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Abstract

The paper presents a mathematical multibody model of a soft mounted in-
duction motor with sleeve bearings regarding forced vibrations caused by dy-
namic rotor eccentricities considering electromagnetic field damping. The
multibody model contains the mass of the stator, rotor, shaft journals and
bearing housings, the electromagnetic forces with respect of electromagnetic
field damping, stiffness and internal (rotating) damping of the rotor, different
kinds of dynamic rotor eccentricity, stiffness and damping of the bearing
housings and end shields, stiffness and damping of the oil film of the sleeve
bearings and stiffness and damping of the foundation. With this multibody
model, the bearing housing vibrations and the relative shaft vibrations in the
sleeve bearings can be derived.

Keywords

Induction Motor, Electromagnetic Field Damping, Rotordynamics, Soft
Mounting

1. Introduction

Fast running induction motors with high power ratings, (P, >1 MW;

ny = 2900 rpm) are often equipped with sleeve bearings, because of the high
circumferential speed of the shaft journals, and are often mounted on soft foun-
dations (Figure 1). A soft foundation may be realized by e.g. rubber elements
under the motor feet to decouple the motor from the foundation. But also a steel

frame foundation can be often characterized to be soft, because of the light weight
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construction. Vibrations of rotating machines are often an issue [1]-[10].

To guarantee a safe operation, the vibrations at the sleeve bearings are often
monitored [1] [2] [3]. Usually the relative shaft displacements between the shaft
journals and the bearing shells are measured, using induction sensors. Addition-
ally also the bearing housing vibrations may be measured by accelerations sen-
sors (Figure 2).

Increasing requirements in standards and specifications of electrical machines
regarding vibration limits [11] [12] [13] [14]—e.g. IEC 60034-14, ANSI/API 541,
ISO 10816, ISO 7919—require high sophisticated calculation methods. In addi-
tion to the mechanical excitation—e.g. mechanical unbalance [1] [2] [3]— also
magnetic forces occur which may lead to high vibrations [4]-[10]. In industry,
these magnetic forces are nowadays still considered without the electromagnetic
field damping effect, when analyzing the vibrations. The aim of the paper is now
to present a multibody model for a soft mounted induction motor and to present

a practical way how to consider electromagnetic field damping.

2. Dynamic Rotor Eccentricity

The three most important dynamic eccentricities for induction motors—eccen-
tricity of rotor mass, bent rotor deflection and magnetic eccentricity—are here
considered in the paper (Figure 3) [9] [10].

o Eccentricity of rotor mass &, which is e.g. caused by residual unbalance, which

remains after the balancing process.
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Figure 1. Induction motor with sleeve bearings on a soft foundation.
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Figure 2. Sensors at the sleeve bearing housing.

%%
035: Scientific Research Publishing

347



U. Werner

Bearing
Rotor core

Rotor core

W: Shaft centre point

U: Centre of gravity of the rotor mass, relating to 7
¢) Magnetic eccentricity M: “Magnetic” centre, defining magnetic
eccentricity, relating to W

Figure 3. Dynamic rotor eccentricities.
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Figure 4. Magnetic forces at the rotor due to eccentricity.

e Bent rotor deflection &, which is e.g. caused by thermal bending of the ro-
tor.

e Magnetic eccentricity €, which is e.g. caused by deviation of concentricity
between the inner diameter of the rotor core and the outer diameter of the
rotor core. The so caused mechanical unbalance is compensated by a placed
unbalance, so that the centre of rotor mass U'is not displaced from the rota-

tion axis.

3. Electromagnetic Field Damping

If the magnetic centre M of the rotor is displaced from the centre of the stator
bore (Figure 4), additionally electromagnetic fields—eccentricity fields—occur
[4]-[9]. These additional fields produce a radial magnetic force Ifmr in direc-
tion of the smallest air gap. If the rotor angular frequency differs to the angular
frequencies of these eccentricity fields, these fields induce a voltage into the rotor
cage. The so produced harmonic rotor currents create electromagnetic fields,
which lower the magnitude of the origin eccentricity fields. Therefore, the radial
magnetic force Ifmr is reduced and an additional magnetic force Ifml is gener-
ated, in tangential direction [7] [8] [9].

