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Abstract—The global transition toward electrified transporta-
tion and energy efficient industrial drives is intensifying the
demand for electric machines. This paper proposes the design of
a novel axially integrated magneto drive unit (IMDU) with syn-
chronous reluctance motor. The structure and operating principle
of the proposed machine is analyzed. Genetic optimization is used
to globally optimize the design parameters of both the reluctance
motor and the magnetic gear. Then the electromagnetic perfor-
mance of the proposed IMDU is investigated using finite element
analysis. Comparative studies between the proposed IMDU and
conventional surface mounted permanent magnet machine has
been conducted, and the results show that the average torque
of the IMDU is 70.62% higher than surface permanent magnet
machine with the same size, the same amount of magnet and the
same current density.

Index Terms—Genetic optimization, integrated magneto drive
unit, magnetic gear, synchronous reluctance motor

I. INTRODUCTION

In recent decades, there has been a significant focus on
addressing energy crises and environmental pollution. The
global consensus for the 21st century is to prioritize energy
conservation and reduce emissions. Electrification has emerged
as an alternative solution, particularly in various industrial
applications, with a strong emphasis on the automotive sector.
Thanks to rapid advancements in high-performance electric
motors and power electronics technology, electric and hybrid
electric vehicles (EV/HEVs) have been under investigation
and development as potential replacements for traditional oil-
fueled cars. Currently, commercially available battery electric
and hybrid vehicles are gaining widespread acceptance world-
wide. The global transition toward electrified transportation
and energy efficient industrial drives is intensifying the de-
mand for electric machines that combine high torque density,
wide speed range, and reliable operation without relying on
scarce or expensive materials. Conventional motor technolo-
gies have made substantial progress, yet they still face inherent
trade-offs: permanent magnet motors offer high torque but
depend on rare-earth elements [1], while reluctance motors

979-8-3315-8138-1

Qingsong Wang
Département de génie électrique
Ecole de technologie supérieure

Montreal, Canada

ginsong.wang @etsmtl.ca

Ambrish Chandra
Département de génie électrique
Ecole de technologie supérieure

Montreal, Canada

ambrish.chandra@etsmtl.ca

avoid magnets but struggle to match the same torque output.
In order to meet the requirements of high torque applications,
a gearbox is usually used to amplify the torque generated by
the electric motor. And many integrated designs [2] have been
developed to reduce the size and increase power density. How-
ever, mechanical gearbox replies on the meshing of the teeth
between the input and output rotors, which generates friction,
reduces reliability and needs regular maintenance. Despite the
advantages of mechanical gears, the transmission often suffers
from problems associated with mechanical contacts, such as
gear noise and vibrations, mechanical wear, as well as the
need for lubrication, reduce the overall transmission system
efficiency. Magnetic gear (MG) could be a good alternative
of mechanical gear, which transmits torque through magnetic
field and has no mechanical contact between the input and
output rotors, and therefore, is more efficient and reliable [3-
5]. The integration of magnetic gears and electrical machines
has been widely investigated, and many magnetic-geared ma-
chines, also known as flux-modulated machines, have been
proposed [6-9]. Although these machines could achieve a high
torque density due to the gearing effect, they rely on salient
pole structure to achieve flux modulation, which increases
leakage flux, reduces power factor and increases noise and vi-
bration. This paper introduces a novel integrated magneto drive
unit (IMDU) that uniquely merges a synchronous reluctance
motor (SynRM) with a coaxial magnetic gear into a single
electromagnetic system, eliminating mechanical couplings and
reducing axial length compared to conventional cascaded con-
figurations. This paper proposed axially integration of SynRM
and a magnetic gear into the same enclosure. Compared with
traditional surface permanent magnet machines, the proposed
IMDU achieves a higher torque density with the same volume
of permanent magnets. Section II describes the structure and
operating principle of proposed IMDU. Section III outlines
the optimization of both the synchronous machine and the
magnetic gear. In Section IV the electromagnetic performances
of the optimized SynRM and MG are analyzed and compared



through 2D-FEA. Section V presents the comparative study
between the proposed IMDU and traditional SPM. Finally, the
conclusions are summarized in Section VI.

