovine, moZze prouzrokovati
promjenljiv (izmjeni¢ni) magnetski tok koji obu-
hvaca osovinu, magnetski tok kroz samu osovi-
nu, te protjecanje struje kroz osovinu.

Za pojavu kruznog magnetskog toka koji obu-
hvaca osovinu, te dovodi do nastajanja osovin-
skih struja, kod asinkronih motora s homogenim
statorskim jarmovima i sinusnim napajanjem,
veliki doprinos daje mehanicka ekscentri¢nost
rotora u statoru (nejednak zracni raspor po
obodu), a nuzan uvjet je nelinearnost krivulje
magnetiziranja Zeljeza. Na slici 1 prikazan je
strujni krug kojim se zatvaraju osovinske struje:
osovina - prvi lezaj - prvi lezajni stit - kuciste -
drugi lezajni Stit - drugi leZaj — osovina. Osovin-
ska struja prolazi kroz oba lezaja i oStecuje ih.
Za mijerenje osovinskih struja koristi se svitak
Rogowskog koji se smjesta u lezajni Stit moto-
ra, koncentricno oko osovine. Radi sprjecavanja
pogreske mjerenja uslijed rasipnih magnetskih
tokova glava statorskih namota, izmedu svitka
Rogowskog i glava namota postavlja se ma-
gnetski zaslon [6].

Statorski paket
limova f

Dsq_vina !

Rotorski paket
limowa f I

Lizbudni kruZni magnetski tok /
Exciting circular magnatic flux

mensions of the electromotor drive increase. Tensi-
ons on the shaft or, better yet, along the shaft, can
be caused by changeable (alterative) magnetic flux
which encompasses the shaft, magnetic flux throu-
gh the shaft itself and the flow of the current through
the shaft.

A great contribution to the occurrence of the circu-
lar magnetic flow which encompasses the shaft and
brings about the occurrence of shaft currents in in-
duction motors with homogenous stator yokes and
sinuous power supply is provided by the mechanic
eccentricity of the rotor in the stator (unequal air gap
along the rim) and a required condition is the non-
linearity of the magnetization curve for iron. Figure
1 shows the electric circuit in which shaft currents
are closed: Shaft - first bearing - first bearing shield
- bearing box - second bearing shield - second bea-
ring - shaft. The shaft current passes through both
bearings and damages them. For the measurement
of shaft currents, a Rogowski coil is used which is
placed in the motor bearing shield, concentrically
around the shaft. For the purpose of preventing me-
asurement errors due to magnetic fluxes leakage of
the heads of stator windings, between the Rogowski
coil and the winding heads, a magnetic screen is
placed [6].

Glave stalorskog
namaola/ =

LeZajni Stit /

Rogowski svitak /

Magnetski zaslon f

Slika 1 — Prikaz strujnog kruga zatvaranja osovinskih struja
Figure 1 — Presentation of the electrical circuit of shaft current closure

POSTUPAK ANALITICKOG
IZRACUNA OSOVINSKIH
STRUJA

Postupak analitickog izracuna osovinskih struja
treba zapoceti odredivanjem magnetske induk-
cije u zra¢nom rasporu, ¢emu jasno prethodi

PROCEDURE OF ANALYTIC
CALCULATION OF SHAFT CUR-
RENTS

Procedure for the analytic calculation of shaft cu-
rrents should be initiated by determining the ma-
gnetic induction in the air gap, which is clearly con-
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poznavanje struje magnetiziranja. Ako se pretpo-
stavi k-ti harmonik magnetske indukcije u zrac-
nom rasporu:

ditioned by knowing the magnetization current. If
the x-harmonic of magnetic induction in the air
gap is assumed:

b, (x,t): B, cos(kx—a)xt—(ok) , M

gdje je:
b, - harmonik magnetske indukcije u zracnom
rasporu, T,

B - amplituda harmonika magnetske indukcije
u zra¢nom rasporu, T,

x - oznaka harmonika,

x - obodni kut kojim je definiran poloZaj na obo-
du zra¢nog raspora, rad,

- kruzna frekvencija harmonika, s,

@, - fazni kut harmonika, rad,

on uzrokuje, pod pretpostavkom da se silnice za-
tvaraju preko jarma statora, x-ti harmonik ma-
gnetske indukcije u jarmu statora:

gdje je:

by (x, t)= By, cos(ex—w,t—p, )

b, - harmonik magnetske indukcije u zracnom
rasporu, T,
y - oznaka za jaram.

Integriranjem poluvala harmonika magnetske
indukcije u zracnom rasporu (b) dobiva se am-
plituda x-tog harmonika magnetske indukcije u

jarmu:

R
By, = J.b,{(x,t)dx ,

ynp
2k

gdje je:

amplituda x-tog harmonika magnetske in-
dukcije u jarmu, T,

R - srednjiradijus jarma statora, m,

h - visina jarma statora, m,

broj pari polova.

T
I

Omijer p/k u granicama integrala je zbog toga Sto
svaki harmonik ima drugi broj pari polova, odno-
sno periodu. Na osnovi postupka objasnjenog u
[2], moze se definirati funkcija k-tog harmonika
jakosti polja u jarmu u ovisnosti o k-tom harmo-

s
I

hS]
|

where it is as follows:

b_ - magnetic induction harmonic in the air gap,
T,

B_ - amplitude of magnetic induction harmonics
in the air gap, T,

x - harmonics symbol,

x - circumferential angle which defines the po-

sition on the rim of the air gap, rad,
w_ - circular harmonics frequency, s™,

@, - harmonics phase angle, rad,

it causes, under the assumption that magnetic fi-
eld lines close through the stator yoke, k-harmonic
of magnetic induction in the stator yoke:

where it is as follows:

, )

b, - magnetic induction harmonic in the air gap,
T,

y - yoke symbol.

By integrating the semi-wave of the magnetic in-
duction harmonic in the air gap (b ) the amplitude

of the x-harmonic of magnetic induction in the
yoke is obtained:

where it is as follows:

amplitude of x-harmonic of magnetic in-
duction in the yoke, T,

R - average stator yoke radius, m,

h - stator yoke height, m,

number of pole pairs.

