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Abdtract — This paper deal with gress analyss of the link and rotor
vibration for Interior Permanent Magnet type Synchronous mator,
which result from mechanical weakness coupled with dectromagnetic
forces. The dectromagnetic force is calculated by using Equivalent
Magnetizing Current (EMC). In addition, the natural frequency and
mode shape of rotor are briefly analyzed through Trander Matrix
Method TMM) and compared with experiments Usng the results of
these stressand mechanical behavior analyss, mechanical safety
in thelink and critical speed are studied.

Index terms— |PM, Equivalent Magnetizing Current, Transfer Matrix
Method, Natural frequency, Stress, Electromagnetic for ce.

|.INTRODUCTION

The source of noise and vibration can be classfied into two
groups. dectromagnetic and mechanica sources. In case of the
former, the dectromagnetic force in éectric machine reslts in
torque of amotor and exciting force becomes radia force acting on
stator and rotor, which produces a vibration. Especidly, if the
frequency of exciting force is close to the frequency band of naturd
frequency of a structure, a mechanica structure gets high vibration
due to resonance. Hence it reduces lifetime of a motor and is
transferred to objectsinanear system. The noisewith audible sound
dueto vibration has an unpleasant effect on human beings.

The increase of energy density givesriseto noiseand vibration, so
thet the performance of a motor is deteriorated. Especidly, the IPM
has an advantage of high power per volume, but it has weskened
mechanica gructure in the link. Since te link of an IPM can
contribute to the improvement of motor performance, such as
reactance and torque the strength of the link should be taken into
account in adesign stage. Therefore, this paper ams a caculaing
relidble exciting force and characteristics of mechanicd structurein
thelink of IPM.

[I. ANALY SIS PROCEDURE
A general method of force caculation istheMaxwell stress method
that has different results of force according to theintegral path. If the
integra path of Maxwell gtress is chosen very dose to the iron-air

surface, the error on force by dements is refined. However it is a
tedious task and does not have rdiability. The method based on
EMC is able to obtain accurate magnetic force acting on surface of
therotor and is gpplied to the eval uation of the exciting force. Inthis
method isthat theexistence of magnetic materia can be replaced by
distribution of EMC on the border line [1].

The periodicload of ectromagnetic forces according to dteration
of teeth and dot presson thelink to continue. Thebending stressand
therma gress action on thelink is obtained by andytic method, and
the stability & predicted by comparing with tensle strength of a
measured peace of sample.

The resonance by means of naturd frequency of rotor
corresponding to exciting forces givesrisetotheunbadanceof air gap,
and flux density of air gap caused by eccentric contains harmonics.
Thus, whirling and bending vibration is produced by the unbalance
of forceand axial force asshownin Fig 1[2].
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Fig. 2 The proceeding of the vibration and stress analysis
The procedure of the vibration caculdion can be divided into



eight steps as shownin Fig. 2.

1. ANALYSISMETHOD
A. Structure and analysis model
Figure 3(@) shows section of IPM, Fig. 3 (b) is the magnified
structure of the link. The mainspedification is showninTable 1. The
permanent magnet isburied into therotor. Thelink kegps permanent
magnet from escaping rotor under operating

(b)
Fig. 3 Section of IPM and structure of the link
Table 1. Specification of analysis motor

Item Vdue Item Vdue
Rate power 165 [kW] [ Air gap 2 [mm]
Rate current 56.67 [A] | Outer sator diameter 184 [mm]
Phase/Pole number 3/ 4 Inner dator diameter 118 [mm]
Number of slots 36 Inner rotor diameter 40  [mm]
Residud flux densty 1.2 [T]| Corelength 114 [mm]

B. Magnetic Field Analysis
The megnetodtatic fidd governing equation by field variable with
vector potential isas follow [3]:
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Mo
whee in A is a megnetic vector potential M is the

magnetization; ng is the magnetic permeability of vacuuny misthe
magnetic permeability of core.

