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Abstract. Vibration is one of the major drawbacks of Lineawit8hed Reluctance Motor
(LSRM). Two design techniques to reduce vibrationthe LSRM are proposed. A detailed
mathematical approach for calculating natural fesgpy has been outlined. Different
techniques to predict the vibration frequencies analyzed using ANSYS software. The
analyzed structures are compared by using expetainemd simulation results.
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1.Introduction

Vibrations, and consequently the noise generateahbslectrical machine, can be reduced if
the forces produced during their operation are allmwed to excite any resonances of the
machine [1]. An accurate determination of the wilora characteristics and the resonant
frequencies of stators of electrical machineshisrdfore, very important. Often it is impossible
to avoid excitation of resonances at all operatiogditions, such as under variable frequency
operation of electrical motors [2]. By using a ation model, a designer can predetermine the
resulting vibrations and hence optimize the motesigh from the perspective of noise and
vibrations [3]. From the vibration point of viewhe stator of an electrical machine can be
modeled as a system consisting of a number of rmass&connected by springs and damping
elements to facilitate the analytical solution bétdynamic behavior of the structure. The
distribution of the mass and stiffness, which aseatial to the determination of the resonances,
are well documented in the literature [4-6].

1.Linear Switched Reluctance Motor
2.1. Introduction

A LSRM is an electrical machine in which the folisedeveloped by the tendency of the
translator to occupy a position so as to minimize teluctance of the magnetic path of the
excited stator phase winding. A two dimensionaD{2model of a basic LSRM is shown in Fig.
1. The specifications and dimensions of the basichime are listed in Table 1. In this paper 2-
D FEA has been carried out on the machine depiaot&dy. 1, using FEA based CAD package
MagNet.

TRANSLATOR

Fig. 1. 2D cross-sectional view of the basic LSRM

662

© VIBROENGINEERING JOURNAL OF VIBROENGINEERING DECEMBER2011.VOLUME 13,1SSUE4. ISSN1392-8716



678.VIBRATION ANALYSIS AND CONTROL IN LINEAR SWITCHED RELUCTANCE MOTOR.
N. C.LENIN, R. ARUMUGAM

Table 1. Specifications and dimensions of the studied LSRM

Air gap length =3 mm Width of the stator pole =rif

Maximum force F,,) =36 N | Height of the stator pofel9 mm

Stack lengtle 40 mm Width of the stator slot = 24 mm

Steel type (Stator) - M 45 Width of the translattmt = 18 mm

Steel type (Translator) - M 45  Height of the tratst pole = 75 mm
Travel length=2 m Width of the translator pole2=rim

Rated voltage = 120 V Converter switching frequend200 Hz
Rated current =8 A Converter type = Classicalgeidonverter

2. 2. Electromagnetic results

The field analysis has been carried out for a plexséation of 8 Amps. LSRM is moved
from the unaligned position to aligned position.eTpredicted propulsion and normal force
profiles are presented in Figs. 2 and 3 respegtivel
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Fig. 2. Propulsion force vs. translator position  Fig. 3. Normal force vs. translator position

3. Proposed stator structures

Two stator structures are proposed to mitigatevtheation of the LSRM. In the proposed
structures the stator has (a) inter poles and (¢ shoes illustrated in Figs. 4 and 5

respectively.
"\ oL lNTERPﬂLES

Fig. 4. 2-D cross-sectional view of the proposed LSRM witler poles

TRANSLATOR
I COIL
-
I I POLE SHOE

STATOR|

Fig. 5. 2-D cross-sectional view of the proposed LSRM withe shoes

3. 1. Stator with inter poles

Fig. 4 shows the LSRM stator with inter poles. Width and height of the inter pole is 8
mm and 10 mm respectively. The field analysis haesnbcarried out for an excitation of 8
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Amps. The predicted propulsion, and normal forcefilgs are shown in Figs. 6 and 7
respectively.
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Fig. 6. Propulsion force vs. translator position  Fig. 7. Normal force vs. translator position

