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Vibration and Noise Characteristicsdueto
Unbalance Magnetic Pull in Induction Motors

Hyun-Chul Kim

Department of Mechanical Engineering,
Graduate School
Pukyong National University

ABSTRACT

This paper presents an analytical technique for etmagl the magnetic noise
frequency and order in induction machines, whicloved the air gap radial

magnetic forces to be expressed as functions ofsgaEe harmonics due to
eccentricity such as unbalanced magnetic pull (UMB)uration, slot geometry,
and the winding arrangement. The presence of hamiloxes in the air gap of

an induction machine produces a variety of undekrgphenomena such as
parasitic torques, stray losses and magnetic ndise.radial forces, known as
Maxwell's forces, that act on the stator and th®orare associated with the
magnetic fluxes entering or leaving the iron swefaclhe harmonics in the air gap
field are produced due to the distribution of therent carrying conductors in

slots, slotting of the stator and rotor surfaces aragnetic saturation of the iron.
Another inadvertent source of harmonic product®the eccentricity of the rotor.

In actual machines the distribution and magnitusfeall the harmonic fields are

also distribution and magnitudes of all the harmdiglds are also affected by the
permeance variations due to the presence of stotkeostator and rotor surfaces.
The use of permeance waves involves essentiallpnsideration of only the

radial field components in the air gap. Thus, theeds acting on the stator and
rotor can be easily obtained from the air gap t@lexsity distribution.
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Fig. 4.1 Deformation of the core caused by the smtgtribution of radial force
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r = (kx5 £ p)

(4-27)
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T, k=12,3..0]31, §& 1HA} &£F Folth
4.6.3 ™A &8 Ax1t X5
A &F AAY] nxy A I S5

= & ek #A7 9o
M, thel e vEith

r=(kxs,£p)

(4-28)

r=2vp=2(ks +p) (4-29)
olt], v=ks/pxlolt}
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@, =wtks,Q, =w+ ksz[27'rlp (1-s)=2mf [1+ k% (1-s)] (4-30)
olwl, 4714 Q. =277f (1-s)/p o2 QA JAH A&EE epdeh

0GR AA £F 28 JLoERY WY $Fo| 4 Frsre e

2},
W =wrw =wtwt kSZ[ZlTip @-9)] (4-31)

W7 g o) 7]
f=f k%(l—s) EE f = f[k%(l—s)J_rZ] (4-32)

ojth. ¢F Ao A = ar=(v+u)p=Kks ks, +2polH, 7|4 v=ks/pz*l
olal, u=ks,/ ptlo]t},

W =20, = 2(Wtks,Q, )= 47t [Lt k% (1-s)] (4-33)

7t Fopel 7%
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f =2f[1+ k% (1-9)] (4-34)

3] are] Wb WY A= r=2up=2(ks, = p)°lth.

A AN BE A% W 4 Fost w=27f o, $H AN 0}
g A% WAz 7 Fisrt wrQelth
v=1 Agol A Bidel o @ FE AN 1 T w g 7 F

St Theel 43 2o,
Q. =00 a4, +a{k%(1—s>] (4-35)
o oA AH AN (Q, =0) W] Foige obefsh o] et

fre:f[2+k%(1—s)] 2 f,e=fk%(1—s) (4-36)
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2147 1 = ks, +ks, + 4poll A

f

rsat

= k2 (1-5) + 4]f
P

A% r =ks +ks, +2poll A £, :[k%(l—s)+ 2]

FolA AR WA BF A G AT Fhs o

4.3 #t},

(4-42)

(4-43)

A1+8 425, Table

Table 4.1 Frequency and order of radial magnetiefproduced by higher space
harmonics in induction motor

Source Frequency (Hz) Order
(circumferential
mode)

Product of stator space f =2f r =2(ks £ p)
harmonics b k=0,1,2,3.
Product of 4 f =2f[1xk(s,/ p)1-5)] r=2(ks, £ p)
harmonics b, where, s ; slip
Product of stator and rotor | f =[(k(s,/ p)(L-s) +2]f r=ks tks,+2p
space harmonicsh,h,
where
v=ks/p+lu=ks,/ptl
Product of stator and rotor f =[2+k(s,/ p)L-9)]f r=1
Static eccentricity space _ B -2
harmonics b, f. =[k(s,/ pL-9)]f r
Product of stator and rotor | f =[2+(1-s)/p+k(s,/p)@-s)]f | r=1
dynamic eccentricity space L _ -
harmonics hh, fo=[A-9)/ p+k(s,/ p)A-9)f r=2
Product of stator and rotor | f =[k(s,/ p)(1-s) +4]f r =ks +ks,+4p
magnetic saturation space f=[k(s,/ pd-9)+2]f f =ks +ks, +2p

harmonics b,
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Table 5.1 Specification of electric motor

