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Abstract
The Synchronous reluctance machine is very attractive due to its robustness, absence of magnet, easiness to control,
simplicity and passive rotor structure. This paper deals with the design and optimization of synchronous reluctance
motor for mining applications at low-speed with direct-drive. Therefore, it is intended to detect the stator and
rotor parameters which provide a high efficiency (91.13%) and a good average torque (959Nm). In this regard, two
different rotor geometries with multiple width size of flux barriers and flux carriers have been considered in this
work and their effects are proposed through finite element analysis. A suitable geometry of the rotor is proposed for
further investigation and the development of prototype design.
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Introduction

I

n modern world of technology, many machine manufacturers are ignorant about the direct drive.
Those who are familiar might not wish to adopt this
technology because they consider it too heavy and
bulky as compared to a geared motor which has been
preferred for many years. Similarly, as the internet
and smartphones have evolved too much from the
necessity to luxury, and on the other hand, the lower
end technology is still being used for example, still
people buy flip phones as well as dial-up touch tones.
Hence, the advantages of more developed technology
become too challenging to ignore.
Nowadays, for an extremely efficient and competitive
domain, the better someone knows the benefits of
direct drive systems, the more improved gains and
superiority they have over the other. To understand
the main benefits, it is essential to start with the basic
concepts of direct-drive in which the power of the motor is straightaway applied to machinery without any
middle drive train such as a pulley, belt, or gearbox.
ISSN: 2523-0379 (Online), ISSN: 1605-8607 (Print)

The inheritance of extremely efficient electrical machines has been the strategy for as long as the motor familiarized. Industrially established and well-developed
induction motor is no doubt the least expensive, very
rugged, and enormously reliable as compared to the
other AC machines available in the market. These
motors are being used in a wide variety of applications
such as underwater or fully dry surroundings or for
any other hazardous environment such as coal mines,
oil and gas industries.
Despite the mentioned applications of such motor,
the advanced development of these types of machines
is technically challenging due to the legacy obstacles
such as winding on the rotor. Generally, a 1500 RPM
induction motor is used to connect the Raymond
Pulverizer’s gear drive system, but this system has a
lot of disadvantages such as low efficiency along with
heavy and bulky motor drive systems.
The existing gear system for Raymond Pulverizing is
shown in Figure 1. No doubt, during the past decade,
several geared electric drives have been very useful,
but eliminating the gearbox and driving directly the
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(a)

(b)

Fig. 1: (a) The Raymond Pulverizing, and (b) the
existing gear drive system

load which is connected for low-speed applications are
also being used by a permanent-magnet synchronous
machine (PMSM) [1][2]. The main purpose of eliminating this gear is to reduce the overall cost and
to improve efficiency and reliability. But the cost of
magnetic material in combination with demand and
supply chain issues prevents this machine from assuming its rightful place as a motor of choice near
future. Additionally, as the price of rare-earth magnets
is growing, at the same time, their market stability is
declining [3]. A universally satisfactory solution has
yet not been adopted for the application of Raymond
Pulverizer.
The alternate induction motor has been studied for
low-speed direct drive applications in [4]. The Raymond Pulverizer gear drive system and its complete
specifications are discussed in section 3. The reluctance motor drives technology is mainly attractive
in low-speed direct drives since they offer additional
advantages, therefore, a high number of poles can be
adopted. Hence, this work is dedicated to the design of
a synchronous reluctance motor with double-layered
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distributed winding. In addition to this, the number of
flux barriers width, size and edge angle is investigated
for low-speed direct-drive mining applications.
This article is organized as follow. Section 1 is designated to the introduction and importance of the directdrive for mining applications. Additionally, section 1
defines the challenges which suggest the application of
synchronous reluctance motor as an opportunity for
further investigation while using the Raymond Pulverizer. In section 2, the existing work and specifications
have been described in detail. A comprehensive explanation with the current literature of the synchronous
reluctance motor with fundamental knowledge has
been presented in section 3. In addition to this, the results achieved from various samples from a surrogatebased method of optimization (SBO) and analysis
with the help of flowchart algorithm and the most
influencing parameters for the design of Synchronous
motors (SynRM) with the formation of Latin hypercube sampling (LHS) points are also described in
section 3. The detailed results of finite element analysis
of the novel design of 10 kW, 36 slots double-layered
synchronous reluctance design with distributed winding have been described in section 4. Additionally,
section 4 also presents the performance comparison of
both the rotor design optimization from torque and
efficiency production. Section 5 concludes the work in
this paper and gives insights for further research and
investigation in this area.