Ratio p /« is within the limits of the integral be-
cause each harmonic has a different number of
pole pairs, that is, different periods. Based on
the procedure explained in [2], the function of the
k-harmonic of field intensity in the yoke depending
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niku magnetske indukcije i rezultantne permea-
bilnosti:

by (1)

hy,(x,t)= N
Y ( ) :urcs(x7t)

gdje je:

h_ - harmonik jakosti polja u jarmu, A/m,
&, — rezultantna permeabilnost, Vs/Am.

Pri tome se rezultantna permeabilnost rotora
mora racunati iz rezultantne indukcije u jarmu i
iz karakteristike magnetiziranja Zeljeza paketa li-
mova motora.

Rezultantna magnetska indukcija u jarmu pred-
stavlja sumu svih harmonika:

on the k-harmonic of magnetic induction and re-
sulting permeability can be defined.

where it is as follows:

hyK - yoke field intensity harmonic, A/m,

u,, — resulting permeability, Vs/Am.

Thereat the resulting rotor permeability must be
calculated from the resulting induction in the yoke
and from the magnetizing curve of electrical steel
of the motor stack lamination.

Resulting magnetic induction in the yoke repre-
sents the sum of all harmonics:

Byres (x,2)= >.B,, sinfx—w,1—9,) (5)

gdje je: v - oznaka harmonika.

Sljedeci korak je aproksimacija krivulje magneti-
ziranja zeljeza paketa limova motora polinomom,
odnosno definiranje rezultantne jakosti magnet-
skog polja kao funkcije rezultantne magnetske
indukcije preko polinoma koji ima samo neparne
potencije:

where it is as follows: v — harmonics symbol.

The next step is the approximation of the magne-
tizing curve of motor stack lamination by polyno-
mial, that is, the definition of resulting intensity of
the magnetic field as a function of the resulting
magnetic induction through the polynomial which
has odd exponents only:

L CY) ST ) PR ) TR N CF) (O @
M3 Hs

Hq

pri cemu koeficijenti polinoma (1 / ) prema [6]
moraju biti pozitivni realni brojevi.

Ako se funkcija rezultantne jakosti polja podijeli s
rezultantnom magnetskom indukcijom, na desnoj
strani se dobiva polinom, Ciji su koeficijenti nume-
ricki jednaki koeficijentima polinoma koji aproksi-
mira krivulju magnetiziranja:

1 _hyres(xﬂt)_ 1 +ib2

E_ byres(x’[)_ﬂ_1

Bududi da (7) mora vrijediti i za ukupno polje i za
svaki pojedini harmonik, slijedi:

whereat the polynomial coefficients (1 /u,) accor-
ding to [6] have to be positive real numbers.

If the function of the resulting field intensity is di-
vided by the resulting magnetic induction, on the
right side a polynomial is obtained and its coeffi-
cients are numerically equal to the coefficients of
the polynomial which approximates the magneti-
zation curve:

(x,,)+ib;;s (6,0 0

Since (7) needs to be valid both for the overall field
and for each particular harmonic, it follows:
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hy (x, t)z By, sin(icx - t-p, )

1 1
—t— ZB N sin(vx—wvt—gov
My M3 |y Y

Ovako opisana aproksimacija omogucava da se
poznavanjem harmonika indukcije u zracnom
rasporu, moze vrlo jednostavnim polinomom
izracunati harmonike jakosti polja u jarmu sta-
tora.

Za procjenu da li k¥ -ti harmonik magnetskog
polja uzrokuje osovinski napon, mora se detalj-
nije prouciti linijski integral protjecanja:

2n
0, =R_[hYK(x,t)dx .
0

Da bi postojala osovinska struja jasno je da pro-
tjecanje mora biti razli¢ito od nule, tj. mora po-
stojati kruzni magnetski tok. Ako se pretpostavi
linearna magnetska karakteristika, za koefici-
jente polinoma vrijedi: u,=u,=...= o, odnosno
za bilo koju vrijednost od x uvijek vrijedi @=0. S
druge strane, prema zakonu protjecanja slijedi
da ©+0 uvjetuje postojanje kruzne komponente
protjecanja u zracnom rasporu provrta.

Ovakvo razmatranje potvrduje prethodnu kon-
stataciju da je magnetska nesimetrija, kod
motora s homogenim jarmom, nuzan uvjet po-
stojanja kruznog toka, a time i osovinske struje.
Nakon Sto se odredi protjecanje, mnozenjem s
vodljivos¢éu jarma, dobiva se kruzni magnetski
tok koji inducira osovinski napon (Faradayev za-
kon). Tada je, odredivanje impedancije strujnog
kruga, kojim se moZe zatvoriti osovinska stru-
ja, posljednji problem koji se javlja u postupku
odredivanja osovinske struje.

Za pravilan analiticki izracun osovinskih struja
potrebno je izvesti doprinos svih nesimetrija:
geometrijskih i magnetskih. Geometrijske nesi-
metrije uzrokovane su nesavrSenos¢u kruznog
oblika lezaja, provrta statora i oboda rotora, kao
i izoblicenjem osovine. Ovisno o stupnju nesa-
vrsenosti definiraju se pojmovi ekscentri¢nosti
i ovalnosti. Nadalje je opisan pojednostavljen
izvod utjecaja ekscentricnog polozaja centric-
nog rotora u centri¢nom statoru.

U [5] se pojam staticke ekscentri¢nosti definira
uz pojavu kada se os rotora ne poklapa sa osi
provrta statora (na slici 2 oznaéena sa M) i mi-

2
)} +1{2Byvsin(vx—wvt—gov) .
Hs |y

4 ©)

Approximation described as above makes it possible,
by knowing the induction harmonic in the air gap, to
calculate, by virtue of a very simple polynomial, the
field intensity harmonics in the stator yoke.

In order to assess whether the x-harmonic of the
magnetic field causes the shaft voltage, the line in-
tegral of the magnetomotive force should be exami-
ned:

It is obvious that the occurrence of the shaft current
requires the magnetomotive force to be different
than zero, that is, there has to be a circular magnetic
flux. If a linear magnetic characteristic is assumed,
the following applies for the polynomial coefficients:
u,=p,=..= o, that is for any value of x, @ = 0 always
applies. On the other hand, according to the Ampere
law it follows that @ # 0 conditions the existence of a
circular flux component in the air gap of the bore.

