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Performance Comparison of Doubly Salient
Reluctance Machine Topologies Supplied by
Sinewave Currents
X. Y. Ma, G. J. Li, Member, IEEE, G. W. Jewell, Z. Q. Zhu, Fellow, IEEE, and H. L. Zhan

Abstract—This paper comprehensively investigates the
electromagnetic performance of 3-phase, 12-slot, and 8-pole
switched reluctance machines (SRMs) with different winding
configurations, i.e. double/single layer, short pitched
(concentrated) and fully pitched (distributed). These SRMs are
supplied by sinewave currents so that a conventional 3-phase
converter can be employed, leading to behavior which is akin to
that of synchronous reluctance type machines. Comparisons in
terms of static and dynamic performances such as d- and q-axis
inductances, on-load torque, torque-speed curve, efficiency map,
etc. have been carried out using two-dimensional finite element
method (2-D FEM). It is demonstrated for the given size of
machine considered, that for same copper loss and without
heavy magnetic saturation, both single and double layer
mutually coupled SRMs can produce higher on-load torque
compared to conventional SRMs. Additionally, double layer
mutually coupled SRM achieved the highest efficiency
compared to other counterparts. When it comes to single layer
SRMs, they are more suitable for middle speed applications and
capable of producing higher average torque while lower torque
ripple than their double layer counterparts at low phase
current. Two prototype SRMs, both single layer and double
layer, are built to validate the predictions.
Keywords—Double/single
layer,
fully/short-pitched,
mutually coupled, switched/synchronous reluctance machine.

conditions. In order to reduce the vibration and acoustic noise,
several noise mitigation strategies have been proposed in
literature such as stator lamination shape optimization [7],
rotor and stator skewing [8], hybrid excitation with a C-dump
inverter to reduce the rapid change of radial magnetomotive
force (mmf) [9], two-stage commutation [10], voltage
smoothing using pulse-width modulation (PWM) [11], and
active vibration damping using piezoelectric actuators [12]
[13].
Furthermore, lower vibration and noise levels can also be
achieved by using the mutually coupled SRMs [14],
especially supplied by sinewave currents as demonstrated in
[5], [15] and [16]. Moreover, the well-established threephase inverter topology, of the type used for synchronous and
induction machines can be used as shown in Fig. 1. Moreover,
the classical PI controller can be used for current control.
This paper is focused on SRMs supplied with sinewave
currents. It is worth noting that the SRMs supplied by
sinewave currents are in effect short-pitched synchronous
reluctance machines (SynRMs) while classic SynRMs often
employ distributed windings to achieve higher saliency and
hence higher reluctance torque. However, to be consistent
with terminology which is widely used in the literature, they
will be referred to throughout this paper as SRMs.

I. INTRODUCTION

N

owadays, SRMs are predominately used in a variety of
applications in the automotive, renewable energy,
aerospace and domestic appliances sectors. [1] [2]. This is
mainly due to the fact that there are neither permanent
magnets nor field windings on the rotor. As a result, the
SRMs can be low cost and have simple and robust rotor
structure compared to other electrical machines, and hence
suitable for harsh environment and safety-critical
applications [1] [3] [4]. Despite these and other attractive
features, SRMs have arguably yet to gain the foothold in the
market that one might have expected. One important limiting
factor for conventional SRMs is that the power converter
stage is nonconventional.
In addition, SRMs tend to exhibit high levels of acoustic
noise and vibration due to doubly salient structure and
unipolar phase current waveforms. This has to some extent,
limited their wider industrial application [5]. It is wellestablished that the main source of vibration and consequent
acoustic noise is the abrupt change of radial magnetic force
around the air gap. In addition, the stator vibration can also
be excited by torque ripple, subsequently emitting acoustic
noise [6]. This is particularly the case for low speed
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Fig. 1. Standard 3-phase inverter for sinewave excitation [16].

