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Abstract: In order to reduce vibration of SRM, it is
necessary to predict the mechanical vibration behaviour of
rotor-bearing system. The purpose of this paper is to
analyze the rotor behaviour due to the unbalance
electromagnetic force and unbalance mass in Switched
Reluctance Motor (SRM). The static and dynamic
eccentricity with the rotation of rotor is analyzed by using
the mechanical problem coupled with the electromagnetic
filed. The electromagnetic force acting on the rotor is
calculated by Maxwell stress tensor. In addition, the
frequency response function as a function of the speed of
revolution isinvestigated to know the resonance speeds.
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1. Introduction

SRM has wide application fidds since it exhibits
several positive advantages over conventional AC or
DC machines. It is simple and robust structure, high
performance for speed control and high efficiency
for wide speed range. However, as the most
disadvantages of SRM ae a high leve of the
vibration and torque ripple, there is the difficulty of
aproblem in the use of the commercial products.

Among many possible sources of vibration and
noisein SRM, the relationship between magnetic and
mechanicd origins is to be focused. The
commutation of the tangential forces which are
exerted on the poles of the stator and the rotor and
produce torque, can excite the vibration of the stator
and rotor. And norma SRM operdtion is
characterized by radiad forces on opposte poles,
which tend to deform the stator into oval. A vibration
stator mode will be excited when the radia forces on
the stator poles coincide with the natural vibration.

In a rotor vibration point of view, manufacturing
asymmetries of the rotor such as a non-uniform air-
gap and unbaance mass, excites asymmetric forces
on the rotor. This unbaance mechanicd and
electromagnetic force lead to the eccentricity of
rotor and deteriorate the performance of SRM.
Therefore, it is important to estimate the mechanica
behavior caused by electromagnetic force to reduce
the vibration and acoustic noise [1,2]. However, the
existing research deds with the stator vibration and
control strategy to reduce the vibration and noise.

The rotor eccentricity takes two forms, which is

dtatic and dynamic one [1]. The rotor is displaced
within aways the constant eccentricity when the
rotor is rotating hence the unbaance magnetic force
is asteady force. For instant, the residua unbalanced
mass leads to centrifugal force that is related to the
static  eccentricity. However, as the unbaance
magnetic force in SRM is not uniform but changing
with rotor postion, it causes the dynamic
eccentricity. Accordingly, it is necessary to predict
the rotor eccentricity in order to prevent serious all
the possible operationa problems[2].

2. Theoretical approach

This paper deals with the analysis of the rotor
vibration based on the structure andyss combined
with electromagnetic force. The finite eement
method is used as the method of both andysis fidds.
The rotor vibration in this paper set limit to the static
and dynamic eccentricity caused by the unbalance
mass of rotor and the electromagnetic force, as well
as the rotor response as a function of revolution.

In an analysis of the dynamic eccentricity, asit is
obtained by a transent structure analysis, time
stepping approach used in the differential motion
equation is required. Several numerica methods are
available for the solution of vibration problem. The
Houbolt algorithms coupled with FEM is used to
obtain the dynamic eccentricity as a function of time
due to unbalanced force, which is sdved by a step
by step procedure with respect to time [3]. The
unbalance magnetic force acting on the rotor is
analyzed by Maxwell stress tensor. Based on this
method, the dynamic eccentricity and the datic
eccentricity caused by the eectromagnetic force is
compared with the static eccentricity due to
unbalanced mass. In addition, the frequency
response function to avoid the resonance is
investigated by the simulation, which is derived by
frequency response function.

3. Analysismodel and Procedure

The analysis mode is a SRM with 4 rotor poles
and 6 dator poles with three phases winding in the
stator. The air-gap is 0.6(mm). Table 1 presents the
measured mechanical properties needed for andyss
of mechanical structure.



Table1
Mechanical material property
Core specific 7310 Shaft specific 7850

density (kg/n?)  density (kg/n?)
Bearing 536°10° Young's 205
stiffness (N/m) Modulus (Gpa)
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Fig. 1 Analysis of rotor dynamic eccentricity

Fig. 1 shows the analysis procedure of time step to
solve the differential motion equation for forced
vibration in transent state and it is explained as
follows:

(i) Step 1. The displacement of rotor due to
unbalanced force at the instant t is caculated by
structure analysis.

(i)Step 2: The andyss modd for magnetic fied
andyss based on the digdlacement results of
previous step at the rotor position matching with time
step, isredrawn.

(iii) Step 3: The unbalanced magnetic force in rotor
is obtained by solution of magnetic field problem
a the instant time't.

(v) Step 4: Cdculation centrifugal force due to
unbalance mass.

(v) Step 5: The processes from Step 1 are repeated.

4. Force calculation

A. Unbalance electromagnetic force

The unbaanced eectromagnetic force F. due to
eccentricity is obtained by the difference of F,; and
Fn.as shown in Fig. 2(a). The governing equation of
the magneto-static field problem with magnetic
vector potential A isgenerally expressed as follows:

nNZA =7 @
where n is magnetic reluctivity, J is the applied
current.

@ (b)
(a) Unbalance electromagnetic force
(b) Centrifugal force due to unbalance mass
Fig. 2. Unbalance force due to electromagnetic force

and mass

The Maxwell stress tensor from the magnetic field
analysisis used in order to obtain the magnetic force
acting on the rotor. The surface force density p ona
node i for ferromagnetic material is represented as
follows

p=(L/m) f ([ xB)*B- (1/2) X BxB) 5] @
where nrisdirection of the norma unit vector on the
poleface. B isflux density.

