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Abstract

The article studies the problem of the journal motion of a three-phase induction motor rotor in a bearing. A
simplified model of the journal motion is studied at the moment of journal separation and transition from the
pendulum mode of journal motion to the impact mode. In this case, the elastic-damping properties of the bearing
and the final rigidity of the rotor are ignored. The model takes into account the eccentricity of the rotor mass and
the radial internal clearance of the bearing. In addition, the forces of unbalanced magnetic pull (UMP) caused by
the magnetic eccentricity of the induction motor rotor, which is caused by the radial clearance of the bearing, are
taken into account. It is analytically shown that the forces of UMP cannot be ignored, since even the rated clearance
of bearings of low- and medium-power motors causes an unbalanced force commensurate with the force caused
by the eccentricity of the mass. Using numerical modeling and simulation for a three-phase induction motor with
a squirrel-cage rotor with a power of 11 kW and a speed of 3000 rpm, the dependences of the critical frequency of
the journal separation from the bearing for different values of the mass eccentricity and radial clearance are
presented. It is shown that without taking into account the UMP, an increase in the radial clearance leads to a
decrease in the critical separation speed. In this case, a bearing with a passport radial clearance is able to switch to
the mode of periodic impacts of the journal at a speed lower than the nominal speed of rotation of the rotor with
an acceptable eccentricity. Taking into account the UMP, on the contrary, it significantly increases the value of
the critical separation speed. At the same time, it is necessary to take into account that with an increase in UMP,
the radial load on the bearing also increases, which in turn leads to increased wear of the bearing.

Keywords: Bearing internal clearance, Induction motor, Unbalanced magnetic pull, Mass eccentricity,
Bearing vibration

Introduction and review of publications

When the rotor of an induction motor rotates, dynamic forces caused by rotor imbalance act on its pins. In
general, unbalance can be caused by mass eccentricity, rotor deflection, and magnetic eccentricity. Unbalanced
dynamic forces act on the bearings, causing increased bearing wear [1, 2].

According to researchers, more than 40% of induction motor failures are related to bearings [1]. During
operation of rotor machines, radial clearances in rolling bearings increase, which leads to reduction of design
values of critical shaft speeds [2, 3]. Excessive clearance can cause vibration at the fundamental train frequency
(FTF) as the rolling elements accelerate and decelerate through the load zone which can result in large impact
forces between the rolling elements and cage pockets. Also outer race defects and roller defects can be modulated
with the FTF fundamental frequency [4]. Several researchers have studied the increase of bearing loads due to
Unbalanced Magnetic Pull (UMP) [5-7]. It has been shown that the additional bearing loads are affected by curved
eccentricity and the axial variation of eccentricity, and this can shorten the lifetime of the bearing.

It is known that, depending on the dynamics, bearings can operate in three modes: the mode of pendulum
oscillations, the mode of periodic journal impacts on the bearing, and the mode of journal movement around the
bearing circumference, in which the journal rolls with slippage [8-10]. The most dangerous is the second mode,
the impact mode of bearing operation, which occurs as a result of the journal separation from the bearing. This
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causes rapid bearing failure. The journal separation from the bearing occurs at a certain frequency, the value of
which depends on the geometric and mass parameters of the bearing and rotor. Therefore, the criterion for smooth,
reliable operation of the rotor of an induction motor is a rotor speed that is less than the critical speed that occurs
when the journal separates from the bearing.

The issue of the stability of operating modes of bearings with radial clearance is well studied [11, 12, 13].
Researchers use the Hertz theory, models with elastic and elastic-plastic contact [14, 15]. The issue of modeling
the dynamics of bearings with defects has also been well studied [16-19]. However, most studies on bearing
failures do not take into account the peculiarities of electric motors, such as unbalanced magnetic pull (UMP) on
the rotor of a three-phase induction motor.

Aims of the paper

This paper analyzes the effect of internal radial clearance in a bearing of a three-phase induction motor on
the occurrence of unbalanced forces and the conditions for the emergence of an undesirable shock mode of bearing
operation.