It is well-established that, the double layer mutually
coupled SRM (MCSRM) are less sensitive to magnetic
saturation and consequently, on a like-for-like basis, produce
higher average torque than double layer conventional SRM
(CSRM) at high phase current [17] with enhancement of the
order around 77% up to
[18]. However, the torque
ripple of MCSRM is relatively higher because of the nature
of self- and mutual inductance variations, and hence can
potentially generate higher noise at low speed.
This issue can be mitigated by using the single layer fullypitched SRM (FPSRM) [18] [19]. However, its considerably
longer end-windings result in an increased overall machine
envelope and higher copper loss for a given phase current.
To combine the merits of both the single layer FPSRM (high
torque capability) and the double layer MCSRM (short endwinding), two short-pitched, single layer winding SRMs
have been proposed and compared with the double layer
SRMs and FPSRM in [18].
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II. MACHINE TOPOLOGIES AND WINDING CONFIGURATIONS
A. Established configurations of SRMs
As
previously
mentioned,
different
winding
configurations have significant influences on the
electromagnetic performances of SRMs. To investigate this
behavior, 3-phase, 12-slot/8-pole SRMs with two different
short-pitched windings (CSRM and MCSRM) and one fullypitched winding (FPSRM) have been considered. The
leading machine dimensions and key design features are
summarized in TABLE I. Cross-sections through these three
machine designs are shown in Fig. 2, in which “-” represents
a GO conductor while “+” represent a RETURN conductor.
The machine dimensions have been optimized for the
conventional single layer SRM supplied by sinewave current.
To simplify the comparison, all SRMs have adopted the same
dimensions. It is worth mentioning that the individual
optimization of some SRM will slightly improve their output
torque by less than 10% compared to the dimensions adopted
in this paper.
TABLE I MACHINE LEADING
FEATURES
Stator slot number
12
Rotor pole number
8
Stator outer radius (mm)
45
Air gap length (mm)
0.5
Rotor outer radius (mm)
26.5
Rotor inner radius (mm)
15.7

DIMENSIONS

AND

Active length (mm)
Turn number per phase
Coil packing factor
Rated RMS current (A)
Current density (A
mm

DESIGN
60
132
0.37
10
5.68

number), which is smaller than the pole pitch (
where
is the rotor number). Hence, this gives rise to a shortpitched winding. In addition, the magnetic polarities of the
coils of one phase, e.g. phase A, for the CSRM are SNSN,
while for MCSRM, they are SSSS.
In contrast, for the FPSRM, each phase winding
comprises 2 coils and each coil spans 3 slot pitches, leading
to a fully-pitched winding. Moreover, it can be regarded as a
single layer winding since only one coil is located in a given
stator slot and the coil magnetic polarities of phase A are NS.
However, as a consequence of the fully pitched winding, the
end-windings of FPSRM will be significantly longer than
those of a corresponding short pitched SRMs, in turn leading
to higher copper loss.
The comparison in terms of flux distribution for the three
SRMs configurations is shown in Fig. 2, in which only the
phase A is supplied by a 10A dc current with the rotors in the
aligned position. It will be apparent that there is little mutual
coupling flux between phases in the CSRM, as shown in Fig.
2 (a). However, as will be apparent from Fig. 2 (b) and (c),
the fluxes of phase A in MCSRM and FPSRM also link the
coils of phase B and phase C. As a consequence, appreciable
mutual flux is present and this will contribute to torque
generation as noted previously and has been detailed in [17]
and [20].
B. Proposed Single Layer SRM configurations
The winding configurations of the two single layer SRMs
were designed based on the aforementioned double layer,
short-pitched CSRM and MCSRM, as shown in Fig. 3.

(a)

(a)
(b)
Fig. 3. Comparison of winding configuration and magnetic flux distributions
between (a) SLCSRM and (b) SLMCSRM. The rotor is at aligned position
and phase A is supplied by a 10A dc current.
(b)

(c)

Fig. 2. Comparison of flux line distributions when phase A is supplied by a
10A dc current. (a) CSRM. (b) MCSRM. (c) FPSRM.

