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Abstract: This paper covers a new emerging class of electrical machines, namely, Magnetic Gears
(MGs) and Magnetically Geared Machines (MGMs). This particular kind of gears/machines is
capable of either scaling up or down the revolutions-per-minute to meet various load profiles as in
the case of mechanical gearboxes, but with physical isolation between the rotating components. This
physical isolation between the rotational components leads to several advantages in favor of MGs
and MGMs over mechanical gearboxes. Although MGs and MGMs can potentially provide a solution
for some of the practical issues of mechanical gears, MGs and MGMs have two major challenges that
researchers have been trying to address. Those challenges are the high usage of rare-earth Permanent
Magnet (PM) materials and the relatively complex mechanical structure of MGs and MGMs, both of
which are a consequence of the multi-airgap design. This paper presents designs that reduce the PM
rare-earth content for Electric Vehicles (EVs). Additionally, the paper will ensure having practical
designs that do not run the risk of permanent demagnetization. The paper will also discuss some
new designs to simplify the mechanical structure.

Keywords: magnetic gears; flux modulation; coaxial magnetic gears; magnetically geared machines;
permeant magnet; low-pole rotor; high-pole rotor; flux modulation pole-pieces; flux weakening;
continuously variable transmission; partitioned stator; flux switching machine

1. Introduction
1.1. Main Introduction

The ability to scale torque/speed from one rotational component to the other is ac-
complished by gearboxes. This ability allows the power input torque/speed to meet the
required load torque/speed by either scaling up or down the revolutions per minute. Cou-
pling the gearbox high speed rotational component to electrical machines enables designing
those machines for higher speeds/lower torques, and hence leads to significant reduction
in size and cost. In addition, gearboxes are needed in some applications, for example, trac-
tion where driving a vehicle requires multi gear ratios to match multi load torque/speed
profiles. Mechanical gearboxes have historically dominated a variety of applications such
as renewable energy, aerospace, mining, oil and gas, and traction applications. This domina-
tion is traced back to the relatively high torque density of mechanical gearboxes. However,
they suffer from mechanical teeth breakage, periodic maintenance, need for lubrication,
noise, and vibration. To explain further, the torque transducing mechanism of mechanical
gearboxes is based on the physical contact between shafts’ teeth, which poses significant
challenges in terms of system reliability. A good example of this is a mechanical gearbox
coupled to a wind generator. Wind speeds are continuously variable, causing sudden
changes on the wind turbine speed; therefore, mechanical gearboxes are one of the most
vulnerable components to fail due to their transferred torque mechanism. Due to this, a
wind turbine’s typical lifetime is about 30 years, while the associated mechanical gearbox
has an expected lifetime of only 5 years. As a consequence, this failure leads to inconvenient
energy intermittences during the maintenance process [1], resulting in non-cost-effective
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systems. Moreover, mining, and oil and gas applications require gearboxes to meet the load
profiles. Meanwhile, accessing the gearbox location for transmission oil change or regular
maintenance is inevitably challenging. On the other hand, Magnetic Gears (MGs) had
received slight attention before 2001 due to the complexity of the proposed topologies and
poor torque density. In 2001 [2], K. Atallah and D. Howe at the University of Sheffield, UK,
patented a surface mounted Permanent Magnet (PM) Coaxial MG (CMG) and described the
flux modulation (FM) relationships that determines the gear ratio. FM-CMGs correspond
to conventional planetary mechanical gearboxes. The patented CMG operates based on
the FM concept using rare-earth PM material with a claimed torque density in excess of
100 kN-m/m?. This achievement attracted many researchers’ attention [3]. FM-CMG is a
promising candidate to replace mechanical gears in some applications since they fundamen-
tally function in the same way, but with the advantage of physical isolation between the
shafts. The physical isolation between the shafts provides many advantages for FM-MGs
over mechanical gears, described as follows: Lubrication free, no or reduced maintenance,
higher reliability, reduced acoustic noise, no backlash, better overload protection, higher
efficiency, and environmentally friendly technology.

1.2. Literature Review on Flux Modulation Magnetic Gears

In order to introduce the reader to the MGs topologies, MGs can mainly be classified
into two categories provided in Figure 1. The first category is the one that is mainly derived
from mechanical gearboxes, which will not be considered in this paper due to its poor
torque density [3—6]. On the other hand, the second category relies on the FM concept
and will be considered extensively in this paper. FM-MG consists of three rotors: Inner
rotor with (P;) pole-pairs, steel segments rotor in the middle with (N;) pole-pairs, and
outer rotor with (P;) pole-pairs as shown in Figure 2. The FM working principle is based
on modulating the working Magnetomotive Force (MMF) periodicity (frequency) from
the inner airgap to match the MMF frequency torque-transducing component in the other
airgap by virtue of the steel segments or flux modulation pole-pieces (FMP-Ps) and vice
versa. To further explain, any stable electromagnetic torque/force can be transmitted
when two MMF sources with the same pole-pairs number (frequency) are interacting. In
FM-MGs, the two MMEF sources have different pole-pairs numbers. However, each MMF
source frequency in FM-MGs is modulated by sandwiching the FMP-Ps between the rotor
with higher number of poles (HPR) and the rotor with lower number of poles (LPR). As
a result, this makes each MMF frequency (number of pole pairs) equal to the other MMF
frequency in each airgap and allows for useful torque/force transmission. For the highest
torque capability [2], the FMP-Ps number should be the sum of HPR and LPR pole-pairs as
provided in Equation (1).

P11+ Py = Ng (1)
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Figure 1. Schematic diagram of Magnetic Gears (MGs) technologies.
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Figure 2. Surface mounted flux modulation-coaxial MG (FM-CMG).
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In [2], the FM concept is illustrated by showing how the first MMF source can be
modulated to match the other MMF source which satisfies equation (1). Therefore, the
gearing effect is created in each airgap to enable a useful torque transmission. The FM-
MG can have a fixed single gear ratio if two rotors are rotating simultaneously, whereas
continuously variable transmission (CVT) is obtained when all three rotors are rotating
together [7]. Since the reveal of [2], a flurry of activity has taken place to apply these
basic principles, provide a theoretical understanding, and improve the designs such that
now, MG performance is considered to be on par with that of mechanical gears [3]. All of
which of course was facilitated by the invention of rare-earth magnets in the 1980s. Table 1
summarizes various FM-MGs’ torque densities, gear ratios, and types of configuration,

along with the corresponding references.

Table 1. Summary on FM-MGs technologies.

