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Optimal Design of Low-Cost Coaxial Magnetic Gear with Hybrid Permanent Magnets
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ABSTRACT: Magnetic gears transfer power similarly to mechanical gears between exclusive speeds
and torques; however, magnetic gears’ contactless structures offer inherent performance advantages
over mechanical gears. Nevertheless, the cost of fluctuation and the restricted availability of rare-earth
permanent magnets have hindered the broader adoption of magnetic gear technology. To minimize the
consumption of the rare-earth permanent magnet material, this paper proposes a less-rare-earth magnetic
gear layout wherein the inner rotor uses spoke-type magnet slots filled with each rare-earth and ferrite
permanent magnets to form a hybrid permanent magnet excitation. This rotor topology employs an
additional asymmetric flux barrier in each pole for torque density enhancement and cogging torque
suppression. For a more comprehensive study, the permanent magnet’s geometry was modeled using a
trapezoidal shape. The influence of permanent magnets and barriers geometry parameters on air gap flux
density was analyzed. The torque performance of the less-rare-earth magnetic gear was analyzed through
2-D and 3-D finite element analysis and compared with conventional spoke-type and flat-type interior
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1- Introduction

Magnetic gears (MGs) have emerged as a promising
alternative to traditional mechanical gears, addressing
many of the inherent limitations, such as mechanical wear,
noise, vibrations, the necessity for lubrication, and lack of
overload protection [1, 2]. Unlike mechanical counterparts
that rely on direct tooth engagement, MGs utilize modulated
magnetic fields to transfer torque without physical contact.
This non-contact nature leads to enhanced durability, reduced
maintenance requirements, inherent overload protection,
and acoustic noise reduction, while also enabling physical
isolation between input and output shafts [3].

With ongoing advancements in MG structures, the
maximum torque density of rare-earth permanent magnet
(PM)-based MGs has exceeded 250 kNm/m? [4], highlighting
their competitive potential in high-demand applications such
as wind energy systems [5, 6], marine propulsion [7], and
electric or hybrid vehicles [8-10].

MG-integrated motors have attracted attention due to
their compact size, high torque density, and silent operation.
Various studies have proposed improved designs: from
magnetic-geared bearings less high-speed rotor integration
[11] and cost-optimized radial flux structures [2], to novel
MG integrated switched reluctance motor topologies [12] and
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a continuously variable magnetic geared dual stator motor
[13]. These innovations have enhanced torque performance,
modularity, and robustness, while also facilitating non-
contact tool-changing mechanisms and efficient design
methodologies using advanced simulation techniques.

To enhance torque density further, many researchers have
employed rare-earth PMs like NdFeB [14-16]. However, their
high cost and supply volatility motivate the exploration of
alternatives. Accordingly, studies have investigated reducing
rare-earth content by incorporating ferrite magnets or
developing hybrid configurations that maintain performance
while decreasing material dependency [17, 18]. For instance,
flux-focusing ferrite-based motors [19] and hybrid magnet
machines offer cost benefits and structural simplicity,
though they often require sophisticated design strategies to
achieve torque densities comparable to rare-earth systems.
Due to the low torque density of ferrite machines, particular
design techniques are inevitable to be comparable with rare-
earth machines [20]. Hence, hybrid PM topologies, as an
effective solution, have been strongly considered in cases
where the co-excitation sources are applied with NdFeB
PM and ferrite PM materials [21-23]. The optimal geometry
and arrangement of different types of PMs influence the
electromagnetic performances of machines significantly.
[24] proposes a PM-assisted synchronous reluctance motor
with a ferrite magnet without rare-earth PMs, considering
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productivity. Results illustrate that the suggested model has
the same power density and equivalent efficiency as rare-earth
PM synchronous motors for hybrid electric vehicles. [25]
introduces different rotor configurations with a combination
of ferrite and rare-earth PMs to reduce costs. The results show
that this combination can compete with conventional rare-
earth and spoke-type configurations. This originates from a
strong funnel effect for the magnetic flux to the extent that
the relatively weak flux density from the ferrite magnets is
amplified to be comparable with conventional rare-earth
PMs; that is, to the point of steel saturation.

Particularly, spoke-type interior permanent magnet (IPM)
motors have been a focus due to their potential for performance
improvement through novel barrier shapes and asymmetric
configurations [26, 27]. These designs have demonstrated
significant improvements in torque ripple mitigation and flux
control. In [28, 29], a novel asymmetric IPM rotor topology
that has a mixed V-shape and spoke-type PM configuration
is designated with asymmetric flux barriers to show torque
enhancement and cogging torque mitigation.