For both the CSRM and MCSRM, each phase winding
consists of 4 concentrated coils, and each stator tooth is
wound with one coil. As a result, two coils belonging to two
different phases are located in a given stator slot, leading to,
at least in terms of mmf distribution, an arrangement akin to
a double layer winding. This also dictates that the coil pitch
is equal to the slot pitch (
where
is the stator slot

Similarly, the coil magnetic polarities of phase A are NS
for single layer CSRM (SLCSRM, similar to the double layer
CSRM) and NN for single layer MCSRM (SLMCSRM,
similar to the double layer MCSRM). Each phase of the
single layer SRMs comprises 2 coils and each coil is wound
around one stator tooth, leading to concentrated winding
structure. As a result, their end-windings are significantly
shorter than a correspondingly sized FPSRM. Moreover,
similar to the FPSRM, the single layer SRMs also have one
coil located in one stator slot, and can potentially have higher
inductance variation against rotor position (number of turns
per phase is the same for all SRMs) and hence higher torque
production, as will be investigated later.
The magnetic flux distribution in the aligned position
between SLCSRM and SLMCSRM is shown in Fig. 3, for
the case in which phase A is supplied by a 10A dc current.
As was the case with the double layer, short-pitched SRMs
discussed above, appreciable mutual flux is only present in
the SLMCSRM. However, for the same stator and rotor core
dimensions, these two SRMs exhibit a higher degree of
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magnetic saturation at the rated 10A dc current in phase than
the case with their double layer counterparts. This can be
attributed to the fact that although the single layer SRMs
have half the number of coils compared to their double layer
counterparts, the number of turns per coil is necessarily
doubled to maintain the same number of turns per phase. This
leads to higher spatial concertation of mmf. Thus, SLCSRM
and SLMCSRM, in particular the former, are more sensitive
to magnetic saturation and hence will have lower short-term
overload torque capability.
It is worth mentioning that in this paper, for all the static
performance investigations such as average torque vs current
or copper losses, iron losses, etc. the ABC frame has been
used [21], [5]. However, in order to simplify the investigation
of dynamic performances such as torque speed
characteristics and efficiency map, the dq frame has been
employed [22].

respectively.
is the phase resistance and
electrical angular velocity of the supply.

is the

Fig. 5. Variation in (a) d-axis inductance
, and (b) q-axis
inductance
as a function of rotor position for a phase RMS
current of 10A.

III. STATIC PERFORMANCE INVESTIGATION FOR SRMS
A. d- and q- Axis Inductances
As is the case for conventional SynRMs, the average
electromagnetic torque of SRMs can be determined not only
from the change in co-energy but also by the d- and q-axis
inductances. Therefore, the well-established phasor diagram
of SynRMs shown in Fig. 4 can be employed to analyze the
SRMs supplied with sinewave currents. This diagram
illustrates the relationship between d- and q-axis currents and
the stator phase current
, as well as the relationship
between d- and q-axis voltages and the phase voltage
[23]- [24]. In the phasor diagram, corresponds to the phase
advanced angle of
with respect to the d-axis and,
corresponds to the phase angle between
and
.

(a)

(b)
Fig. 6. Comparison of d- and q-axis inductances between SRMs. (a) d-axis
inductance
, (b) q-axis inductance

Fig. 4. Phasor diagram of synchronous reluctance motor [24].