2

Existing Work on Raymond Pulverizer

In [4], the authors proposed a 75 kW with 72/48 poles
of novel switched reluctance (SR) motor for the lowspeed direct-drive mining application which is the centre of attention of the study throughout this research.
As already mentioned, induction motor drives act in
most industries as a driving force and is connected to
the load side as a reduction system such as a belts
and gears. The Raymond Pulverizers run at 105 RPM.
This reflects as low speed and require rated torque of 7
kN.m [5]. The features of traditional induction motor
drive are specified in Table 1.
A low-speed direct drive grinding applications of
SynRM having external-rotor was proposed in [13]. A
mechanical robotic arm direct-drive electrical motor
connected to the junctions was presented in [14]. There
are many other applications of the reluctance machines
such as electric and hybrid electric vehicles, centrifugal
pumps, reciprocating compressors and other industrial
applications. Thus, the demand and popularity of
high-performance motor drives is increasing due to
continuous improvement in the mining industry.
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Parameter
Torque [N.m]
Current [A]
Frequency [Hz]
Efficiency at full load [%]
Rated Voltage [V]
Power factor
RPM
Power [kW]

Value
481
128
50
94.2
400
0.9
1488
75

Parameter
Overall efficiency of a geared system [ %]
The Efficiency of a gear system [%]
Weight [Kg]
The gear system stack length [mm]
Outer diameter of gear [mm]
The output speed of a gear system [ rpm]
Overall weight in [kg]
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Value
59.32
62.98
678
340
1000
105
1050

TABLE 1: The specifications of conventional induction motor drive in Raymond Pulverizer

Construction
Gear Ratio
Noise
Lubrication system
Balance
Efficiency
Reliability

Direct Drive
System
—–
low
not significant
good
high
high

Geared Drive
System
14.28: 1
high
significant
poor
low
moderate

TABLE 2: The drive mechanism of a Raymond Pulverizer

The overall performance of the conventional drive
system is 59.32%. This result is achieved by multiplication of the efficiency of the connected motor (94.2%)
and gear mechanism (62.98%). The drive system of a
Raymond Pulverizer can be classified as direct drive
or a geared drive, as depicted in Table 2 [6-8]. The
gear drive systems has been a widely used method.
The power output of the motor is transferred through
the gear mechanism. However, there are some drawbacks such as a very low efficiency and a continuous
vibration and excessive noise due to mechanical fall
mechanism [9]. In contrast, a direct-drive machinery
prioritizes high accuracy, high reliability, thus reducing
the overall problems linked with the gear system [9-12].
Typically, direct-drive motors are engaged in servo
applications.
The first step is to eliminate some annoying mechanical components of noise directly to the drive system, as
this will enhance the reliability and energy efficiency
with reduced vibration, noise and maintenance. In
the industry, motors widely used for such applications
are induction motors, permanent magnet synchronous
motors. Though, both machines have some dominance
and drawbacks [9]. The alternative of this is a Synchronous reluctance machine (SynRMs) which has the
features of high torque at low speed, cost-effectiveness
and reliability. Because of this, the machine is attractive in critical security applications [15][16].
SynRMs have the ability to replace induction motors
for the application of Raymond Pulverizer, as they
can operate at higher temperatures and increased

robustness [15-19]. Due to the unavailability of a
permanent magnet, the cost of Synchronous Reluctance motor is notably low [17][18]. This work focuses
on developing highly efficient and high torque synchronous reluctance motor drive systems for naturally
risky mining applications based on the finite element
studies. A wide range of performance analysis under
different operating conditions is investigated through
design optimization while using the surrogate-based
optimization.

3

Synchronous Reluctance Motor

Nowadays, the trend of high efficiency and high torque
electric machines is increasing research concern. In
particular, the machines containing no permanent
magnet are growing rapidly in number. Although,
there is a lack of interest in this technology of synchronous reluctance during last 2 decades, the magnet
free synchronous reluctance motors are reviving once
again and creating a research interest due to their construction without the usage of the permanent magnet
[20]. Due to this, SynRMs are being considered as a
key solution for industrial applications and energy conversion [21]. The focus on synchronous reluctance has
become the potential future technology for industries
as well as the applications of electric vehicles (EVs).
A synchronous reluctance motor (SynRM) is a singly
salient machine that produces the electromagnetic reluctance torque in the absence of permanent magnet
at synchronous speed through a cylindrical stator similar to an induction motor and magnetically salient
rotor structure lacking copper and aluminum bars
[22][23]. Thus, this motor gives numerous advantages
of variable reluctance motors and at the same time
excludes several disadvantages such as it is difficult to
overcome the problems of torque ripple and noise in a
variable reluctance motor. This problem can be speedily overcome in a synchronous reluctance machine by
just winding the stator in the conventional method to
produce sinusoidal uniformly circling air gap Magneto
Motive Force (MMF). The SynRM with stator and
rotor view is shown in Figure 2.
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(a)