This kind of consideration proves the previous con-
clusion that magnetic asymmetry in motors with
homogenous yoke is a required condition for the exi-
stence of a circular flux, and thus of a shaft current.
After the determination of the flow, by multiplication
with yoke conductivity, a circular magnetic flux is
gained and it induces the shaft voltage (the Faraday
Law). Then the determination of the impedance of
electrical circuit in which shaft current can be clo-
sed, is the last problem which occurs in the process
of determination of the shaft current.

For a correct analytic calculation of shaft currents, it
is necessary to derive the contribution of all asym-
metries: geometrical and magnetic. Geometric
asymmetries are caused by the imperfection of the
round shape of the bearing, stator bore and rotor
rim, as well as by the disfigurement of the shaft. De-
pending on the level of imperfection, the notions of
eccentricity and ovality are defined. A simplified de-
rivation of the impact of the centric rotor’s eccentric
position in the centric stator is further described.

In [5], the notion of static eccentricity is defined for
the event when the rotor axis does not overlap the
stator bore axis (marked with M in Figure 2) and re-
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ruje u provrtu statora, odnosno rotor se vrti oko
tocke koja je fiksna u prostoru (na slici 2 ozna-
cena sa S). U koliko se tocka S vrti oko tocke M
(slika 2) ovisno o vremenu, tada se definira pojam
dinamicke ekscentri¢nosti. U slucaju staticke ek-
scentri¢nosti Sirina zracnog raspora je iskljucivo
funkcija obodnog kuta (x), dok je u slucaju dina-
micke ekscentri¢nosti ona funkcija i obodnog kuta
(x) i vremena (7).

Rotor/
Rotar

sts in the stator bore, that is, the rotor spins aro-
und a point which is fixed in space (marked with S
in Figure 2). If point S spins around point M (Figure
2) depending on time, then the notion of dynamic
eccentricity is defined. In case of static eccentrici-
ty, the width of the air gap is exclusively a function
of the circumferential angle (x), while in case of
dynamic eccentricity, it is a function both the cir-
cumferential angle (x) and time (z).

Stator/
Stator

Zmcniraspor/
Airgap

Slika 2 — Prikaz ekscentricnog pomaka rotora u provrtu statora
Figure 2 — Presentation of the eccentric rotor shift in the stator bore

Pri pisanju izraza za vodljivost zracnog raspora za
ekscentri¢ni rotor, obi¢no se zanemaruje utjecaj
nazubljenja paketa i zasi¢enja u Zeljezu paketa.
Opcenito se za veli¢inu zracnog raspora moZe na-
pisati funkcija:

5(x,t): 0, [1 +a~cos(x—w8t -0, )] ,

gdje je:

0 - veli¢ina zra¢nog raspora, m,

d, - srednja vrijednost zracnog raspora, m,

& - ekscentricitet.

Pri tome je srednja vrijednost zracnog raspora:
Ds - Dy

6, ==

dok za ekscentricitet vrijedi:

When writing expressions for the air gap conducti-
vity for the eccentric rotor, the impact of the serra-
tion of the stack and the stack iron saturation is
usually disregarded. In general, the function can
be written for the size of the air gap:

(10)
where it is as follows:
0 - airgapsize, m,
6, - mean value of air gap size, m,
& - eccentricity.
Thereat, mean value of air gap size is:
)

while the following applies for eccentricity:
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gdje je:

d, - ekscentricni pomak rotora, m (razmak to-
Caka SiM naslici 2),

DS - promjer statora motora, m,

D, - promjer rotora motora, m.

Kruzna frekvencija () velicine zracnog raspora
ovisna je o tome radi li se o statickom ekscen-
tricitetu @, = 0 ili o dinamickom ekscentricitetu
(w,= (1 - 5) @/p). 1. ovisna je o broju pari polova
(p) i o klizanju (s), odnosno o brzini vrtnje rotora.
Opcenito se vodljivost zra¢nog raspora definira
kao omjer permeabilnosti zraka i veli¢ine zrac¢nog
raspora:

Ho

i(x,t):m R

gdje je:

A = vodljivost zracnog raspora, Vs/Am?,
4, — permeabilnost zraka, Vs/Am.

Uz pojednostavljenje, prikladniji oblik vodljivosti
zracnog raspora odreden je prema [5]:

0

(12)

where it is as follows:

d, - eccentric rotor shift, m (distance between
the points S and M in Figure 2),
D, - motor stator diameter, m,

D, - motor rotor diameter, m.

Circular frequency (w ) of the air gap size depends
on whether it is about static eccentricity w =0 or
dynamic eccentricity (w,= (1 - s) @/}p), that is, it de-
pends on the number of pole pairs (p) and the slip
(s), that is, on the rotor spinning speed. Generally,
the conductivity of the air gap is defined as the ra-

tio of air permeability and air gap size:

where it is as follows:

A - air gap conductivity, Vs/Am?,
, — air permeability, Vs/Am.

With a simplification, a more adequate form of con-
ductivity of air gap is determined according to [5]:

A, 1)= A, 1+ Dk, -cos [y(x—wgt—(pg)] , (14)

y=12,...

gdje se vodljivost idealnog zracnog raspora
A,, Vs/Am? i koeficijent ekscentricnosti (k,) racuna-
ju preko sljedecih izraza:

1

2
1-¢2

4 =t
0,

AT

b2 ,
8/

Posto se magnetska indukcija raCuna mnoZenjem
protjecanja s vodljivoS¢u zracnog raspora, vidljivo
je iz izraza za vodljivost (14) da ¢e tako dobivena
indukcija imati veliki broj harmonika.
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where the conductivity of the idealair gap 4,, Vs/Am?
and the eccentricity coefficient (k) are calculated
through the following expressions:

(19)

(16)

Since the magnetic induction is calculated by mul-
tiplying the magnetomotive force with the conduc-
tivity of the air gap, the conductivity expression
(14) reveals that induction achieved in that way will
have a large number of harmonics.
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Radi jednostavnijeg objasnjenja na primjeru mo-
tora s p=1 pari polova, bit ¢e ukratko opisan po-
stupak izvodenja harmonika za razliite vrste ge-
ometrijske nesimetrije (ekscentri¢nost i ovalnost).
Prema [6], vodljivost zranog raspora pri statickoj
i dinamickoj ekscentri¢nosti, moze se definirati
kao:

For the purpose of a simpler explanation, the
procedure of derivation of harmonics for different
types of geometric asymmetries (eccentricity and
ovality) will be briefly described on the example of
the motor with p= 1 pole pairs. According to [6], air
gap conductivity at static and dynamic eccentricity
can be defined as:

i(x, t)= 4, [1 + kg, cos(x — Xy )+ kge cos(x - w(‘l - s) — X4 )] , (17)

gdje prema (16) izvedeni koeficijenti imaju indek-
se:

se - staticka ekscentri¢nost,
de - dinamicka ekscentri¢nost.