According to the phasor diagram, the d- and q-axis
inductances
and
, with due account of the influence of
cross-coupling, are given by:
(1)
(2)
The d- and q-axis voltage

and

can be obtained as
(3)
(4)

where
and
are the d- and q-axis stator flux linkages,
respectively. and are the d- and q-axis stator currents,

The variation in
and
with
rotor position and phase RMS current for all SRMs have been
calculated by 2-D FEM. The resulting characteristics are
shown in Fig. 5 and Fig. 6 respectively, from which it will be
apparent that the highest d- and q-axis inductances are
present in the FPSRM. Moreover, the d- and q-axis
inductances of single layer CSRM and MCSRM are higher
than that of their double layer counterparts. In terms of
overload capability, Fig. 6 demonstrates that in all single
layer SRMs, the onset of discernable magnetic saturation
occurs at lower currents than the corresponding double layer
SRM configurations (as indicated by the current at which the
inductances begin to decline). This is again due to higher
concentrated armature mmf, and hence a greater sensitivity
to magnetic saturation than the corresponding double layer
machines.
It is worth noting that the difference between
and
can be used to determine the electromagnetic torque
capability. In order to predict the torque, ( - ) has been
calculated at
, with
, as shown in Fig. 7. As
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will be apparent, the difference between d- and q-axis
inductances is greatest in the case of the FPSRM. Hence, for
the particular size of stator and rotor core, the FPSRM will
produce the highest torque in the absence of significant
magnetic saturation. Similarly, the single layer SRMs will
produce higher torque than double layer SRMs without
saturation due to the higher d-q axis inductances difference.

produce higher torque than their double layer counterparts.
Additionally, the maximum average torques are generated at
for CSRM, MCSRM and SLMCSRM at
.
However, for FPSRM and SLCSRM, the maximum average
torques are achieved at
and
, respectively, behavior
which is indicative of magnetic saturation even at this modest
excitation levels.
C. Average Torque and Torque Ripple as a Function of
Phase RMS Current
The comparisons in terms of average torque and torque
ripple coefficient against phase RMS current have been
carried out, as shown in Fig. 9, in which the torque ripple
coefficient is calculated by
(7)

Fig. 7. Comparison of (

- ) between the SRMs at

where
,
and
are the maximum, minimum and
average torque for an electrical period, respectively.

.

B. Average Torque vs Current Phase Advanced Angle
Having established d- and q-axis inductances, the torque
produced by a 3-phase synchronous reluctance machine can
be calculated from [25]:
(5)
This expression can also be applied to the many variants of
SRMs considered in this paper when supplied by sinewave
currents. Also, the d- and q-axis currents can be expressed in
terms of the stator peak current yielding:
(a)

(6)
where p is pole-pair number, is stator peak current, and
is current phase advanced angle which influences the
relationship between phase current and rotor position , for
instant of phase A
sin
. It will be apparent
from this expression that without magnetic saturation, the
maximum average torque is achieved when
.
However, with the onset of d-axis saturation, the maximum
average torque will be obtained at values of greater than
[24].

Fig. 8. Variation in average torque as a function of current phase advanced
angle for a phase RMS current of 10A.

A comparison of average torque as a function of
between the different SRMs configurations is shown in Fig.
8, a sinewave current of
is applied in each case. As
would be expected, under this excitation condition, the
FPSRM produces the highest average torque. For the
remaining topologies, the SLCSRM and SLMCSRM

(b)
Fig. 9. Comparison of (a) average torque and (b) torque ripple coefficient
against phase RMS current varying from 0A to 40A. (Solid lines stand for
machines supplied by 3-phase sine wave currents. Performances of CSRM
and MCSRM also compare to that supplied by conventional 120 elec. deg.
square wave current.)

