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Abstract — In this paper, a novel two phase double
layer switched reluctance generator (DLSRG)
under static eccentricity fault is introduced and
analyzed. The proposed generator consists of two
magnetically independent stator and rotor layers.
There is a stationary reel, which has the field coils
wrapped around it and is placed between the two-
stator sets. This paper then continues with
modeling this generator in the field assisted mode
for healthy condition as well as motor with static
rotor eccentricity utilizing three-dimensional finite
element analysis (3-D FEA). The results of the
numerical analysis for a (4/2)x2 DLSRG including
flux linkages, mutual inductances per phase in
each layer and radial force for various eccentric
generator conditions by considering the end effects
and axial fringing fields for simulating reliable
model are obtained and compared. Consequently,
Fourier analysis is carried out to study the
variations of mutual inductance as a diagnosis
index. The obtained results present useful
information as good candidates for fault indicators
as well as the amount of eccentricity fault and the
direction of fault occurrence.

Index Terms— Eccentricity, fault diagnosis,
switched reluctance generator (SRG), 3-D finite
element method.

[.INTRODUCTION

Switched reluctance generators (SRG) have
been gradually engaged in variable-speed
applications due to its fundamental advantages of
low manufacturing cost, simple and rigid structure,
easiness of maintenance, excellent speed
regulation, simple converter circuit, no rotor
windings or permanent magnet, and easy cooling

feature, etc [1-3]. The SRG has been proved as a
good alternative for some applications like wind
turbine generator, battery charger, and as an
alternator for automotive applications [4-6].

On the other side, one of the most common
types of fault in electrical machines is the
eccentricity fault. Eccentricity exists in a machine
when there is an uneven air gap between the stator
and the rotor [7, 8]. Static eccentricity is caused by
different factors such as, weight of the rotor/load
or interconnecting rotor belt. The end result can
cause electrically induced vibration that reduces
the life of bearings and also increases the potential
for stator/ rotor rubbing and damages to the
insulation systems.

The effect of eccentricity fault on the torque
profile of an SR motor with 2-D FEM has been
considered in [9] and the result shows the static
torque does not change much with relative
eccentricity up to 50%. It is also shown with an
increase in the eccentricity; there will be an
increase in the fundamental, 8th, 10th, 14th, and
15th torque components. In [10], it is shown that
with the increase in eccentricity, the average
overall torque increases along with an increase in
all of ripple contents. Dorrell et al. in [11] have
investigated the effect of eccentricity on torque
profile with respect to the switching angle. A
method is presented in [12] for computing the
radial magnetic forces in SR motor which includes
iron saturation and eccentricity. Also, the
unbalanced forces were evaluated using three
different methods, namely static 2-D FEM, an
analytical model, and a simplified analytical
model. In [13], a dynamic response of motor under
static and dynamic eccentricities has been studied
using coupled 2-D FE in Matlab environment.
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In the previous works, the authors have
analyzed the SRG [14, 15] and SRM [16] under
healthy mode utilizing 2-D and 3-D FEM. In [17],
[7], and [18], the static, dynamic, and mixed
eccentricity faults in the SRM are considered,
respectively. Afterward, the intervals for different
modes of motor operations (normal and faulty) are
calculated by hybrid method in [8]. In this paper,
static eccentricity in SRG is considered, for the
new generator configuration.

The eccentricity fault has been studied in other
generators and different applications such as [19-
21], while almost there is no literature for
considering the effects of eccentric rotor on the
performance of SRG. This paper is an attempt to
achieve this purpose.

This paper is organized as follows: the
DLSRG modeling and geometrical parameters of
implemented generator are presented in Section II.
Section III discusses the definition of static
eccentricity in generator operation. In Section IV,
the finite element results of the generator profiles
under normal and eccentricity fault are obtained
and discussed. Results of harmonic components
analysis utilizing fast Fourier transform for various
eccentricities are presented in Section V.
Consequently, some concluding remarks are
provided in Section VI.

