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Characteristics Analysis of Short Flux Path Switched

Reluctance Motor

Jin-Woo Ahn*

Abstract — A novel kind of switched reluctance motor (SRM) with short flux path is proposed in
this paper. Phase excitation in the SRM gives short flux paths, hence reducing the magnetomotive
force required to drive the machine, resulting in significant reduction of copper wire and core
losses compared to the typical SRM with diametric circulation of magnetic flux. To verify the
performance, the characteristics analysis of a double-stator SRM, a 6/5 SRM with C-core
structure, and a 4/5 two-phase SRM, which all have short flux paths, and a comparison with
conventional SR motors are executed. The comparison demonstrates that the proposed motor
offers some advantages in terms of torque and efficiency.
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1. Introduction

The switched reluctance motor (SRM) has been
widely used in many industrial applications such as
automotive, and domestic appliance
manufacturing. The SRM is a novel synchronous
machine that is a doubly-salient machine as both the
stator and the rotor have salient poles. The stator
includes the concentrated winding, whereas the rotor has
no windings. Therefore, the structure is simple and the
operation is reliable. The unique advantages of the SRM,

acrospace,

which make the SRM an attractive electric motor [1], are:

1) high torque output, wide range of operating speed,
simple structure and fault tolerance; 2) because of the
higher self-inductance, the starting torque of the SRM
can be very high without the problem of excessive inrush
current, and 3) the SRM can achieve extremely high
speeds with a wide constant power region and
independent stator phases, which allow for continued
drive operation in the case of loss of one or more phases.

A novel construction of a short flux path is proposed
in order to improve the performance and reduce the
losses. The basic principle of a short-flux-path machine
is that it uses a short magnetic path, and the magnetic
flux can flow faster than in the long-magnetic-path
motors. Fig. 1 shows the basic structure of the

*  Dept. of Mechatronics Engineering, Kyungsung University,
Busan, Korea. (jwahn@ks.ac.kr)
Received 01 September 2011 ; Accepted 01 May 2012

short-flux-path type.

The electromagnetic operation for this type of SRM is
different from that of the conventional SRM. Magnetic
flux travels in a short flux loop in contrast to the
conventional SRM, which uses a long flux path. When a
stator pole is excited, the adjacent rotor pole pair is
attracted towards the excited stator pole, and alignment
will be achieved between stator and rotor poles. This is
due to the nature of the reluctance path. The advantage of
using a short flux path is to reduce the eccentric forces
between the stator and rotor poles. In addition, core
losses are significantly reduced due to the short distances
of the travelling magnetic fields in the short flux path
design. As a result, the efficiency of the SRM can be
improved.

Fig. 1. Short flux path of SRM
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2. Concept of the double-stator SRM with
short flux path

A novel double-stator SRM with short flux path,
which has smaller size and higher output torque, is
proposed in this paper.

Fig. 2. Cross-section of double-stator SRM

The two stators of the SRM are independent and they
are placed inside and outside of the rotor. Fig. 2 shows
the cross-section of the double-stator SRM with short
flux path.

There is no brush or magnet in the double-stator SRM.
The rotor structure employs a yokeless rotor with no
connection. The rotor consists of 12 independent rotor
bars with non-electrical material used to join them. The
proposed rotor employs thick independent rotor poles.
The stator structure is divided into three independent
stator groups. Each stator group consists of a pair of two
connected poles. Fig. 3 shows the structure of the
double-stator SRM.

“... Rotor
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Fig. 3. Structure of double-stator SRM

3. Concept of the 6/5 SRM with short flux path

In order to verify the novel idea of short flux path, a
novel three-phase 6/5 SRM with C-core and a two-phase
SRM are designed and analyzed. Because the magnetic
path is related to the core loss of a motor, the short
magnetic path is better than the long one for reducing
losses. The novel 6/5 SRM with short flux path has 6
stator poles, which are constructed with three physically
independent C-cores, and the rotor is composed of 5
poles. The short-flux-path motor uses a new structure in

which the stators are not centralized to the origin. The
three C-cores are separated by 120° and the rotors are
separated by 72°.

Fig. 4. Magnetic path of each phase

The windings are concentrated wound on the stator.
The odd number of rotor poles is used to deliver the
magnetic flux from one stator pole to another. The
magnetic path of each phase is shown as Fig. 4 [2].