Problem analysis and model justification

Let's estimate the actual radial internal clearance of a radial single row bearing of an 11 kW induction motor
with a rated speed of 3000 rpm. According to ISO 5753, the internal clearance of a 6208 ZZ-C3 deep groove ball
bearing is 15...33 pm. It is known that average bearing wear can lead to a 100% increase in the nameplate clearance.
The actual clearance consists of the nameplate clearance and the clearance caused by elastic deformation. For
stiffness 5,52-107 N/m, under the influence of rotor gravity and imbalance from the permissible mass eccentricity
of 20 um at the nominal speed ®=304 rad/s, the gap will additionally increase by 26,4 um [20]. Thus, the total gap
of the worn bearing during operation of the motor under consideration is about 2A=56...92 um and can lead to a
significant unevenness of the air gap & between the rotor and stator of the induction motor (Fig. 1). In particular,
for the engine under study, the average air gap is 60=450 um. The variable unevenness of the air gap, called
dynamic eccentricity, causes a change in the bearing's restoring force, which leads to wear. The permissible
magnetic eccentricity of the rotor in question is 10%. In the event of improper motor assembly, thermal
deformation of the rotor, severe wear of the bearing during operation, and an increase in its clearance, the magnetic
eccentricity may increase, increasing dynamic unbalanced forces that further accelerate bearing failure.

Research methodology
Mathematical modeling of the problem of journal movement in a bearing

To create a simplified mathematical model of the journal dynamics in a bearing with an internal radial
clearance 2A we neglect the elastic-damping properties of the bearing and rotor. We assume that the rigid rotor
rotates in rigid supports, and the centrifugal forces acting on it are caused only by mass and magnetic eccentricity.
This assumption is valid for a significant number of low- and medium-power induction motors. Let's also assume
that the unbalanced magnetic pulling forces are applied in the geometric center of the rotor and result from a
reduction of the air gap between the stator and rotor by the value A/2, which is equal to half the radial displacement
of the journal in the bearing of the gap in the bearing A. Then the minimum air gap formed is equal to
S, =0, —A/2, the maximum is equal to &, =3, +A/2. In the following, we will assume that the angular

position of the minimum air gap between the stator and rotor Jui» and the angular position of the journal are the
same and equal to the angle y. The resulting magnetic eccentricity of the rotor is equal to (5 -0in ) / 2=A/2.

max
Let a rotor with mass eccentricity e rotate with angular speed ®. At a certain moment of the pendulum
mode, the journal occupies the position in the bearing shown in Fig. 2. Due to the clearance A the movement of
the journal relative to the bearing consists of a rotational movement with a speed « and angular oscillations

. . L d
determined by the angle . The speed of the journal movement along the bearing is equal to Q = 7”/ .
t
Forces act on the journal: gravity mg , centrifugal force of the trunnion movement mQ’A , tangential force
of inertia mQA, centrifugal force due to rotor unbalance ma)zecos(a}t—l//) , friction force F, interaction force

between the journal and bearing R, projections of the unbalanced magnetic pull force Fuap.
The equilibrium condition implies that
mg cosy +m’ A+ ma’ecos(wt —y )+ F,y, —R=0, )
—mQA-mgsiny + ma’esin(wt—y )+ F+F,, =0, (2)

UMPy
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where g is the acceleration of free gravity; m is the reduced mass of the rotor; v is the angular displacement of the
journal from the vertical equilibrium position; Q is the journal movement speed along the bearing; A is half the
bearing clearance; F is the friction force; R is the bearing reaction force; Fumpy, Fuup, are projections of the
unbalanced magnetic pulling forces on the axes Ox, Oy, respectively.

Stator @i

s

Bearing
Clearance

B

Fig. 1. Formation of an uneven air gap Fig. 2. Diagram of the forces acting on the
between the stator and rotor journal in the bearing

Assuming a constant rotational speed m=const we use the theoretical expressions proposed in [21, 22] to
estimate the UMP force (Fig. 4). UMP is highly nonlinear. Without loss of generality, let us consider the UMP of
a bipolar motor. The projections of the unbalanced magnetic pulling forces on the given coordinate axes for the
number of pole pairs p=1 are approximately defined as