I1.FINITEELEMENT MODELING OF
DLSRG

Accurate modeling of electrical systems is
necessary in performance prediction and
verification of the systems, hence to evaluate
properly the generator performance a reliable
model is required. The finite element method can
be one of the best choices for the providing precise
model for such a purpose. Therefore, a three
dimensional finite element analysis is being used
to determine the magnetic field distribution in and
around the generator. In order to present the
operation of the motor and to determine the main
machine profiles at different rotor positions, the
field solutions are obtained.

It has been shown that the 3-D FE approach is
a precise and realistic method in comparison with
the 2-D FE approach from the results obtained by
the authors in [16]. The variations between 3-D/2-
D FE results are due to the consideration of the
end effects and also the axial fringing field in 3-D
FE analysis.
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The field analysis has been performed based
on the variational energy minimization technique
to solve for the electric vector potential. In this
method, electric vector potential known as T — Q
formulation was explained by authors in [8].

The proposed generator for this study consists
of two magnetically dependent stator and rotor
sets (layers). The two layers are exactly
symmetrical with respect to a plane perpendicular
to the middle of the motor shaft. Where each stator
set includes four salient poles having 45° arc
length with windings wrapped around them (Fig.
1a) while, the rotor comprises of two salient poles
that have different arc lengths (Fig. 1b) without
any windings. The arc of each rotor pole is the
same as stator pole (45°) in one side and twice as
much in the other side. The side view of complete
generator assembly is depicted in Fig. 1c.

There is a stationary reel, which has the field
coils wrapped around it and is placed between the
two-stator sets over the rotor shaft which is named
as an assisted field. The motor shaft passes
through a hole in the middle of the stationary reel
and acts as a core for the field coil assembly.

In this format, the developed magnetic field
produced by the field travels from the motor shaft
to the rotor then to the stator assembly and finally
completes its path via the generator housing. The
cut view of the generator system with the flux path
is depicted in Fig. 2 that will be analyzed using the
three dimensional finite elements.

The proposed DLSR generator dimensions are
listed in Table I.

The significant features in the new
configuration of SR generator that make it distinct
from other types of SRG are: a) the new DLSRG
consist of two layers to produce South poles in one
layer and the North Pole in the other layer; b) the
new rotor comprises of two salient poles with
different arc lengths. The rotor is shaped in such a
way to produce starting torque as well as having
rising inductance in all of 90° rotor arc length; c)
existence of a field assisted coil on the stationary
reel between two layers produces an independent
field; d) due to existence of assisted field, this
generator can produce higher output power than a
standard self excited SRG.

It has been assumed that each analysis is
carried out with four-node tetrahedral blocks for
the present study.
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generator is placed, is considered to be zero. Also,
the analysis includes a 360 degree rotation of the
rotor for the analysis of SRG behavior at the
different rotor positions. Due to symmetrical
behavior of the field in and around the generator,
only the rotor movement of the 1st layer from
unaligned to unaligned position is considered. The
rotor of 2nd layer moves from fully unaligned to
fully aligned position as well; therefore, all
machine parameters for these points and the points
in between can be computed. In this study, assisted
field winding consists of 300 turns with a current
magnitude of 0.5 A.

Layer one of the machine includes coils 1, 2,
3, and 4 in which coils 2, 3 belong to phase A, and
coils 1, 4 belong to phase B. In layer two coils 5, 7
belong to phase A, and coils 6, 8 belong to phase
B.

b)

Outer surface

Field core

Table 1: DLSR generator dimensions

Parameter Value
Stator core outer diameter 72mm
Stator core inner diameter 62mm

2nd layer of stator
1st layer of stator

2nd layer of rotor

Ist layer of rotor

Stator arc 45deg
Air gap 0.25mm
Rotor core outer diameter 39.5mm
Rotor shaft diameter 10mm
Rotor larger arc 90deg
Rotor smaller arc 45deg
Stack length 35mm
©) Number of turns per pole 110

Fig. 1. a) Front view of 1st layer in DLSRG, b) rotor
shape, c) a side view of DLSRG assembly (without
coils).

Number of turns for field coil 300

1. Machine Housing
2. Stator Pole

3. Rotor Pole

4. Stationary Reel
5. Field Coil

6. Shaft

Fig. 2. A cut view of DLSRG with the flux path, | & 3. Finite clement mesh for the DLSRG.

