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Abstract—This paper presents a 3-phase, 6-slot, and 4-pole
Mutually Coupled Switched Reluctance Motor (MCSRM 6/4)
with new current distribution. This kind of SRMs has both the
merits of conventional SRMs and Fully Pitched SRMs, i.e.
shorter end-windings and higher torque density. A comparison
based on Finite Element Method (FEM) between conventional
and mutually coupled SRMs, in terms of self flux-linkage and
inductance per phase, mutual flux-linkage and inductance be-
tween phases, and output torque is realized. The conventional
SRM is excited in unipolar mode, while the MCSRM is excited in
bipolar overlapping mode. With a high coupling between phases
for MCSRM, mutual inductances are employed to produce
torque. Furthermore, the flux pathways are separated and
distributed between phases, this leads to a less sensitivity to
magnetic saturation. At high current density and high con-
duction angle, the MCSRM has a higher output torque and a
lower torque ripple. Thus, comparing to conventional SRMs, the
MCSRM is more outstanding for starter-generator applications
(hybrid vehicles, aerospace) which needs high output torque.

Keywords—reluctance motor drive, Finite Element Method
(FEM), mutually coupled switching reluctance machines

I Introduction

HANKS to their numerous advantages: high torque

density, simplicity, robustness and low manufacturing
cost, etc, the switched reluctance (SR) motors have attracted
the electric machine researchers. However, the drawbacks of
this kind of machines as high torque ripple, high acoustic
noise and vibration limit their industrial applications [1], [2].

In most of the available literatures about the SRMs, the
studied machines are conventional. The windings are wound
around each tooth of stator, called short pitched winding
SRMs (Fig. 1 (a)). This leads to a minimum magnetic cou-
pling between phases and an easy electrical feeding. Thus, the
torque can be simply derived from the rate of change of self
inductance of the excited phase, and the flux of this phase is
only a function of the phase current and the angular position of
the rotor. For the SRMs excited in unipolar excitation mode,
the positive torque is obtained by exciting the phase when its
inductance rises [2]. Thus, each winding can only contribute to
positive torque during a half of the electrical period.

In recent years, new winding configurations using the
coupling between phases to produce higher torque density for
3-phase SRMs are studied in [3], [4]. Barrie C. Mecrow has
presented a new winding configuration, which is a fun-

damental departure from traditional machines, called Fully
Pitched Winding SRMs. The torque is derived entirely from
the rate of change of mutual inductance between phases
instead of self inductance for conventional SRMs. With an
appropriate excitation mode, the fully pitched windings SR-
Ms can produce considerably higher density output torque.
Whereas, comparing to the conventional SRMs with short
pitched windings, fully pitched winding SRMs have longer
end-winding and more copper loss at the same current density
during one electric period. Furthermore, for the embedded
systems which need small SRMs, the additional length due to
the overlap of end-windings would be unacceptable.
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The winding configurations of 3 phases, (a) conventional
SRM 6/4, (b) MCSRM 6/4.
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Fig. 1.

In order to overcome the drawbacks of fully pitched win-
ding SRMs and keep their high output torque density per-
formance, we present a new current distribution which has
short pitched windings like conventional SRMs. Whereas, the
torque is produced both from the rate of change of self
inductances as the conventional short pitched winding SRMs
and from the rate of change of mutual inductances between
phases like the fully pitched winding SRMs. Furthermore,
with the contribution of mutual inductances, this kind of
machines could produce much higher output torque density.
As in [5], we call them, Mutually Coupled Switched
Reluctance Motors (MCSRMs). The current distribution is in
Fig. 1 (b). To some degree, the machine with novel current
distribution in this paper is a bridge between the conventional
SRMs and the fully pitched SRMs.

A comparison between conventional and mutually coupled
SRMs is included in terms of self flux-linkage, self inductance
per phase, mutual flux-linkage, mutual inductances between
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phases, and output torque. The results based on Finite Element
analysis (ANSYS) were presented.