Fyupe = fi + fo cos2a,t, S =025RImu, ' F? (2A A, + A A, + ALA,), 3
. ac

Fop, = [o51020,t, fo = 0.125R17ry(;1F/.2 (2A0A, + A A, +ALA), )

where o, is the angular frequency of the power supply of the motor stator windings, @, = a)(l - s)f1 , § 1s the slip

of the motor; fi, f> are the amplitudes of the UMP components, R is the rotor radius; / is the rotor length; F; is the
amplitude of the fundamental harmonic of the rotor magnetomotive force (MMF) excitation; y is the absolute
magnetic permeability of air; A, Fourier coefficients in the record of the magnetic permeability of the air gap,

which can be calculated as

A[=&1+(1_5"°)[ ! J,iZO. )
1+

8 A1-¢? Ji-¢*

where & =A/26, is the relative eccentricity, d is the average value of the air gap when the rotor is centered; &,

is Kronecker symbol.
The condition for journal separation from the bearing is R=0. Having differentiated (2) according to v and
adding the result from (1), we have

d .
W( QA)=mQ’ A+ F, . (5)
L . dQ . dy — .
Multiplying both parts of equation (5) by o and taking into account (3) and QQ = >y after simplifications
t t
we have
2
d| 2| L) ArLC0S20l -y g2 (©)
dt 2 mA

After integrating both parts, we have

2
(d—QJ Ly Lt heos20l op o [ 02 (cosami) 4 C. (7)
dt 2 mA mA
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Let us find the integration constant C from the initial conditions. Suppose that at the initial moment /=0 the
journal has an angular displacement from the vertical position . This can only be accomplished when the journal
speed is very high. Hence, we have the initial condition: at /=0 y=cc . Analyzing (10), it is clear that the term on

the right-hand side %(9)4 is asymptotically increasing much faster than the other terms and the latter can be

neglected. With sufficient accuracy, equation (7) can be simplified to the form

o)’ 1, .
(EJ —E(Q). (8)

By integrating, we have
Q=— 9
t
Since l//(t) has a break at =0, integrating expression (11) using the Dirac delta function, we obtain the

value of the journal separation angle from the bearing [8]
v, =~2| st =2 . (10)
0

According to (10) the trunnion separation angle is equal to =81° and does not depend on the unbalance
forces caused by the mass and magnetic eccentricity.

Analysis of (1) shows that the condition for journal separation is R=0, which is possible only when the
condition

ma’ecos(wt —y )+ Fy, <0 (1)

Considering what f; > 0 is an integral part of the zero frequency, we have

2
cos(a)t—l//)+Lzzcos[—a)tJ <0. (12)
ma’e -5

Special cases of dependence (12).
1. The component force of the UMP of a double electric frequency is small compared to the unbalanced
force from the mass imbalance f, < mo’e :

cos(wt—y/)<03%<a}t—l//£3§. (13)

The smallest value of the unbalanced force corresponds to the condition @t —y = 7 , hence the critical rotor

speed is equal to

a)cr = 7Z+\/E * (14)
t

cr

After substituting expression (14) into (1), we have the value of the separation time ¢, . Using ¢, , the
critical rotor speed can be found from the expression:

7[+1J /cos\/i+i
® =[‘/5 7w (15)

T ey "
TN

where @, = \/g is frequency of pendulum oscillations of the journal.
A

2
Under this condition A =0.5 (7{ 2 ) e we have @, —»0 and the pendulum mode is ensured at any speed

without journal separation.

Consequently, the component of the unbalanced magnetic pulling force of the zero electric frequency
increases the value of the critical frequency of rotor journal separation from the bearing.

The analysis of the magnitude of the UMP forces for the considered induction motor shows that the
condition is fulfilled only for very small values of A<l um, which are not encountered in practice, so dependence
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(15) has no practical significance. This confirms the need to take into account the UMP when analyzing the
dynamics of induction motor bearing supports.
2. The UMP force component of the double electric frequency is significantly higher than the unbalanced

force from the mass imbalance, we have f, > maw’e :
2 T 2 3z
cos—at<0=>—<—awt<—. (16)
-5 2 l-s 2
Assuming that the separation occurs at the lowest value of />, we have 2(1 - S)_l ot = 7 , hence the critical

rotor speed is equal to

T
=" (1-5). 17
a)cr 2t0, ( S) ( )

Substituting the value of (17) into (1), we have the value of the separation time ¢, . Using ¢

cr?

the critical

rotor speed can be found from the expression:

_7(1=s) [A-4 ,
@, = b mg cos+/2 @, . (18)

The analysis of the components of the UMP force in (3) in the case of the condition f, > ma’e shows
that it is always f, — f; <0, and therefore dependence (18) cannot be fulfilled, i.e., the pendulum mode of bearing

operation never goes into the shock mode.
We analyze the general case of dependence (12) using numerical methods.