C. Magnetic Force Calculation
Each dement shown in Fig.4 has different materid. Magnetizing
current exists on element borderline.
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Fig. 4 M(:\gnetizi ng current between two material
The nterior magnetizing current in core is cancelled, so that
magnetizing current only distributes on the element surface of
different materid. The current J,, on the line forming dement e, and

& in Fig.4 can be expressed as follow [1]:
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The equation (2) can be subdtitute into the equation (3), for
smplicity. We obtain current | ,on the linei , j with length |;; &
shown in equation (5). Using equation (4):

B=mH+M (4)
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Theforce on the lengthl ;; with current distribution by Lorenz'slaw
isfollow equation.

Here the sum of the external fidd due to source and the sdf fidd
due to the magnetizing current in core is By . Flux dengity vaue of
Bex iS given asthe average value for each element.

D. Stress Analysisin the Link

The stress andysis modd, which is abeam fixed a both ends, as
shown in Fg.5. The dectromagnetic force as uniformly distributed
load w acts on surface of the link. We assume thet the rotor coreisa
rigid body to expect the link and the load isin static state.
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Fig. 5 I\/?odel for stress analysis in the link
The beam have unknown variables, such as bending moment and
reection forces a both ends. The unknown variables can be
caculated by differentia eguation of dastic curve and area moment
method. The bending stress and deflection according to
displacement x has been calculated using equeation (7) and (8)[4]:
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where, w is uniformly distributed load due to €ectromagnetic force,
Myisbending moment, d, deflection of thelink, s, isbending stress,
and | ismoment of inertia.

The interior temperature change of operating motor produces a
changein length, so the stress due to the temperature change can be
written as equation (10)



s, =aEDt =aE(t,- t;) (10)

where, a is cofficient of therma expansion, E is Y oung smodulus,
Dt is temperature change.

Thetota stress of thelink equa to thermd stress adds to bending
stress.

Siink=Sm*Sy (1)

E. Calculation of Natural Frequency of Rotor

Wemodd that each point are taken asdiscrete lumped masswhich
is replaced by digributed mass, and is connecting a fidd with
diffness as shown in Fig. 6. At the points of supported bearings, we
only condder the giffness of bearing and ignore the damping of
bearing in thisanalysis.

Each point and field has the state vector containing the deflection
w, angle deflection ¢, bending moment M,, and shear forces i,
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Fig. 6 Analysis model of rotor

- Point matrix: From the equilibriumrelation for the mass at point I,
we can directly write the following point transfer matrix..[2]
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The point transfer matrix of node with bearing changes the dement
in third row and first column of matrix to—mw 2+ k.

-Field matrix: Thegoverning differentia equationsof uniform beam
segment connecting mass for ith are written in a transfer metix.

1> 12

T w; "L g]- - U‘W uR
'I' i+ ,| é 6E| 2E| ul |
T+ _a 12 I o di (14)
=01 -— y
Vs 7 S, 2 %$w¥
fMaah & i M b
g0 O -1 149

{9, =[F " 1

-Systemtransfer matrix: Defining the product of al dement and

point matricesintheorder given by overal 4 by 4transfer matrix [T].

{85 =PlalFlo-a[Plo 1 [PLIFL[PL{S}: (16)

t= [Tl =[Fl, 6 FlFLig a”

The naturd frequency can be easily found and the corresponding
mode shape can be determined by boundary condition at supported
beam.

IV.DISCUSISON AND RESULT

In Fg. 7, there inshow aset of timefunction of exdting forceat 3
points described in Fig. 3(b). Thereason why theradia forceactson
maximum at point C isthat the flux densty of point C is maximum
value due to nonlinearity in link. Thus point C illustrates maximum
stress point. The distribution of banding stress (52.75[Gpd)]) caused
by dectromagnetic excitation forces in the link is shown in Fig8
The dress in both ends has larger amount than other place, so bath
ends of link are wesker than their center. Moreover, thermd dressis
11525 [Gpd]. It means that the totd dress given to both ends
becomes 168[Gpa]. Comparing with a sheet of coretensile strength
vaue 363[Gpa), the result safety factor of this result is only 2115.
Safety factor of mechanica condtruction must be at least 3, so thet
mechanicd structure of thelink isin unstable. Itisnecessary to make
an andysds of vibration behavior, such as naturd frequency and
mode shape, and harmonics of exciting force. In order to verify the
validity of the analyss result, rotor smodd testing will bedone.
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Fig. 7 Radial forcein the link of IPM
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Fig. 8 Bending stressin the link
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