The amount of material and the core losses in the
motor are substantially reduced because of the special
structure, in which there is no connection between the
C-cores, and the flux-linkage does not go through the
diameter of the motor, so that a short flux path is
achieved in the motor. A comparison of the flux paths
between a conventional 6/4 and the proposed 6/5 SR
motor is shown in Fig. 5.

Fig. 5. Flux path (a) conventional 6/4 SRM  (b)
proposed 6/5 SRM

The stack lengths lgs and lgy in the 6/5 and 6/4
machines, respectively, are equal. The mean-flux-path
length in the proposed 6/5 SRM is:

I, =21, +6l +0( +1,) (1)

The mean-flux-path length in the conventional 6/4
SRM is:
lg)g =20 +nd +7(l, +1,) 2)

The ratio of the lengths of the mean flux paths of the
two SRMs is:
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lss 21,402 +1,)

L. 2L+m(24 +1,) 3

The arc @ subtended by the mean flux path in the 6/5
SRM is:

360

0 =72

4)

The ratio of the mean flux paths in the two SRMs can
be evaluated and given as:

loss 0.4

16/4 (5)

From (5), it can be seen that the 6/5 C-core SRM only

utilizes 40% of the core material compared to its

counterpart, the conventional 6/4 SRM. This leads to

significant savings in the iron-core material required to

drive the SRM, and will also significantly improve the
efficiency of the motor [3].

4. Concept of the 4/5 SRM
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Fig. 6. 4/5 SRM structure with short flux path

In order to further study the short flux path, a novel
4/5 SRM was designed and analyzed. The two-phase 4/5
SRM has four stator and five rotor poles, and employs
a short flux path instead of the long flux path found in
conventional SRMs. The novel 4/5 SRM structure with
short flux path is shown in Fig. 6.

To improve the efficiency and torque, decreasing the
core losses is important. The short-flux-path motor needs
lower MMF to produce the same output torque as
compared to the conventional long-magnetic-path motor.
Furthermore, with a shorter flux path, the current
required and the number of winding turns in the motor
can be reduced. A short magnetic flux path requires the
flux to flow between two adjacent poles in a phase, from
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one pole to the other. The proposed magnetic flux paths
are shown in Fig. 7 [4].
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Fig. 7. The magnetic flux paths of 4/5 SRM

5. Analysis of the double-stator SRM
5.1 Static analysis

FEM is usually used for steady-state performance
computations. The static analysis aims to analyze the
different positions of the magnetic flux distribution
between the stator and rotor. Fig. 8 shows the magnetic
flux paths of the motor.

The flux distribution as shown in Fig. 8 demonstrates
the switching sequence of the proposed motor with
double stator. 'Zero degree' represents the initial position
of motor rotation. At this position, the rotor is fully
aligned with phase A, while phase C is starting to overlap,
and phase B is passing through the unaligned stator-rotor
position. As one counter-clockwise revolution occurs,
phase A, B, and C will be alternately excited.

15 Degrees 20 Degrees 25 Degrees

Fig. 8. Magnetic flux paths of double-stator SRM
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5.2 Dynamic Analysis
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Fig. 9. Flux linkage of double-stator SRM

The SRM is characterized by its flux linkage, which
with rotor position and The
position-dependent behavior is due to the geometry of
the overlapping stator and rotor teeth. In most SRM
applications, saturation occurs and results in nonlinear
inductances. This nonlinear behavior explains the
difficulty in modeling and controlling the SRM. The
variation of flux linkage with respect to the current for
different rotor positions of the proposed motor is shown
in Fig. 9.

The inductance profile of the SRM is dependent on the
rotor position, due to its double-salient poles
configuration. The relationship between inductance and
rotor position for different excited currents of the
double-stator SRM is shown in Fig. 10. The figure
clearly presents the two distinct effects of saturation.
When the rotor is near the aligned position, the flux is
higher and the bulk effect begins. The magnetic
saturation is responsible for the decrease of the
inductance as the phase current increases. This is clearer
when a rotor pole approaches the stator pole. The
saturation effect is maximum at the aligned position, in
which stator and rotor poles are perfectly aligned. At the
unaligned position, where the two rotor poles are at the
same distance from a stator pole, there is no magnetic
saturation. The unaligned position curve is straight

varies current.

because of a large air gap in this position. In the
unaligned position, the phase inductance is at its
minimum. The saturation of the unaligned curve is less
sharp due to the larger leakage flux in this position. The
proposed motor employs four air gaps for one cycle of
the magnetic flux.