Specification Value Remark
Motor type Cage
Specification (kW) 200
Phase, frequency (Hz) 3 Ph 60
Voltage (V) 440
Pole number 2
No. of stator slot 60
No. of rotor slot 50
Air gap (mm) 1.45
Air gap flux density (Tesla) 0.324 Calculated byaph2
Slip 0 At No load condition
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otk Table 52= ARG HAA DA xS AF, AR £F WA 25
A, A0 &% 1A 28 A5, DP9 947
AR HA4 AA AR FL 0 23 A%, nGA 044 FH DY
4 A 23 A%, nAAY A4 A% E£3 F 0%

2

AE7NE ol gake] 4xol

o 0

Table 5.2 Simulated order of wave for motor

Source Frequency
order

Stator and rotor winding harmonics 57
Stator slot harmonics 59, 61
Rotor slot harmonics 49, 51
Stator and rotor space harmonics 48, 50, 52
Stator and rotor static eccentricity space harnwonic 2,50, 52
Stator and rotor dynamic eccentricity space haro®oni| 1, 3, 51, 53
Stator and rotor magnetic saturation space harmonic 46, 48, 52, 54

Moise
Sensor

I Data acquisition Devise |

Fig. 5.1 Test equipment
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1) "ol Yl A &9, IF SF 2 ¥4 B¢y A4t
3] [ &Kol HA o] gl As7] =% =HEHY =4 & Fig. 5.2(a)
UElH a1, Fig. 5.2(bf & SAH#S vEld Zeoltl Fig. 5.3= Table 5.2

AFT AF7le] A& g A ALE AE BR S d¥ow st JF

=]
HA 0% wle] v weke] AA At gte vEbd 2" olth
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10 4 : >

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Hz

dB

(a) Measured sound pressure spectrum

(b) Measured vibration level spectrum

Fig. 5.2 Measured sound pressure spectrum andigibiavel spectrum
at 3600 rpm, 0% eccentricity, and no load condition
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Total : 3.24x10"5

Radial Forca[M/m"2]

= Eccentric Anglefrad]

Fig. 5.3 Simulated radial magnetic force for 0%oraccentricity
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(a) Measured sound pressure spectrum
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(b) Measured vibration level spectrum
Fig. 5.4 Measured sound pressure spectrum andiaibiavel spectrum
at 3600rpm, 50% eccentricity, and no load condition
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Fig. 5.5 Simulated radial magnetic force for 50%@reccentricity
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(b) Average vibration level
Fig. 5.6 Average sound pressure and vibration lfrdd% and 50% static eccentricity

at no load condition
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Fig. 5.8 FEM modeling
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Fig. 5.9 Flux line without eccentricity
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Fig. 5.10 Flux density without eccentricity
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Fig. 5.11 Air gap flux density distribution at giap middle circumferential line

without eccentricity by FEM
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Fig. 5.12 FFT analysis of air gap flux density with eccentricity (THD: 33.3%)
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Fig. 5.13 Air gap flux density distribution at arder without eccentricity
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Fig. 5.15 Flux line at 50% eccentricity
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Fig. 5.16 Flux density at 50% eccentricity
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Fig. 5.17 Air gap flux density distribution at gap middle circumferential line
at 50% eccentricity by FEM
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Fig. 5.19 Air gap flux-density distribution at drder at 50% eccentricity

Ao AAE A& BE S ol &t wHE WakE TS A BE, Uyt
Ao g FFoAel 1z stRYAEE AQlgk 1xfolA Hd A& ZX 7k 0.739
Tesla #t= V2 & Yol 73 Hd A& BE #hs o83t E WEgg s
Axrel B Fig. 5.20 o] LERf o KT

|
l
-
E | Max, 1.07x106
= S R Rl =
3
O
L
T | Total1.55x10%
|
__-l-‘-"":-:_h.h__ i. -~
1] 1 4 5 G
e ]