The schematic figure showing the meshes in 1. STATIC ECCENTRICITY
the simulation study is illustrated in Fig. 3. In this DEFINITION
analysis, the usual assumptions such as the In this type of eccentricity, the air gap

magnetic field outside of an air box in which the  distribution around the rotor is not uniform, and is



time-independent. It occurs when the rotational
axis of the rotor is identical to its symmetrical axis
but has been displayed with respect to the stator
symmetrical axis. The degree of static eccentricity
or relative eccentricity is defined as follows

r
s =| = [¥100 (%), M
SOL

where, ¢4 is the percentage eccentricity between
the stator and rotor axes, g is the radial air gap

length in the case of uniform air gap in healthy
generator or with no eccentricity, and r is the
displacement of the rotor in the horizontal
direction to the excited stator poles in aligned
position.

Manufacturers normally keep the total
eccentricity level as low as possible in order to
minimize unbalanced magnetic pull (UMP) as well
as the reduction of vibration and noise. An air gap
eccentricity of up to 10% is permissible as
mentioned in the references. Also, due to the
collision of the rotor pole with the stator pole, the
relative eccentricity of more than 60% is not
considered in this study.

IV.NUMERICAL RESULTSAND
ANALYSISOF DLSRG UNDER
ECCENTRIC CONDITION

The reluctance variation of the generator has
an important role on the performance; hence, an
accurate knowledge of the flux distribution inside
the generator for different excitation currents and
rotor positions are essential for the prediction of
machine performance.

In order to evaluate these characteristics and
also investigate the effects of static eccentricity on
the two-phase switched reluctance generator
behavior, the generator is simulated utilizing the 3-
D finite element analysis. In this analysis, the
static eccentricity fault is considered in phase A
direction. Hence, the rotor pole is closer to coil 3
and further away from coil 2.

A. Influence of eccentricity upon DLSR
generator radial force

The eccentricity fault leads to a radial force on
the rotor which tries to pull it even further away
from the stator bore center. On the other hand, this
phenomenon causes an unbalanced
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electromagnetic force in the generator. Figure 4
shows the normal radial force exerted on the rotor
poles from unaligned to fully aligned and then to
unaligned positions for different eccentricities.

— — 60% Ecc|
160 - +40% Ecc
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12.0 ~ ~ « 10% Ecc
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Rotor Position(rad)

Fig. 4. Radial force in pole 2 from phase A in field
assisted mode.

As shown in Fig. 4, the radial force is almost
zero in healthy mode due to the magnetic pull
compensation of the opposite poles.

Figure 4 shows about 140 times larger radial
force when 60% eccentricities are occurred in
comparison with healthy mode. Also, the radial
force has increased by a factor of 3 when the
eccentricity has changed from 40% to 60%. It has
also been shown that, the maximum force is
produced when the rotor poles are fully aligned
with the stator poles. It is also evident from the
figure, when the amount of eccentricity fault
increases, the exerted force will also go up as well.

B. Influence of eccentricity upon DLSR
generator mutual flux

In the field assisted mode of operation, the
stationary reel that is placed between the two-
stator layers is set at 0.6A, and the stator coils are
not excited. In this format, the developed magnetic
field from the stator poles travels to the rotor then
to the shaft and finally completes its path via the
generator housing. In this mode of operation, the
power generation is obtained by energizing the
proper stator coils during the negative inductance
periods. Therefore, the flux linkage of phase A and
B are calculated from unaligned to fully aligned
and then to unaligned positions (the fully aligned
position is at 1.57 radian). Regarding to the
occurrence of fault in direction of phase A, the
variations of flux in coils 1 and 4 from phase B are
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negligible, while, the variation of flux in coils 2,3
of phase A are noticeable, Fig. 5 and Fig. 6 show
the flux variations for a healthy generator and a
generator with various eccentricities. In these
figures, the flux data points have been estimated
with second order functions using least squares
method, for better illustration.

The non-uniformity of air gap is time invariant
when static eccentricity exists; therefore, the
distribution of air gap does not change as the rotor
turns. Hence, the flux for each phase is repeated
identically in every cycle.