B. Unbalance mass force

The rotors have aways some amount of residua
unbalance however well they are balanced, which
develops the centrifugal force with rotation speed
that makes the datic eccentricity. The geometric
center of rotor is S and its center of gravity isat a
distance e cdled eccentricity. In the fixed OXY axis
system, the geometry of unbaance whirl at the rotor
isshown in Fig. 2(b).

The mass unbalance U is defined as product of the
unbalance mass m and eccentricity e, the centrifugal
force F, in x-y plan when the eccentric rotor rotating
wt is then expressed as equation (4) [4].

U, =mecosb,U, = mesinb ©)
Fn. =m’U, coswt + U, sinwt (4)
Accordingly, the total unbaance force acting on

the rotor surface is the sum of centrifugal force and
magnetic force.

5. Structural analysis of rotor vibration

A. Static vibration

Based on this finite dement modd, the matrix
equations of motion for a beam element can be
written as [5]

((MJ+[M T){d(t}° - wIG]{ a®)}

5

HKIHa(®)}* = {FO)}* ©
where MJ]°, [G] ¢ and [K]° are the element mass,
gyroscopic and stiffness matrices (8 by 8),
respectively. q(t) is the vector of node dsplacement.
The exciting force term F(t) includes the unbal anced



magnetic force or centrifugal force. The components
of each matrix are shown in reference [5].

The beam element used in this paper has four
Degrees of Freedom a each node. The date
variables of one beam element is expressed as:

0|=[X1 d Y. f1 X, & Y, fz] ©)
where, X: x direction deflection, g: x direction angle
deflection, y: y direction deflection, f: y direction
angle deflection. The superscripts 1, 2 in equation (6)
is the number of node point at both end of the beam
dement. As the datic eccentricity is independent of
time, the amount of static eccentricity is obtained by
solving equation (5).

B. Dynamic vibration

For the analysis of the equation (5), a numerical
gpproach, the Houbolt algorithm gives the required
high stability and rapid convergence in the case of a
large time step. The second-order differential
eguation (5) combined with this algorithm result in
an equation, which needs to be solved to find the
digplacement of rotor.

The step by step procedure is given below [6].
TFrom the known initid conditions g(t=0)=q, and
q(t=0)=g,, findq(t = 0) = ¢, using equation (6).

tp =[MT* XF, - [Clq, - [K]a,) @
ISelect a suitable time step Dt
|Determine q, using equétion (8).
Q= - Dogy +(DY)?*/ 2>, (8)
Find g; and g, using the central difference
G,y = [(VO1)*) fM] +(1/2Dt)x[G]] ' x

equation [F - (K]- (2/(DY)*) BM])

- (U(DYH)?) M] - (1/2Dt)§{G])xq,.,].
( 9 )
~“Compute .1, Sating with the i=2 and using
equation (10).

G = [(2/(DE)*)[M] + (11/6D)[G]+ [K]]
“[Fay+ ((5/(DY*)[M] +(3/DY[G]) g
- ((4/(Dt)*)[M] +(3/2Dt)[G])a..”
((V(Dt)*)[M] +(1/3D1)[G])q. ,]-
The nodal displacement at subsequent time
instants, which is the eccentricity of rotor according

to a change of time, has been solved by repetitively
above mentioned the same steps.

(10)

6. Analysisresultsand discussion

The mesh of anaysis model, shown in Fig. 3, is
composed of the 23 beam elements used for
structural FEM. The dtiffness for two elements

placed on the bearing part of the rotor is applied to
the third term in equation (5). The basic assumption
to simplify analysis is that the bearing and stator
core is isotropic and homogeneous.

In the analysis of magnetic field, the problem
takes into account nonlinear due to steef s magnetic
characteristics. The core of rotor is loaded by the
unbalance electromagnetic force that is beginning
from the centrifugal force due to unbaance mass of
asymmetrical rotor, when the rotor is rotating.

Fig. 4 shows the dtatic eccentricity caused by only
unbalanced mass 10(g-mm). This results is calculated
at point A shown in Fig. 3 when the rotor speed is
2000(rpm). Fig. 5 represents the 3-dimensiona
whirling motion of rotor under the static eccentricity.

Fig. 6 shows the dynamic eccentricity in transient
state due to electromagnetic force with unbalanced
mass under the same condition. The displacement of
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rotor with the change of time, which means a locus
of the geometry center of rotor, is displayed on xy
plan from O to 1(sec) per time step 0.0002(sec).

Fig. 3. Mesh of analysis model
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Fig. 5. 3D whirling motion of static eccentricity
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Fig. 9. The rotor displacement along with stack

Fig. 7 shows the y displacement of rotor during
one rotation in time domain. The amplitude of y

displacement with magnetic force is estimated about
4 times larger than that without magnetic force. It is
noticed that the locus of rotor center with the
magnetic force has an unstable tendency to turn
around the stator bore center without regular period.
Therefore, it is verified that the unbalanced magnetic
force affects the eccentricity of rotor and increases
the displacement as well

Fig. 8 shows the displacement at point A caused
by unbaance mass 10(@-mm) according to the
rotation speed. This result note that the resonance
speed is 109.34, 2250.09 and 187.37(H2) based on

the peak point of Fig. 8.
Fig. 9 shows the displacement adong with rotor

stack length when the rotor speed is 800(rpm). The
maximum displacement of rotor is 11.1(mm) in front
of shaft.

7. Conclusions

It is necessary to predict the rotor eccentricity to
prevent vibration. The datic and dynamic
eccentricity caused by the unbaance force is
andyzed by the structurad FEM coupled with the
electromagnetic FEM. The resonance speed possible
is obtained from the frequency response function.
This analysis method proposed in this study is useful
in designing mechanica rotor, baancing rotor and
diagnosing fault on operation.
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