It is found that at low current, FPSRM produces higher
average torque but lower torque ripple than the other SRMs.
Additionally, the SLMCSRM and SLCSRM generate higher
average torque but lower torque ripple than their double layer
counterparts, as expected. However, at high current, average
torque of double layer MCSRM exceeds that of FPSRM,
because the FPSRM is more sensitive to magnetic saturation
due to single layer winding structure. Similarly, at even
higher phase current, both the SLCSRM and SLMCSRM
produce less torque but potentially higher torque ripple than
their relevant double layer counterparts. Therefore, it can be
concluded that all FPSRM, SLCSRM and SLMCSRM
present superior performances at low current. However, the
FPSRM has significant longer end-winding than both
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SLCSRM and SLMCSRM, leading to much higher copper
loss.
For completeness, the results for SRMs supplied by
conventional square wave current with unipolar 120 elec.
deg. conduction are compared with that obtained using
sinewave currents, as shown in Fig. 9. Here, the CSRM and
MCSRM have been selected as examples. It is found that the
CSRM supplied by square wave current can exhibit better
performance, particularly at high phase current. However, it
requires special converters, which is one of the main
drawbacks of this machine type.
D. Copper Loss
With different winding structures, the copper losses of
short/fully pitched, double/single layer SRMs will be
different at the same phase current due to different endwinding structures. The average value of one end-winding
length of short-pitched SRMs is assumed to be
,
where
is average stator slot width (trapezoidal) and
is
stator tooth width. Coefficient k depends on the double layer
(k= 0.5) or single layer (k= 1) winding configurations. For
plus an arc
FPSRM, the end winding consists of
length of the span range of a coil and it is given by:

(8)

where k= 1 due to its single layer structure, is stator inner
radius, is slot height,
is number of slots, and is slot
opening in mechanical degree
TABLE II COMPARISON OF COPPER LOSS WITH COIL
TEMPERATURE OF
AT 10 ARMS
Double
Single layer
layer
Items
CSRM&
SLCSRM&
FPSRM
MCSRM
SLMCSRM
Mean length per turn (m)
0.15
0.32
0.18
Copper wire Length (m)
19.51
42.79
23.18
0.59
1.29
0.70
Phase resistance ( )
Rated copper loss (W)
177
387
210
Average torque (Nm)
1.28&1.45
3.51
1.84&2.46
Average torque per unit
0.00723&
0.00876&
0.00907
copper loss (Nm/W)
0.00819
0.0117

TABLE II shows a comparison of copper loss between the
SRMs under rated condition for a coil temperature of 60C
(assume test temperature to be 60C). The nature of the endwindings in a FPSRM dictate that for this relatively short
axial length of stator core, the total mean length per turn is
more than doubled compared to the corresponding double
layer winding SRMs, with consequent adverse implications
for the phase resistance of the FPSRM. However, since the
SLCSRM and SLMCSRM have similar short-pitched
winding structures to their double layer counterparts, the
penalty of resistance in these machines is much smaller.
However, as shown in TABLE II, the torque per unit
copper loss of the FPSRM is still competitive with the other
SRMs topologies. Indeed, in terms of torque per unit copper
loss, there is a relatively narrow spread of values across the
various machines. It is important to recognize that the aspect
ratio of the stator core, i.e. length to diameter ratio, needs to
be borne in mind when considering the relative merits of

these topologies, since end-windings play a major role.
Nevertheless, the SLCSRM and SLMCSRM, especially the
latter, can achieve comparable torque against copper loss
performance to the FPSRM but with much shorter endwinding and also smaller volume, especially at low average
torque level as shown in [18]. However, to achieve a high
average torque, the copper loss of the FPSRM is much higher
than that of the MCSRM. It is also worth noting that both the
CSRM and SLCSRM have the worst torque against copper
loss performance [18].
E. Iron Loss
The different winding arrangements will also influence
the nature of the flux distribution within the SRMs hence the
magnitude of iron losses within stator and rotor iron cores.
The calculation of iron losses in variable reluctance machines
is very challenging, particularly in conventional switched
reluctance machines operated with unipolar currents. In such
machines, different regions of the stator and/or rotor core can
be exposed to localized flux density waveform that can be
unipolar, asymmetric AC waveforms and contain significant
minor-loop excursions [26] [27].
For the machine topologies considered in this paper, the
use of sinusoidal current simplifies the process for estimating
iron loss, although many localized flux density are still likely
to depart from sinusoidal.
In order to predict the iron loss, there are many methods
presented in [28]. In this paper, the average iron loss density
over one electrical cycle in a given region of the machine is
estimated using equation (9) which is based on a simplified
consideration of hysteresis and eddy current component of
loss [21].
(9)
where
Stator or rotor flux density frequency;
Peak to peak value of flux density;
Hysteresis loss coefficients;
Eddy current loss coefficient.
For the Silicon iron cores considered in this series of the
machines, the material specific coefficients take the
values:
,
, and
.

