Journal of
Applied Sciences

ISSN 1812-5654

science ANSI@??
alert http://ansinet.com




Tournal of Applied Sciences 8 (15): 2758-2763, 2008
ISSN 1812-5654
© 2008 Asian Network for Scientific Information

Comprehensive Study of 2-D and 3-D Finite Element Analysis of a
Switched Reluctance Motor

Hossein Torkaman and Ebrahim Afjei
Department of Electrical Engineering, Shahid Beheshti University, Tehran, Iran

Abstract: This study describes the performance characteristics and comparison results of a six by four switched
reluctance motor analysis utilizing three-dimensional/two-dimensional finite element method. In the three-
dimensional finite element analysis, the end effects and axial fringing fields for simulating reliable model of
switched reluctance motor have been considered. The results of the three-dimensional finite element analysis
of 6/4 switched reluctance motor such as flux-linkages, terminal inductance per phase, mutual inductance and
static torque for various motor conditions are obtained and presented. Finally, these results were compared with
the same motor profile using two-dimensional finite element method.
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INTRODUCTION

Exclusive features of the Switched Reluctance Motor
(SRM) such as lack of any coil or permanent magnet on
the rotor, simple structure and high reliability, makes it a
suitable candidate for operation in harsh or sensitive
conditions. The different aspects of SRM drives have
been extensively mnvestigated and carried out i the past
decades by several research organizations (Miller, 1993).
Designing SR motor especially for high performance
motion control systems, requires accurate knowledge of
the magnetic fields that relate motor geometry. Magnetic
field simulation directly yields predictions of flux linkages,
field energy and torque.

Determination of the magnetic characteristics is a
key point to the optimization design andfor control
strategy evaluation in a switched reluctance machine.
They can be obtained numerically or experimentally.
The numerical determination can be based on Fimte
Element Method (FEM) analysis, conveniently used to
obtain the machine magnetic vector potential values in
the presence of complex magnetic circuit geometry and
nonlinear properties of the magnetic materals
(Parreira et al., 2005).

In Hannoun ef al. (2007) 1s presented an analytical
model of the inductance and of the torque, based on
the results of a two-dimensional finite element method
(2-D FEM) applied to an 8/6 prototype machine. The
model takes mto account the non linear characteristics
due to the magnetic saturation.

The effect of eccentricity fault on the torque profile
of an SRM with 2-D FEM has been investigated in
Geldhot et al. (2007). Dorrell et al. (2005) have

investigated the effect of eccentricity on torque profile
with respect to the switching angle using 2-D FEM. Other
researches such as Husain et al. (2000), Ozoglu et al.
(2005), Sheth et al. (2006) and Kamper et al. (2007) have
analyzed SRM based on two-dimensional finite element
method.

It 1s difficult to take into account the magnetic
material laws by using a pure two-dimensional finite

element method simulation, owing to the high
computational cost (CPUJ time and memory)
(Sixdemer et af, 2006). This study proposes a

comprehensive three-dimensional finite element method
(3-D FEM) simulation on 6/4 Switched reluctance motor
and then compares its results with a two-dimensional
finite element method The field analysis has been
performed using a Magnet CAD package (2007) which 1s
based on the variational energy minimization technicue to
solve the magnetic vector potential.

FINITE ELEMENT ANALYSIS

A three dimensional finite element analysis is being
used to determine the magnetic field distribution in and
around the motor. In order to present the operation of the
motor and to determine the static torque at different
positions of the rotor, the field solutions are obtained.
The field analysis has been performed using a Magnet
CAD package (2007) which is based on the variational
energy minimization technique to determine the magnetic
vector potential. The partial differential equation for the
magnetic vector potential 1s (Sadiku, 2000):
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where, & iz magnetic vector potential and is defined
ag;

B=WxA (2)

E iz the magnetic fhiw density. Considering
appropriate  boundary conditions Ego 1 welds the
magnetic vector potential.