The motor is designed to produce 117 Nm as the
maximum output torque. One-phase torque of the
double-stator SRM travels through 30 mechanical
degrees. The torque characteristic of the double-stator SR
motor is shown in Fig. 11. The maximum torque
production of the proposed motor with 250 A excited

10 Amps

Inductance [mH]

250 Amps

Rotor Position [Deg]

Fig. 10. Inductance of double-stator SRM

current is 130 Nm. This excessive torque production is
due to the higher excited current. A 117 Nm torque can
be achieved with 230 A excitation current.

6. Analysis of the 6/5 SRM
6.1 Static analysis

The analysis of the three-phase 6/5 SRM with short
flux path is based on the MAXWELL-2D software. The
static analysis aims to analyze the magnetic flux
distribution between the stator and rotor. The FEM
analysis demonstrates that the flux flows only through
the pole which is excited when the corresponding phase
current is excited, and no flux flows through the other
poles, which are not excited. Fig. 12 shows the flux
distribution at both the aligned and un-aligned rotor
positions of the 6/5 three-phase SRM.
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Fig. 11. Torque of the double-stator SRM

Fig. 12. Flux distribution of 6/5 SRM (a) aligned,

(b) unaligned
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6.2 Dynamic Analysis

The dynamic analysis of the three-phase 6/5 SRM
with short flux path is targeted primarily at the torque,
flux linkage and inductance of the motor. Torque is an
important parameter to measure the motor performance.
The torque of the SRM is produced by the unilateral
magnetic force when the rotor poles are attracted to align
with the excited stator phase, and the torque is
independent of the polarity of the phase current. When a
stator phase is energized, the nearest rotor pole is
attracted toward the energized stator to minimize the
reluctance of the magnetic path. In this condition,
positive torque is produced.

Fig. 13 shows the torque versus rotor position for
various excited currents of the 6/5 three-phase SRM.
From Fig. 13, it can be seen that the maximum torque
values appear around the rotor positions of 20 degrees
and 50 degrees.

Torque [Nm]

Mechanical Rotor Position [Deg]

Fig. 13. Torque characteristics of 6/5 SRM

Because of the special structure of the 6/5 SRM with
short flux path and five rotor poles, the flux linkage
characteristics rom the alignment position to the
un-alignment position in one electrical cycle are much
easier to obtain compared with those of the
long-flux-path SRM, which are usually complicated by
the nonlinear inductance and flux linkage. The initial
rotor position of the motor is the fully-aligned condition
and the rotor rotates in the counterclockwise direction.
When the motor is in the aligned position (0° and 72%),
the flux is higher and the magnetic reluctance is at its
lowest. At 36°, or the un-aligned stator-rotor position, the
flux is lower due to an increase in phase reluctance. In
the proposed motor, two adjacent teeth must coincide
with two successive rotor poles in order to stream the
magnetic flux through a shorter path. In that way, the
maximum or optimal flux linkage can be achieved.

Inductance [mH]

4 T 4 4 4 T 4
[ 10 20 30 40 50 60 70
Rotor Position [Deg]

Fig. 14. Inductance characteristics of the 6/5 SRM

The inductance is an important parameter of the motor,
it has considerable effect on the torque generation, and
can even affect the motor operation. The meaningful
inductances of the SRM are obtained in the special
positions: the maximum inductance is obtained when the
rotor is in the aligned position, while the minimum
inductance is obtained when the rotor is in the unaligned
position. The phase inductance decreases gradually as the
rotor poles go from the aligned position to the unaligned
position. When the rotor poles are symmetrically
misaligned with the stator poles of a phase, the position
is said to be the unaligned position, and the inductance is
minimum. The inductance curve with respect to the rotor
position is shown in Fig. 14.

7. Analysis of the 4/5 SRM

7.1 Static analysis

The flux distribution directly influences the
performance and characteristics of the motor, so the flux
should be set up as quickly as possible. The novel idea of
short flux path shortens the magnetic flux path and forms
the closed magnetic circuit rapidly. This "fast" flux
distribution of the proposed motor is shown in Fig. 15.
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Fig. 15. Flux distribution of 4/5 SRM (a) Phase A,
(b) Phase B
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7.2 Dynamic analysis

The torque production of a SRM depends on the rotor
position and the current. The torque generated by the
SRM is nonlinear with the excited current. The proposed
motor employs an asymmetric air gap. The torque in this
structure is not symmetric. Fig. 16 shows the torque
profile of the 4/5 SRM. It can be seen that the peak of the
torque can be obtained around 20° and 50°.