Numerical experiment and simulation results

To change from the pendulum mode to the impact mode, the eccentricity e of the rotor mass must be
sufficient to make the unbalanced force mw’e caused by it exceed the vector sum of the forces Fymp and mg .
This condition can be investigated using the example of a specific induction motor. An 11 kW motor was chosen
for modeling The main characteristics of the motor are shown in Table 1. The simulation was carried out in the
Simulink environment of the MATLAB mathematical package.

Table 1
Parameters of the three-phase motor
Notation Description Value
Motor data
n Synchronous speed (rpm) 3000
s Rated slip 0,033
R Radius of the rotor (mm) 63,5
/ Length of the rotor (mm) 130
my Mass of the rotor (kg) 14,22
& Mean air-gap length (mm) 0,45
o Air permeance (H/m) 4m-107
F; Fundamental MMF amplitude of the rotor excitation current (A) 358
p Number of pole pairs 1
e Permissible eccentricity (um) 20
The radial force of pressing the journal against the bearing is found from (1):
R =mgcosy +mQ’A+ma’ecos(wt—y )+ Fyp. . (19)

At the moment of journal separation from the bearing, we have: R=0, y = 2 , Q= \/Et_l and the following
relationship is fulfilled
ho L

2 2
gcos\/i+A—z+a)zecos(a)t—l//)+—'+—cos£—a)tJ =0. (20)
t m m

Comparative dependences of the critical separation velocity on the mass eccentricity at different values
of the radial air clearance in the bearing without and with consideration of UMP forces are shown in Figs. 3, 4.
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An increase in the radial clearance in the bearing leads to an increase in the critical journal separation
rate. But at the same time, the radial force increases significantly.
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Fig. 3. Dependence of the critical separation speed on the mass eccentricity at different values of the radial air gap in
the bearing without taking into account the UMP forces
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Fig. 4. Dependence of the critical separation speed on the mass eccentricity at different values of the radial air gap in
the bearing, taking into account the UMP forces

Research conclusions and recommendations for further research in this area

In addition to mechanical forces, electromagnetic forces, in particular, UMP forces, affect the magnitude
of the rotor journal pressing force against the bearing in a three-phase induction motor. Since the UMP are applied
at the point of the smallest air gap between the stator and rotor and increase with the magnetic eccentricity, they
have a significant impact on the critical rotor speed at which the journal separation from the bearing occurs.

Neglecting the UMP phenomenon, it can be concluded that an increase in the radial clearance in the bearing
leads to a decrease in the critical journal separation speed and a faster transition from the pendulum to the
dangerous shock mode of bearing operation. This shock mode is more dangerous because it leads to faster wear.

The presence of radial bearing clearances indicates that it is unlawful to neglect the UMP phenomenon
when analyzing a three-phase induction motor. The UMP phenomenon creates additional forces of double
electrical frequency that press the journal against the bearing. An increase in the radial clearance in the bearing
leads to an increase in the critical journal separation speed. But at the same time, the radial force acting on the
bearing increases significantly. The pendulum mode of operation is preserved, but the load on the bearing increases
significantly, which in turn leads to accelerated one-sided wear.

Despite the fact that the developed model is approximate and does not take into account the elastic-damping
properties of the bearing and the flexibility of the rotor, important results have been obtained. The analysis of the
bearing assembly in accordance with the Hertzian contact stress theory will make it possible to refine the results
obtained here.
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I'opomko A.B., 3em0nnbka M.B. Anai3 BIUIMBY pafiajdbHOIO 3a30py Y HiIIIUITHUKY HA PEXKHUMH HOTO
po6oTH 3 BpaxyBaHHSIM MacoBOTO 1 MarHiTHOro AucOalaHCy poTopa ACHHXPOHHOTO JBUTI'YHA