Pocetna vrijednost obodnih kutova za staticku i di-
namicku ekscentri¢nost oznacena je indeksima:

os - staticka ekscentri¢nost,
od - dinamicka ekscentri¢nost.

Harmonik protjecanja (za jednopolni stroj) uz am-
plitudu prema (9) ima izraz:

where according to (16) the derived coefficients
have indices:

se - static eccentricity,
de - dynamic eccentricity.

Initial value of circumferential angles for static
and dynamic eccentricity is marked by indices:

os - static eccentricity,
od - dynamic eccentricity.

Magnetomotive force harmonic (for a one-pole
machine) with the amplitude according to (9) has
the expression:

H1(x,0)= 0y cos(x—wt —py) , (18)
pa uz staticki ekscentricitet: so with static eccentricity:
ﬂ.se(x,t)z A0ﬁ+kse CcoSs (x—xos)], (19)

slijedi izraz za harmonik (v=p= 1) magnetske in-
dukcije uslijed staticke ekscentricnosti:

the expression for the magnetic induction harmo-
nic (v=p=1) due to static eccentricity follows:

blse = 91}“se = @1/10 [COS(X — 0t —¢ )+ kse COS(X ~ Xos ) COS(X— Wt — 4 )] ’ (20)

gdje je indeks 1 oznaka za harmonik. Doprinos
statickog ekscentriciteta harmoniku magnetske
indukcije predstavlja drugi ¢lan zagrade, te slije-
di:

where index 1 is the symbol for the harmonic. The
contribution of the static eccentricity to the ma-
gnetic induction harmonic represents the second
term in the brackets, and it follows:

b =044, % [cos(xt + Q1 — Xog )+ cos(2x — Wt — 1 — Xy )] . (21)
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Prema [2] za harmonike vrijedi:

k=2-gv,

gdje je koeficijent g predstavlja cijele brojeve:

g=%1 12, ...

Sada iz argumenta protjecanja (x— wf) prema izra-
zu (5) slijedi:

v=1 > o,=0,

a iz doprinosa statickog ekscentriciteta harmoni-
ku magnetske indukcije (2x — w?) slijed:i:

k=2 > 0,=0 .

Iz (22), wuvrstavanjem vrijednosti harmonika
(v=1,x=1), slijedi da je g=1, pa se nadalje, prema
[2], racuna kruzna frekvencija harmonika uslijed
staticke ekscentri¢nosti:

|w0| =|a)K -2-gw,

Analognim postupkom, za dinamicki ekscentrici-
tet prema izrazu (17) odreduje se vodljivost zrac-
nog raspora:

According to [2], the following applies for the har-
monics:

(22)

where the coefficient g represents whole numbers:

(23)

Now, fromthemagnetomotiveforceoperator (x—wf)
according to the expression (5) it follows:

(24)

and from the static eccentricity contribution to the
magnetic induction harmonic (2x — w?), it follows:

(29)

From (22), by inserting the harmonics value
(v=1,k=1), follows that g= 1, therefore according
to [2], the circular harmonic frequency due to sta-
tic eccentricity is further calculated:

=|—cu|:a) . (26)

By analogous procedure, for dynamic eccentricity
according to the expression (17), air gap conducti-
vity Iis determined:

Ao (es0)= 4, [1+ kg cosl— (1 =s5)-x,4)] (27)

Kruzna frekvencija harmonika uslijed dinamicke
ekscentricnosti prema izrazu (26) je:

|w0|=sw .

Treba naglasiti da je, za razliku od kruZne frekven-
cije harmonika uslijed staticke ekscentri¢nosti,
kruzna frekvencija harmonika zbog dinamicke
ekscentricnosti ovisna o klizanju, odnosno o brzi-
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Circular harmonics frequency due to dynamic
eccentricity according to the expression (26) is:

(28)

It should be pointed out that, unlike the circular
harmonics frequency due to static eccentricity,
circular harmonics frequency due to dynamic
eccentricity depends on the slip, that is, on the
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ni vrtnje motora. Na osnovi prethodnog izvoda
mogu se izvesti harmonici magnetske indukcije
u zracnom rasporu koji zbog geometrijske ne-
simetrije uzrokuju pojavu osovinskih struja. De-
taljniji pregled izraza za vodljivosti i protjecanja,
te izvodi harmonika za naj¢eSce oblike geome-
trijske nesimetrije (ekscentri¢nost, ovalnost),
kao | pregledne tablice usporedbi s mjerenjima

dani su u [5].

U tablicama 12 dani su prikazi raspodjele har-
monika magnetske indukcije po uzrocima na-
stajanja za motor sa p=2 pari polova, na kojem
su vrsena mijerenja. Za svaku vrstu geometrij-
ske nesimetrije, u prvim stupcima su brojevi po-
javljivanja najutjecajnijih harmonika, a u treéim
stupcima su harmonici Cije se amplitude mogu
zanemariti. U posljednja tri stupca je zbirni do-
prinos, prema kojem su harmonici i sortirani.

motor rotation speed. Based on the above derivation,
magnetic induction harmonics in the air gap, which
cause the occurrence of shaft current because of
the geometric asymmetry, can be derived. A more
detailed overview of the expressions for conductivity
and magnetomotive force, as well as the derivations
of harmonics for the most usual forms of geometric
asymmetry (eccentricity, ovality), as well as the over-
view tables which show comparisons with measure-
ments, are provided in [5].