Configuration Type Gear Ratio Torque/Force Density Reference Number
Coaxial 1:5.5 (Prototype) > 100 kN-m /m? [2]
Coaxial 1:5.5 (Prototype) 54.5 kN-m/m3 [8]
Coaxial 1:7.33 (Prototype) 53.3 kN-m/m? [9]
Coaxial 1:4.25 (Prototype) 108.3 kN-m/m? [10]
Coaxial 1:8 (Calculated) 29.4 kN-m/m?3 [11]
Coaxial 1:5.5 (Prototype) 42 kN-m/m? [12]
Coaxial 1:4.25 (Prototype) 66 kN-m/m? [13]
Coaxial 1:4.25 (Prototype) 151 kN-m/m3 [13]
Coaxial 1:4.25 (Prototype) 239 kN-m/m? [14]
Coaxial 1:7.33 (Calculated) 382.7 kN-m/m?> [15]
Coaxial 1:7.33 (Calculated) 226 kN-m/m? [16]
Coaxial 1:4.25 (Prototype) 82.8 kN-m/m?3 [17]
Coaxial 1:75 (Prototype) 37.1 kN-m/m?3 [18]

Axial 1:5.75 (Calculated) 70 kN-m/m?3 [19]
Axial 1:8 (Calculated) 22.4 kN-m/m?3 [20]
Axial 1:4.14 (Calculated) 183.9 kN-m/m? [21]
Axial 1:4.17 (Calculated) 289.9 kN-m/m?> [22]
Transverse 1:6.5 (Calculated) 2.4 kN-m/m3 [23]
Transverse 1:3.75 (Calculated) 80.6 kN-m/m? [24]
Transverse 1:4.25 (Calculated) 77 kN-m/m3 [25]
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Table 1. Cont.

Configuration Type Gear Ratio Torque/Force Density Reference Number
Transverse-Axial 1:5.5 (Calculated) 181.2 kN-m/m3 [26]
Transverse-Axial 1:4.17 (Calculated) 268.4 kN-m/m? [27]
Transverse-Axial 1:5.5 (Calculated) 108 kN-m/m?3 [28]

Linear 1:3.25 (Calculated) 1.7 MN/m? [29]

1.3. Literature Review on Magnetically Geared Machines

Evolution of FM-MGs and high energy product PM material have contributed to
integrating such a high torque density/passive device like FM-MGs into the context of
electrical machines. As a result, high torque density electrical machines have been emerg-
ing and generally labelled under Magnetically Geared Machines (MGMs). These emerging
machines revived the ongoing research on electrical machines as well as providing degrees
of freedom to various industry applications. To clarify, MGMs can have multi mechan-
ical/electrical ports for power split devices as well as CVT operation to meet various
operating conditions [30]. Conversely, conventional electrical machines are only limited
to one mechanical and one electrical port. These diverse advantages are attractive with
the requirements of wind power generation, marine, aerospace, and traction applications.
Thus, enabling such a contactless technology integrated with electrical machines in such
applications, resulting in reliable promising candidates and compact systems, can be a key
enabler towards fully electrified systems.

As for identifying the technical differences between conventional and magnetically
geared machines, it is known that the electromagnetic torque in conventional machines is
proportional to the electric and magnetic loadings, as shown in expression (2).

Telectmmagnetic & Bg X A )

where (Teiectromagnetic) 1S electromagnetic torque in (Nm), (Bg) is the magnetic loading or the
airgap flux density in (Tesla), and (A) is the machine electric loading in (AT/m).
However, in MGMs, the gearing effect plays a significant role in terms of boosting
the electromagnetic torque. To clarify, the MMF angular velocity in the inner airgap (the
LPR side) of any FM-MG is modulated from a high speed/low pole-pairs number to a
low speed/high pole-pairs number, while both frequency and power are the same. This
makes the HPR rotate with low angular velocity, and since the power is equal on input and
output shafts, the torque is scaled up by the gear ratio. Therefore, MGMs follow a different
expression (3).
Telectromagnetic & Bg X A X Gr ®3)

where (Gr) is the gear ratio. MGMs family includes diverse categories based on the
classification criterion. In this paper, MGMs will be categorized based on the number
of airgaps, making it easier to identify each category. The schematic diagram shown in
Figure 3 categorizes MGMs into three categories and highlights the main variations. The
red dashed lines indicate that there is a correlation between the two types. For example, for
certain slot/pole combinations in winding MG machines, the airgap between the FMP-Ps
and stator windings can be eliminated, resulting in Vernier Machines.

Due to the diversity of MGMs topologies and limited space, the focus in this paper
will be on Partitioned Stator-Flux Switching (PS-FS) MGM with dual airgaps. Meanwhile,
Table 2 lists references from literature as an example on other categories.
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Figure 3. Schematic diagram of Magnetically Geared Machines (MGMs).

Table 2. Summary on MGMs technologies.

Classification Criteria

Description of Configuration

Reference Number

Mechanical Integration of

Triple Airgap Design FM-MGs into electric [31]
conventional machine

Pseudo Machine [32-36]

Dual Airgap Design Winding MG Machine [37]
Partitioned Stator Machines [38-41]

Vernier Machine
. . . Stator Permanent Magnet [42-46]
Single Airgap Design (PM) or Wound Field [47-54]
Machines

1.4. Challenges of Magntic Gears and Magnetically Geard Machines

Although FM-MGs and MGMs can potentially provide a solution for some of the
practical issues of mechanical gears, FM-MGs and MGMs have their own challenges
that researchers are trying to address. The main challenges that impact performance are
summarized as follows: Segmented structure and many small pieces to assemble, low
torque density, complexity in structures, high usage of rare-earth material, relatively low
gear ratio, high operating frequency, as well as weak and impractical mechanical structures.

Those lead to relatively limited tip speed (The tip speed is the linear speed of the outer
surface of a rotor; it is the limiting factor in terms of mechanical stresses) on LPR or weak
mechanical structures (due to the segmented structure), low torque density (due the high
flux leakage or eliminating PM material), complexity in structure making the prototypes
difficult to assemble (to boost the torque density), the significant use of rare-earth PMs
(due to the large effective airgap), relatively low gear ratio (practical aspect related to PM
materials), reduced efficiency (due to losses at higher frequencies), as well as mechanical
issues (due to the multi mechanical ports/bearings). It should be noted that it is often the
case that one particular issue can be “resolved”, but at the expense of making another issue
appear or get much worse. For example, [14] demonstrates a FM-MG prototype with the
highest torque density reported in literature so far [4-6]. However, the rotor tip speed is
limited by the segmented structure beside the low gear ratio 1:4.25. In [12], although a HSR
with interior PMs and FMP-Ps with two supportive bridges were adopted to improve their
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mechanical strength; the torque density was significantly reduced. Moreover, the highest
gear ratio for FM-CMG was 1:75 with modest torque density (37.1 kN-m/m?) [6,18].