II. STRUCTURE OF THE PROPOSED IMDU

Fig. 1 shows the sectional view of the proposed IMDU and
the exploded view is given in Fig. 2. The proposed IMDU
axially integrates a SynRM and a MG in the same housing, to
achieve a compact structure. The rotor of SynRM is connected
to the inner rotor of MG through a common shaft, to allow
the SynRM torque been amplified directly by the MG. The
MG consists of two rotors and a modulator. The stator of the
motor has the same diameter as the outer rotor of the MG
and they are fixed to the housing and connected to each other
using rods. The number of pole-pairs in the system can be
determined from the space harmonic flux density distribution
produced by either high or low speed rotor permanent magnets,
is given by:

Pk = |myp + kns|
m=1,3, 5,...,00
k=0, #1, £2, £3,...,00

where p is the pole pairs number, and n, is the number of
ferromagnetic pole pieces.

Permanent magnets are surface mounted on the inner and
outer rotors of the MG, and a modulation ring is sandwiched
between the two rotors to achieve flux modulation and allow
effective coupling between the magnetic fields generated by
the inner and outer rotors. The design specifications of pro-
posed IMDU are shown in Table 1.

Motor Windings

Cbupling Shaft

otor PMs

Fig. 2: Exploded view of the proposed IMDU.
I1I. MULTIOBJECTIVE GENETIC OPTIMIZATION

The initial design stage is always required to determine a
good starting point in finding an optimum solution for the
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TABLE I: DESIGN SPECIFICATIONS OF PROPOSED
IMDU-SYNRM

Design Parameters Value
Number of poles 4
Number of stator slots 24
Stack length 100mm
Stator outer diameter 150mm
SynRM Rotor outer diameter 78mm
Operating Current S0A
Air gap length Imm
Operating Speed 1000rpm
Number of turns 18
Material of Rotor and Stator 5S0A1000
Number of pole pairs on high-speed rotor 4
Number of pole pairs on low-speed rotor 22
Number of ferromagnetic pole pieces 26
Outer rotor outer diameter 150mm
MG Inner rotor outer diameter 108mm
Stack length 30mm
Air gap b/w inner rotor and pole pieces Imm
Air gap b/w pole pieces and outer rotor 0.5mm
Material of MG’ pole pieces inner and outer yoke | S50H470
Material of MG’ inner and outer rotor NdFeB

specific requirements of the design. However, in order to
achieve maximum performance of the machine, the multi-
objective optimization process is essential. Therefore, multi-
variable optimization is implemented on the MG and SynRM
to improve average torque and reduce torque ripple. Fig. 3
shows the flowchart of Genetic Optimization (GO).
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Fig. 3: Genetic optimization’ execution steps.

The proposed multi-objective genetic optimization is for-
mulated as below;

A. For MG

The studied problem is defined as follows:



Objl : maxT sy
Obj2 : minTyipp
0Obj3 : minvolpy
Consl : Bipner > 0.5
Cons2 : Boyter > 0.5

The cross-sectional parameters are shown in Fig. 4(a).
As can be seen there are 3 variables located on the MG
design. Table II shows the variation range for the optimiza-
tion parameters. The variation range has been selected in a
manner that prevents possible geometrical errors during the
optimization process. Moreover, due to proper initial design,
the optimization process will have a faster convergence to the
optimal designs.

TABLE II: DESIGN PARAMETERS RANGE FOR IMDU

Design parameters Parameter Range | Optimized
Inner Radius of Yoke Rad_Yi (mm) 66-68 67.21
Pole Piece Angle Ang_Pp (Mech.Deg) 2-13 7.31
Length of Pole Pieces L_Pp (mm) 2.5-7.5 5.59

(b)

Fig. 4: The parametric geometry for optimization purposes

B. For SynRM
For SynRM the objective functions of multiobjective genetic
optimization are as under:
Objl : maxT sy
Obj2 : minTyipp
The cross-sectional parameters are shown in Fig. 4(b). As
can be seen there are 5 variables located on the SynRM design.