1L Electromagnetic performance of the different
SRMs

A. Winding configurations and flux distribution

In order to clarify the demonstration of winding confi-
guration, a 3-phase, 6-slot, and 4-pole switched reluctance
motor is chosen. Each tooth of either conventional or mu-
tually coupled SRM carries a coil. In each slot, there are two
windings of different phases. The problem of this con-
figuration is that different phases are neither magnetically nor
physically isolated. Thus, the fault tolerance is relatively lower
than the fully pitched winding configuration. Whereas, due to
the short pitched winding configuration, there is no overlap
end-windings between phases. This leads to a shorter end-
winding and lower copper losses at the same current density.
For the conventional SRM in question, the current
distributions of 3 phases is A+_A-_B-_B+ C+ _C-_A-
_A+_B+_B-_C-_C+ (see Fig. 1(a)). As for mutually coupled
SRMs, we change only the order of the winding in stator slots,
ie. A+_A-_B+_B-_C+_C-_A+_A-_B+_B-_C+_C- (see Fig. 1
(b)). The phase flux-linkage can be computed from the
following expressions:

<pphase =N ff Eairgap d§taoth =N f A)dz (1)

Where @ppqse is phase flux-linkage, Eairgap is air gap flux
density, and §wom is tooth tip surface area, the magnetic

vector potential A can be applied, N is winding number per
coil, and L is the stack length.

In this paper, the flux leakage is neglected. Material (Fe-Co)
properties defined as BH magnetizing curve are shown in Fig.
2.
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Fig. 2. Magnetizing curve of core materials

The typical flux distribution based on Finite Element (FE) at
aligned position with the phase A excited in constant current is
shown in the Fig. 3. The Fig. 3(a) shows that the flux of phase
A passes approximately only through the stator back iron, the
stator tooth of phase A, air gap, rotor poles, and rotor yoke.
Thus, there is almost no mutual effect phase-to-phase.
Consequently, the mutually coupled flux and in-ductance are

negligible for conventional SRMs. Whereas, in Fig. 3(b),
besides the same pathways like that of conventional SRM, the
flux of phase A also passes through other phases, e.g. phase B
and phase C for MCSRMs. At the aligned position, the mutual
flux which passes through the phase B or phase C is about one
half of the self flux of the phase A.

(b)

Fig. 3. Flux distribution with the phase A excited in constant current
for 3-phase, 6-slot, and 4-pole SRMs, (a) conventional SRM, (b)
mutually coupled SRM (MCSRM).

B. Self and mutual inductance
Considering the magnetic saturation effect, the finite el-
ement predicted self inductance of phase A and mutual
inductance between phase A and phase B at the phase A
excited in constant current as shown in Fig. 4.

04 i :
—— JS=2A/mm?
0.356 —— JS=12A/mm? 1
= 03 —e— ) 5=22Afmm? 1
E - —6— JS5=32A/mm?
\“_; 025 —&— ] S=42Afmm? 1
E —+— ) 5=52A/mm?
£ 02 —— JS=62A/mm? il
3
3 o sefeoss b000600 |
& 4
@ 0.1 1 £ 1
0.05 ' , |
0 : ‘ :
0 100 200 300 400
Electrical angle (°)
(@)
0.0zt —— J8=2A/mm? 1
——JS=12A/mm?
%\ —e— J8=22A/mm?
= 0015 —6— JS=32A/mm? 1
g —&— JS=42A/mm?
g —+— JS=52A/mm?
_§ 0.01 —— J8=62A/mm? 1
®
=1 £
2 o
= 0.005[, |
0

o] 100 200 300 400
Electrical angle {°)

(®)
®



hal-00628819, version 1 - 4 Oct 2011

—+—JS=2A/mm?
0.25- —+—J5=12A/mm? ]
. —e—JS=22A/mm?
£ 02 —o—JS=32A/mm*
ool —a— JS=42A/mm? 1
g —+—JS=52A/mm?
£ 015, ——J5=62A/mm? 1
_g %
£ 2
= 01g 1
[
“ " A
0.05 1
0 . . .
0 100 200 300 400
Electrical angle (*)
(@)
0

—+—J5=2A/mm?
—+—J5=12A/mm?
—e— J5=22A/mm?
——JS=32A/mm?
—&— J5=42A/mm?
—+—J8=52A/mm?
——J8=62A/mm?
0 100 200 300 400
Electrical angle {°)

(b)

(i1)
Fig. 4. Self and mutual inductance versus rotor position during an
electrical period, (i) conventional SRM, (a) self inductance, (b)
mutual inductance; (ii)) MCSRM, (a) self inductance, (b) mutual
inductance (in this paper, the mutual inductance is between phase A
and phase B).
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For the conventional SRM, self inductance per phase
(0.25mH) is about 62 times higher than mutual inductance
between phases (4.10°mH). As a consequence, mutual
inductance for conventional SRM is negligible against self
inductance and therefore is neglected. Whereas, neglecting
magnetic saturation, self inductance of MCSRM is
theoretically 2 times higher than mutual inductance between
phases. With the saturation of machine, this ratio decreases to
about 1.4 times. Thus, the mutual inductances between phases
are not negligible, and which have an important role in the
torque produce.