Y crarti gmochimkyeTbes TmpobiieMa pyxy mangu poTopa TpU(a3HOrO ACHHXPOHHOTO JBUTYHA B
MiIATHAKY. JIoCTHipKyeThCsl CIIpoIieHa MOJAENh pyXy Handu B MOMEHT BiIpuBY Hamndu Ta TEepeXxony Bif
MasTHAKOBOTO PEXUMY PYyXy Hardu 10 yaapHOTO pexuMy. Moenb BpaxoBy€e eKCIICHTPUCUTET MacH poTopa Ta
pamiabHUN BHYTPINIHIA 3230p MiAIIAITHAKA. Y MOJEN HE BPaxOBYIOThCS MPYKHO-IeMII(yBaIbHI BIACTHBOCTI
MIIIIAITHAKA Ta KiHIEBA JKOPCTKICTh poTopa. KpiM TOro, BpaxoBYIOTHCS CHIIM HE30aJaHCOBAHOTO MAarHiTHOTO
TSOKIHHS, BHWKJIMKAaHI MAarHITHAM EKCICHTPHUCHUTETOM pPOTOpa AaCHHXPOHHOTO MBWTYHA, SKHH 3yMOBJICHHH
pamiaTbHAM 3a30pOM MIAMUTTHAKA. AHATITHYHO TTOKa3aHOo, [0 CHJIAMH He30aJJaHCOBAHOTO MAarHiTHOTO TSKIHHS
HE MOXXHa HEXTYBaTH, OCKUIbKM HaBiThb HOMIHaJIbHUHA 3a30p MiJIIMIHKUKIB JBUTYHIB Majuoi Ta CepeaHboi
MOTY>KHOCTI BUKITUKA€E He30a1aHCOBaHY MarHiTHY CHIIY, TOPIBHIOBAHY 3 CHJIOI0, BUKIMKAHOIO CKCIICHTPUCUTETOM
MacH. 3a JIOMOMOTOI0 YHCEIHHOTO MOJCIIOBAHHS Ta CUMYJAINI Ui Tpu(]a3sHOTO aCHHXPOHHOTO IBHTYHA 3
KOPOTKO3aMKHEHHM POTOPOM MOTYkHicTIO 11 kBT Ta cuaxponHOI0 mBuakictio 3000 00/XB 0TpUMaHO 3aJIe)KHOCTI
KPUTUYHOT YaCTOTH BiJJPUBY IIMHKHU BiJl MiIIUITHUKA VIS PI3HAX 3HAYCHb EKCIICHTPUCUTETY MACH Ta PaliajibHOTO
3a3opy. [lokazaHo, mo 0e3 ypaxyBaHHS MarHiTHOIO €KCLEHTPUCHTETY POTOpa 30UIBIIEHHS paaiajbHOTO 3a30py
MPU3BOANTE IO 3MCHIICHHS KPUTHUYHOI IMBHUAKOCTI BiApWBY. Y IIbOMY BHIIAJKy MiAIIMITHUK 3 MACIOPTHHM
pamiaTbHUM 3a30pOM 3JaTHHH MEPEXOIUTH B PEKHM TEPIOJUYHUX yAapiB IMIMHKKA HA NMIBHAKOCTI, HYDKYIN 3a
HOMIHAJIbHY IIBHAKICTH OOCPTaHHSA POTOpa 3 AOIMYCTHMHM EKCHIEHTPHUCHTETOM. 3 ypaxyBaHHSAM MAarHiTHOTO
mucOanaHCy, HaBIIaKW, 3POCTAHHS PaIiaIbHOTO 3a30py BUKIMKAE IiIBHIICHHS KPUTHIHOI MIBHIKOCTI BiPUBY.
BomHouac He0OXiqHO BpaxoBYBATH, IO 31 301IBIICHHSAM paliadbHOI MarHiTHOI CHIIM 301JBIIYETHCS 1 pajiaibHe
HaBaHTAXXCHH Ha IMiALIMITHHK, 1110, B CBOKO Yepry, MPU3BOAUTD JI0 30UIbIIECHHS 3HOCY ITiJIIUITHUKA.

KoarouoBi cioBa: panianpHui 3a30p MiJIIMITHUKA, aCHHXPOHHHUI JBUTYH, He30ajlaHCOBaHE MarHiTHE
TSDKIHHSI, eKCLIEHTPUCUTET MacH, BiOpallist iAMINIHUKIB