Tables 1 and 2 provide presentations of the distri-
bution of magnetic induction harmonics according
to the occurrence patterns for the motor, on which
measurements were done, with p= 2 pole pairs.
For each type of geometric asymmetry, numbers of
occurrence of the most influential harmonics are in
the first columns and harmonics, the amplitudes of
which can be ignored, are in the third columns.The
aggregate contribution according to which the har-
monics are sorted is in the last three columns.

Tablica 1 - Raspodjela harmonika kruznog toka prema doprinosu amplitudi osovinske struje za Y spoj motora
Table 1 - Distribution of circular magnetic flux harmonics according to contribution to the shaft currents amplitude for

Y motor connection

Frekvenciia Harmonik Staticka Dinamicka Staticka Dinamicka Suma
[Hz] / ekscentricnost ekscentri¢nost ovalnost ovalnost harmonika
Frequency Harmon Static Dynamic Static Dynamic Sum of
equency ‘ eccentricity eccentricity ovality ovality harmonics
50,0 [0} 8 3 3 5 4 9 8 7 14
1.4 o) 3 5 2 1 5 5 4 10
150,0 3o 6 2 4 6 2 4
295,8 (6-35) 4 1 4 1 0
550,0 11 @ 2 4 0 6 0
4,2 3sw 2 1 2 1 0
598,6 (12-s)w 2 0 4 0
450,0 9w 3 0 3 0
250,0 S 1 2 0 3 0
350,0 T 1 2 0 3 0
650,0 Bw 1 2 0 3 0
850,0 17 0 1 2 0 3 0
950,5 19w 1 2 0 2 0
750,0 15w 2 0 2 0
298,6 6-s)w 1 0 2 0
3014 6+s)w 1 0 2 0
595,8 (12-3s) w 2 0 2 0
6014 (12 +s)w 1 0 2 0
8984 (18-5) @ 1 0 2 0
901.4 (18 +5) w 1 0 2 0
304,2 (6+3s)w 1 0 1 0
604,2 (12+3s)® 1 0 1 0
895,8 (18-3s) w 1 0 1 0
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Tablica 2 - Raspodjela harmonika kruznog toka prema doprinosu amplitudi osovinske struje za D spoj motora

Table 2 - Distribution of circular magnetic flux harmonics according to contribution to the shaft currents amplitude for
D motor connection
| Harmonik Stat\'é.kva Dinami.évka Staticka Dinamicka Suma.
[Hz] eksc?ntrlcnost eks;entrlcnost oyalnost gvalnost harrmomka
Frequency Harmonic :ilar C » Jyn Static Dynamic Sum of

’ eccentricity ovality ovality harmonics
15 S 6 5 9 10 9 14 16 14
50,0 ® 5 6 g 9 110 | 9 14 16 14
2985 6-s5) 2 14 4 20 6 0
250,0 S 6 2 12 4 18 6 0
350,0 7o 4 2 8 4 12 6 0
150,0 3w 0 6 4 10 6 4
301,5 6+s)w 2 4 4 8 6 0
4,5 35w 4 4 4 4 4 4
450,0 o) 4 6 0
2955 6-3s)w 6 2 6 2 0
550,0 11w 3 6 0 9 0
601,5 (12+5) 3 6 0 9 0
650,0 Bo 3 6 2 6 0
595,5 (12-35) 0 2 6 0 7 0
598,5 (12-s)w 3 4 2 2 0
304,5 6+3s)w 2 2 0 g 0
750,0 15w 3 0 3 0
850,0 170 1 2 0 3 0
898,5 (18-s) 1 2 0 3 0
901,5 (18 +s) w 1 2 0 g 0
950,0 19w 1 2 0 3 0
604,5 (12+3s)w 2 0 2 0
895,5 (18-3s)w 1 0 1 0

PRIMJER ANALITICKOG
IZRACUNA | USPOREDBA S
REZULTATIMA MJERENJA

Na temelju prethodno izvedenog analitickog
prora¢una osovinskih struja za motore s ho-
mogenim jarmom, na primjeru jednog cetvero-
polnog kaveznog asinkronog motora za pogon
vilicara napravljen je ogledni primjer analitickog
izracuna nekih frekvencija harmonika osovinske
struje. Za izraCun je potrebno da se uz osnovne
parametre motora (nazivni napon, frekvencija,
broj pari polova, broj utora statora i rotora, fak-
tor skracenja namota) poznaju dimenzije moto-
ra i krivulja prvog magnetiziranja magnetskog
lima paketa statora i rotora, kao i ¢elika osovi-
ne. Podaci motora su: spoj statorskog namota u
trokut, nazivni napon 22,5 V, nazivna struja 115
A, nazivni faktor snage 0,749, nazivna frekvenci-

EXAMPLE OF THE ANALYTIC
CALCULATION AND COMPARI-
SON WITH THE MEASUREMENT
RESULTS

Based on the analytic calculation of shaft currents
for homogenous yoke motors derived above, a sam-
ple example of the analytic calculation of certain
frequencies of shaft current harmonics is created
on the example of a four-pole squirrel-cage inducti-
on motor for the forklift drive. The calculation requ-
ires knowing not only the basic motor parameters
(nominal voltage, frequency, number of pole pairs,
number of stator and rotor slots, winding shortening
factor) but also motor dimensions and the magneti-
zing curve of electrical steel of the stack lamination
of stator and rotor. Motor data are: stator winding
connection in a delta configuration, nominal voltage
22,5V, nominal current 115 A, nominal power factor
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ja 50 Hz, nazivna brzina vrtnje 1455 min-', nazivni
moment 31,5 Nm, broj utora statora 36, broj uto-
ra rotora 48, zracni raspor 0,4 mm.

Postupak proracuna osovinske struje treba za-
pocCetiizracunom struje magnetiziranja na osno-
vi poznatih izraza iz teorije strojeva. Analiticki je
izraCunata vrijednost od I_ = 98,85 A, iz Cega sli-
jedi da je, u odnosu na mjerenu vrijednost struje
motora u praznom hodu: Ism’mj=92,31 A, relativ-
na pogreska izracuna 7,25 % Slijedi odredivanje
harmonika magnetske indukcije u zraénom ras-
poru.