These electromagnetic forces act on the rotor but in opposite direction also at

the stator. For forced vibration caused by dynamic rotor eccentricity the whirl-
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ing angular frequency ; is equal to the rotational angular frequency € :

W =Q (1)

Referring to [7] [8] [9], the radial electromagnetic force can be described by
an electromagnetic spring constant C,, and the tangential electromagnetic force
by an electromagnetic damper constant d, (with @; #0), depending on the

pole-pair number p:

Cm
Cind _? (ap+1+ap—l)
. 1 ¢
p>1: dm:_w_F'?n'(é‘pﬂ_é‘p—l) 2)
with : c,, = n'R'I” 3
Mo O
Crnd :Cm'am—l
p=1: dm:—i~cm~5p+1 (3)
O
with (:m—l m-R-| 3
2 2-p,-6"

The constant ¢, describes the magnetic spring constant, without electro-
magnetic field damping, | the length of the core, R the radius of the stator
bore, 4, the permeability of air, 6" the equivalent magnetic air gap width,
B, the amplitude of fundamental air gap field, «,,, and «,,
and 6, and &, the imaginary parts of the complex field damping value.

the real parts

For 2-pole motors (p=1) the components «,, and &,; do not exist, ne-
glecting the homopolar flux. Without electromagnetic field damping, the field
damping coefficients become [7] [8] [9]:

Apy =0, ,=16,,=06,,=0 (4)

With the ordinal number v = p=£1l for an eccentricity field wave, the elec-
tromagnetic field damping coefficients can be calculated as follows [7] [8] [9]:
a,=1-K, -s2; 8, =-K, - B, -s, with:

IB — sz‘/ . K — 1 . gszchr,v ' é’lﬁ,v (5)
' a)l(LZh,v + Lza,v) ' ﬂvz + 55 n L.
2h,v

R,, presents the resistance of a rotor bar and ring segment, @, the electri-
cal stator angular frequency, L,,, the main field inductance of a rotor mesh,
L

20,V

the leakage inductance of a bar and ring segment, &, , the screwing
factor and ¢, the coupling factor. A very important parameter is here the
harmonic slip s, , which can be described by [7] [8] [9]:

%0

5, =~ with : Q:%(l—s) (6)
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Here, s presents the fundamental slip of the induction motor, @, the electri-
cal stator angular frequency and ®,/v the angular frequencies of the eccen-
tricity fields, depending on the kind of eccentricity:

e Static eccentricity : o, = @,
¢ Dynamic eccentricity as a circular forward whirl: o, =0, * o,
¢ Dynamic eccentricity as a circular backward whirl: @, = o, F o .

In order to consider electromagnetic field damping by a simple magnetic
spring element C_, and a simple magnetic damper element d,, the determi-
nation has to be made, that the calculation of c,, and d, is here only based
on circular forward orbits [9]. This definition presents the highest electromag-
netic influence, when considering electromagnetic field damping. Because of the
fact, that for forced vibrations due to dynamic eccentricity the whirling fre-
quency is equal to the rotary angular frequency (@ =Q), and that only circu-
lar forward orbits are considered for calculating the magnetic spring and damper
value, the harmonic slip S, becomes equal to the fundamental slip s [7] [8]
[9]:

S =S (7)