3. 2. Stator with pole shoes

The aim in proposing the stator pole shoe is teewithe stator pole width and to smoothen
the force profile. The analysis is carried out be basic LSRM with a pole shoe, which is
affixed on the stator poles. The width of the stgiole shoe is fixed to 4 mm. The mutual
inductance and leakage effects are neglected. helation is presented for an excitation
current of 8 Amps. The predicted propulsion fored normal force profiles are shown in Figs.
8 and 9 respectively. Table 4 shows the compa$adine basic and proposed structures.
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Fig. 8. Propulsion force vs. translator position  Fig. 9. Normal force vs. translator position

Table 2. Comparison of basic and proposed structures

Basic Stator with inter poles|  Stator with pole shdes
structure
Peak propulsion force (N) 38.958 37.539 38.623
Average propulsion force (N 35.961 34.720 35.383
Peak normal force (N) -224.074 -223.851 -223.351

4. Vibration analysis

4. 1. Introduction

The low frequency range of the vibrational energlyich is not audible at alf{30Hz), or is
audible but with considerable damping by the éat@00 Hz), is called the vibration of the
machines. The vibrating capacity of the machina fsinction of two parameters, namely the
vibration mode number and frequency. At least omtunal frequency of the machine
corresponds to each vibration mode. A dangerousitgin arises where the frequency of the
periodic exciting force is identical to or closedoe of the natural frequencies of the machine.

The causes of vibrations in the LSRM are:
664
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e Force ripples.
e Magnetic forces acting on the stator surfaces.
e  Current harmonics.

In this section, three stator structures are ingattd to study their vibration behavior.
Initially, the vibration frequencies and their mégdes due to the force ripple are estimated
from the electromagnetic force, using the Fast ieouransform (FFT). From the geometry of
the motor, the natural vibration frequencies of H&RM are estimated using the 2-D modal
analysis. The vibrations of the stator structure tiuthe current harmonics are calculated using
the 3-D structural harmonic analysis. Finally, atperiment is carried out on the studied
structures to compare the estimated vibration fagies with the measured values. The results
from the electromagnetic field analysis, performmedsection 2 and 3 have been adopted for
vibration analysis in this section.

4. 2. Vibration duetoforceripple

From the results of the 2-D finite-element fielcabysis performed earlier, the force versus
translator position will be known. A program is t&n in a MATLAB environment, which
contains a sequence of instructions to store theyaf the four phases. The dynamic force
obtained is shown in Fig. 10.

Prapaties Force 00

i) 19

To )

Fig. 10. Dynamic electromagnetic force

The FFT is applied to the net force profile aftee elimination of the dc offset. Since the
FFT transforms the available data in the time donmatio the frequency domain, the available
force versus translator position profile must bevested into the force versus time profile. In
MATLAB, the command fft X, p), where X is the force array and>’ is 512, denoting the 512
point FFT will be solved to produce a complex DéterFourier transform (DFT) of force. The
absolute value of the obtained complex DFT willnfiothe magnitude axis. The magnitude plot
is obtained by plotting the magnitude versus freqyeThe block diagram for the FFT analysis

is shown in Fig. 11.
Cotrverter .
s Comvener Lyl

FFT

Spectrum
Scope

Fig. 11. MATLAB model of FFT function

Fig. 12 shows the results of the frequency spectnatysis for the case of the basic stator.
The frequency corresponding to these decibel (kg can be identified from the plot. Table
3 lists the dominant frequencies in hertz (Hz) aadamplitude in dB. Similarly, the results of
the FFT for the LSRM with pole shoes and with inparles are depicted in Fig. 13. It is
observed from the Table 3. that the dB peaks oaucsrtain frequencies but the magnitude of
the dB peaks is reduced by considerable margingih proposed structures.
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Table 3. Dominant ripple frequencies and its amplitude
a. Basic stator
Predominant ripple frequencies (HZ)

Amplitude (dB

14385 44.6
16436 25.96
17071 18.37

b. Stator with pole shoe

Predominant ripple frequencies (HZ) Amplitude (dB
13783 34.24
16436 15.52
17071 9.47

c. Stator with inter poles

Predominant ripple frequencies (HZ) Amplitude (dB
13385 37.74
16436 19.23
16724 11.92

4, 3. Estimation of natural resonance frequencies

We assume that the LSRM behaves as a simple redéarigeam with a distributed load
with the base fixed. To determine the natural fegies,f, of the rectangular structure,
analytically, the following equations are used:

f, = 1 gHz (1)
2r\'m

wherem - equivalent mass per square meter (Ky/k - spring stiffness coefficient, given by:
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192-E-1
kg = N (2)
whereE - Young’s modulus E = 2.07- 16" N/mm), | - moment of inertia, given by:
b-h® 2
| = Kg.m 3
> K9 3)

Mass of the stator without slots (rectangular bedig) 20 Kg,f, = 9,287.65 Hz, mass of
the stator with slots is 12.8 Kfj,= 11,609.56 Hz.