Na temelju razmatranja u prethodnom poglaviju
i rezultata prikazanih u tablici 2, odabrana su za
izraCun samo tri harmonika: glavni harmonik,
trecii peti. Njihove analiticki dobivene vrijednosti
su:B, =1,043T, B, =0,04957T, B, =0,02923T.

Ako se definira da je ovaj proracun namijenjen
za spljostenu (nesinusnu) krivulju raspodjele
magnetske indukcije u zratnom rasporu, za re-
zultat se u trec¢i harmonik, koji dolazi iz susta-
va istosmjernih struja, prema [6] mora uvesti
dodatni korektivni faktor ovisno o karakteristici
magnetiziranja. Sad se mogu definirati harmo-
nici indukcije u zraénom rasporu:

0,749, nominal frequency 50 Hz, nominal rotation
speed 1 455 min-!, nominal moment 31,5 Nm, num-
ber of stator slots 36, number of rotor slots 48, air
gap 0,4 mm.

The procedure of shaft current calculation should
be initiated by calculating the magnetization cu-
rrent on the basis of known expressions from the
machine theory. The value of I =98,85 A, was anal-
ytically calculated, and from that it follows that, in
relation to the measured current value of the idle
running motor: 7 .=92,31 A the relative calculati-
on erroris 7,25 %. Next is determination of the ma-
gnetic induction harmonics in the air gap.

Based on the considerations from the following
chapter and the results shown in table 2, only three
harmonics have been chosen for calculation: the
main harmonic, the third and the fifth. Their analyti-
cally derived values are:BlP= 1,043 T, Bsp=0,049 57T,
B =002923T.

If it is defined that this calculation is intended for the
flat (non-sinuous) curve of the magnetic induction
distribution in the air gap, for the result, in the third
harmonic, which comes from the direct current sy-
stem, according to [6] an additional corrective factor
must be inserted depending on the magnetization
characteristic. Now the magnetic induction harmo-
nics in the air gap can be determined.

by(x,t)= By sin@x—wt -9, ),
b (x,1)= Bg sin(6x—3wr -39, ) ,

by(x,t)= By sinBx—wt -9, ),

(29)

b1o(x,t): B10 Sin(10x—a)t—(pm) N

gdje indeksi magnetske indukcije (indeksi: 2, 6,
10) predstavljaju harmonike: v/p. Pojavijuje se i
tre¢i harmonik (indeks 3), koji je uzrokovan isto-
smjernim sustavom napajanja i zasicenjem Ze-
ljeza [6].

Za definiranje doprinosa staticke ekscentri¢nosti
ili ovalnosti, iznose indukcije u zracnom rasporu
treba mnoziti s vodljivos¢u koja u sebi sadrzi do-
prinos geometrijske nesimetrije. Prema postup-
ku odredivanja harmonika osovinske struje defi-
niranim u poglavlju 3 mogu se izvesti izrazi koji
ukazuju koliko te geometrijske nesimetrije do-
prinose harmonicima osovinske struje. U tablici
3 prikazane su kombinacije koje daju tri osnovna
harmonika osovinske struje (o, 3w, Sw).

where magnetic induction indices (indices: 2, 6, 10)
represent the harmonics: v/p. A third harmonic also
appears (index 3) which is caused by the direct cu-
rrent system of power supply and iron saturation
[6].

For the definition of the static eccentricity or ovali-
ty contribution, the rates of induction in the air gap
should be multiplied with the conductivity which
contains in it the contribution of geometric asym-
metry. According to the procedure for determining
the shaft current harmonics defined in Chapter 3,
expressions can be derived which show how much
those asymmetries contribute to the shaft current
harmonics. Table 3 shows combinations which give
three basic shaft current harmonics (@, 3w, Sw).
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Tablica 3 - Pregled amplituda harmonika osovinske struje prema doprinosu odredenih harmonika indukcije

Table 3 - An overview of the shaft currents harmonic amplitudes to contribution of certain

magnetic induction harmonics

Stati¢ka ekscentri¢nost /

® Sw
k.B kB k.B,
B,- e22 By e22 Byy- ezs
Staticka ovalnost /
® ® 3w Sw
B - kyBs kyBio 'koBZ kyBs . kyB, kyBg . kB k,Biy . k,Bg
2 2 2 2 2 2 2 2 2
Pri tome je: Thereat it is as follows:
k, - koeficijent staticke ekscentri¢nosti, k, - static eccentricity coefficient,
k, - koeficijent staticke ovalnosti. k, - static ovality coefficient.

Uz zadane vrijednosti: €= 0,25 i 4, = 1 Vs/Am?,
koeficijentik, i k,

racunaju se prema (16)

Sto daje: k,=0,008 07, 4, =2 Vs/Am’ i k = 0,032 27.

Amplitude indukcije u jarmu dobivaju se inte-
griranjem indukcije u zracnom rasporu prema
izrazu (3). Pri tome treba prvo prema tablici 3
zbrojiti sve doprinose za svaki pojedini harmo-
nik. Kao konacan rezultat za amplitude harmo-
nika indukcije u jarmu dobiva se: B, =1625T,
B, =0,06017T,B =0,00919T.

Prema izrazu (6) odreduje se jakost polja u jarmu
uporabom izraza za aproksimaciju krivulje ma-
gnetiziranja prema [7], a dobiveni polinom ovi-

snosti o magnetskoj indukciji je: h(b) =146,629-b
+17,112-b"" A/m

|z tablice 2 je oCito da najvedi doprinos osovinskoj
struji daje harmonik B,, pa Ce se daljnji proracun
pojednostaviti i uzet ¢e se samo dominantni ¢lan
jakosti polja (4 ). 1z (8) slijedi:

y6

hyg (x, t)z By, sin(6x —3wt -3¢, A +L{Z B, sin(vx — 1 — q)v) ,

pri tome vrijedi:

M4

With given values: €= 0,25 and 4, = 1 Vs/Am?, coef-
ficients k and k,

are calculated according to (16)

which gives the following: k£,= 0,008 07, 4 =2 Vs/Am’
and k,=0,03227.