1.5. Motivation of This Study

There have been continuous significant efforts to enable high torque density /low-cost
electric drive systems in a variety of applications which include electric machines and
power electronics. One strategy is to reduce the machine rare-earth content while attempt-
ing to maintain a comparable performance. Since there has been a growing interest to
minimize or eliminate the rare-earth PM content in electric machines [53,55-57] and due to
the multi airgap design of FM-MGs and MGMs, a large volume of PMs is typically required
to achieve a reasonable torque density. Rare-earth magnets are generally expensive, but
some grades are more so than others. In particular for application with high temperature
operation, such as traction, alloying is needed to reduce demagnetization risk. This is
achieved by adding some so-called heavy rare earth materials, such as dysprosium (Dy).
Unfortunately, although the proportion of Dy needed is small, its cost is particularly high.
Therefore, some work is ongoing to develop designs that do not need Dy addition to the
rare-earth magnet, but achieve high temperature operation nonetheless (so-called Dy-free
magnets). Two kinds of Dy-free NdFeB are commercially available and have been studied
thoroughly in [56,58]. The first one is with high remanence and knee point in the second
quadrant, which presents a significant challenge due to the armature reaction effect at high
temperatures. The second type is the one with low remanence and knee point in the third
quadrant, allowing the machine to operate with high coercivity, but the machine power
density may drop. Moreover, ferrite PM has a relatively low energy product and is subject
to demagnetization at lower temperature.

1.6. Objective and Organization of This Paper

As a consequence, this paper aims to address foregoing PM material challenges
and investigate the electromagnetic performance of blended magnet designs proposed
for electric vehicles (ferrite with both Dy-NdFeB and Dy-free NdFeB) in the context of
FM-MGs and MGM s as to extend the work in [59,60].

Beside the main target, issues of FM-MGs and MGMs will be taken into account to
reach a compromise while retaining a competitive electromagnetic performance. These
includes practical designs, tolerance of demagnetization, simple mechanical structure
or conventional topologies, and sustainability cost reduction in the proposed topologies.
Additionally, this paper will use a 2D-Finite Element Analysis (FEA) MagNet and OptiNet
Mentor Graphics software to minimize the computational time associated with the 3D
analysis. 3D effects are not expected to have a significant impact.

This paper is arranged as follows; the first section covers detailed introduction. The
second section covers the analysis results of CVT FM-CMG proposed for Electric Vehicles
(EVs). The third section presents the analysis results of a PS-Flux Switching Machine (FSM)
to meet the U.S. Department of Energy FreedomCar 2020 specifications for EVs, followed
by conclusions and future work.

2. High Torque Density Low-Cost Flux Modulation-Coaxial Magnetic Gear
2.1. Intorduction and Application

Gearboxes with multi or single gear ratios are needed in EVs and hybrid EVs (HEVs)
to meet the targeted torque/speed profiles. To clarify, Nissan Leaf 2010 is an EV and uses a
single ratio mechanical gearbox to meet its wheels’ rated speed [61]. In addition, Toyota
Prius (HEV) uses a planetary mechanical gearbox to achieve the CVT functionality between
the two electrical machine and mechanical combustion engine [62]. On the other hand, FM-
CMG can fundamentally achieve the exact functionality of their mechanical counterparts
whether to operate with a single ratio or with CVT characteristics. Therefore, this section
will consider designing and analyzing a FM-CMG for HEVs and EVs. Moreover, this paper
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will consider only the operation with a single gear ratio, while the CVT operation will be
the focus of a future paper.

2.2. Baseline Design, Materials, and Specifications

In FM-CMG, PMs are the only source of excitation as presented in Figure 2; however,
airgap magnetic loading varies based on the rotor design and/or effective PM utilization.
This means different PMs configurations would significantly change the peak airgap flux
density (Bg), which emphasizes the importance of selecting the rotor topology or inventing
new topologies. A comparative study between various rotor designs was introduced
in [63,64], which draws a conclusion indicating that spoke PM designs have the highest
torque density among other designs at the same PM quantity. This is mainly due to the
flux concentration effect (two PM poles pushing flux in the same direction) through the
steel segments between circumferentially magnetized PMs as shown in Figure 4. More-
over, experimental validation results presented in literature demonstrate a spoke PM
FM-MG prototype with the highest torque density among other rotor designs [4-6,14].
Consequently, both LPR and HPR are configured with a spoke PM design.

Flux Modulation Pole-

) High Pole Rotor
Pieces Rotor (FMP-Ps)

(HPR) (p2,31)

Low Pole Rotor

(LPR) (p1,5)

Figure 4. Interior PM FM-CMG.

Various commercially available PM types are considered in this paper: Dy-NdFeB,
Dy-free NdFeB, and ferrite are listed in Table 3 with their magnet properties at 20 and 80 °C.
The Dy-free NdFeB has slightly higher energy production in comparison to Dy-NdFeB.
The proposed FM-CMG can be potentially designed to have a high-tip-speed in which
a relatively high-yield-strength material is required for reliable operation with variable
loads and physical environments. HF-10 from AK Steel (with yield strength of 450 MPa) is
adopted in the design. Material specifications are listed in Table 3, while Table 4 shows the
assumptions of the active material market prices. It should be noted that material prices
are influenced by the market supply/demand as well as quantities of purchase.

Table 3. PM properties at 20 and 80 °C.

PM Commercial Temperature Remanence Coercivity Demagnetization
Name °C (B;)—Tesla (Ho)—kA/m (Bgemag)—Tesla
Dy-NdFeB 20 1.28 —985.6 —0.48
Arnold N40H 80 1.19 —909.8 0.062
Dy-free NdFeB 20 1.28 —987 —0.772
VACODYM 247AP 80 1.22 -931 —0.0129
Ferrite 20 0.48 —360 —0.05
Hitachi NMF-15G 80 0.43 —320 —0.17
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Table 4. Active material prices and volumetric mass density.