Fig. 10. Cross-section of 12-slot/8-pole SRM. Point A1, B1, and C1 are used
for stator flux density observation. Point A2, B2, and C2 are used for rotor
flux density observation.

The total iron loss is obtained from a summation of the
iron losses calculated in every individual FE mesh element
of the stator and rotor. When applying equation (9), it is
necessary to recognize that at a given rotor speed, the flux
density variations in the stator and rotor are at different
frequencies.
By way of illustration, a series of flux density loci at the
series of six locations defined in Fig. 8 have been selected to
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determine the stator and rotor flux density frequencies. The
resulting frequencies for the various machine topologies are
summarized in TABLE III. For all the topologies considered,
the stator flux density frequencies are the same and it is
given by
where is mechanical rotor speed, and is
pole-pair number.
In contrast, the rotor flux density frequencies are different
in the various topologies as summarized in Table III. For the
double layer CSRM and MCSRM, the effective rotor
frequency is twice than that of their single layer counterparts.
In addition, the rotor flux density frequencies of both single
and double layer MCSRMs are twice than that of CSRMs.
Machine
types
FPSRM
CSRM
MCSRM
SLCSRM
SLMCSRM

TABLE III FLUX DENSITY FREQUENCY
Stator
frequency
Rotor
frequency
(Hz)
(Hz)

The different rotor flux density frequencies dictate that
the relative merits of the different machines in terms of their
rotor iron losses cannot simply be gauged from the selected
rotor flux density loci (hence not present in this paper).
Recourse to a full calculation of iron loss throughout the
stator and rotor by the application of equation (9) over on
repeating cycle in every element of the FE mode is required.
To this end, the iron losses for the reference designs of all
machine types being considered were calculated for
sinewave current of
at
.

rotor, the same trend is observed for the rotor iron losses of
FPSRM and MCSRM.
As is the case with all singly excited machines, the
magnitude of the iron loss are increased markedly with the
magnitude of the stator current. A comparison of iron losses
as functions of phase RMS currents and rotor speeds are
shown in Fig. 12. At rated speed and modest current (< 10A),
the MCSRM has the lowest iron loss while the FPSRM has
the highest iron loss. However, with increasing phase RMS
current the iron losses increase more slowly in SLCSRM,
CSRM and FPSRM, behaviour which can be attributed to the
different means in which magnetic comes into play. At rated
current, and with increasing rotor speed, the iron loss of
MCSRM is the lowest with FPSRM the highest.

(a)

(b)
Fig. 12. Comparison of iron loss amongst SRMs. (a) at rated speed with
increasing phase RMS current, (b) at rated current with increasing rotor
speed.

Fig. 11. Comparison of radial and circumferential stator flux densities of the
SRMs, at 400rpm, supplied by 10A phase RMS current. (a) Point A1. (b)
Point B1 in Fig. 10. Bt is the circumferential component while Br is the radial
component of flux density.
TABLE IV IRON LOSS AT RATED CURRENT, 400 RPM
Machine
Stator iron loss
Rotor iron loss
Total iron
types
(W)
(W)
losses (W)
CSRM
1.07
1.15
2.22
MCSRM
0.57
0.24
0.81
FPSRM
2.24
2.45
4.69
SLCSRM
1.17
0.55
1.72
SLMCSRM
1.12
1.20
2.32

The resulting losses from this method are summarised in
TABLE IV. It is found that the FPSRM has the highest stator
iron loss while the MCSRM has the lowest stator iron loss at
this operating condition. This is mainly due to the fact that
all the SRMs have the same stator flux density frequency
while the FPSRM has the highest variation of both stator Bt
and Br , as shown in Fig. 11. Point C1 in the stator is not
presented since the variation is only occurred in . Despite
the complicating factor of the different frequencies in the