Table III shows the variation range of design parameters for
optimization for SynRM.

TABLE III: DESIGN PARAMETERS RANGE FOR SynRM

Design parameters Parameter Range Optimized
Barrier Thickness BT (mm) 1.943.25 3.25
Core Thickness CT (mm) 1.573 3
Distance of Barrier Center DBC (mm) 4548 48

Depth of slit DSLIT (mm) 0.61.2 0.6
Radius of Barrier RB (mm) 12-16.91 16.45

979-8-3315-8138-1

During the genetic optimization, the 2500 cases simulated.
The number 2,500 cases are likely the product of Population
Size (N)xNumber of Generations (G). In this paper, it is used
a population of 50 and ran it for 50 generations, 50 individuals
are enough to cover the diverse variables of both a Magnetic
Gear and a SynRM. The Genetic multiobjective optimization
was performed on Dell-PC 64-bit operating system, x64- based
processor with 8GB RAM, Intel (R) Xeon (R) w5-3435X CPU
running at 3.10 GHz and took 27 hours; it occupied 23GBs
space on the drive. The optimized average torque (7g,4) and
the optimized torque ripples (1}.;p,) With respect to various
geometry variables are shown in Fig. 5.

16 18 20 22 24 26 28 30

Fig. 5: Effect of optimization variables

IV. ELECTROMAGNETIC PERFORMANCE
ANALYSIS

A MG

The MG uses rare-earth PMs for both its inner rotor and
outer rotor, as well as ferromagnetic pole pieces between
its two rotors. All of these PMs play a significant role in
transmitting torque. In fact, simulation studies have indicated
that a gear of this kind could have a transmitted torque density
capacity comparable to that of two- or three-stage helical gear-
boxes. As a result, when coupled with a conventional topology
of SynRM, this magnetic gear could prove to be beneficial in
applications as varied as embedded motor/generator sets.

To clearly exhibit the modulation effect in the MG, the
waveforms of the radial flux density distribution in the inner
and outer airgaps before and after the genetic optimization are
demonstrated in Fig. 6. Fig. 7 (a) illustrate the variation in
maximum torque on the low-speed rotor as a function of the
radial thickness of the stationary pole-pieces, while keeping a
constant airgap diameter side by side with the low-speed rotor
and fixed amount of magnet material on both the low-speed



Fig. 6: Radial flux density distribution (a) Inner rotor (b) Outer
rotor.

and high-speed rotors. The results indicate the presence of
an optimal pole-piece radial thickness that yields the highest
torque transmission. Initially the output torque of the MG
was 89.62 Nm. After genetic optimization, the output torque
improved to 91.28 Nm. Although, in the above results, it has
been demonstrated how the main parameters of MG design
impact the average torque transmission, it is also necessary to
consider the impact of torque ripples in the rotors, which may
have a negative impact on performance. This torque ripple is
also known as cogging torque. It is caused by the interaction
between the rotor permanent magnets and the ferromagnetic
pole pieces. In the optimized design, the inner rotor T.;,, are
reduced by 30% and in the outer rotor 7}.,, are reduced by
4.38% as shown in Fig. 7 (b). Table IV shows the performance
comparison after genetic optimization.