Volumetric Mass Density

Material Commercial Name Price Assumption ($/kg) (KG/M?)
Arnold N40H 100 7500
VACODYM 247AP 60 7600
Hitachi NMF-15G 10 4800
DI-MAX HF-10 by AK Steel 2 7600

The baseline design of the proposed FM-CMG uses a Dy-NdFeB (with heavy rare-
earth elements), and its specifications as well as other design parameters are provided in
Table 5. It is seen that the proposed FM-CMG is targeting high speed operation on the
LPR, while the low-speed rotor is the FMP-Ps with a speed of (1388.88 rpm) corresponding
to a gear ratio of 1:7.2. The gear ratio in this case is the count of the FMP-Ps over the
LPR pole-pairs count. It should be noted that the considered design is operating with a
single gear ratio (HPR is fixed); however, the proposed FM-CMG can accomplish the CVT
functionality when all the rotors are rotating simultaneously. CVT will be considered in a
future paper.

Table 5. Baseline design parameters and specifications. LPR: Lower number of poles; HPR: Higher
number of poles.

Parameter Value Parameter Value
Inner radius of LPR 40 mm Stack Length 86 mm
Outer radius of LPR 95 mm LPR pole-pairs count 5 (Rotational)

LPR PM width 12.5 mm HPR pole-pairs count 31 (Fixed)
Airgap thickness 1 mm FMP-Ps count 36 (Rotational)
FMP-Ps radial height 9 mm Gear ratio 1:7.2
Inner radius of HPR 106 mm FMP-Ps rotational speed 1388.88 rpm
Outer radius of HPR 122 mm LPR rotational speed 10,000 rpm
HPR PM width 53 mm PM Type Arnold N40H

2.3. Design Configuration

The baseline design has been established in the previous subsection with Dy-NdFeB;
therefore, the task of this section is to introduce various designs by using other magnet
types/grades. First, three designs are considered using only one PM type in each design.
The first design is inherited from the baseline design and uses Dy-NdFeB, the second
design utilizes Dy-free NdFeB, and the third design has only ferrite PM. The FEA solid
models are shown in Figure 5. The purpose of introducing the three designs using only
one PM type is to examine the torque capability when using each type separately and to
provide a fair comparison to the hybrid magnet designs. All the design parameters are
kept fixed, except the LPR PM width was changed to achieve the highest possible torque
capability relative to the baseline design.

Additionally, two designs are considered with blended magnets. The fourth design
uses a blend of Dy-NdFeB with ferrite PM, while the fifth design has a blend of Dy-free
NdFeB and ferrite PM. The blending of two PM types will only be done on the LPR since
there is enough space to adopt ferrite PM compared to the HPR, which has to be oversized
if ferrite is adopted. The rectangular LPR PM in the first three designs is replaced with three
rectangular PM layers configured in series (that is, the magnets are stacked in the direction
of magnetization, or the north pole of one segment abuts the south pole of another) as
provided in Figure 5. The ferrite layer is sandwiched between two NdFeB layers. The series
configuration enables uniform flux to cross the three layers of PMs, which results in better
utilization of the ferrite magnet. The hybrid magnet FEA models were fully parameterized
to examine the impact of the NdFeB and ferrite PM widths on torque production.
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L)
(e)

Figure 5. Repetitive finite element (FE) models of various FM-CMG designs (a) Dy-NdFeB Design,
(b) Dy-free NdFeB Design, (c) Ferite Design, (d) Dy-NdFeB with Ferrite Design, and (e) Dy-free
NdFeB with Ferrite Design.

2.4. Torque Capabilities Repersenation

All the design parameters were fixed except the PM width. The hybrid magnet
topologies show a gross reduction of the rare-earth PM content of around 17.5%, and a
rare-earth PM reduction of ~31.5% in the LPR of the fourth and fifth designs compared to
the first and second designs. Moreover, the reduction in the steel content is advantageous
in case of applications that require high yield strength materials which are typically more
expensive compared to regular steel.

This significant reduction of rare-earth materials led to a marginal reduction in the
torque as shown in Table 6. Torques on various components and gear ratios of the various
deigns are summarized in Table 6. It can be seen from Table 6 that the torque densities in
the hybrid designs are lower by ~4.5% compared to their counterparts. On the hand, the
specific torques have been increased in the hybrid designs due to the low volumetric mass
density of ferrite. Clearly, the ferrite contribution to the torque capability in the hybrid
designs is improved compared to the Ferrite PM Design that uses only ferrite.

Table 6. Performance of various designs as well as PM masses.

Tor n Components (N-m) PM Mass P
Desien orque on Lomponents (kg) Lamination Mass Volume Torque Density
8 - (kg) (Liter) (kN-m/m?)
LPR FMP-Ps NdFeB Ferrite
D%;'NfiFEB ~136.8 985 7.7 - 17 402 245
esign
Dy'%ee NdFeB ~1373 988.8 79 - 17 4.02 2459
esign
Ferrite PM ~345 2488 - 7.55 12.7 4.02 61.9
Design
Dy-NdFeB
with Ferrite ~131 9427 6.4 3 135 4.02 234.4
Design
Dy-free NdFeB
with Ferrite ~1313 945.6 6.5 3 13.5 4.02 2352

Design
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2.5. Impact of Rotors Retention

The robustness of the mechanical structure is critical, especially at high tip speeds
operation. As a consequence, particular attention should be paid to enhance the design
structure and ensure higher reliability. In the case of spoke FM-MG, magnetic bridges
should be added in the HPR and LPR to retain the PMs against the impact of the centrifugal
force as shown in Figure 6. Bridges in the HPR are added to the inner and outer surfaces,
whereas the LPR has only bridges at the outer surface. The drawback of these bridges is
a significant reduction in the torque capability as the bridge thickness increases due to
the shunted magnet flux in those areas. Consequently, sensitivity analysis is performed
on HPR as the bridge thickness is increased from 0 to 1 mm in steps of 0.25 mm to both
surfaces as shown in Figure 7a, whereas the LPR does not have any bridge. It is shown that
the torque is significantly decreased by about ~30% as the bridge thicknesses increased in
all the designs that have Dy-NdFeB or Dy-free NdFeB in the HPR. Figure 7b represents the
same cases, but when the LPR is retained with a bridge of 1.5 mm. It can be shown that the
hybrid designs are more sensitive to the LPR bridge. To explain further, the LPR bridge
can be highly saturated with pure NdFeB designs. Conversely, hybrid designs that have
ferrite do not saturate the bridge effectively as in the case of the first two designs, which
negatively leads to further torque reduction. For the analysis moving onwards, a bridge of
0.5 mm is added to the HPR both surfaces, while the LPR is set with a bridge thickness of
1.5 mm. Detailed mechanical analysis is still required prior to the final design step.

Low Pole
Rotor Bridge

l

(@ (b)
Figure 6. Magnetic bridges in the LPR and HPR; (a) LPR bridge; (b) HPR bridge.