4. Multibody Model

The vibration model is on the one side an enhancement of the model in [9],
where only the rotor dynamic for rigid foundation is analyzed and on the other
side an enhancement of the model in [10], where no electromagnetic field damp-
ing, no rotating damping of the rotor, no damping of the bearing housing and
no mass of the bearing housings and shaft journals is considered. The innova-
tion of the presented model is now that all these influences are now united in
one single multibody model. The model is a plane multibody model, which con-
sists of two main masses, the rotor mass m,,, and the stator mass m,, which
has the inertia 6, and is concentrated in the centre of gravity S (Figure 5).
Additional masses are the mass of the shaft journal m, and the mass of the
bearing housing m, . The rotor, rotating with the rotary angular frequency Q,
presents a concentrated mass and has no inertia moments (no gyroscopic effect
is considered).The movement of the shaft journal in the sleeve bearing is de-
scribed by the shaft journal centre point V. The point B, which is positioned in
the axial middle of the sleeve bearing shell, describes the movement of the bear-
ing housing. The rotor mass is linked to the stator mass by the stiffness ¢ and
internal (rotating) damping d, of the rotor, the oil film stiffness matrix C, and
oil film damping matrix D, of the sleeve bearings, which suppose to be equal for
both sides, as well as the bearing house and end shield stiffness and damping
matrix C, and D, The stator structure can be defined to be rigid, compared to
the soft foundation. The foundation stiffness matrix C,and the foundation damp-
ing matrix D, connect the stator feet, £, (left side) and Fy (right side), to the
ground. The foundation stiffness and damping on the right side and on the left
side is identical and the foundation stiffness values ¢ and ¢, and the foundation

damping values dj, and dj; are the values for each motor side.
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Figure 5. Multibody model.

The electromagnetism is considered by the electromagnetic spring and dam-
per matrix C_, and D, , where also electromagnetic field damping is included.
Excitations are all three kinds of dynamic rotor eccentricity—eccentricity of ro-
tor mass, bent rotor deflection and magnetic eccentricity—but are not pictured

in Figure 5, because of the complexity. All used coordinate systems are fixed.

5. Stiffness and Damping Coefficients

The oil film stiffness and damping coefficients ¢;and d;; (i,j=2z,y) ofthe sleeve

bearing can be calculated by solving the Reynolds differential equation [15] [16],

and are depending on the rotary angular frequency Q:
¢; =6 (Q); dy=d;(Q) (8)

i
The stiffness of the rotor ¢ is constant. According to [3], the internal mate-
rial damping of the rotor d; is described here by the mechanical loss factor
tan g, of the rotor, depending on the whirling angular frequency @ , which is
here identically to the rotary angular frequency Q :
d (Q)= c-tan g,
Q

The same approach is used for the bearing housing with end shield and the

9)

foundation. The stiffness of the bearing housing with end shield (CbZ ; be) and
of the foundation (sz;cfy) is constant. The damping of the bearing housing
with end shield (dbz;dby) and of the foundation (dfz;dfy) can be again de-
scribed by the mechanical loss factor of the bearing housing with end shield
tan g, and of the foundation tand;:

_ Gy -tangy Cy, - tan é,

dbz (Q)—T, dby (Q):T (10)
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/}’rw
Vv Ya Yw Yu  Im

Cy-tano Cy -tano
de(Q):T; dw(Q)Z%

The electromagnetic stiffness coefficient c , and damping coefficient d_ are

(11)

depending on the harmonic slip S,, which is here equal to the fundament slip
s, and on the whirling angular frequency @ , which is here equal to the rotary
angular frequency Q. If the motor is converter driven, the angular rotor fre-
quency €2 as well as the fundament slip s may variate arbitrarily. Therefore
C, and d. become:

Cod =Cpa (8); dp =d () (12)

6. Mathematical Description
6.1. Derivation of the Differential Equation System

The forces at the rotor mass, at the shaft journals, at the bearing housings and at
the stator mass can be derived in the fixed coordinate systems

(Yw.Zwi W12 Ys: Z5; s, 25 ) (Figure 6). The rotating coordinate system
(Yrw:Zn) in Figure 6(a) is used for transferring the rotating damping of the
rotor shaft from the rotating coordinate system into the fixed coordinate system

(Yw.2y) [9]. The fixed coordinate systems in Figures 6(a)-(d) are used for

Yw
! — b Y
174 5 -~ _\ g B Yv
1 A . — (7 — 7 ; H
Zy a : | — iﬂ(z‘:l . (Z;) t z') Gw = 2) H Czz " (2p — 2p) + Czy * O — b))
\ A ' " K Zp - ‘B +dZZ'(Z'v_Z'b)+dzy'().'u_yb)
Zq
\ 0t + ¢q Wi, Adm G — 25) m, - Z
Zw < o "2 1/2+[c" G = ¥a) +di G — 35)
Cma* Om — ¥s) w a it Ow v
n \ ] M —0-d; (7~ 2,)]
I~ . .
2t +on din* Om = ¥s) %
Lo, Y P —
ot L 0t + oy ‘\ Cma * (Zm — 25) my
2 s my" 3, 1/2e (o = 2a) + di - G = 2)
\ +2-d;- Ohy = 0)]
my, - Js
Rotor mass Cyy " O = ¥p) + Cyz " (zy — 2p)
P Ow = Ya) +di Gw — ) +dyy - O — V) + dyz - (Zy — 2p)
—0-d; (2 — 2,) Zy
(a) Rotor mass system (b) Journal system
Ps
Y ),,S Vs
b (2, —2.)
m\ .E\