4. 4. Calculation of natural frequencies on the stator Using 2-D FEA

Mode shapes and resonant frequencies were compiitedthe ANSYS finite element
analysis platform. The goal of the modeling wasdakeulation of the set of five eigen-modes.
The following steps are used to perform 2-D modallgsis in ANSYS platform:

e Step 1: Set preferences.

Step 2: Model the stator.

Step 3: Define material properties.

Step 4: Define element types.

Step 5: Mesh the area.

Step 6: Apply Loads.

Step 7: Solve.

Step 8: Review Results and List the natural freqigsn

The material properties used in this analysis aresityp = 7700 kg/m, Young’s modulus,
E = 207 GPa, Poisson’s ratie,= 0.3. The computed 2-D mode shapes for the kmawicthe
proposed structures are presented graphically gis. Fi4-16. The comparisons of the stator
mode frequencies are provided in Table 4.

Table4. Comparison of 2-D stator mode frequencies

Mode no. Frequencies (Hz)
Basic structurg  Stator with pole shoes Stator itér poles
1 14259 13713 13512
2 14261 13744 13518
3 17466 16918 16468
4 17517 16960 16515
5 17599 17035 16585

From the above analysis the stator mode frequenciethe proposed structures are
approximately 4% less, when compared to the basictare.

4.5. Vibration dueto magnetic forces

In LSRM there are two forces acting on the stator:

e Normal force.
e Tangential force.

The tangential force is the one that acts alongsthitace as shown in Fig. 17. Normal force
is the one that acts perpendicular to the statdramslator surface as shown in Fig. 18. The
magnetic forces are calculated using Maxwell'sssttensor method. The normal and tangential
forces acting on the stator pole face are depicté&dgs. 19 and 20 respectively.
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It is observed from the profiles that, the normatcé has a maximum value when the
translator is in aligned position. The tangenttaté is maximum in the overlapping area where
as it is minimum in the aligned and unaligned posit

4.5, 1. Estimation of vibration due to magnetic for ces on the stator

The estimated current and normal force on the istaile during dynamic operating
condition is shown in Fig. 21. The FFT function dkppresented in Fig. 11, is used to find the
vibration frequencies and their magnitudes. FigsBaws the spectrum of frequencies due to
the normal force on the stator. It is observed #1at2367 Hz and 14256 Hz the magnitude of
the normal force is high.

The estimated current and tangential force on tatorsside during dynamic operating
condition is provided in Fig. 23. The spectrumtwd tangential force is given in the Fig. 24. It is
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observed that the magnitude of the tangential fard¢egh at the frequencies 4627 Hz, 12621 Hz
and 14432 Hz from the spectrum.
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Fig. 15. 2-D Mode shapes for the stator with pole shoes

4. 6. Estimation of Vibration on the Stator Using Structural Har monic FEA

4. 6. 1. Introduction

Vibrations are estimated using the 3-D structumimonic analysis in this section. The
magnetic forces calculated using 2-D electromagnE&A has been used as input to the
structural harmonic FEA to calculate the vibratidhe steps involved in the structural harmonic
analysis are:

e The normal and tangential forces are calculatenigusie 2-D electromagnetic FEA.
e To conduct the harmonic structural analysis in 3tbe 2-D mesh created during the
electromagnetic FEA is swapped using ANSYS contteamd the element type is changed

from PLANES3 to SOLID45.
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e The degrees of freedom used for the electromagBdid-EA (AZ) is changed to structural
degrees of freedom (UX, UY, UZ) by changing thenwat type from PLANES53 to
SOLID45.