Fig. 16. Torque profile of 4/5 SRM

The torque 7,5, with iy, is as the phase current and L,
as the inductance of the phase, can be expressed as:

N 1. ,dL,(0)
T (0.0) = iyt =20 ©)

where 6 is the rotor position.

E

g

g
Fig. 17. Inductance profile of 4/5 two-phase SRM
The torque production is proportional to the

inductance variation with respect to the rotor position,
and the square of the phase current of the motor. The
slope of the inductance of the proposed motor is
non-linear up to the normal commutation angle. This is
due to the non-uniform air gap at the rotor surface. The
magnitude of the increasing inductance slope (0° to 36°)
is smaller than the magnitude of the decreasing slope
(36" to 72°). This characteristic means that the maximum

inductance shifts slightly from the origin to a higher
angle of rotor position. This shifted inductance is related
to the asymmetric torque production of the proposed
motor. The inductance characteristic of the 4/5 SRM is
shown in Fig. 17.

8. Comparison between short flux path and the
conventional SRM

8.1 Short flux path of double-stator SRM

A comparison between the conventional and the
proposed structure is done in order to compare their
performances. The results of the analysis indicate that the
proposed geometry offers higher output torque compared
with that of the general structure.

This comparison was done by using the same
parameters and the same exciting current (230A) for both
motors. Comparison between the conventional structure
and the proposed structure with respect to the maximum
output torque is shown in Fig. 18. The proposed SRM
can meet the required maximum torque with excited
current of 230 A.

8.2 Short flux path of 6/5 SRM

A comparison between the C-core SRM with short
flux path and conventional motors (6/4, 12/8 and 6/8) is
executed to compare the torque performance. The most
important advantage of the 6/5 SRM with short flux path
is torque production, which is much larger than that of
conventional motors. The four comparison models have
the same motor dimensions. All the comparisons are
done only through simulation. The comparison between
the 6/5 three-phase and the conventional motors is shown
in Fig. 19.
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Fig. 18. Comparison of torque
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Torque [Nm]

— T(max) 6/4 : 0.76 Nm

— T(max) 12/8 : 0.63 Nm
—— T(max) Proposed : 0.83 Nm
~+ — T(max) 6/8 : 0.79 Nm

0 20 40 60 80
Mechanical Rotor Position [Deg]

Fig. 19. Torque comparison of 6/5 and conventional
SRMs

The comparison shown in Fig. 19 shows that the
three-phase 6/5 SRM with short flux path has the highest
maximum output torque (0.83 Nm) compared with other
motors. That is an 8% improvement over the 6/4 SRM
with the same dimensions, which can generate a torque
of 0.76 Nm.

8.3 Short flux path of 4/5 SRM

The 4/5 SRM employs a non-uniform air gap at the
rotor pole surfaces. This condition makes the positive
torque region wider, and the negative torque region
narrower. The comparison between the proposed and
conventional SRMs (4/2, 12/8) is executed. The
comparison uses the same motor input parameters and
dimensions for all motors. In order to keep the current
densities as close as possible to one another, the numbers

of turns in the windings are different for all of the motors.

Also, different turn numbers are used in order to have the
same magneto-motive forces.
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Fig. 20. Comparison between 4/5 and conventional

SRMs

It can be seen from Fig. 20 that the two-phase 4/5
SRM produces 15% higher torque than does the 4/2
SRM. The number of rotor poles is related to the
switching frequency of the SR drive. For high rotor pole
numbers, such as 12/8, the switching frequency is higher,
but the torque interval is smaller. It can be seen that the
12/8 SRM needs four times as much switching as the 4/5
SRM.

9. Conclusions

A novel switched reluctance motor with short flux
path is proposed. On the basis of the special structure, a
double stator SRM, a three-phase 6/5 SRM with C-core,
and a two-phase SRM with short flux path are designed
and analyzed. The comparison between the proposed
short-flux-path SRMs and various other motor structures
demonstrates that the short-flux-path motor offers better
performance.
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