®5‘ (/7\ 2db>(j’b ’ys)
pd

b z

my - Zy

dpy " (b = ¥s)

YB

Cna (= 3.)
“/ Cpz " (2p — 25)
b dp, - (2p—75)

A

d,(z,-2,)

Cyy O = ¥o) + ¢z * (20 — 2) i Fm

\ +dyy Oy =) +dy, - (2 — 2) dy ¥y Fy
B »

mp* Jp

Zp Cpy " b —¥s)

(c) Bearing house system

Zp +“—< < po > .
el z R
S fL C, ' Zg, ZR

V\CZZ 2y — 2p) + czy* O — ¥p)

) ) . . Note: The negative vertical displacement in Fy, relating to the coordinate zf,,
+dyy 2y —2) + dzy * O = Ip)

is considered by the direction of the vertical forces in F, so zs has to be
described in the differential equation by: zs, = —z5 + @5 * b

(d) Stator mass system

Figure 6. Vibration system split into subsystems.
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deriving the equilibrium of forces and moments, for each single system.
Because of the small displacements of the stator mass (z,Y,,¢,) related to
the dimensions of the machine (h, b, ‘I’) , linearization is possible [10]:

ZfL:Zs_(ps'b;ZfR:Zs'i_ws'b (13)
Yo =Yr =Ys — s -h (14)

To derive the inhomogeneous differential equation system, each single system
—Figures 6(a)-(d)—has to be analyzed. In Figures 6(a)-(c) the equilibrium of
forces in vertical direction (z-direction) and in horizontal direction(y-direction)
has to be determined for each single system. In Figure 6(d) additionally to the
equilibrium of forces, the equilibrium of moments at the point § has to be de-
termined. Based on these 9 differential equations, following inhomogeneous dif-

ferential equation system can be derived:

M-§+D-g+C-q=f,+ f, +f, (15)
Coordinate vector (:
Q=26 203 Vei Vori @63 203 203 Vi Yo | (16)
Mass matrix M:
_ms 0 0 0 0 0 0 0 0 |
0O0m O 0 O 0 0 0 0
0 0m 0 O 0 0 0 0
0 0 0O m, O 0 0 0 0
M=l0 0 0 0 ®©® 0 0 0 0 (17)
0O 0 0 0 O 2m O 0 0
0O 0 0O 0 O 0 2m, O 0
0 0 0 0 0 0 0 2m, 0
| 0 0 0 0 0 0 0 0 2m,

Damping matrix D :

%%
035: Scientific Research Publishing

2(d,, +dy, )+d,  —d, 0 0
—d, d,, +d, 0 0
0 0 2(dy+dy)+d, —d,
0 0 —d, d, +d,
D= 0 0 2d,, -h 0
0 —d 0 0
-2d,, 0 0 0
0 0 0 —d,
0 0 2d 0
- i 8)
0 0 -2d,, 0 0
0 —d, 0 0 0
~2d,,-h 0 0 0 -2d,,
0 0 0 —d, 0
2 2 0 0 0 0
2(dyh 0+dfzb )ZdZZ +d, 2d,, 2d,, ~2d,,
0 -2d, 2(d,+d,) -2d, 2d,,
0 2d,, -2d,  2d,+d,  -2d,
0 -2d,, 2d,, -2d,,  2(d,, +dy) |
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Stiffness matrix C:

C

'md

0

0
0
0

0
0
0

_Z(sz + Cbz)_cmd

Cond 0 0
C—Cpyg 0 Qd,
0 2(Cy+Cy)=Cry  Cng
-Quq, Crng C—Cpq
0 —2¢ch 0
—C 0 -Qu,
0 0 0
Qd, 0 —C
0 -2¢,, 0
0 -2¢,, 0 0 ]
—C 0 -Qud, 0
0 0 0 —26,,
Qd; 0 —C 0
0 0 0 0
2c,, +¢C -2¢,, 2c,, +Qd, -2c,,
-2c,  2(c,+c,) -2c, 2c,,
2c,, —Qd, -2c,, 2c, +c -2c,, 19)
-2c,, 2c,, -2, 2(c,+cy)]

For the calculation of the forced vibrations, the complex form is used. There-

fore the excitation vectors can be described as follows:

e Mass eccentricity:

e Bent rotor deflection:

e Magnetic eccentricity

with the amplitude vectors:

—h>

0
g,-m, -Q?
0
-j-é,-m, -Q
0
0
0
0
0

~

fU = u
fa = Aa
f=f

. ei'(ﬂ'H% ) (20)
pl(@tiea) (21)
el (@tron) (22)
[ 0 ] I _ém “Crug 1
a-c €, Coy
0 i€, Cug
_j.é_.c —j ém'cmd
0 M 0 (23)
-a-c 0
0 0
j-a-c 0
L 0 . L O -

6.2. Solution of the Differential Equation System

With the complex form for each particular excitation:
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Ao) e =u,a,m (24)

d, =G, -e'
the complex amplitude vector for each single excitation can be calculated by:

a, :[—M -QZ+D~j-Q+CT~ f_; with:

A j'azs‘,( T
Zs | €

rs 5 Fogy
ZS,K |ZW,K ' e
2W,K 9 . ej'ays,;c
~ S,K
YS’K (90| - P
Yo e (25)

A 5 b Vs |- —
qk: gos,rc = q)s,;('e > ,K—U,a,m

2 A j'anK
2V,K ZVYK . e .
,\b'K 5 IR
yv,/c |Zb"( e
vV o’ j'aYv,K

Yo || |V | €

|9 g
b,x
and each single solution can now be described by
_ A j(Qt+ey). _A j(Qt+en). _A j(Qt+p,)
qu_qu'e !qm_qm'e 'qa_qa'e :
Afterwards, all single solutions can be superposed:
q= Z dx .ei(QtwK.) (26)

K=u,a,m

6.3. Sleeve Bearing Housing Vibrations

Now, the vibration velocities of the bearing housings can be calculated for each

single excitation [9]:

Vertical direction:v, , , = Q‘|fb,x (27)
Horizontal direction: v, , , = Q[ , (28)
Again, the solutions can be superposed:
Vertical direction:
Vo.s =Q. Z |2va ,el(‘/’x+azh,'<) (29)
k=U,a,m
Horizontal direction:
~ i\pcray,
Yoy = Y [T e (o) (30)
K=Uu,a,m

6.4. Relative Shaft Displacements

Referring to [9], the complex vector, describing the relative orbit between the
bearing housing point B and the shaft journal point V can now be calculated as

follows:

K2
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_ o+ j(Qt+e) | - - j(Qt+o,)
_r\t—b,K - _rv—b,t( € +L—b,x e
with :
s 15 Joy, |5 T N bay, o g Fay e ||
—rV—bK_E- ZV,K e |Zb/( e +J' yv,/( e _|yb,K € -
—|F* R (B31)
- _ru—b,/c e
A 1. Fey 5 Fag o g —Jay, o “Jay || _
—r\l—bK_E' ZV,K e _|Zbr( € +J yv,l( € _|yb,r( ‘e -
—_|lr— Jay bk
- |!v—b K e

where £’ . and ., describe the absolute value and the phase shift of the

forward rotating complex pointer and | £, and «a the absolute value and

v-b,x

the phase shift of the backward rotating complex pointer.
The relative orbit between the shaft journal point 7 and of the bearing hous-
ing B can also be described by the ellipse parameters—semi-major axis a,_,,

the semi-minor axis b and the angle of the relative major axis v, , re-

b,k
lated to the vertical axit\s’ (z-direction)—can be calculated:

& py = |_rtb,,< +|§:b,x (32)

bv—b,lc = futb,x _|_rAu:b,,< (33)

Vibn = (a\;r—b,/c T bk )/2 (34)

Again the single solutions can be superposed:

P i-0c j-Qt - —j —jot
K=Uu,a

K=u,a,m ,a,m

2+

& &b

7. Numerical Example

In this section the bearing housing vibrations and the relative shaft displace-
ments in the sleeve bearings of a 2-pole converter driven induction motor,
mounted on a soft steel frame foundation, is analyzed. First, the boundary con-

ditions have to be described.