Fig. 2: Synchronous reluctance motor view of stator
and rotor

In SynRM, as no magnets and winding are required,
the rotor construction is passive. Due to this, its
performances can be rapidly enhanced through lowest
financial cost. Thus the rotor is the reasonable component that could be easily changed or re-designed. The
literature reveals that a lot of work has been done on
the synchronous reluctance for different applications.
Due to the absence of slip losses and the simplicity in
control, the proposed machine gives the opportunity
to improve the performance with reduced cost. As
compared to induction motor, another main advantage
of synchronous reluctance motor is the possibility to
achieve the required results for different applications
while using field-oriented AC drive [24].
The stator has three-phase symmetrical winding which
creates a sinusoidal rotating magnetic field on the
air gap. It has smoothly distributed poles with a
laminated iron core having open or semi-closed slots.
The slots are placed at an even pitch angle. Thus the
reluctance torque is developed because of the induced
magnetic field in the rotor which tends to cause the
rotor to align with the stator field at a minimum
reluctance path.
3.1

Operation and Working Principle of SynRM

The torque in SynRM is produced in a variety of
fluctuations due to position of the rotor. In this way,
there is a significant effect of reluctance. Another
main factor of torque production is the saliency
ratio d-q axis (Ld-Lq) which directly influences the
transformation of the magnetizing inductance. This
also affects the reference frame of the rotor coordinate
system which is called saliency ratio. In order to
achieve the maximum output, the ratio of saliency
should be enlarged.
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(b)

Fig. 3: (a) FEM model of SynRM, and (b) Rotor
geometry (b)

3.2

Rotor Geometry

The low-speed direct drive SynRM for home appliance
is presented with six rotor geometries in [13]. The
rotor has three core geometries used in SynRM:
(i) the Transversally Laminated Anisotropy (TLA)
rotors, (ii) axially laminated anisotropy (ALA) rotors,
and (iii) simple salient pole rotor. This is important
element of optimization in the design of SynRM.
The latest investigation for the operation of highspeed SynRM and ALA type rotor is mostly used
[25-28], as this achieves a higher saliency ratio with
robust structure [29-31]. While the most important
disadvantage of the ALA type structure is that it
produces much more iron losses due to denser rotor
laminations than the TLA type rotor. Also, ALA type
rotor has unacceptable flux oscillations. Due to the
low iron losses, and the simple construction using
simple lamination punching with skewing, the TLA
type rotor is preferred in most of the applications
[32-35]. Therefore, the TLA type rotor has been used
in this work for SynRM design. The FEM model and
rotor geometry are shown in Figure 3. To achieve
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Parameter
Rated power
Rated frequency
Stator outer
diameter
Stator inner
diameter
Rotor outer
diameter
Air-gap
Number of
stator poles
Number of
rotor poles
Slot opening
Slot depth
Number of
phases
Rated speed
Phase Voltage
Number of turns
Shaft diameter
Winding type
No: of layers
No: of slots
Machine length
flux barrier
1 width
flux barrier
2 width
flux barrier
3 width
flux barrier
4 width
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Value
10.32
50

Units
kW
Hz

500

mm

249.01

mm

248.51

mm

0.5

mm

3

-

4

-

8.47
61.64

mm
mm

3

-

105
380
113
73.634
distributed
2
36
200

rpm
V
turns
mm

5.02

mm

6.7

mm

12.32

mm

(b)

6.11
(near the centre)

mm

Fig. 4: Simulation Model of SynchRM: (a) Four flux
barriers with ribs, and (b) 3 round flux barriers without ribs