As shown in Fig. 1, radial flux MGs with three different
rotors, two of which have PMs, face challenges related to PM
placement and cost. This issue is particularly more severe
in the case of an inner rotor with a higher rotational speed.
Different structures of inner rotor PM placement are reported,
including: surface-mounted PM [30], flat-type interior PM
(IPM) [31], spoke-type IPM [32], and V-type IPM [33]. Since
the inner rotor has fewer PMs than the outer PM rotor, it
will be more appropriate and possible to design a hybrid PM
structure on it.

In this context, the proposed work focuses on the design
and optimization of a hybrid-excitation IPM rotor featuring a
parallel trapezoidal spoke-type arrangement of rare-earth and
ferrite PMs, augmented with asymmetric flux barriers. The
objective is to achieve high torque density, reduced cogging
torque, and minimized magnet volume and cost, all within a
compact MG structure suitable for high-speed operation.

In this article, section 2 describes the principle of
operations, rotor topologies of the proposed MG, conventional
MG, and the optimization parameters. The influence of the
flux barrier and hybrid PM configuration on the performance
of the proposed MG is investigated in Section 3. Section 4
provides the conclusion.

2- Configuration of MG
2- 1- Principle of Operation

A conventional (MG) typically consists of an inner
rotor and an outer rotor, both embedded with permanent
magnets (PMs), and a stationary ferromagnetic rotor located
between them. The magnetic fields generated by the PMs
are modulated through the ferromagnetic pole pieces of the
intermediate rotor (referred to as modulators), which induce
space harmonics that facilitate torque transmission between
the inner and outer rotors [34, 35]. This torque transfer occurs
due to the interaction of specific harmonic orders, depending
on the configuration of the magnetic poles and modulation
structure. The process creates a gear-like effect without
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Fig. 1. Schematic of MG

any physical contact, offering advantages such as reduced
mechanical wear and inherent overload protection. Based on
Fourier analysis of the magnetic flux density distribution, the
rotational speed of the space harmonics can be expressed as
a function of their order and the modulation index. Using the
Fourier series of flux density distribution, originating from
PMs and modulated by modulators, reveals the rotational
speed of different harmonics as [36]:

mp kn

W, , = w, + —w, 1
o kn, +mp kn.+mp M

where m is the order of the space harmonic components,
and k is the order of the space harmonic components due
to the introduction of the pole pieces. The combination of
m =1 and k= -1 leads to a coupling of the highest harmonic
magnitude with opposite rotor, and consequently, maximum
torque transmission can be achieved. Hence, the relationship
between the outer rotor pole pair p , the inner rotor pole pair
P, » and the modulators 7, can be stated as:

P, =|p,—n, )

The gear ratio of a magnetic gear varies depending on
which rotor is held stationary. There are three main operating
modes: (a) the outer rotor is fixed, (b) the modulator is fixed,
and (c) the inner rotor is fixed. Each mode affects not only the
torque and speed ratios but also the direction of shaft rotation.

The gear ratio when the outer rotor is held stationary
(@, = 0), can be given by (Fig. 2-a):

O = 3)

The gear ratio when the modulators are held stationary
(@, = 0), can be given by (Fig. 2-b):

G_b=n _ P,

b p; )
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(b)

Fig. 2. Different operating modes of the magnetic gear and how the input and output rotors rotate (a)
an outer rotor fixed, (b) modulator segments (pole pieces) fixed, and (c) the inner rotor fixed

g n—i= = =i

Fig. 3. Different inner rotor topologies of CMG (a): a conventional interior flat-type IPM rotor (b): a
conventional spoke-type rotor and (c): a proposed asymmetric hybrid PM rotor.

When the inner rotor is kept stationary, the gear ratio can
be given by (Fig. 2-¢):

G=—T-=—= (%)

In this study, the outer rotor is kept stationary, and the
inner rotor and the middle rotor act as high and low speed
rotors, respectively.

2- 2- Proposed Design

To address the limitations of classical MG structures,
especially the low mechanical strength of surface-mounted
PMs at high rotational speeds, interior permanent magnet
(IPM) configurations become essential. This is particularly
critical for the high-speed inner rotor, where centrifugal

forces can lead to magnet displacement or damage. In
coaxial MGs using IPM configurations, the placement and
geometry of PMs within the rotor core significantly affect
the magnetic field distribution in the air gap. Considering the
cost fluctuations and supply instability of rare-earth PMs, this
study introduces a hybrid excitation approach. The proposed
structure combines rare-carth (NdFeB) and non-rare-earth
(ferrite) PMs arranged in a parallel spoke-type layout with
asymmetric flux barriers. This configuration is designed to
reduce material costs while maintaining torque performance
(Fig. 3).