Induction amplitudes in the yoke are obtained by
integrating induction in the air gap according to
the expression (3). Thereat, according to Table 3,
all the contributions for each particular harmonic
need to be summed up first. As the final result for
harmonic induction amplitudes in the yoke, the fo-
llowing is derived: B, = 1,625 T, B, = 0,060 17 T,
ylp yp
B ,=0,00919T.

According to the expression (6), the the field intensi-
ty in the yoke is determined by using the expression
for the approximation of the magnetization curve
according to [7], and the obtained polynomial of de-
pendency on magnetic induction is: i(b) =146,629-b
+17,112-b" A/m

Table 2 clearly shows that the greatest contribution
to the shaft current is given by the harmonic B, so
that further calculation will be simplified and only
the dominant term of field intensity (A ) will be ta-
ken. From (8) the following ensues:

10

H11 0

thereat it is as follows:

> By, sin(x—w,t -9, )= By, @x-wt—g, )+ Byg sin(@x — ot — g, )+

+VBy6 sin(6x — 3wt -3¢, )+ By1o sin(10x—wt—g,, )

@
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Kao rjeSenje integrala (%) pojavljuju se samo har-
monici jakosti polja koji imaju frekvenciju (6x), jer
svi ostali zbog periodi¢nosti daju rezultat jednak
nuli. To znaci da se iz polinoma (30) moze izosta-
viti prvi €lan (1/ 4,), kao i svi Clanovi zagrade koji
nemaju frekvenciju (6x). Uporabom Fourierovog
integrala za odredivanje koeficijenata Fourierovog

reda za amplitudu jakosti polja iz (30) slijedi:

2n

10
Hyezij{ZByvsinex—wvt—wvi -sin(Bx — 3wt — 3¢, ) x,
oL v

pri cemu se promatra poloZaj u neutralnoj zoni
izmedu polova u jarmu, pa se uiz wt—g_=m/2
izraz u zagradi u (30) moze reducirati u oblik
nepreglednog polinoma (b,), koji je funkcija am-
plituda harmonika magnetske indukcije u jarmu
statora. Za jakost polja u jarmu (u neutralnoj zoni
izmedu polova u jarmu) iz izraza (30) i (32) slije-
di:

hyg (x, t): Byg sin(6x ~3wt -3¢, ) b'ye =Hyg sin(6x — 3wz —39,,) .

U uvodu je definirano da je bitno imati moguc-
nost uvida u to koji parametri najvise utje¢u na
pojavu osovinskih struja, odnosno koji harmonici
magnetske indukcije u zracnom rasporu. Jasno
da se uporabom racunala, numericki rezultat in-
tegriranja iz (32), odnosno vrijednost koeficijenta
(bye) uizrazu (33), koji je potreban za daljnji prora-
¢un, moze bez problema izracunati.

Prema izrazu (9) mogu se odrediti amplitude
harmonika protjecanja, odnosno za amplitude
harmonika kruznog magnetskog toka po jedinici
povrsine jarma statora vrijedi izraz:

. 2Rn
q)v :@v'/uofur' P

gdje je:

S, - poprecni presjek jarma, m2,

2Rn- srednja duljina jarma, m,

u, - relativna permeabilnost koja se dobiva iz
polinoma aproksimacije krivulje magnetiziranja
za uvrstenu vrijednost amplitude he.

As the solution of the integral (9), only field inten-
sity harmonics appear with (6x) frequency becau-
se all others, due to their periodicity, give results
equal to zero. That means that the first term (1/u,),
as well as all the terms of the brackets which have
no frequency (6x) can be omitted from the polyno-
mial. By using the Fourier integral for the deter-
mination of the Fourier series coefficient for the
field intensity amplitude from (30) it follows:

32)

whereat the position is observed in the neutral zone
between the poles in the yoke, so with wt—¢_=m/2,
the expression in the brackets in (30) can be redu-
ced in the form of the illegible polynomial (by())which
is a function of the amplitudes of the magnetic in-
duction amplitudes in the stator yoke. For the field
intensity in the yoke (in the neutral zone between
the poles in the yoke) from the expressions (30) and
(32) it follows:

(33)

The introduction defines that it is necessary to have
the possibility of insight into the parameters whi-
ch have the greatest influence on the occurrence
of shaft currents, that is, the magnetic induction
harmonics in the air gap. It is clear that, by using
a computer, the numerical integration results from
(32), that is, the value of the coefficient (byG) in the
expression (33), which is necessary for further cal-
culation, can be calculated without difficulty.

According to the expression (9), flux harmonics
amplitudes can be determined, that is, for the am-
plitudes of harmonics of circular magnetic flux per
unit of stator yoke surface the following expression
applies:

where it is as follows:

S - yoke cross cut [m?],

2Rn- average yoke length [m],

u, - relative permeability derived from the pol-
ynomial of the magnetization curve approximation
for the inserted amplitude value he.
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Bududi da su poznate sve numericke vrijednosti,
moze se izraCunati iznos kruZznog magnetskog
toka u jarmu:

Since all numeric values are known, the amount
of circular magnetic flux in the yoke can be cal-
culated:

¢(t)= Dy, sin(Cz)1pt)+ D, sinQu3pt)+ s, sin@)g,pt) , (35)

gdje su amplitude harmonika kruznog magnet-
skog toka u jarmu:

@, =0,00325Vs, @, =0,000 12 Vs, D, =1,838-10° Vs.
Za izraun amplituda harmonika osovinske struje
upotrebom izraza:

potrebno je poznavati impedanciju strujnog kruga
kojim se zatvara osovinska struja. Ovisno o kon-
strukciji motora taj podatak se moZe racunski
izvesti, ali je jednostavnije provesti mjerenja impe-
dancije. U [6] su predoCeni rezultati mjerenja za
promatrani motor u kojima se impedancija zane-
marivo mijenja s frekvencijom, odnosno moZe se
aproksimirati radnim otporom iznosa 0,7 Q.