e The material properties (mass density, Poissoris, r¥oung’s modulus) required for the
structural analysis are defined for the stator r@lu

e The stator is fixed on the base by selecting théesoon the surface and applying the
displacement on these nodes as zero.

e The magnetic forces calculated from the electroratigi2-D analysis are applied to the inner
surface of the stator.
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Fig. 16. 2-D Mode shapes for the stator with inter poles

The results of the analysis provide the displacgsen stator for a given frequency range
due to the normal and tangential forces. The fodm&loped depend on the excitation current
and its shape. In the LSRM, the current is nonsgiidal in shape and it contains harmonic
components. These harmonic components generatesfac the stator in their respective
frequencies. Fig. 25 shows the measured current vaftdge waveforms using the Fluke
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harmonic analyzer. The harmonic content of theesurvaveform is shown in Fig. 26 for the
stator with pole shoe structure.

9

Fig. 17. Tangential force applied to the stator pdfes 18. Normal force applied to the stator poles
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The normal and tangential forces are calculatedgusie magnetic 2-D FEA for the current
harmonic frequencies. The 3-D structural harmonalysis is performed by using the calculated
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4. 6. 2. Vibration Dueto Normal Force

The calculated normal forces are applied to statoer surface and the structural harmonic
analysis is performed to estimate the vibratiogdency and magnitude. The fixing of stator on
the base is defined in the analysis using displacémector as zero. The boundary condition

applied for the structural analysis is shown in. 2ig.

The simulation result gives the displacement vacaating on stator in thé andY directions
due to the normal force, shown in Fig. 28. It itineated from the analysis that the vibration
frequencies are high at 13750 Hz (near to first ejdd theX direction and in thé& direction.
The maximum vibration amplitude in tiedirection is 2.25um at 13750 Hz (model frequency)
when the normal force is applied. The maximum \ibraamplitude in the¥ direction is 0.42
pm at 13750 Hz. From the simulation result it is@tved that the vibration amplitude is high in

the X direction, when the normal force is applied to stegor.
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Fig. 25. Measured current and voltage waveforms
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4. 6. 3. Vibration Dueto Tangential Force

To compute the vibration produced due to tangefdiak, at first the applied normal force is
removed and the tangential force is applied orstar. The displacements over the frequencies
in X andY directions are shown in Fig. 29. The maximum wibraamplitude in th&X direction
is 3 um at 16900 Hz when the tangential force @ia@. The maximum vibration amplitude in
theY direction is 0.97 um at 16900 Hz.
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Finally, it is concluded that the amplitude of \@bon is high in theX direction when the
normal force is applied to the stator. To avoicbresice during the operation, the LSRM should
not be operated at 13750 Hz (first mode frequeang) 16900 Hz (third mode frequency).

5. Experimental Results

The vibration generated in the motor is measurédguthe accelerometer to validate the
estimations. Fig. 30 shows the block diagram ofekjerimental arrangement. To measure the
vibration, the accelerometer is mounted on theaserbf the stator. The measurement is taken
using the Mixed Signal Oscilloscope (MSO). The agiag frequency of the accelerometer is
selected according to the switching frequency. .F3ds33 show the measured acceleration and
its spectrum on the stator surface for the thnegestres.

It is observed from the experimental results thatspectrum contains a set of frequencies.
The magnitude of the vibration is high at 12638 (Hearer to the first mode) and 14,676 Hz
(nearer to the third mode) on the stator surfadk®L.SRM with pole shoes.

SIGNAL

CONDITIONER
SCOPE

STATOR

Accelerometer

Fig. 30. Experimental arrangement

| 1

e

16725 Hz

“l“'

Fig. 33. Acceleration on the stator surface and its specfasrthe stator with pole shoes
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6. Conclusion

An approximate formula has been derived to comgh#enatural frequency of the LSRM.
The formula is shown to be accurate by comparisith the FEA, and hence is useful in
preliminary design studies to evaluate the impdct @ibration and acoustic noise. Analysis
reveals that the LSRM stator with pole shoes hésibebration effect over other two structures.
The vibration frequencies predicted due to the @mbffiorces nearly matches with the vibrations
produced on the stator side measurement. The @liifess may be due to the assumptions in the
analysis and also partially due to the exclusiomtbier supporting components such as wheel
housing in the simulation model.
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