(a)

mm

high peak and average torque, the rotor geometry
with low torque ripples is essentially needed. Due to
the saliency ratio, significant portions are affected by
rotor geometry which affects many constraints such as
pole numbers, flux barriers, its shape and dimensions.
Since the main focus is on the flux constraints (flux
barriers) of the rotor and the width of the carrier, the
study of an edge effect and pole number has not been
considered in this work. Therefore, the 4-poles rotor
will be studied and considered for the SynRM design.
Hence, their positioning and width (dimension) is the
subject of the study in this article.
The method of rotor design in SynRM relates to the
flux barrier dimensions and its profile. The actual
goal is to generate the high direct inductance over
quaderature inductance (Ld/Lq) to produce a high
reluctance torque. As suggested in the literature of
conformal mapping theory [36][37], the flux barriers
and carriers can be taken as design variables. Whereas,
the another method is magneto-static model with
analytical approach [38][39] which has not been
considered in this article. Therefore, for the flux
barrier, the field line-shape is considered to be the

most favorable method [40] and and has been used
in the work. The best way for the endpoint of flux
barrier is presented in [41]. In a broader context,
flux barriers endpoints of the rotor can be taken as
arbitrary values, therefore, they are often considered
as improved and optimized variables [36] as presented
in the analytical optimization method [42]. However,
the endpoints and the flux barriers have been designed
from the midpoint center with the rotor boundary and
are considered for this work and will be discussed in
detail Section 4.

4

Results & Discussion

This research investigates the performance of SynRM
by generating 5 stator variables (outer diameter,
stator yoke, slot depth, slot width, and slot openings)
of SynRM. The rotor variables, flux barrier width,
carrier width, edge angle and shaft diameter have
been used to generate Latin hypercube sampling
points. A set of 36 slots, 4 pole stator with 4 pole
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(a)

(a)

(b)

(b)

Fig. 5: (a) maximum flux density, and (b) 2D mesh
view of SynRM

Fig. 6: FEM models of (a) 4 flux barriers rotor, and (b)
3 flux barrier rotor

rotor are modeled in Motor solve and imported into
Infolytica FEM simulation software. As the stator
main parameters were optimized, stator is kept
constant throughout the process and the investigation
on rotor flux barriers is carried out. In this regard, the
highest contributing parameters have been considered
for surrogate optimization to improve efficiency and
torque.
Initially, 4 rotor flux barriers have been considered in
this study and 2D FEM simulations have been carried
out using different commercial FEM software (Magnet
and Motor Solve by Infolytica) [43]. For 10kW motor,
the specifications of the entire SynRM are shown in
Table 3. The simulation model is shown in the Figure
4 with 2D mesh view with the shaded plot having 1.54
max. flux density is shown in the Figure 5. The torque
and the investigation of the results obtained using the
surrogate optimization in Matlab and the machine
structure in 2D FEM software Infolytica Magnet and
Motor Solve have been distributed in three parts. First
of all the stator design structure has been presented,
emphasizing its operation and the way towards an

optimum solution. The structure of the sample point
which generates the best rank in terms of efficiency
and torque is considered as an optimal one which has
been analyzed through FEA Infolytica with all the
necessary performances.
To analyze the machine performance more accurately,
an FEA based model of synchronous reluctance motor
using Infolytica magnet version 7.5 software is used.
The FEM Models of three and four flux barrier’s rotor
is shown in Figure 6. First of all, induction motor
stator was designed in the Motor Solver. Then, the
geometry was exported through magnet file and the
finite element simulation model was built around it. A
magnetic material M-29 29 Ga was used in the same
way as used for IM’s stator for building the geometry.
It can be visualized in Figure 5 that the distribution
of flux density on the stator core of SynchRM does
not go beyond the hazardous value. Therefore, this
authenticates that the geometry has been designed
appropriately. The 3-phase sinusoidal current and the
voltage with generated torque is shown in Figure 7.
As the supply current, voltage, and developed torque
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(a)

(a)

(b)

(b)

(c)

Fig. 7: (a) 3 phase current waveform, (b) voltage, and
(c) generated torque of SynchRM
(c)

of SynchRM are presented together, it can be seen
that the starting torque increases much higher
than 3600 Nm and then reaches 788.6 Nm average
torque. Similarly, different torque characteristics are
achieved by changing the influencing parameters of
the machine as depicted in Table 3. Initially, 20 LHS
samples are generated to check the performance of
the machine which is shown in Figure 8. It can be
seen that sample number 10 is considered satisfactory

Fig. 8: The individual graph of (a) efficiency, (b)
torque, and (c) combined Torque efficiency graph of
the initial 20 sample points.
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due to the higher efficiency value of 87%. The same
model of the machine is considered as a single layer
distributed winding, however, its efficiency is very
low due to the increase of copper losses. That being
said, the developed torque is higher due to higher
current because of low resistance. In addition, the best
design is considered after particle swarm optimization
by generating 40 more LHS samples (Figure 9) for
efficiency, torque, filling factor, and power rating
of SynchRM. It should be noted that as in the
magnet software the winding or copper losses are not
accurately calculated, the method of losses calculation
is adopted from I2R losses. By considering all the
LHS samples from surrogate-based optimization and
achieved results of torque and efficiency, the efficiency
map is shown in the Figure 10 which is created
in Matlab through surrogate-based particle swarm
optimization method.