TABLE IV: COMPARISON OF PERFORMCE OF CMG
AFTER GO

Parameter Initial Optimized | Improvement
Tout 89.62 Nm | 91.28 Nm 1.85%
T; 16.26 Nm | 16.34 Nm 0.49%
Inner T — ripp 4.0% 2.8% 30%
Outer Tripp 0.52% 0.31% 4.38%
Inner B, -5.167e-6 5.807e-6 212.39%
Outer B, 2.039e-5 1.858e-5 8.88%
- ' B
— o B ovimiceo
R e
(@) (b)

Fig. 7: (a) Output Torque on low-speed rotor, (b) Torque
Harmonic Amplitude of MG

B. SynRM

A Dbetter electric machine performance can arise due to
a stronger magnetic field, which specifies a higher air-gap
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magnetic flux density. The radial magnetic flux density before
and after the genetic optimization is shown in Fig. 8 (a). Also
Fig. 8 (b) shows the measured radial flux in the air gap along
with the harmonic spectra. Fig. 9 shows the magnetic flux
density distribution for the proposed SynRM.
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Fig. 8: Radial flux density wave form along with harmonic
spectra

Fig. 9: Flux density distribution in the SynRM

The two important characteristics in machine design are
Torque/Ampere capability and efficiency. In the SynRM torque
is expressed by:

T = (3/2)(p/2)(La—Lq)-iaiq = (3/2)(p/2)(La—Ly).I7 .5in(20)
(1
Where p is pole number, I is the stator rms current, and 6 is
the current angle. During multi objective genetic optimization,
the main objective is average torque enhancement. Initially,
the average torque of the presented SynRM was 16.55Nm.
After the genetic optimization, the average torque improved
to 17.35Nm, which is 4.85% greater than the initial design as
shown in Fig. 10.

Torque (Nm)

012 0014

Fig. 10: Average torque in proposed SynRM.

The 3D view of the SynRM is showed in Fig. 11. It also
shows the comparison between initial and optimized torque.
Table V shows the comparison of performance of SynRM after
GO.



TABLE V: PERFORMCE COMPARISON OF SynRM AF-

AN

NN

TER GO
Parameter Initial Optimized | Improvement
Tavg 16.55 Nm 17.35 Nm 4.85%
Tripp 27.10% 18.78% 30.70%
3D Taug 16.45 Nm 17.20 Nm 4.56%
By 6.17e "8 | 1.05e— 16 1801.7%
Fig. 11: 3D Torque for SynRM.
C. IMDU

By combining both the magnetic gear and electric machine,
the system efficiency and power density are further improved.
The system structure will also be more compact and lighter,
reducing costs associated with lubrication and maintenance.
It’s very useful for different applications, such as e-mobility
and electricity production. As shown in Fig. 12, the average
torque of SynRM is significantly enhanced by IMDU.

0004 0006 0008 0010 0012 0014
Time (s)

0000 0.002

Fig. 12: Average torque of proposed IMDU.

V. PERFORMANCE COMPARISON WITH SURFACE
MOUNTED PERMANENT MAGNET SYCHRONOUS
MACHINE

The SynRM shows significantly lower performance than
Permanent Magnetic Synchronous Machine (PMSM). Even if
the rotor design is changed somewhat, this will probably only
result in small changes. In either way, the 17,4 is not sufficient
enough to replace PMSM. One interesting aspect that needs to
be considered is enhanced average torque after integration of
MG. By running 2D FEA with same current density, operating
current, rated speed, PM volume, stack length, it can be seen
in Fig. 13 that proposed IMDU has 70.62% higher T, than
SMPMSM.

VI. CONCLUSION

The Integrated Magneto Drive Unit (IMDU) combined with
a synchronous reluctance motor has been presented in this
paper. The proposed structure and operating principles were
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Fig. 13: Comparison of average Torque between SMPMSM
and IMDU.

rigorously analyzed, genetic optimization algorithm is used
to improve and optimize the design specifications globally.
Comprehensive FEA confirmed the electromagnetic perfor-
mance of the proposed design. The performance comparison
between the conventional SMPMSM and the proposed design
of IMDU shows the supremacy of the proposed design over the
presented design in the literature. In conclusion, when com-
pared with the conventional SMPMSM, the proposed IMDU
possesses 70.62% higher average torque than a conventional
SMPMSM of equivalent size, magnetic material volume, and
current density. This highly significant finding establishes the
IMDU as a compelling, high-torque-density solution that is
well-suited to meet the escalating performance and efficiency
demands of future electrified transportation and industrial drive
applications.
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