Fig. 3-a shows the structure of an interior flat-type
magnet. In this structure, due to the limitations of the external
environment of the rotor, the dimensions of the magnets
are limited, and as a result, the possibility of improving
the magnetic motive force will be limited. In addition,
mechanical considerations in the intermediate bridges will be
important due to centrifugal forces. Fig. 3-b shows a spoke-
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(b)

Fig. 4. (a) Proposed Inner Rotor of IPM type CMG (b) Key design variables and their geometric defini-
tions for inner high-speed rotor

type structure with tangential magnetization. In this structure,
there is a possibility of flux leakage and flux saturation due
to flux concentration and interference in the inner radii.
Although it is possible to change the dimensions of the
magnet in this structure further, the price will also be high
due to the high price of rare-earth magnets and their large
volume. In Fig. 3-c, a combination of two types of magnets
is used to effectively reduce the cost, and due to the larger
dimensions of the ferrite type, this magnet is used in the inner
radii. The trapezoidal structure of the magnets (in order to
have a different magnetic motive force proportional to the
reluctance of the core path) is one of the challenges of this
structure, and by combining different sizes of the magnet, the
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desired dimensions can be achieved to some extent.

Inthis paper, according to the design requirements, a hybrid
PM radial flux MG is presented and optimally designed. Fig.
4-a; shows the structure of the hybrid IPM rotor of MG, while
design parameters are shown in Fig. 4-b. A rare-earth PM
material reduction inevitably leads to magneto-motive force
reduction of the PMs, which will degrade output performance.
By introducing ferrite as a complementary excitation source,
the output torque can be modified. The inordinate use of
ferrite, PM may result in seizing the limited inner rotor space
and weakening the mechanical strength of the rotor.

As illustrated in Fig. 4, the configuration ensures effective
space utilization, improved magnet shaping capability, and
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reduced cogging torque through the use of asymmetric flux
barriers. To compare the proposed design with conventional
MG topologies, certain design constraints are maintained
across all models. These include identical rotor dimensions,
the same number of pole pairs, and consistent axial and air
gap lengths. This uniformity ensures a fair evaluation of
performance improvements. The gear ratio in the proposed
configuration, where the outer rotor is fixed and the inner
rotor operates at high speed, is defined as 15:3 = 5. The
design seeks to match or surpass the torque output of the
baseline MG while minimizing the use and cost of rare-earth
materials [37, 38]. The asymmetric shape of the flux barriers
not only contributes to magnetic field shaping but also plays
a crucial role in mitigating cogging torque. A set of geometric
variables is introduced in Table 1 to define the structure within
a finite element method (FEM) framework. These variables
are subject to optimization to achieve the desired magnetic
and mechanical performance.

2- 3- Optimization

In this study, a genetic algorithm (GA) integrated with
FEM simulations is employed to optimize the geometry of
the proposed MG. The objective is to achieve an optimal
balance between high torque output, low cogging torque,
and minimal PM usage, especially considering the cost
difference between rare-earth and ferrite magnets. GA, as
an evolutionary algorithm inspired by natural selection,
iteratively searches for optimal solutions by performing
operations such as reproduction, crossover, and mutation.
The optimization process begins with a population of 100
candidate designs and proceeds for up to 2000 generations.
Crossover and mutation probabilities are set at 0.7 and 0.05,

respectively. The optimization framework is built within a
parametric FEM-GA coupled model using Maxwell software.
A set of geometric variables defines the structure of the inner
rotor, including the shapes and positions of magnets and
flux barriers. These variables influence magnetic flux paths,
reluctance, and mechanical stability, thereby affecting key
performance metrics. The flowchart of the FEM-GA coupled
method is shown in Fig. 5. The Maxwell package is used to
build the parameterized FE model of the proposed MG [24].