Konacno se za harmonike osovinske struje dobiva-
ju sljedece vrijednosti: I =1,031A, 1, =0,1146 A,
1,=0,0292A, Stoza efektwnu vrijednost osovinske
struje daje 0,734 A. U odnosu na izmjerenu vrijed-
nost, gdje je efektivna vrijednost osovinske struje
0,690 A, relativna pogreska izracuna je 6,37 %, Sto
je vrlo dobar rezultat s obzirom da je u proracun
uklju¢eno samo nekoliko harmonika.

Mjerenja osovinskih struja na cetveropolnom ni-
skonaponskom asinkronom motoru su vrsena po-
mocu svitka Rogowskog, koji je bio smjeSten oko
osovine na rotoru (slika 2) pri napajanju iz mreze
[8]. Za mjerenja osovinskih struja koristen je svitak
Rogowskog standardnih karakteristika AmpFLEX
A100 20/200A, a za prikupljanje podataka iz svitka
Rogowskog koristena je AD kartica NI-DAQPad-
6015.

Na slici 3 je prikazan frekvencijski spektar osovin-
ske struje i vidljivo je da su najizraZeniji harmonici
upravo frekvencije: w, 3w i 5w. Medutim, u spektru
se mogu uoCiti i drugi harmonici iz tablice 2. Vre-
menski signal prikazan je u donjem dijelu slike 3,
a predstavlja amplitudno filtriran signal. Detaljnije
objasnjenje pravilnog postupka mjerenja i obrade
mjerenog signala osovinske struje dano je u [8] |
[91.
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where the amplitudes of the harmonic of the cir-
cular magnetic flux in the yoke are:
QDIPZ 0,003 25 Vs, 453p: 0,000 12 VS,QDSPZ 1,838:10° Vs.
For the calculation of the shaft current harmonics
amplitudes by using the expression:

(36)

itis necessary to know the impendence of the elec-
trical circuit in which shaft current can be closed.
Depending on the motor construction, that data
can be derived by computation, but it is simpler
to undertake measurements of impendence. [6]
presents the measurement results for the obser-
ved motor and in those results the impendence is
insignificantly exchanged by frequency, that is, it
can be approximated by ohmic resistance at the
rate of 0,7 Q.

Finally, for the shaft current harmonics, the fo-
llowingvaluesarederived:/, =1,031A,Z, =0,1146A,
1.,=0,029 2 A, which gives 0 734 A for the effective
value of the shaft current. In relation to the mea-
sured value, where the effective value of the shaft
current is 0,690 A, the relative calculation error
is 6,37 %, which is a very good result considering
that only a few harmonics are included in the cal-
culation.

Measurements of shaft currents on a four-pole
low-voltage induction motor were done by vir-
tue of a Rogowski coil which was placed around
the rotor axis (Figure 2) with power supply from
the network [8]. For the measurements of the
shaft currents, the Rogowski coil of AmpFLEX
A100 20/200A standard characteristics was used,
and for the collection of data from the Rogowski
coil, the AD NI-DAQPad-6015 card was used.

Figure 3 shows the frequency spectre of the shaft
current and it is evident that the most prominent
harmonics are exactly the following frequencies:
, 3w and Sw. However, other harmonics from Ta-
ble 2 can also be seen in the spectre. Time signal
is shown in the lower part of Figure 3 and it re-
presents the amplitudinally filtered signal. A more
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Slika 3 — Frekvencijski spektar i vremenski dijagram mjerenja osovinske struje
Figure 3 — Frequency spectre and time diagram of shaft current measurements

ZAKLJUCAK

Pri napajanju niskonaponskih asinkronih motora
s homogenim jarmovima mogu nastati osovinske
struje, koje dovode do kvarova lezajeva. Uzrok tim
strujama je uglavnom ekscentri¢ni poloZaj rotora
u statoru, a nuzni uvjet za nastajanje je nelinear-
nost krivulje magnetiziranja magnetskih limova.
U ¢élanku je opisan postupak analitickog izracuna
osovinske struje, te je na primjeru jednog Cetve-
ropolnog asinkronog kaveznog motora za pogon
vilicara dana usporedba izracuna amplituda nekih
znacajnih harmonika osovinske struje s mjerenim
vrijednostima, koja je pokazala da se takvim po-
stupkom mogu analiticki racunati amplitude har-
monika osovinske struje s pogreSkom manjom
od 10 %, Sto je jasno povezano s to¢nos¢u ulaznih
podataka.

Medutim, namece se zakljucak da se pri projek-
tiranju motora, ovakvim proracunom mogu defi-
nirati svi vazniji harmonici osovinske struje, te se
mogu izracunati njihove amplitude pri razli¢itim
stupnjevima ostecenja lezaja. Na taj nacin je mo-
guce napraviti detaljni prikaz harmonika, koji se
trebaju traziti u harmonijskom spektru osovin-
ske struje, kao i struje faza motora, te definirati
na koji stupanj ostecenja ukazuju iznosi njihovih
amplituda. Time se moZe poboljSati i dijagnostika
motora.

detailed explanation of the correct measurement
procedure and the analysis of the measured shaft
current signal are given in [8] and [9].

CONCLUSION

In the supply of low-voltage induction motors with
homogenous yoke, shaft currents may appear
which cause damage to the bearings. The cau-
se of those currents is mostly the eccentric po-
sition of the rotor in the stator, and a necessary
condition for the occurrence of those currents is
the non-linearity of the magnetic tin magnetiza-
tion curve. The article describes the procedure
of the analytical calculation of the shaft current,
and on the example of a four-pole squirrel-cage
induction motor for the forklift drive, a compari-
son is given of the calculation of the amplitudes
of certain important shaft current harmonics with
the measured values and it shows that by virtue of
such a procedure, shaft current harmonics ampli-
tudes can be analytically calculated with an error
less than 10 %, which is clearly connected with the
accuracy of input data.

However, the conclusion is evoked that this proce-
dure can be used to define all important shaft cu-
rrent harmonics during the design of engineering
motors, and their amplitudes can be calculated at
different levels of bearing damage. In that way, it
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is possible to make a detailed presentation of the
harmonics which should be searched for in the
harmonic spectre of the shaft current, as well as
of the motor phases current, and the level of da-
mage, indicated by the rates of their amplitudes,
can be defined. In that way, motor diagnostics can
also be improved.
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