III. Torque generation and torque ripple
A. Principle of torque production

In the case of linear material, the expression of torque in
conventional and mutually coupled SRMs is given as follows:
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Due to the fact that the mutual inductances between phases in
conventional SRM are neglectable, and thus the last three
terms of the torque expression are neglected. Contrarily, in the

Fig. 5.
density, (a) self inductance per phase, (b) mutual inductance between
phases (in this paper, the mutual inductance is between phase A and
phase B).

Mutually Coupled SRMs, mutual inductances between phases
have an important role in torque production, and thus should
be taken into account for the torque computation. From (2), we
found that, at the same phase current, the output torque is
determined directly from the rate of change of inductances (for
conventional SRM, self inductances; for MCSRM, self and
mutual inductances). Thus, evaluating the variation of self and
mutual inductances is necessary in this paper. For simplicity,
we have developed an expression so as to present the variation
of inductances, shown as follows:

AL = Ligx — Linin 3
AM;; = Mij max — Mij min @
i,j=AB,Ci+j

Where AL and AM;; are respectively variations of self and
mutual inductance during an electrical period; L,,qx, Lmin»
M;j max, and M;j i, are the maximum and minimum self
inductance per phase, and maximum and minimum mutual
inductance between phases during an electrical period, res-
pectively. From expression (2) to (4), we assume that A is the
same and constant, we can state that the greater the value of
AL or AM;j, the quicker the variation of inductances, and thus,
the higher the output torque due to the concerned inductances.
The results based on finite element analysis of variations of
self and mutual inductances are shown in the Fig. 5.
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We found that, at low current density, e.g. /S = 5A/mm2,
neither conventional nor MCSRM is saturated, because the
currents of saturation of conventional and MCSRM
are jssatconventional = 15A/mm2 and ]SsanCSRM =
334/mm?, respectively. Neglecting the mutual inductances
for conventional SRM, the variation of self inductance of
conventional SRM is similar to the sum of variation of self
and mutual inductance of MCSRM. This consequently leads to
a similar average torque at low current density. With the
increasing of current density, e.g. JS = 604/mm?, self and
mutual inductances of the conventional SRM become
saturated. As a consequence, the rates of change of self and
mutual inductance decrease. While the MCSRM is less
sensitive to the magnetic saturation, and the sum of variation
of self and mutual inductance decreases much less quickly
than conventional SRM. Thus, the latter produce much lower
average torque at high currents than the MCSRM.

B. Excitation modes

In this paper, we detailed two excitation modes, i.e. unipolar
excitation mode for conventional SRM and bipolar excitation
mode for MCSRM (Fig. 6) [2], [6], [7].
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Fig. 6. Excitation modes and inverter circuits, (i) excitation modes,
(i) schematic of inverter for 3-phase; (a) conventional unipolar
mode, (b) bipolar mode.

For conventional SRM, as in (2), the torque is directly
proportional to dL/3d6 and I?, the latter is always positive
regardless of the signs of excited current. Thus, the unipolar
excitation mode (Fig. 6 (i) (ii)) (a)) is employed for
conventional SRM. For the mutually coupled SRM, the torque
due to self inductance is positive as in conventional SRM,
while dM;;/36 < 0. In order to obtain a positive torque, we
have to make sure that [;/; < 0. Thus, a conduction overlap

between phases is needed and during the overlapping period,
the concerned current signs should be opposite, i.e. I; < 0 and
I; > 0 [8]. The bipolar excitation mode (Fig. 6 (i) (ii) (b)) is
consequently employed. In order to study the influence of
mutual inductances about torque production, a comparison of
different conduction angles is realized. In this paper, the
interval of conduction electrical angle is [120°, 180°], thus the
overlapping angle between phases is from 0° to 60°. When the
overlapping angle is 0°, although mutual inductances between
phases of the MCSRM exist, there is no torque production due
to mutual inductances, because [;/; = 0. In this case, the
resultant torque is only due to self inductances as for
conventional SRM.