The objective function (O.F) used in the optimization
simultaneously targets multiple design goals: maximizing
average torque, minimizing cogging torque, and reducing
the volumes of ferrite and rare-earth magnets. Given the
significant cost disparity—rare-earth magnets are assumed to
be 15 times more expensive than ferrite magnets—the O.F.
prioritizes efficiency per unit cost and volume. Throughout
the optimization process, each design candidate is
evaluated using FEM simulations to ensure electromagnetic
performance is accurately assessed. The GA then selects
and evolves the most promising solutions toward achieving
an optimal trade-off among torque performance, magnet
volume, and cogging minimization. The GA was coupled
with a finite element analysis (FEA) framework to optimize
the structural parameters of the proposed magnetic gear.
For this purpose, an O.F. has been introduced to maximize
it. The introduced flux barrier can provide an asymmetric
and desirable distribution of the field. The dimensions of
the magnets, while affecting the volume of the magnetic
material and consequently its price, change the magnetic
motive force and reluctance of the path to provide the best
state for optimizing the objective function. The optimization
is based on the following O.F.:

i |
| Apply the |
1| parameters to the : Initialization
: design |
| * | Gen. 0
: Run the simulation : h ": Next generation
1| and calculate the |~ - Ansys Maxwell 4
)

: Ma?iwell tensor Eq. |, _, FEM Replacement
| in the airgaps Y
i . v 4
I'| Transfer the Torque, : Calculate the O.F. Mutation
: cogging torque and |1 ¢ f

|
| PM volume to the | Crossover
| Opt. package |
""""""" Are the T

termination Selection

terms satisfied?

Fig. 5. The overall flowchart of the optimization procedure.
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Average torque (7 wg), cogging torque percentage (7' Coggl_ng)
of the middle low-speed rotor, the volume of ferrite (V,,), and
the rare-earth (V) PMs of the inner rotor are considered as
the objectives of optimization.

The lowest price of PM, according to the ratio of price
coefficients, is considered. Given the difference in the prices
of NdFeB and ferrite PMs, the O.F. will be specified in order
to get the highest efficiency from the specific volume of PMs.
It should be noted that the price per volume unit of the rare-
earth PMs is considered up to 15 times that of ferrite PMs,
in this paper [38]. The goal of the optimization is to acquire
the highest level of O.F This multi-objective optimization
strategy ensures that the proposed MG structure can deliver
improved performance with reduced dependence on costly
magnetic materials.

3- Simulation Results

The optimization process converged after 1043 iterations
(Fig. 6), producing an optimal design configuration for the
proposed MG. The final design parameters and corresponding
performance metrics are detailed in Tables 2 and 3.

To evaluate the magnetic field distribution and torque
characteristics, both 2D and 3D finite element models of the
optimized MG are developed. As shown in Figs 7 and 8, the
static torque of the high-speed inner rotor in the 2D model
reached 7.7 Nm, while in the more accurate 3D model, it
was measured at 6.139 Nm. The low-speed modulator rotor
exhibited a maximum torque of 39.31 Nm and 30.59 Nm
in the 2D and 3D simulations, respectively. The observed
reduction of approximately 22% in the 3D results reflects the
consideration of effects such as flux leakage and end effects,
which are typically ignored in 2D models. In the 2-D model
of the coaxial MG, the effects of factors such as saturation
and leakage flux (especially the end effect) are ignored, but in
the 3-D model, the effects of all these factors are considered
in the torque calculation; Therefore, the reduction of the

Table 1. Design parameters of hybrid PM MG.

Predetermined parameters Value
Number of high-speed rotor pole pairs (p;) 3
Number of low-speed rotor pole pairs (p,) 12
Number of ferromagnetic pole pieces — M6 (n;) 15
Inner radius of inner rotor — M43 (R;,) 15 mm
Outer radius of inner rotor — M43 (R;) 50 mm
Radial length of Each air gap (R>, R4) Imm
Radial length of ferromagnetic pole pieces (R3) 6 mm
Radial length of outer rotor PMs (R5) 5 mm
Effective Radial thickness of outer core — M43 17 mm
Outer radius of outer rotor — M43 (Rou:) 80 mm
Total length of MG 50 mm
Slot opening of ferromagnetic pole-pieces (6,:) 12 degrees
Pole pitch angle of inner rotor (6;) 60 degrees
Pole pitch angle of outer rotor (6;) 15 degrees
Optimization parameters Boundary
Outer arc of flux barrier (OA4) 16-25 degrees

Inner arc of flux barrier (I4s)
Radial length of bridge (RLj)
Radial length of flux barrier (RL)
Upper width of NdFeB (UWna)
Radial length of NdFeB (RLya)
Lower width of NdFeB (L Wy,)
Upper width of Ferrite (UWr.)
Radial length of Ferrite (RLr.)
Lower width of Ferrite (L Wr.)
Tooth width of holder (7))
Radial length of holder (R;)

4-14 degrees
1-2 mm
2-3.5 mm
4-13 mm
2-6 mm
4-13 mm
7-22 mm
15-23 mm
7-18 mm
1-5 mm
4-12 mm
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Fig. 6. Convergence curve of genetic optimization algorithm.