7.1. Boundary Conditions

The data of the 2-pole induction motor and the sleeve bearings are listed in Ta-
ble 1. The induction motor is driven in steady state condition by a converter in
an operating speed range between 600 rpm (Q=62.83 rad/s) and 3800 rpm
(€2=397.94 rad/s) with constant magnetization.

The calculated oil film stiffness and damping coefficients of the sleeve bear-
ings are shown in Figure 7.

The magnetic spring constant C_, and magnetic damper constant d_ are
calculated, depending on the rotary angular frequency Q and on the funda-
mental slip s. The fundament slip s is varying between 0 (no load operation)
and 0.01 (operation near below the breaking torque) (Figure 8).

Figure 8 shows that for no-load operation (s~0) the magnetic spring con-
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stant C,, is maximal and the magnetic damping constant d_ becomes zero.
For this case, no electromagnetic field damping occurs. With increasing funda-
mental s electromagnetic field damping occurs, and the magnetic spring con-
stant C_, decreases. The magnetic damper constant d, reaches its maximum
at a certain slip and declines, if the slip increases furthermore.

Table 1. Data of induction motor and soft steel frame foundation.

Motor data Description

Value
Rated power P =2400 kW
Rated speed n, =3600 rpm
Rated torque M, =6366 Nm
Rated slip s, =0.0025
Pole-pair number p=1
Undamped magnetic spring constant ¢, =7.0x10°kg/s’
Mass of the stator m, = 7040 kg
Mass inertia of the stator at x-axis 6., =1550 kgm?
Mass of the rotor m, =1900 kg
Mass of the rotor shaft journal m, =10 kg
Mass of the bearing housing m, =80 kg
Height of the centre of gravity h =560 mm
Distance between motor feet 2b =1060 mm
Stiffness of the rotor c=1.8x10°kg/s’
Horizontal stiffness of bearing housing and end shield ¢, =4.8x10°kg /s
Vertical stiffness of bearing housing and end shield ¢, =5.7x10° kg/s
Mechanical loss factor of bearing housing and end shield tan o, = 0.04
Mechanical loss factor of the rotor tan g, =0.03
Sleeve s
bearing data Description Value
Bearing shell Cylindrical
Lubricant viscosity grade ISO VG 32
Nominal bore diameter d, =100 mm
Bearing width b, =81.4mm
Ambient temperature T, =20C
Supply oil temperature T,=40C
Mean relative bearing clearance (DIN 31698) ¥, = 1.6%0
Foundation L.
data Description Value
Vertical stiffness of the foundation at each motor side ¢, =1.5x10°kg/s”
Horizontal stiffness of the foundation at each motor side ¢, =10 x10°kg/s’
Mechanical loss factor of the foundation tans, =0.04
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Oil film stiffness coefficients [kg/s?]
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7.2. Vibrations for a Rigid Foundation

First, the vibrations of the induction motor, mounted on a rigid foundation
(sz =Cqy > oo) , are analyzed. The bearing housing vibration velocities and the
semi-major axis of of the relative orbit between bearing housing point B and
shaft journal point V, are calculated for the different kinds of rotor eccentricity.
The vibration velocities and the semi-major axes are related to the correspond-
ing rotor eccentricity. The related bearing housing vibration velocities are shown
in Figure 9.

The related semi-major axis of the relative orbit is shown in Figure 10.

7.3. Vibrations for the Soft Foundation

Now the vibrations are analyzed for the soft foundation
(sz =1.5x10° kg/s? iCey =1.0x10° kg/sz) . The related bearing housing vibra-

tion velocities are shown in Figure 11.
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The related semi-major axis of the relative orbit is shown in Figure 12.