In the wati ational method (Rit), the solution of Eq. 1
15 obtained by minimizing the following functional:

Py - 2 f[] Bt e e - [[1aa ()

In the three dimensional finite element analysiz a
tetrabe dral or hexabe deal (rectangd o prign) elem ent, with
dense meshes at places where the field variations are
being changed rapi dly has beenuased

For the present study, it has been assamed that
each phase of the motor is excited with fow-node
tetrahedral blocks of current Also, in this analysis, the
usud assunptions such as the magnetic fiedd outside of
aty air box inowlich the motor is placed considered to be
Teto,

The unaligned posiion iz defined when the rotor
pole islocated across from the stator slot in such a way
that the reluctance of the motor magnetic struchare is at its
maximn. Thispogtion is consideredto be at zero degree
in the motor petformance plot. The aligned position is
defined when the rotor pole is fully opposite to the stator
pole, in which the reluctance of the motor magnetic
structure is atits mirdmoam. This position is assumedto be
44 degrees for the rotor position in the motor perform ance
plots.

In thiz studsy, the rotor moves from vnaligned to fully
aligned position hence, all motor paraneters for these
points in bebween can be compted. In arder to represent
the motor operation and determine the static torque o
differert rotor positions, the field solutions are ohtained
atl, 4,8, 12, 16, 20,24, 28, 32, 36, 40 and 44 degrees from
the wnaligned posion The plots of magnetic flax
thtoaghout  the motor and parameters have heen
cotn pted, compared and elaborated wpon.

Motor specifications and simulation: The motor
specifications and configuration used in this study are
showrsiinn Table 1 and Fig 1, respectively.

The stator and rotor cores are made wp of M-27 non-
otierted slicon steel laminations with the foll owring statie
B-H carve showninFig 2.

Fig 1:6/4 3R motor confi guration
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Fig 2: Magnetization curve for M-27 non-orented silicon
steel sheet

Tabk 1: 604 SE Motor Ditersons

Paratheter Wralae
Statar come onter disrrueter T30
Fotor core oater disrreter 40.5
Lergh of air gap 0.25
Shaft darreter 10.0
Rota pole arc 32
Statorpale atc 28
Hao. of bmne 130

I this study, each phase winding consists of 120
turns with a current magnitude of 2.5 A Due to precise
comparison betwreen 2.0 and 3-D FE analyses, the mesh
densities are considered to be exactly the same for both
cases. The FE model with mesh densities used in the
sitilation iz as shown inFig 3.
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Fig. 3: Finite element m esh for the 3R
NUMERICAL RESULTS

Toitrrestigate the magnetic characteristics onthe 654
garitched reluctance hehawor, the motor is simulated
utilizitgg 3-D and 2-D firdte elem ent analysis.

Flux density shadow and arrowr s of the mootor which
isutilizing 3-D FE analysis are showninFig 4.

Flux denwsity shadow and atroues of the mootor that is
utilizityg 2-D FE atialyais ate shown it Fig 5.

&g expected the wariations in fhuoe density due to the
eccetiti city with 3-10 FEM ate larget than those of the 2.1
FEM (Fig 4, 5, whichis due to fringing effect fior the field
that haz been distegarded in 2-D FEML Thete iz 38%
increase in the vatiationin its highest foem .

The watiati on percentage is defined as follows:

VaThstion - S92 200 1 0p (4] (4

pi=]

In the abowe equation 3 X ae any defined
patatmeter vaues of 2.00 FEM as well as 3-D FELI,
tespectively.

Flux-linkagefrotor position characteristic isthe most
impottart profile of the SRM. Figre 6 shows the flux-
litkage of coil ofe it phase & wtilizing 3-DA-D FEMM s
vatiaticn of the totor positions.

Inn addition, Fig & shows that with the ovetlapping
itwereaze between rotor and stator, fliee-linkage of codl one
of the excited phage will increase.

&g shown dhove, the flux linkage peaks at about
44 degrees cottespond to the rotor pole located
cotn pl etel v aligned with the related stator pale.
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Fig & Flux density (1) shadows and (W) arrows for 6/4
SR utilizing 3-D FEI

The result of the flux linkages in different rotor
positions just ke the resmits obtained from the 3-D
atialyd g, b with amasimomn of 19% Hgher values due to
the assumption made in 2.1 analysis The 3-Df2-D FEL
coth patizon tesults of the flux-link age wariations for coil
ofie it phase & are shown in Fig 7. The wariation
percentage for aligned and unalioned positiohsis from
0 to19%.