Table 2. Optimization results of design parameters.

Table 3. Final results of optimization performances.

Parameter Optimal result

Outer arc of flux barrier (OAp) 19.9 degrees

Inner arc of flux barrier (/45) 7.6 degrees
Radial length of bridge (RLj) 1 mm
Radial length of flux barrier (RLp) 3 mm
Upper width of NdFeB (UWna) 7 mm
Radial length of NdFeB (RLyq) 5 mm
Lower width of NdFeB (L Wyy) 9 mm
Upper width of Ferrite (UWr.) 20 mm
Radial length of Ferrite (RLr.) 23 mm
Lower width of Ferrite (L Wr.) 18 mm
Tooth width of holder () 1 mm
Radial length of holder (R)) 10 mm

maximum torque value in the 3D model can be considered as
a result of the mentioned factors. The cogging torque of the
low-speed rotor was calculated as 3.053% in the 2D model
and 3.43% in the 3D model, demonstrating the effectiveness
of the asymmetric flux barriers in reducing torque ripple.

Figures 9 through 11 illustrate the optimized geometries
and resulting magnetic field distributions. Specifically,
the magnetic vector potential lines and flux density plots
confirm that the asymmetric flux barrier structure guides the
magnetic flux efficiently, enhancing torque performance and
minimizing cogging.

Performance Scope Value
Volume of NdFeB (m?) Min. 1.2*107
Volume of Ferrite (m?) Min. 1.311*107*
Average Torque (Nm) Max. 39.3103

Cogging torque (%) Min 3.0536
O.F. Max. 41.381

Tables 4 and 5 compare the 2D and 3D performance metrics
of three MG topologies. While conventional spoke-type
structures produce higher torque, they require significantly
more rare-carth PM material, leading to increased cost. In
contrast, the proposed hybrid structure achieves a superior
objective function value due to its improved torque-
per-magnet-volume ratio and reduced reliance on costly
materials. The cogging torque reduction is achieved by using
the optimal shape of an asymmetric flux barrier. Maximum
torque per PM volume, as an effective indicator in the useful
use of PMs, is increased in the proposed hybrid PM structure.
The visual comparison of the output performances of different
MG topologies is shown in Fig. 12.

Temperature behaviour was also investigated, considering
the distinct thermal responses of NdFeB and ferrite magnets.
NdFeB magnets exhibit a shift in the B-H curve toward the
second quadrant at elevated temperatures, increasing their
risk of irreversible demagnetization. In contrast, ferrite
magnets show improved resistance to demagnetization as
temperature rises due to their positive coercivity temperature
coefficient. The potential demagnetization of magnets has a
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Fig. 7. The static torques waveform when the low-speed modulator is locked.
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Fig. 8. Comparison of dynamic torques in optimized CMG.
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Fig. 9. Final optimal geometry of optimal MG (a) optimal conventional flat-type IPM rotor (b) optimal
conventional spoke-type rotor, and (c) optimal proposed asymmetric hybrid PM rotor.
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-0.0113

Fig. 10. 2-D cross-section view of magnetic vector potential lines distribution.

Table 4. Comparison of optimal results of different rotor topologies in 2-D designs.

2-D results
Performance
IPM Spoke-type Proposed
Torque s (Nm) 35 114.25 39.31
Torque us (Nm) 7 22.51 7.74
Torque ripple s (%) 8 3.21 3.05
Torque ripple us (%) 53 9.05 18
O.F. 4.05 16.62 41.38
Total Volume(m?) 1.0053*107° 1.0053*107° 1.0053*107
Torque density  s(KNm/m?) 34.81 113.64 39.10
NdFeB Inner Rotor Volume (m?®) 7.2%107 14.25*107 1.2*107°
Ferrite Volume (m?) 0 0 13.11*107
Torque per PM Volume (kNm/m?) 32.40 53.45 126.35
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Fig. 11. Cross-sectional view of flux density distribution (a) 2-D model, and (b) 3-D model
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Table 5. Comparison of optimal results of different rotor topologies in 3-D designs.