— — 60% Ecc
10% Ecc

- == 40% Ecc
Healthy

— - -20% Ecc

Mutual Flux Linkage in Coil 2 (mWb)

00 02 05 07 1.0 1.2 15 16 18 19 21 22 23 25

Rotor Position(rad)
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The so called “effective” mutual inductance
has been defined as the ratio of each phase flux
linkages to the exciting current of assistant field
(A(@)/1,). Based on this definition, the mutual

inductance value of coil 2 in phase A versus rotor
position is presented in Fig. 7 for healthy motor as
well as the motor with a range of eccentricity
faults. In Fig. 7, the shape of mutual inductance
from aligned position to unaligned position (1.57
rad-2.5 rad) is depicted and also linear
approximation is utilized for more accuracy and
clarity.
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Fig. 5. Mutual flux linkage in coil 2 from phase A
in field assisted mode.

Rotor Position(rad)

Fig. 7. Mutual inductance in coil 2 from phase A in
field assisted mode.
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— - -20% Ecc As seen from curves in Fig. 7, the slopes of

mutual inductance decrease when the eccentricity
114 levels go up, and also the magnitudes of mutual
inductance for each eccentricity level reduces, as
the rotor move into the unaligned position. It is
also observed that amplitude of mutual inductance
of the A-2 has 45%, 32%, 18%, and 9% reduction
with 60%, 40%, 20%, and 10% eccentricities
compared with healthy generator in fully aligned
position, respectively as shown in Fig. 7. Also, as
shown in this figure, the slopes of mutual
inductance in A-2 for 60%, 40%, 20%, and 10%
fault is about 2.2, 1.8, 1.3, and 0.5 times lower
than the slope of mutual inductance in a healthy
generator.

These reductions are due to air gap length
increases between the stator and rotor poles in
front of coil 2. On the other hand, the eccentricity
phenomenon caused to reduce the difference
between maximum and minimum mutual

Mutual Flux Linkage in Coil 3 (mWhb)
PN WO N 0

0.0 | 012 | 015 | 017 | 110 | 112‘ l.‘5 | 116 | 118‘ 119 | 2‘.1 | 212‘ 2.‘3 | 2.5
Rotor Position(rad)

Fig. 6. Mutual flux linkage in coil 3 from phase A in

field assisted mode.

C. Influence of eccentricity upon DLSR
generator mutual inductance

It is imperative to look at the field coil
inductance curve at this point to see how it varies
as the rotor turns. It can provide useful
information for explaining the influence of fault in
generator operation.



inductance values in coil 2. Since the produced
torque and induced voltage in SR machines are
directly proportional to the variation of inductance
with respect to rotor position, then the torque and
voltage production profiles in motoring and
generating modes of operation will vary
accordingly. The following formulas for the SR
machine in the linear mode of operation will prove
the above statement.

T-lpd @
2 dé

€ind =a’di &)
do

where, Tis the torque, i is phase current, L is
phase inductance, € is rotor position, € ,is

generated voltage and @ is angular speed.

Figure 8 shows the calculated mutual
inductance versus rotor position obtained by the
ratio of flux linking coil 3 to the field current.

As depicted in this figure, the magnitude of
mutual inductance has been increased, for each
rotor position. As the eccentricity levels go up, the
slope of mutual inductance will also change
noticeably. The slopes of mutual inductance in A-
3 for eccentric generator under 60%, 40%, 20%,
and 10% fault has almost 47%, 36%, 16%, and 8%
higher value than the slope of mutual inductance
in a healthy generator.

17

< — — 60% Ecc
R N .- - 4O%E
- 6 Ecc
13 F-. S~ — - - 20% Ecc
T < 10% Ecc
129 "~ el RS Healthy
"~ . ~

Mutual Inductance in Coil 3 (mH)

1.57 171 1.85 1.99 2.13 2.27 2.41

Rotor Position(rad)
Fig. 8. Mutual inductance in coil 3 from phase A in
field assisted mode.