1000 Torque vs.HPR Bridge Thickness at O mm ) LPR Bridge 1000 Torque vs.HPR Bridge Thickness at (L5 mm ) LPR Bridge
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Figure 7. Reduction of torque as a function of the HPR bridge at when the LPR bridge is equal to
(a) 0 mm, and (b) 1.5 mm.

2.6. Evaluation of PM Demagnetization

Magnets is prone to demagnetization in FM-MGs due to the impact of temperatures,
as in any PM machine. The risk of demagnetization was evaluated at the rated temper-
ature (80 °C) for five electrical cycles by using 2D-FEA tool software to highlight the
demagnetized regions over time. The simulation period should be enough to capture
demagnetization. Figure 8 shows the demagnetization results for the considered designs.
The demagnetization indication is when the scale approaches the red region in Figure 8,
whereas healthy PM can be represented by the blue regions. Dy-NdFeB Design suffers from
partial demagnetization in the HPR PM poles as shown in Figure 8a. Similarly, Dy-free
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NdFeB Design faces the same challenge as shown in Figure 8b. This is traced back to the
large demagnetization force applied on the HPR small PMs from the LPR side. To mitigate
such issues, the LPR PM width can be minimized to reduce the demagnetization force
applied on the HPR PMs.

Demagntized PM Healthy PM

Figure 8. PM risk of demagnetization for various FM-CMG designs (a) Dy-NdFeB Design, (b) Dy-free
NdFeB Design, (c) Ferrite Design, (d) Dy-NdFeB with Ferrite Design, and (e) Dy-free NdFeB with
Ferrite Design.

Interestingly, hybrid designs may be less prone to this challenge. Only few locations
are close to partial demagnetization, which is due to the lower demagnetization force and
flux density produced by the two PM types blended together. Ferrite Design presents
a similar case to the hybrid designs. Torque can be significantly reduced because of the
severe demagnetization in the first two designs. However, the used FEA software does not
calculate the torque reduction and assumes healthy PMs unless recoil curves and data of
all the PM types are defined.

Therefore, the aforementioned results for the first two designs do not show any
reduction of the torque capability, which is optimistic. It is emphasized that the gear ratio
selection is tied to demagnetization at elevated temperatures due to the large number and
small size of PM poles that are easier to demagnetize. Moreover, this tradeoff with high gear
ratios requires iterative gear ratio selection in parallel with the rated operating temperature.
At this preliminary stage of the investigation, we can conclude that demagnetization needs
to be integrated in the optimization process.
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2.7. Efficiency and Cost Analysis

Losses in FM-MGs are broken down into three components explained as follows:
Iron losses (lamination Hysteresis and eddy current losses), PM eddy current losses, and
mechanical losses (Windage, friction, bearing, and assembly defects losses). The first two
losses can be predicted using 2D-FEA software (The PM is assumed to be segmented in
the circumferential and radial directions); however, the mechanical losses are ignored in
this analysis. Due to limitations in space, only the final design results are shown. Various
design efficiencies and mechanical power outputs are shown in Figure 9. The mechanical
output power in Figure 9a is the mechanical power of LPR corresponding to the considered
speed ranges. Moreover, the LPR torques for each design are multiplied by the angular
velocities of each speed, and eventually result in Figure 9a. Since the torque value is almost
fixed except to account for losses, the output power ends up increasing linearly with speed.
It is shown that all the designs achieve high efficiency in excess of 94% at the top speed. It is
also seen that the hybrid designs transfer comparable mechanical power output to designs
that have NdFeB-only. Designs that have Dy-free NdFeB transfer higher torques than
designs that have Dy-NdFeB. This is because the Dy-free NdFeB remanence and coercivity
are higher at the operating temperature. It should be noted that the analysis in this section
is performed at a temperature of 80 °C, assuming the highest and rated temperature for
the proposed designs will not exceed it.

120 OutputPowervs. LPR Speed Efficiency forvarious designs vs. LPR Speed
- ' " r : "

-
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Figure 9. Electromagnetic performance for various FM-CMGs (a) mechanical power output, and
(b) efficiencies.

It was shown in the foregoing analysis that the hybrid designs are highly competitive
compared to NdFeB-only configurations. The hybrid designs exhibit a much reduced risk
of demagnetization, high efficiency, reduced rare-earth content, reduced steel content, and
comparable torque densities. Results presented in Table 7 are obtained at 80 °C, and do
not take into account the reduction of the torque capability due to demagnetization in the
first two designs as previously discussed. This indicates that the torque can be significantly
reduced in pure NdFeB designs. Moreover, the active material cost is calculated based on
the active material price assumptions in Table 4, as well as the active material masses for
the gear parts in Table 6. Hybrid designs demonstrate encouraging reduction in active
material cost by about ~13% and sustainable elimination of rare-earth materials. In order to
check the utilization efficiency of the NdFeB, the torque capability of each design is divided
by the NdFeB mass. It is shown in Table 7 that hybrid designs have higher utilization
efficiency of NdFeB. It is concluded that the hybrid designs have several advantages over
their counterparts.
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Table 7. Torque capabilities and cost analysis.
Desien Torque on FMP-Ps at Torque Density Active Material PM NdFeB Utilization
& 80 °C (N'm) at 80 °C (kN-m/m3) Cost ($) Efficiency (N-m/kg)
Dy-NdFeB 706 175.5 811.5 90.8
Design
Dy-free NdFeB 735.3 182.8 506.8 933
Design
Ferrite PM 114 283 100.9 -
Design
Dy-NdFeB with 618.4 153.8 698.5 96.4
Ferrite Design
Dy-free NdFeB with 640.4 159.2 447 98.5

Ferrite Design

3. Partitioned-Stator Permanent Magnet Flux Switching Machines with Reduced
Rare-Earth Content

3.1. Introduction and Specifications

PS machines are newly developed machines based on the dual-airgap MGMs and
stator PM machines. These machines have one rotor sandwiched between two separate
stators. The outer stator is equipped with windings as a LPR, while the inner stator has the
PM poles or wound field excitation as a HPR. The rotor (FMP-Ps) in this case is sandwiched
between the two stators. This is unlike the stator PM machines, which have both the PM
poles and windings sharing the same stator. Reference [30] shows stator PM machines,
including the three main topologies: PM Flux Switching Machines, Flux Reversal Machines,
and Wound Field Flux Switching Machines, as well as their counterparts with the separated
stators (PS Machines). Since the focus in this paper is on FSM, Figure 10 demonstrates
a conventional PM FSM with its counterpart PM PS-FSM. It is obvious that stator PM
machines have a space constraint in the stator, which limits the boosting of magnetic and
electric loadings. Since the rotor space is not fully utilized, PM poles or the wound field
excitation can be moved to the inner space to create an inner stator. As a result, PS machines
enable boosting magnetic and electric loadings with an improved efficiency and higher
torque density per copper losses [30]. Diverse configurations of the inner stator in PS
machines are realized in [39], such as ‘V’ shape interior PM, whereas the outer stator can
be equipped with either distributed windings or fractional slot concentrated windings
(FSCW) [40]. The PS machines principle of operation and investigation of their performance
was presented in [41]. PS-FSMs have the highest torque density among other PS machines
with potential operation with constant power over the entire speed range [41]. These
advantages can be a key enabler to a new era of traction application motors where high
torque density machines as well as excellent Flux Weakening (FW) capability are needed.
Therefore, the focus in this section will be on PS-FSM.