7.4. Discussion of the Results

The influence of electromagnetic field damping can be shown, by variating the
fundamental slip s. For S=0 no electromagnetic field damping occurs and
for $=0.01, the electromagnetic field damping is maximal.

First, the vibrations for a rigid foundation (Figure 9 and Figure 10) are dis-
cussed. Regarding an excitation with rotor mass eccentricity €, the influence of
electromagnetic field damping on the vibrations is small, mostly leading to a
slight shift of the resonances to higher rotor speeds (Figure 9(a) and Figure
10(a)). The reason is, that with increasing fundamental slip s the electromag-
netic spring constants C,, decreases (Figure 8(a)), which shifts the resonance
to higher speeds. The drop of the vibration amplitudes in the resonances when

increasing the fundamental slip s (Figure 9(a) and Figure 10(a))—starting

o
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Figure 11. Related bearing housing vibration velocities for the soft foundation—z-direction (left diagram) and y-direction (right
diagram): (a) mass eccentricity &, ; (b) magnetic eccentricity €, ; (c) bent rotor deflection &.
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Figure 12. Related semi-major axis of the relative orbit for the soft foundation: (a) mass eccentricity €,; (b) magnetic eccentricity

from S=0—is caused by the change of the electromagnetic damper constant
d, (Figure 8(b)). For excitation by magnetic eccentricity €, (Figure 9(b)
and Figure 10(b)) the influence of electromagnetic field damping on the vibra-
tions is much stronger. The vibration amplitudes decrease strongly with in-
creasing slip. The reason is that also the excitation is here depending on the
electromagnetic spring constants C,,, which can be seen in (23). With increas-
ing fundamental slip s, the electromagnetic spring constants c_, decreases
(Figure 8(a)), leading also to a decrease of the electromagnetic excitation force
(€, -Cpq ) - Excitation by a bent rotor deflection & represents here a superposi-
tion of excitation by rotor mass eccentricity €, and magnetic eccentricity €,
because the amplitudes (&, =§,) and the phases (¢, =¢, ) are identical in this
kind of analysis (Figure 9(c) and Figure 10(c)).

For soft foundation (Figure 11 and Figure 12), the vibrations characteristic
changes completely compared to operation on a rigid foundation. Additional
resonances at low rotor speeds occur, where the motor acts nearly as a rigid

body, and the existing resonances at rigid foundation are now shifted to higher
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speeds. The influence of electromagnetic field damping on the resonances at
higher speeds is quite similar as for rigid foundation. However at lower speeds, a
shift of the rigid body resonances due to electromagnetic field damping is not
obvious, because rotor and stator act here on the soft foundation nearly as one
mass, oscillating with each other. Vibrations caused by magnetic eccentricity
€

., are here also strongly depending on the fundamental slip s, which can be

clearly seen in Figure 11(b) and Figure 12(b). Excitation by a bent rotor deflec-
tion & is here again a superposition of excitation by rotor mass eccentricity €,
and magnetic eccentricity €. For the bearing housing vibrations the rigid body
resonances are here the worst case (Figure 11), because of the low damping of
the foundation. However, for the relative shaft displacements (Figure 12) the
resonances at higher speeds are much more critical than the resonances at lower
speeds, because at higher speeds rotor and stator are oscillate against each other,

whereas at lower speed rotor and stator are acting nearly as one mass.

8. Conclusion

The paper presents a mathematical multibody model of a soft mounted induc-
tion motor with sleeve bearings regarding forced vibrations caused by dynamic
rotor eccentricities considering electromagnetic field damping. After the mathe-
matical coherences have been shown, a numerical example was presented, where
the bearing housing vibration velocities and the semi-major axes of the relative
orbits between shaft journals and bearing housings have been analyzed for the
different kinds of rotor eccentricity. By analyzing the vibrations for different
fundamental slip s, the influence of electromagnetic field damping could be clearly
shown. The aim of the paper is to present a method—based on a multibody
model—for considering electromagnetic field damping for vibration analysis of

a soft mounted induction motor, which can also be adopted in FE-Analysis.
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