Cimc exiric
= Eccenfric

Fig. 5.20 Radial force distribution on rotor sudgavithout slot permeance)

74



A2 Aol gl Ao s0%e] AL A AP A% WE BE, FF
A% AR FFT AL A%, S84 Ewels ] v et 9o RE A 2

A
B ool e,

1) HAol = B¢

A4 Aol gle A5 ALl os] ¥ wAH= Ho ASE 0.522
Teslas 98 #o= A Al 2ol HERA Maxwell 88 HAE o] &3 &
BE A7l FA8e] 71E Ao digdsted =3 HAnd vt g HA Ee
Aot &5 Hudert aEE A Aol el F=olA e s B 2%
£ Fig. 5.191, FFT &4 Z3= Fig. 5200 =731 w39k A =17] §9
#Z Fig. 5.201 At @2 ZAZ HER UE

ax 0.82 tesla

Flux Density| Tesla)

& Angle[rad]

(a) Without slot permeance

75



Flux Densily{T1esla)

Max 0,68 tesla
[
: N
: L~
& ¥ \
_/ e
0 1 2 3 L] 5
0 a7
dngle [rad]
(b) With slot permeance
Fig. 5.19 Air gap flux density distribution
g .
o’
[1F] o {
05 = 1
04
02
o 2 3 pe 8 / y 10
b 3(9@10 s erqnpe
L2 '| T
o}
= os
Z
E 04 — --'!' -
2
L7
i
:‘E‘: [
e
% I 3 5 . 5 0 T 5
Order'p

Fig. 5.20 FFT analysis of air gap flux density
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Fig. 5.21 Radial force distribution on rotor sugac

2) HAlo] 50%¢ AL
A \Alo] 50l A-F, Aol ofs FFe HAEHE H A gk 0522

Tesla2 49 gto= siA Al 2Folx Yeld Maxwell &8 HME °83 =

77



BE A7 FA9e] 718 AL gt £ Hudart nEHA FE
B €% HudxTt aeld A A il FFelA ] A dE #
(Fig. 5.21), FF1-4] A3}(Fig. 5.22) 2 w73 Hk3ko A o] =17] &9 E(Fig. 5.230)
AL e 42 JER AT

/ ,\Ma: 1.64 lesia

Flux Density{ Tesla)

— - el Anglelrad)

(a) Without slot peameance

Flux Density(Tesla)

| | |
] ] E 3 4 3 L

I Anglefrad)

(b) With slot peameance
Fig. 5.21 Air gap flux density distribution

78



1.3

0.3

Flux Density{ Tesla)

Flux Density(Tesla)

é { o

Grder*p

(a) Without slot peameance

i

B <

L

141

- P

Fig. 5.22 FFT analysis of air gap flux density

79




Hadial FarcalMN/m~Z]

(=x]

1551048

-
. =
b 1 5 &
am
Anglefrad]
= = Concertric
= Ercentric
(a) Without slot permeance
. Total : 1.43x10%6

5 |
E |
2 ‘ r
E‘ — — — S - — —a -— -
£
: l
kT u
E ™ = 1 4=
s} T - C |
i . wE

i i ] i 4 3 é

im
= = Copcear Anglefrad]

(b) With slot permeance

Fig. 5.23 Radial force distribution on rotor sudac

80



53H H4E
Aol SAI} e A3 S A2kl otgfio] Table 5.3] HeEbH AT
Table 5.3 Comparison of measured results
Eccentricity
0% 50%
Part Max. Max. Max. Min.
Gap Gap Gap Gap
2.80 2.8 4.20 14
Max. flux density 0.729 0.739
at 1st order (Tesla) (THD: 33.3%) (THD: 36.1%)
Max. flux density(Tesla) 1.268 1.174 1.098 1.563
FEM Radial force (pa)
applied by i order 8.2x10 1.55x16
Max. flux densityl/z
Radial force change (%) - 194%
Max. Without slot 0.82 164
flux permeance
density :
(Tesla) |~ With slot 0.68 157
permeance
i Without slot
Calculation permeance 8.4x10 1.55x16
Avg.
0.522T Radial force

. - 0
applied | pagdial | Change (%) 184%

force _

(pa) With slot 5.78x16 1.43x16
permeance
Radial force 0
Change (%) 247%
Note) THD : Total Harmonic Distribution
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