5
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(a)

Conclusion

Due to the growing trend in environmental concerns
such as global warming, CO2 could be a reasonable
factor to replace the permanent magnet gear motors
with direct-drives magnet free motors. This paper
discusses the importance of direct drive for industrial
applications such as Raymond pulverizer which is
very useful for high efficiency, low noise and increased
maintainability, etc. This reflects that direct-drive can
be used for the specific applications even though they
are a bit expensive. Though, the direct-drive motors
are still in preliminary phase, the trade-offs between
high efficiency and high performance versus high cost
and integrated packages can be accepted. Additionally,
the rotor design method of SynRM has been proposed
through the surrogate optimization method with the
usage of particle swarm optimization to enhance the
machine’s efficiency, torque, and other performances.
The design rotor geometry model is as shown in Fig.
8. an iterative method of optimization has been set
up. The number table of 20 to 40 solutions has been
considered by the incremental size of the dimension
of flux barriers. All the solutions are computed in Infolytica Magnet software 7.5 version, however, initially,
the rotor is designed in the AutoCAD software and
then imported into the magnet. The efficiency and
torque are the objective functions that are compared
with single-layer winding and a different number of
flux barriers, as through this comparison of different
solutions have been to convince the user and finally the
best examples are chosen for the application of Raymond Pulverizer. The maximum efficiency and torque

(b)

(c)

Fig. 9: (a) 3 efficiency, (b) torque, and (c) combined
efficiency torque at 40 sample points.

performance seem to be promising which enhances the
overall performance of the machine. Furthermore, from
this research, the new flux barriers shape with different
design and carriers can be adopted to enhance the the
machine performance for other applications.
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Fig. 10: Efficiency maps of optimized design of SynRM
by SBO
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[8] M. Yildirim, M. Polat, and H. Kürüm, “A survey on comparison of electric motor types and drives used for electric
vehicles,” 16th International on Power Electronics and Motion Control Conference and Exposition (PEMC), pp. 218223, 2014.
[9] J. Jung, S. Ulbrich, and W. Hofmann, “Design process of a
high torque density direct drive involving a transverse flux
machine,”, International Conference on Electrical Machines
(ICEM), pp. 1096-1102, 2014.
[10] M. Ilic, R. Marino, S. Peresada, and D. Taylor, “Feedback
linearizing control of switched reluctance motors,” IEEE
Transactions on Automatic Control, vol. 32, pp. 371-379,
1987.
[11] R. S. Wallace and D. G. Taylor, “Low-torque-ripple
switched reluctance motors for direct-drive robotics,” IEEE
transactions on robotics and automation, vol. 7, pp. 733742, 1991.
[12] A. Ray, “Design and Performance Evaluation of Switched
Reluctance Machines with Higher Number of Rotor Poles
for Low Power Propulsion Applications,” 2013.
[13] M. A. Raj and A. Kavitha, “Effect of Rotor Geometry on Peak and Average Torque of External Rotor Synchronous Reluctance Motor (Ex-R SynRM) in comparison
with Switched Reluctance Motor for Low Speed Direct
Drive Domestic Application,” IEEE Trans. Ind. Appl, vol.
53, 2015.
[14] H. Chen and D. Zhang, “The switched reluctance motor
drive for the direct-drive joint of the robot,” IEEE International Conference on Robotics and Automation, pp. 14391443, 2001.
[15] R. Krishnan, “Switched reluctance motor drives: modeling,
simulation, analysis, design, and applications”, CRC press,
2001.
[16] M. Harris and T. E. Miller, “Comparison of design and performance parameters in switched reluctance and induction
motors,” in Electrical Machines and Drives, 1989. Fourth
International Conference on, 1989, pp. 303-307.
[17] S. Shoujun, L. Weiguo, D. Peitsch, and U. Schaefer, “Detailed design of a high speed switched reluctance starter/generator for more/all electric aircraft,” Chinese Journal of
Aeronautics, vol. 23, pp. 216-226, 2010.
[18] G.-I. Jeong, Z. Xu, and J.-W. Ahn, “Design of SRM considering dual drive modes,” IEEE International Conference
on Industrial Technology (ICIT), pp. 872-876, 2014.
[19] [19] R. Krishnan, R. Arumugan, and J. F. Lindsay, “Design
procedure for switched-reluctance motors,” IEEE Transactions on Industry Applications, vol. 24, pp. 456-461, 1988.
[20] [20] C. M. Donaghy-Spargo, “Synchronous reluctance motors with fractional slot-concentrated windings,” 2016.
[21] M. Gamba, G. Pellegrino, A. Cavagnino, Z. Gmyrek, and
M. Lefik, “Rotor end effects on FEM-based flux mapping
of synchronous reluctance motors,” IEEE International on
Electric Machines and Drives Conference (IEMDC), pp. 1-7,
2017.
[22] M. Mohammadi, T. Rahman, R. Silva, M. Li, and D.
Lowther, “A computationally efficient algorithm for rotor
design optimization of synchronous reluctance machines,”
IEEE Transactions on Magnetics, vol. 52, pp. 1-4, 2016.
[23] T. Matsuo and T. A. Lipo, “Rotor design optimization
of synchronous reluctance machine,” IEEE Transactions on
Energy Conversion, vol. 9, pp. 359-365, 1994.
[24] D. Staton, T. Miller, and S. Wood, “Maximising the
saliency ratio of the synchronous reluctance motor,” in IEE