L .

() (b)

Figure 10. PM-flux switching machine topologies. (a) Conventional FSM, (b) PM Partitioned
stator FSM.

Despite the advantages that PS-FSMs offer, there are other challenges that have to be
considered. One of these challenges is the high PM quantities utilized to develop high
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torque per unit volume machines. However, the current trend in advanced electrical
machines is to reduce the rare-earth content while maintaining competitive electromag-
netic performance. Therefore, this section will present novel configurations with blended
PM types (ferrite with either Dy-NdFeB or Dy-free NdFeB) that can be suitable for trac-
tion application. The proposed designs will try to meet the U.S. Department of Energy
specification of the FreedomCar 2020.

The presented designs are targeting the U.S. Department of Energy FreedomCar 2020
specifications. The set of specifications are listed in Table 8 and shown in Figure 11. The
goal/challenge of these specifications is to reduce the overall cost and reduce/eliminate
the use of rare-earth PM materials.

Table 8. FreedomCar 2020 machine specification.

Requirement Target Condition
Maximum top speed 14,000 rpm at 20% speed and nominal
Peak output power 55 kW for 18 sec voltage
Continuous output power 30 kW at 20~100% speed and
Weight <35kg nominal voltage
Operating DC b 1t 200~450 V (325 V inal
perating us voltage ( nominal) at 140 °C
Maximum phase current 400 Arms
Torque pulsation <5% peak torque at any speed

200

83% - 89%

89% - 92%
92% - 94%
94% -

x

55kW Peak (18 sec / 400A)
150
325 vdc
105°C coolant

100
30 kW Rated Power
50

(o]

96%

Torque [Nm]
Torque (Nm)

o 2800 5600 8400 11200 14000 2000 4000 6000 8000 10000 12000 14000
Speed [RPM] Speed (rpm)

(a) (b)
Figure 11. FreedomCar 2020 (a) design requirements, and (b) efficiency requirements.

3.2. Materials

In order to enable electrified systems in the transportation sector, high power density
electrical machines with low cost are needed. One impactful methodology is to reduce the
content of heavy rare-earth PM materials. While high power density machines are equipped
with high energy product rare-earth PM elements (Dy-NdFeB), their price volatilities are
a major concern. The Dy element is a heavy rare-earth element and the rarest and most
expensive element in the Dy-NdFeB PMs. It is the key enabler to achieve high coercivity
at elevated temperatures. However, Dy-free NdFeB PMs can be utilized as an alternative
option. Dy-free NdFeB can be categorized into two types as follows: (1) High remanence
and lower coercivity (sintered) and (2) low remanence and higher coercivity (hot-pressed).
The first type runs the risk of demagnetization, especially under full load and elevated
temperatures. On the other hand, the high remanence enables high power-density. This
trend is reversed with the second type, where the demagnetization risk is lower, but the
lower remanence can penalize the power density. Therefore, the second type will be
used to reduce the demagnetization risk at rated temperature (at 140 °C) and full load.
Ferrite PM is a second candidate to provide sustainable cost reduction; however, ferrite
runs the risk of demagnetization at low temperatures (at —40 °C). The ferrite PM used in
the coming analysis has relatively high coercivity (Hc), which helps minimize the risk of
demagnetization. Therefore, the foregoing challenges with PM materials can be mitigated
by blending ferrite PM with either Dy-NdFeB or Dy-free NdFeB to help significantly
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reduce the cost. Four designs using three different commercially available PM materials are
considered: (i) Dy-NdFeB Design, (ii) Dy-free NdFeB Design, (iii) Dy-NdFeB and Ferrite
Design, and (iv) Dy-free NdFeB and Ferrite Design.

The target is to introduce a PS-FSMs with reduced rare-earth content by blending
ferrite with both Dy-NdFeB and Dy-free NdFeB with comparable performance to the first
two designs. PM properties are given in Table 9 at the rated temperature (140 °C). In terms
of the electrical steel (M-19 29 Gauge) with a lamination thickness of 0.35 mm is used for
the four designs. The assumed materials prices are summarized in Table 10.

Table 9. PM properties at 140 °C.

PM Commercial Temperature®C Remanence Coercivity Demagnetization
Name P (B;)—Tesla (Ho)—kA/m (Bgemag)—Tesla
Dy-NdFeB
Vacuumschelze 140 1.065 —782 —0.74
VACODYM 890 TP
Dy-free NdFeB
Magnequench 140 0.7 —400 —0.23
MQ2-14-12
Ferrite —40 0.48 —365 —0.21
Hitachi NMF-12K 140 0.32 —250 —0.282

Table 10. Active material prices and volumetric mass density.

Volumetric Mass Density

Material Commercial Name Price Assumption ($/kg) (kg/m®)
VACODYM 890 TP 120 7700
MQ2-14-12 30 7620
Hitachi NMF-12K 10 4800
M-19 29 Gauge 2 7650
100% IACS Copper 3 8940

3.3. Considered Designs

This subsection introduces four designs. The baseline design uses Dy-NdFeB and
is shown in Figure 12a. The second design shown in Figure 12b was developed by us-
ing Dy-free NdFeB and attempted to have the same torque capability as the baseline
design. Additionally, a newly developed PM shape is introduced to sustain comparative
electromagnetic performances to the non-blended magnet designs. The merit of using
the (T-shape) is discussed in [60]. The third design is demonstrated in Figure 12¢ with
ferrite and Dy-NdFeB, while the fourth design has a blend of ferrite and Dy-free NdFeB
as shown in Figure 12d. The ferrite is shown in a light blue color, while the (T-shape)
is the NdFeB PM content. The main parameter changes in the three deigns compared
to the baseline design (Dy-NdFeB Design) are the PM mass and the machine axial stack
length. The proposed designs were all optimized at the rated temperature (140 °C) to have
similar characteristic currents (short-circuit current), equal PM flux linkage values, and
resistance against demagnetization at (140 and —40 °C) through a parametric model. The
key criterion of the optimization is to make the characteristic current equal to the rated
current. The significance of this condition is to enable driving the machine with constant
power over the entire speed range during the FW operation, which is typical in the case of
traction application motors. The optimization condition is given in Equations (4) and (5).