The inductanice has beet defined asthe ratio of each
phaze flh-linkage to the exciting ourrent (AT, Sinee the
inductatice iz directly proportional to the flu linkage, the
tesulting inductance values ulilizing 3-D FEL for phase
& have 19 and 36% variations it unaligned atnd digned
positions, compared with a motor that analyzed wilizing
2-D FEM. This procedute results the same outcomes for
other coilz in different phases.
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Fig 5: Flux density () shadow s atd (b)) arrowrs for 64 SRM atilizing 2-D FEI
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Fig @: Flue-linkage in cod ote of phaze A for 3-D0 and 2-
D FEM
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Fig. T: Percentage of variation of flier-linkage in coil one
of phiase A for 3-D ws. 2-D FEM
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Fig &:FPetcentage of watiation of mutual indoctance in
phiase B, C for 3-D ws. 2.D FELI

The mutual inductance is defined as the ratio
of flhee-linking that phase to the exciting owrent in
the other phaze According to this definition the
mutual inductance walues for phases B and © for 3R
motor vsitg 3-DF 2-D0 FEM have been caedated and
coth pated

The wariations of mutual indoctanices for phases B
atid © are presented in Fig 2 for the motor carrying the
rated current of 2.5 &

Cons deringthe end effects and avial finging fields
Fig & shows the walue of mutual inductance of phase B
atid phase C increazes from 19 1o 30% and 15 to 253%
utilizing 3-D FE compared with 2-D FE, respectively.
These watiations are due to the changes in mutual flox
linkages of each coil it that phase.

The static torgue developed by the motor is
calculated from the ratio of change in the co-energy
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Fig. 9 Static torque of the motor vs. rotor position
utilizing 3-D and 2-D FEM

Table 2: Percentage of Variation of static torque of the motor for 3-D vs. 2-

D FEM
Degree Variation (%6)
0 15.61
4 14.93
8 15.03
12 27.74
16 -2.44
20 0.75
24 5.20
28 842
32 7.73
36 2.09
40 -1.14
44 0.23

respecting to the rotor position. The static torque versus
rotor position for both 3-D and FEM 1s shown in Fig. 9.

Due to lugher flux linkages in motor with 3-D FEM,
the static torque obtained is also higher. Due to complete
modeling of motor coil windings and consideration of the
end effects plus axial fringing, the motor sumulation in 3-D
FEM 1is more precise and reliable than 2-D FEM
simulation. Table 2 shows the comparison between 3-D
and 2-D results for static torque.

According to Table 2, when the rotor rotates from
aligned to unaligned position, the variation of static
torque for 3-D FE analysis has 27.7% higher values than
the 2-D FE analysis in peak.

Results of fundamental harmomic analysis of the
static torque profiles for 3-D/2-D FEM in various
eccentricities are obtamned using MATLAB software.
These results show that with using comprehensive
method FE, the fundamental harmonic has 4.6% higher
value than 2-D method. But it 1s observed that the 3rd, 5th
and 7th harmonic torques for 3-D FE analysis has 7.7%,
9.8 and 21.5% lower values than the 2-D FE analysis,
respectively.

CONCLUSION

Using finite element method is a valuable tool for
magnetic design and performance calculations of
switched reluctance motor parameters.

This study can be accounted for as a comprehensive
study of performance characteristics analysis by
3-Dimensional as well as 2-D fimte element method in
switched reluctance motor. In this study, flux density,
flux-linkage, terminal mductance, mutual inductance and
torque profile in switched reluctance motor with 3-D FEM
were analyzed and these characteristics analyzed with 2-D
FEM. Then the results were compared with those
obtamned from 2-D FEM.

The different values of flux densities were obtained
1n excited stator poles and the corresponding rotor poles.
This analysis shows that with the utilization of 3-D FEM,
the values of the flux-linkage and mutual inductance per
phase are increased in comparison with 2-D FEM. The
computed results show that the torque profile of the
motor under 3-D FE analysis has 27.7% higher values than
the 2-D FE analysis m peak and the 3rd, 5th and 7th
harmonic torques for 3-D FE analysis has lower values
than the 2-D FE analysis.

The variations between 3-D/2-D FE results are due to
the consideration of the end effects and also axial fringing
field in 3-D FE analysis. Both method have been tested on
6/4 switched reluctance motor. From the obtained results,
it has been shown that the 3-D approach is found to be a
precise and successful method.
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