However, as would be expected in these relatively small
machines operating at modest speeds, the absolute levels of
iron losses in all the machine topologies are very small in
comparison with the copper losses shown previously in
TABLE II. Nevertheless, the relative magnitudes of the iron
losses for the various topologies provide a valuable and,
within reason, a scalable indicator of their relative
performance in applications where iron losses is likely to be
a substantially more important discriminator, e.g. larger and
higher speed machines.
IV. COMPARISON OF DYNAMIC PERFORMANCE
A. Torque Speed Characteristics
As already observed in Fig. 6, different winding
structures lead to a range of different d- and q-axis
inductances, which will in turn influence aspects of the
machine dynamic performance, e.g. torque, power and power
factor. In this analysis, the widely used circle diagram
approach is adopted to establish the torque speed
characteristic of each design variant [29]. Under flux

7

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

weakening control, the phase voltage and phase current
limitation determines the maximum torque capability:
(10)
(11)
where

and

are the phase peak voltage and current.

SLMCSRM was calculated by the direct FE method
(introduced in [22]). The Fig. 13 (a) shows a good agreement
between the two methods.
A comparison of the variations in power factors with speed
under the same current and voltage limitations (
and
100V) is shown in Fig. 13 (b). Since the machines have
different winding structures and hence different values of Ld
and Lq, their power factors will also show some variation.
With approximate end-winding structure and hence similar
phase resistance, double layer CSRM and MCSRM have
higher power factor than SLCSRM and SLMCSRM at the
same rotor speed, in large part because of their lower Ld and
Lq.
B. Efficiency Map
Efficiency maps for the various machines can be
calculated from the torque speed characteristics and losses
calculated previously using:

(a)

(12)
where
the output power is given by

(b)
Fig. 13. Comparison of dynamic performance.
(a) torque-speed curves, (b) power factor-speed curves.

and

Using the d- and q-axis inductances derived previously
from equations (3)-(6) and (10)-(11), the torque speed curves
Fig. 13 (a) were obtained. In each case, the maximum current,
is 14.14A (
) and the DC link voltage,
, is
The method employed to account for
100V (
the influence of cross-coupling is same to that has been
proposed in [22].
It will be apparent from Fig. 13 that the FPSRM has
highest initial torque, but the lowest base speed, i.e. the speed
at which the torque begins to reduce. It can also be observed
that the double layer CSRM and MCSRM have higher base
speeds than their single layer counterparts. In order to
validate the circle diagram approach used to derive these
torque speed curves, the torque-speed curve for the

Fig. 14. Efficiency maps of SRMs when

and

.

is the mechanical loss which consists of aerodynamic
windage and bearing losses. It is independent of the load but
depends on the rotor speed, air-gap and the axial lengths.
According to [30], mechanical losses were calculated to be
2.64w at 400RPM for all the SRMs of identical size. The
mechanical losses will increase with rotor speed since the
bearing loss and windage losses are proportional to Ω (rotor
velocity) and Ω3, respectively.
Efficiency maps for the double layer, single layer and
fully-pitched machines are compared in Fig. 14, respectively
(regions with efficiency below 50% are not shown). For this
specific series of designs, a maximum efficiency of 76% is
achieved by double layer MCSRM between 6000 and 8000
rpm. Of the remaining topologies, the CSRM also achieves
its maximum efficiency towards the upper end of the speed
range. In contrast, the single-layer CSRM and MCSRM
achieve their maximum efficiencies (some 75%) over the
speed range of 3000 to 4500 rpm. Finally, the FPSRM has a
more modest efficiency of 66%, which is achieved at lower
rotor speed of around 2000 rpm. It is important to caution
that these general trends in efficiency are to some degree
specific to the small size of these reference designs, in
particular that copper loss tends to dominate over iron loss in
small machines.