Isc = Apm/Lg 4)

Isc = Listed (5)
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where (Isc, Apy, and Ly) is the short circuit current, PM flux linkage and the direct-axis
inductance, respectively. Generally speaking, this is accomplished by varying either the
PM width within the available space or the outer radius of the inner stator (PM stator). It
is preferred to increase the PM width unless there is a space limitation as shown in the
blended Dy-free NdFeB with Ferrite Design. In this case, the outer radius of the inner
stator has to grow radially to maintain the stated condition. It should be noted that the
characteristic current is independent of the machine stack length; as a result, the goal of
increasing the stack length is to result in similar back EMF waveforms and thereby torque
and power as shown in the Dy-free NdFeB and Dy-NdFeB with Ferrite designs. Table 11
lists all the four designs geometrical parameters, while Table 12 provides the identical
parameters among the four designs.

Figure 12. FE repetitive models of the considered FSM designs (a) Dy-NdFeB Design, (b) Dy-free NdFeB, (c) Dy-NdFeB
with Ferrite Design, and (d) Dy-free NdFeB with Ferrite Design.

Table 11. Geometrical changes in various designs.

Dy-free NdFeB

Parameter\Design Name Dy-NleeB Dy-Free.NdFeB Dy-NdFeB v.\nth with Ferrite
Design Design Ferrite Design .
Design
Inner radius of inner stator (mm) 44 44 44 50
Outer radius of outer stator (mm) 88 88 88 111
FMP-Ps thickness (mm) 11 11 11 11
Inner radius of inner stator (mm) 100.5 100.5 100.5 123.5
Outer radius of inner stator (mm) 141 141 141 164
Stack length (mm) 80 90 88 80
NdFeB 3.2 7 2.8 4.63
PM masses (kg)
Ferrite 0 0 3.2 4.14
Lamination mass (kg) 18.5 17.3 15.9 22.3
Copper mass 5 5.6 55 5
(kg)
Overall active machine mass (kg) 26.7 29.9 27.4 36
Machine 5 5.62 5.5 6.75

(Liter)
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Table 12. Identical parameters among four designs.

Parameter Value Parameter Value
Number of turns in 5 Maximum speed 14,000
series per phase (rpm)
Number of turns in FMP-Ps (Rotor)
. 20 . 10
series per phase pole-pairs
Maximum RMS Inner stator (PMs)
400 . 6
phase current (Arms) pole-pairs
Rated RMS phase Outer stator
200 o . 4
current (Arms) (winding) pole-pairs
Rated RMS current 45 Machine frequency at 466.66
density (Arms/ mm?) ’ base speed (Hz) ’
Base speed Rated simulation.
(rpm) 2800 Temperature (°C) 140

The reduction of the rare-earth content in Dy-NdFeB with Ferrite design compared to
Dy-NdFeB is about ~12.5%, while Dy-free NdFeB with Ferrite design reduces rare-earth
content by ~44% compared to Dy-NdFeB. The use of the second type of Dy-free with low
remanence and high coercivity requires more space to improve the magnetic loading in
the Dy-free NdFeB and Dy-free NdFeB with Ferrite designs. However, it should be noted
that these two designs successfully avoided the demagnetization risk, as will be discussed
later, which is inevitably challenging for the first Dy-free type with high remanence and
low coercivity. In addition, all the designs have successfully met the torque requirements,
as will be shown in the next subsection.

3.4. Electromagnetic Performance

In this subsection, the electromagnetic performance of the hybrid designs (Dy-NdFeB
with Ferrite Design and Dy-free NdFeB with Ferrite Design) is compared with that of their
counterparts (Dy-NdFeB Design and Dy-free NdFeB Design). The results are obtained using
2D-FEA software at 140 °C. Rated and peak torque waveforms, and torque-power/speed
plots for the various designs will be presented.

All four designs were simulated at (2800 rpm—200 Arms) to achieve the maximum
torque per ampere. The developed electromagnetic torque for the considered designs is
shown in Figure 13a. All the designs have similar average torque at the base speed and
rated current. Moreover, the feasibility of blending diverse magnet types in the hybrid
designs in terms of the torque capability is demonstrated.

—— Dy-Nd Design

— 150

100

Developed Torque (N.m)
Torque (N.m

50

0 50 100 150 200 250 300 350
Mech. Angle (deg)

(@) (b)

150 200 250
Mech. Angle (deg)

Figure 13. Torque capabilities for various designs (a) at rated current, (b) at peak current.

The torque ripple in the considered configuration 12 slots/10 pole-pairs is significant
due to the low least common multiple between the PM poles and FMP-Ps number. How-
ever, by implementing various torque-ripple reduction techniques, the torque ripple can
be minimized.
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Based on the specification listed in Table 8, the four designs have to achieve the peak
power condition (55 kW for 18 s) at the base speed and peak rms phase current (2800 rpm-~—
400 Arms). In order to accomplish this condition, the current density has to be feasible
from a thermal point of view to avoid overheating the windings. Therefore, this condition
was achieved for all the designs with manageable current density of (9 Arms/mm?), which
indicates that all designs potentially can produce more power, assuming the PMs will not
demagnetize (see next subsection). Figure 13b demonstrates the peak torque condition
for the four designs. All designs produce an approximate average torque of ~200 N-m
at the base speed (2800 rpm), which corresponds to ~58 kW. It is shown that Dy-NdFeB
with Ferrite Design has slightly higher torque in comparison to Dy-NdFeB Design. On
the other hand, the Dy-free NdFeB with Ferrite Design has similar torque capability to
its counterpart.

Part of the specification listed in Table 8 and shown in Figure 11 is to deliver a contin-
uous output power of 30 kW from the base speed (2800 rpm) up to the maximum speed
(14,000 rpm). In order to accomplish this condition, the machine should be optimized to
have an optimal FW operation by fulfilling the condition in Equation (4), as explained
in [65]. All the designs have been optimized to satisfy that condition and have a character-
istic current near 200 Arms. The torque/power-speed curves for the considered designs
are provided in Figure 14.
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Figure 14. (a) Torque-speed curve, (b) power-speed curve, and (c) efficiency-speed curve.