C. Simulation based on Finite Element (FE)

The simulation based on FE in terms of average versus
current density is shown in Fig. 7.
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Fig. 7. Comparison of output torque versus current density for
different conduction angles, (a) conventional SRM, (b) MCSRM

For conventional SRM (Fig. 7 (a)), at low current density, the
average torque increases with the increase of conduction
angles. Whereas, at high current density, the machine begins
to saturate, further, the higher conduction overlap between
phases makes the machine more saturated. As consequence,
the rate of change of self inductance decreases, the same as the
average torque. For the MCSRM, the average torque increases
with the increase of conduction angles regardless of current
density until the machine is strongly saturated. Finally, at high
current density (JS = 604/mm?) and high conduction angle
(180°), the MCSRM produces much higher average torque
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(16.5 Nm) than that of conventional SRM (12.4 Nm), while in
this case, the copper losses of the two machines are the same,
because the conduction angle, the current density, and the
volume of copper in stator slots are the same.

For industrial applications, the torque ripple is an important
electromagnetic performance parameter. To some degree, a
very high torque ripple could limit the machine’s application
although the output torque is more important at the same
current. Thus, the comparison of the torque ripple between
conventional and mutually coupled SRMs is necessary. The
torque ripple coefficient is calculated as follows:

AT = (Tax — Tmin) /Taw o)

Where Ty, 055 Trnin, and T,,, are respectively the maximum, the
minimum, and the average torque during an electrical period.
The finite element results are shown in Fig. 8. We found that,
for conventional SRM (Fig. 8 (a)), at low current and low
conduction angles, e.g. 120°-132°, the torque ripple decreases
with the increase of current density, while at high conduction
angles, e.g. 168°-180°, the torque ripple increases with the
increase of current density. For MCSRM (Fig. 8 (b)), the
torque ripple decreases with the increase of current density
regardless of the conduction angles until the machine is
strongly saturated. However, at high current density, e.g.JS =
60 A/mm?, and high conduction angles (180°), the MCSRM
has a much lower torque ripple coefficient (0.6) than
conventional SRM (1.5). This makes the MCSRM more
outstanding at high current density and high conduction
angles.
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Fig. 8.  Torque ripple coefficient versus current density for
conventional and MCSRM

After previous studies, it is interesting to increase the
conduction angle for MCSRM in order to utilize enough the
mutual inductance and obtain higher torque density. To
archive this aim, we can take away the zero-current period in
(Fig. 6 (i) (b)). As for the Permanent Magnet (PM) Brushless
Machines, the Brushless DC (rectangular current) or the
Brushless AC (sinusoidal current) control strategies can be
employed. The current waveforms are shown in Fig. 9.
Comparing to the half-H-bridge control strategy for
conventional SRM (Fig. 6 (ii) (a)), the 6 diodes are taken away
(Fig. 6 (ii) (b)), the control strategy is much simpler, and the
cost of the machine is dramatically decreased.
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Fig. 9. Current waveforms for BLDC and BLAC control strategies

The output torque versus current density for different current
waveforms is shown in Fig. 10.
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We find that the MCSRM with rectangular current
excitation can produce higher output torque than the MCSRM
with sinusoidal current excitation. While at higher current
density, the torque ripple due to sinusoidal current control is
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lower than that of rectangular control. Nevertheless, MCSRM
with these two control strategies, which have a simpler
inverter circuit, can produce higher output torque and similar
torque ripple comparing to the previous control strategies.

Iv. Conclusion

The comparison of performances between the 3-phase, 6-
slot, 4-poles conventional and mutually coupled SRMs has
been presented in this paper. It has shown that different kinds
of current distributions and different excitation modes have an
important influence over the electromagnetic performances of
SRMs. For the mutually coupled SRM, the flux pathways are
separated and distributed between phases, thus, the contacted
surface areas between stator teeth tips and the air gap increase.
This leads that the MCSRM is less sensitive to the magnetic
saturation than conventional SRM. At high current density and
high conduction angles, the conventional SRM is saturated, its
rates of change of self and mutual inductances decrease, while
the rate of change of self and mutual inductances of MCSRM
decreases considerably less quickly. Consequently, at high
current density and high conduction angles, the average torque
of the MCSRM is higher while the torque ripple coefficient is
much lower than the conventional SRM. This makes MCSRM
an outstanding candidate for the starter-generator application
(aerospace or Hybrid vehicle) [9], [10]. Moreover, the inverter
circuit of MCSRM has only 6 transistors, while, the inverter
circuit of conventional SRM, which has 6 transistors and 6
diodes. This makes the MCSRM inverter circuit much simpler
and less expensive.
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