Also, as demonstrated in this figure, amplitude
of mutual inductance of the A-3 has 56%, 28%,
16%, and 4.8% increase with 60%, 40%, 20%, and
10% eccentricity compared with a healthy
generator in the fully aligned position, respectively
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as shown in Fig. 8. These changes are due to the
decrease in the air gap length between the stator
and rotor poles in front of coil 3.

Therefore, variation of mutual inductances, as
well as the area under their curves can be
addressed as a fine index for eccentricities
diagnosis.

The mutual inductance in other coils such as 1,
4 do not experience noticeable changes. The
calculated results and the shape of mutual
inductance in Fig. 7 and Fig. 8 point to two
fundamental achievements: first, the variations of
each coil and its magnitude present the fault
occurrence and the level of eccentricity. Second,
the increased mutual inductance magnitude of coil
2 and the reduction of mutual inductance
magnitude of coil 3 shows that the rotor pole is
near coil 3 and further away from coil 2, therefore
the direction of fault can also be detected in this
manner.

V. Fourier Analysisof Mutual
Inductance/Rotor Angular Position
Characteristics

The fast Fourier transform (FFT) is a classical
spectral estimation technique which is an efficient
algorithm and one of the most robust ones.
Therefore, the analysis based on FFT has been
proposed to extract frequency information from
the mutual inductance as a diagnostic index in
order to detect the rotor misplacement.

Results of the harmonic components analysis
for the mutual inductance profile in phase A
(faulty phase) in the field assisted mode using 3-D
FEM for various eccentricities are presented in
Fig. 9 and Fig. 10. As depicted in Fig. 9 with an
increase in the eccentricity level, there is a
decrease in the fundamental harmonic and other
components of mutual inductances in coil 2. These
changes obtained from the mutual inductance
curve behavior in time domain. As shown in this
figure, the amplitude of the fundamental
component in coil 2 for healthy motor is almost
1.5 times higher than those of fundamental
components in a faulty motor with 60%
eccentricity. Also, in eccentric motor with 10%,
20%, and 40% faults, these components are faced
with 7%, 12%, and 25% drop in their amplitudes.
It is observed that variations of other components
are also the same as the fundamental component.
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Figure 10 illustrates that the fundamental
harmonic as well as other harmonic components of
mutual inductance in coil 3 have increased with
raising the eccentricity level. These changes are
due to reduction of the corresponding air gap size
in the time domain, which affects the amplitude of
the frequency components. As shown in this
figure, the amplitude of fundamental component in
coil 3 for faulty generator with 60% eccentricity is
almost 1.5 times higher than those of fundamental
component in a healthy motor. In addition, this
component experiences 4.5%, 16.7%, and 29.6%
rise in its magnitude in eccentric motor with 10%,
20%, and 40% faults. It is also observed that the
variations of other frequency components are the
same as the fundamental component.
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higher than the slope of mutual inductance in a
healthy generator.

The amplitude and slope of mutual inductance
in time domain and its amplitude of a fundamental
component in frequency domain were used for
fault diagnosis and then proposed as a diagnostic
index. Regarding to the fault detection in DLSRG,
useful results can be obtained by just evaluating
only one of the phases from each layer, moreover
this procedure and diagnosis can be applied to
other types of SRG as well. On the other side, the
calculated results show that the direction of static
eccentricity fault can be effectively detected by
evaluation of this index from two coils in one
phase.
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Fig. 10. FFT of mutual inductance in coil 3 from
phase A for 3-D FEM in healthy motor and motor
with various eccentricities.

Fig. 9. FFT of mutual inductance in coil 2 from
phase A for 3-D FEM in healthy motor and motor
with various eccentricities.

VI. CONCLUSION

This paper analyzes the eccentricity fault
diagnosis in a new two phase switched reluctance
generator. For this purpose, the static eccentricity
was modeled and analyzed using 3-D-FEM by
considering the end effects and axial fringing
fields for implementation of a reliable model. With
occurrence of fault, it is observed that the
amplitude of mutual inductance of coils 2 and 3
from faulty phase (A) with 60% eccentricity will
show 45% reduction and 56% increase compared
with a healthy generator in the fully aligned
position. Also, the slopes of the mutual inductance
in coils 2 and 3 from faulty phase (A) for 60%
fault are about 2.2 times lower and 0.47 times
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