It can be seen from Figure 14a that the Dy-NdFeB design has lower torque capability
compared to the other designs beyond 10,000 rpm. On the other hand, the other designs
show similar torque capabilities.

In terms of the delivered mechanical power, all designs were able to meet the condition
of continuous operation of 30 kW over the entire speed range as shown in Figure 14b.
Dy-NdFeB Design demonstrates difficulties to maintain a constant power over the whole
speed range. It is indicative that the design needs higher reactive current than other designs
to negate the PM flux linkage. On the other hand, the other designs are able to deliver a
continuous power of more than 40 kW over the entire speed range. In addition, all designs
are able to operate with an efficiency in excess of 93% across the entire speed range taking
into account (PM eddy current losses, iron losses, and winding (AC and DC) losses).

3.5. Demagnetization Analysis

Magnets are prone to demagnetization under the impact of both temperature and
stator current especially under FW operation. Consequently, designers of PM machines
should be cautious during the design stage to avoid the PM risk of demagnetization.
The three types of PMs used in this analysis have a knee point in the third quadrant,
which is advantageous to reduce this risk. In order to analyze the PM demagnetization,
2D-FEA software is used, which can highlight the demagnetized regions in the PM. The
used simulation condition was applying twice the rated current (400 Arms) along the
negative d-axis at the 140 °C for two electrical cycles. In the designs that have ferrite, it is
important to additionally evaluate the demagnetization at —40 °C since ferrite PM is prone
to demagnetize at lower temperatures due to the positive coercivity thermal coefficient.
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The chosen condition represents the worst-case scenarios representing the transient current
under symmetrical three-phase short circuit. In Figure 15, it is demonstrated that the PM is
healthy when the scale is in the blue color, while the red color represents demagnetized
PMs. It is shown that Dy-NdFeB Design has no signs of demagnetization. On the other
hand, the other three designs show partial demagnetized regions at the inner and outer
inner stator radius, which is typical in this case. It is concluded that the proposed design
can operate safely under the required specifications. Additionally, the merit of using a
T-shape is realized by showing no demagnetization signs in the hybrid designs [60].

Demagntized PM Healthy PM

Figure 15. Risk of demagnetization for various designs: (a) Dy-NdFeB Design at (140 °C) (b) Dy-free
NdFeB Design at (140 °C) (c) Dy-NdFeB with Ferrite Design at (—40 °C) (d) Dy-NdFeB with Ferrite
Design at (140 °C) (e) Dy-free NdFeB with Ferrite Design at (—40 °C) (f) Dy-free NdFeB with Ferrite
Design at (140 °C).

3.6. Cost Analysis

The previous analysis demonstrated encouraging results in terms of the electromag-
netic performance. This section investigates the impact of the hybrid magnet approach on
the power and torque densities. Additionally, it will be shown that the cost was reduced
which is critical from a mass production perspective. The torque density was calculated at
the base speed (torque at rated current over machine active volume), whereas the power
density is calculated at maximum speed (power at rated current over machine active vol-
ume). The cost was calculated for each design based on the price assumptions presented in
Table 10 and active material masses given in Table 11.

Based on the results presented in Table 13, it is shown that all the Dy-NdFeB Design
demonstrates higher torque density than the other designs. However, the other designs
show lower torque density with lower cost. In terms of the power density, although
Dy-NdFeB Design has a limited speed range, the power density is still comparable to
the other designs. The cost in Dy-NdFeB with Ferrite design was reduced in comparison
to Dy-NdFeB with Design by ~5%, whereas Dy-free NdFeB with Ferrite design shows a
reduction of 18%. In conclusion, there is always a trade-off between cost and torque/power
density. Additionally, the concept of hybrid magnet leads to interesting results, including
reduction of rare-earth content in the context of MGMs.
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Table 13. Torque capabilities and cost analysis.

Desion Torque Density Power Density Active Material
& (kN-m/m®) (KW/m®) Cost ($)
Dy-NdFeB Design 242 7048.8 436
Dy-free NdFeB Design 21.37 7504 261.4
Dy-NdFeB with Ferrite 217 7503.5 416.3
Design
Dy-free NdFeB with 17.9 61215 240

Ferrite Design

4. Discussion and Overview

In this paper, a summarized survey of newly emerging electrical machines, namely,
Flux Modulation-Magnetic Gears (FM-MGs) and Magnetically Geared Machines (MGMs),
is presented. The goal is to identify the main challenges and propose some potential
solutions to address them for HEVs and EVs. The high rare-earth PM content is one of the
key challenges. As a consequence, FM-MGs and MGMs with reduced rare-earth content
were proposed (combining ferrite with either Dy-NdFeB or Dy-free NdFeB). The analysis
was carried out using commercially available software (2D-FEA MagNet and OptiNet
provided by Mentor Graphics).

In the second section, a spoke FM-CMG for HEVs and EVs with a gear ratio of 1:7.2
using Dy-NdFeB has been introduced and optimized as a baseline design. Then, four more
designs (Dy-free NdFeB Design, Ferrite Design, Ferrite with Dy-NdFeB Design, Ferrite
with Dy-free NdFeB Design) were presented based on the baseline design geometries. The
impact of magnetic bridges as well as operating temperature on the torque density were
evaluated. Analysis of PM demagnetization was carried out using a 2D-FEA software
tool to highlight the demagnetized regions. Additionally, PM and iron losses have been
reduced (through magnet segmentation and choice of lamination material and thickness)
to maintain high efficiencies for the considered designs. It was shown that designs with
blended PM types show several advantages. Ferrite with NdFeB designs show competitive
torque capabilities in comparison to designs that use only NdFeB. Moreover, the blended
PM design shows no risk of demagnetization, higher efficiency, rare-earth content reduction,
reduced electrical steel content, and reduced materials cost.

In the third section, a recent category of MGMs (namely, the Partitioned Stator Flux
Switching Machine) was presented. A baseline design that uses Dy-NdFeB was introduced.
Three more designs with reduced rare-earth PM content were introduced to bring down the
overall cost while maintaining comparable electromagnetic performance. The three designs
are as follows: Dy-free NdFeB Design, Dy-NdFeB with ferrite Design, Dy-free NdFeB with
ferrite Design. The four designs follow the specifications of the U.S. Department of Energy
FreedomCar 2020 for electric/hybrid vehicles. Different blended magnet configurations
were evaluated that led eventually to propose T-shape designs. All the designs were
optimized to have similar PM flux linkage values, back EMF, rated torque, peak power
condition, no risk of demagnetization, and optimal FW capabilities. The electromagnetic
performance for various designs shows the competitiveness of mixing different PM types.
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