QUEST RESEARCH JOURNAL, VOL. 18, NO. 1, PP. 19–28, JAN–JUN, 2020

Proceedings B (Electric Power Applications), pp. 249-259,
1993.
[25] [25] J. Ikaheimo, J. Kolehmainen, T. Kansakangas, V.
Kivela, and R. R. Moghaddam, “Synchronous high-speed
reluctance machine with novel rotor construction,” IEEE
Transactions on Industrial Electronics, vol. 61, pp. 29692975, 2014.
[26] M. E. H. Zaim, “High-speed solid rotor synchronous reluctance machine design and optimization,” IEEE Transactions on Magnetics, vol. 45, pp. 1796-1799, 2009.
[27] H. Hofmann and S. R. Sanders, “High-speed synchronous
reluctance machine with minimized rotor losses,” IEEE
Transactions on Industry Applications, vol. 36, pp. 531-539,
2000.
[28] Y. Gessese and A. Binder, “Axially slitted, high-speed
solid-rotor induction motor technology with copper endrings,” International Conference on Electrical Machines and
Systems, pp. 1-6, 2009.
[29] I. Boldea, Z. Fu, and S. Nasar, “Performance evaluation
of axially-laminated anisotropic (ALA) rotor reluctance
synchronous motors,” IEEE transactions on industry applications, vol. 30, pp. 977-985, 1994.
[30] D. Platt, “Reluctance motor with strong rotor anisotropy,”
IEEE Industry Applications Society Annual Meeting, pp.
224-229, 1990.
[31] D. Platt, “Reluctance motor with strong rotor anisotropy,”
IEEE transactions on industry applications, vol. 28, pp. 652658, 1992.
[32] M. J. Kamper, F. Van der Merwe, and S. Williamson,
“Direct finite element design optimisation of the cageless
reluctance synchronous machine,” IEEE Transactions on
Energy Conversion, vol. 11, pp. 547-555, 1996.
[33] S. Taghavi and P. Pillay, “A mechanically robust rotor
with transverse-laminations for a synchronous reluctance
machine for traction applications,” IEEE Energy Conversion Congress and Exposition (ECCE), pp. 5131-5137, 2014.
[34] S. M. Taghavi and P. Pillay, “A mechanically robust
rotor with transverse laminations for a wide-speed-range
synchronous reluctance traction motor,” IEEE Transactions
on Industry Applications, vol. 51, pp. 4404-4414, 2015.
[35] J. Kostko, “Polyphase reaction synchronous motors,”
Journal of the American Institute of Electrical Engineers,
vol. 42, pp. 1162-1168, 1923.
[36] M. Palmieri, M. Perta, F. Cupertino, and G. Pellegrino,
“Effect of the numbers of slots and barriers on the optimal
design of synchronous reluctance machines,” International
Conference on Optimization of Electrical and Electronic
Equipment (OPTIM), pp. 260-267, 2014.
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