3-D results
Performance IPM Spoke-type Proposed
Torque rs (Nm) 29.1 88 30.59
Torque us (Nm) 5.8 17.50 6.13
Torque ripple s (%) 7.2 5.12 3.43
Torque ripple us (%) 51 15.74 18.84
O.F. 3.7422 8.0365 28.6043
Total Volume(m?) 1.0053*107° 1.0053*107° 1.0053*107
Torque density | s(kNm/m?) 28.94 87.53 30.43
NdFeB Inner Rotor Volume (m?) 7.2*%107 14.25%107° 1.2%107°
Torque density | s(kNm/m?) 28.94 87.53 30.43
Torque per Magnet Volume (kNm/m?) 26.94 47.17 98.34
Torque LS (*100)
1.5
\
1 :;\
O.F. (*100) 0-5.' A Torque/Vpm (*100)

e —
Vpm (Fe+15*Nd) "
(*1074) % Cogg. (*10)
— —IPM ----- Spoke-type Proposed design

Fig. 12. Visual comparison of optimal results of different rotor topologies (2-D design).

consequential degrading effect on MG performance.

Due to the positive temperature coefficient of coercivity,
ferrite PMs are more likely to get demagnetized at low-
temperature conditions. The potential demagnetization
of magnets has a consequential degrading effect on MG
performance and, therefore, has been the subject of interest in
many research works. The irreversible demagnetization occurs
when the PM’s flux density of the magnet becomes less than
the threshold level at the knee point. Demagnetization analysis
of the ferrite magnets was conducted under both no-load and
full-load conditions. Results, shown in Fig. 13, indicate that

the flux from adjacent NdFeB magnets reinforces the ferrite
operating point, ensuring that the flux density remains above
the demagnetization threshold of 0.2 T [39]. This mutual
reinforcement improves the anti-demagnetization capability
of the hybrid rotor.

To assess mechanical integrity, a centrifugal force
analysis was performed using ANSYS R17.2. The von Mises
stress distribution, shown in Figs 14 and 15, revealed that
the maximum stress and total deformation distribution occur
at the tips of the inner rotor bridges at a rotational speed of
16500 rpm. The stress levels remain below the yield strength
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Fig. 13. Demagnetization analysis results of ferrite PM (a) No-load (zero torque transmission position) magnetic
field distributions (b) Full-load (maximum torque transmission position) magnetic field distribution
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Fig. 14. Maximum von Mises stress of FB rotor according to the speed of HS rotor.

(350 MPa) of the rotor material (M400-50A), indicating
acceptable structural performance at the intended operating
speed.

Finally, iron loss analysis demonstrated a clear advantage
of the proposed design. As shown in Fig. 16, the hybrid MG
experiences 46% less iron loss compared to the conventional
spoke-type MG (2.41 W vs. 4.5 W), confirming improved
efficiency.

4- Conclusion

In this article, a new structure of coaxial MG based on
hybrid PM was proposed. In the inner rotor of this structure,
to reduce the cost and to increase the torque density, two
types of magnetic material (ferrite and rare-earth PMs)
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with trapezoidal spoke-type structure were used. Also, in
the internal rotor of the proposed coaxial MG, asymmetric
flux barriers were created to control the distribution of
flux density in the air gap and minimize cogging torque.
The proposed structure was optimized with the aim of
maximizing the torque density and minimizing the volume
of the internal rotor magnetic material and cogging torque
by a genetic optimization algorithm and finite element
software. The optimized structure was analysed by 2-D and
3-D FEM analysis, and it was concluded that 10 and 2.5 times
increase in O.F. can be extracted by the proposed hybrid PM
MG compared with optimal conventional flat-type IPM
and conventional spoke-type PM MGs, respectively. This
improvement is accompanied by an effective increase in
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(®)

Fig. 15. Mechanical analysis of FB rotor in 12000 rpm (a) Mises stress distribution and (b) total deformation
distribution
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Fig. 16. The loss comparison of the optimal spoke type and proposed MG.

the torque per magnet volume of about 3.9 and 2.36 times
compared with optimal conventional flat-type IPM and
conventional spoke-type PM MGs, respectively. The results
of the 3-D model show a reduction compared to the values of
the 2-D model. This decrease in value is justified by referring
to the weakness of the 2-D model in applying the end effect
and ignoring the leakage flux in the third dimension; it was
revealed that the 3-D model provided more accurate results
than the 2-D model.
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