. (a) CSRM, (b) MCSRM, (c) SLCSRM, (d) SLMCSRM, and (e) FPSRM.
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V. EXPERIMENTAL VALIDATION
A. Prototypes of SRMs
In order to validate the torque capability of double layer
and single layer CSRM and MCSRM, two machines with the
design specifications shown previously in TABLE I were
constructed. Fig. 15 (a) shows the wound stator of a 12slot/8-pole double layer CSRM and MCSRM while Fig. 15
(b) shows the stator for the SLCSRM and SLMCSRM. The
conventional and mutually coupled SRMs can be realized
with the same stator core and coils through a simple
reconnection of the individual coils as detailed in Fig. 2 and
Fig. 3. The common rotor of all the single and double layer
variants is shown in Fig. 15 (c).

(a)

16. The method of static torque measurement detailed in [31]
was adopted for undertaking all torque measurements in this
study. During the tests, three phases of the SRMs are
supplied by dc currents such as
,
and
, where is variable and controllable by the power
supply. Fig. 17 shows the comparison of predicted and
measured static torques at 10A DC current versus rotor
angular positions (equivalent to current phase advanced
angle when 3 phases are supplied by sinewave currents).
Although the waveforms of static torque are not smooth and
not sinusoidal due to torque ripple and measurement error, a
good agreement can still be observed between the predicted
and measured results.
Fig. 18 shows a comparison between predicted and
measured static torques for phase peak currents between 1A
and 10A. In this series of torque measurements, the rotor was
fixed in an angular position which corresponds to the
maximum average torque (45 elec. deg. if magnetic
saturation does not occur).

(b)

(c)
Fig. 15. 12-slot/8-pole prototype SRMs. (a) double layer CSRM or MCSRM
stator, (b) SLCSRM or SLMCSRM stator, (c) 8-pole rotor.

(a)

(a)

(b)
Fig. 17. Predicted and measured torques versus rotor position at 10A DC
phase peak current. (a) Double layer CSRM and MCSRM. (b) Single layer
CSRM and MCSRM.

(b)
Fig. 16. Predicted and measured self-inductances versus rotor position at 1A
DC phase peak current. (a) Double layer CSRM and MCSRM. (b) Single
layer CSRM and MCSRM.

Fig. 18. Predicted and measured variation in static torque as a function of
phase peak current.

B. Measurement of Static Torque
The measured phase resistances are
and
for single and double layer SRMs respectively. Moreover,
the self-inductances at 1A dc phase current are shown in Fig.

C. Dynamic Tests
Dynamic tests have been carried out according to the
method established in [32]. The dc link voltage for all
dynamic tests is 18V and the maximum phase peak current is
6A, which is limited by the load torque capacity of the dc
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machine. By way of example, tested current waveform of
phase A and PWM line voltage (between phases A and B) for
one electrical period of SLMCSRM are shown in Fig. 19.

Fig. 19. Measured phase current and line voltage of SLMCSRM (a) phase A
current, (b) PWM line voltage.

modelling, also experimental measurements of static torque
and dynamic characteristics. It has been demonstrated, albeit
within the context of relatively small machine dimensions,
that at low phase current, the FPSRM produces lower copper
loss per unit of average torque. However, due to the onset
magnetic saturation, the performance of FPSRM deteriorates
markedly with increasing phase RMS current. Additionally,
due to its inherently higher iron loss across the full speed
range, FPSRM achieves only modest performance at high
speed.
Due to its reduced propensity for magnetic saturation, the
double layer MCSRM performs well at high current levels,
producing higher average torque than FPSRM for the same
copper loss.
From a dynamic perspective, within the contest of this
particular design study, the double layer MCSRM yields the
lowest iron loss and the highest peak efficiency. The
SLCSRM and SLMCRM produce higher average torque
with lower torque ripple than their double layer counterparts
at low phase current. However, in common to the FPSRM
design, both the SLCSRM and SLMCSRM are prone to the
onset of significant magnetic saturation with increasing
phase current, making them less attractive at high phase
current than a double layer MCSRM.
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