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Ferrite-based permanent magnet (PM) machines have been developed for many applications due to their
highly desirable features such as low costs and stable supply chain. More recently, partly driven by the
rapid uptake of the electric vehicle (EV) market, and partly due to the uncertainty of the supply chain of
the rare-earth metals that are key components of the EV traction motor, there have been considerable
interests in developing alternative solutions to rare-earth based PM motors. Due to their intrinsic low

magnetic flux and prone to demagnetization, ferrite PM motors have not been previously considered for
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the more stringent EV applications. Hence, there is a growing body of research studies in addressing
these challenges by deploying novel design strategies with varying proportions of ferrite materials, and
with varying degrees of success. To date, there is a lack of comprehensive literature review of this class of
evolving and yet highly promising electric machines that will offer a viable and sustainable alternative to
EV traction applications. This paper aims to fill this gap and to provide a dedicated overview of these
machines with a focus on their credentials as the ‘traction motor of choice’ in future EV markets.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Ferrite-based permanent magnet (PM) machines, with their
distinctive advantages such as high efficiency, low costs and stable
supply chains, have been extensively used in many applications
ranging from low power actuation to air-conditioning, and from
electrical appliances to industrial automation. Together with in-
duction motors, these low-cost electric machines consume a sig-
nificant percentage of all electricity produced, and form the key
parts of numerous high efficiency energy conversion systems. On
the other hand, rare-earth based PM machines have entrenched the
electric vehicle (EV) market due to their high power and torque
density since the invention of the NdFeB permanent magnets in
late 1980’s. These PM machines, consisting of rare earth metals
neodymium and dysprosium, have been the traction motor of
choice by delivering superior performance under stringent driving
conditions [1—4]. In energy efficiency applications, statistical data
shows that considerable energy can be saved by just simply
replacing old inefficient machines [5] with rare-earth ones. Ac-
cording to Ref. [6], the capital cost difference between highly
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efficient rare-earth based PM machines and less efficient induction
machines would be paid back through operating cost savings in less
than 2.5 years at 50% percent duty cycle. The appeal of these rare-
earth PM machines has been significant. However, with the pros-
pect of an imminent rapid uptake of the EV market worldwide and
continuous healthy growth in wind generation, hence strong de-
mands of high power-density and high-performance machines in
the foreseeable future, there have been increasing concerns about
the volatility of the costs of the rare-earth metals, and more
importantly, the security of their supply chains in the long run. As
shown in Fig. 1 [7], there had been global price hikes of rare-earth
metals between 2011 and 2012, resulting in many rare-earth PM
manufacturers and organisations seeking for strategic changes to
mitigate the risk due to instability of the rare-earth supply chain.
Although the price has returned to a relatively stable level in the
past few years, the long-term prospect is still very unclear.
Importantly, the adverse environmental impacts from the mining
of the rare-earth metals, and absolute scarcity of some of heavy
rare-earth metals, are becoming the new driving forces to develop
alternative electric machines with less and no rare earth PM ma-
terials [8—10].

However, the challenges of developing high performance non-
rare-earth machines are significant. The induction machine (IM)
is one of the non-magnet solutions with simple and robust
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Fig. 1. Price trends of rare-earth materials [7].

structure. However, the efficiency of IMs is generally 3—4% lower
than PM machines due to the higher stator magnetization current
and considerable copper losses in the rotor cage bars [11]. Reluc-
tance machines are another solution without using any PM mate-
rial, but the large torque ripple and low power factor restrict the
use for high performance applications. On the other hand, ferrite
magnet machines have been drawing increasing attentions for the
design of high-performance motors. With the merits of abundant
raw material resources, low price, stability to corrosion and tem-
perature, easy manufacture and very high electrical resistivity
[12—14], ferrite magnet has been considered as a potentially ideal
component for high performance PM machines. However, one key
drawback of ferrite PM is the much lower residual flux density and
energy product compared with its rare-earth counterpart, as
illustrated in Fig. 2.

Another drawback is the risk of demagnetization due to its low
coercivity, measured on the H-axis in A/m, which makes it far more
prone to permanent demagnetization than NdFeB and SmCo. One
of the first adoptions of bonded NdFeB to replace ferrite resulted in
an impressive 50% weight and volume reductions [15]. However,
the studies also show that output characteristics could be greatly
compromised by ‘retrofitting’ rare-earth with ferrite PMs by simply
increasing the amount of ferrite PM within an original rare-earth
based design envelope. High performance applications such trac-
tion EV motors differ from the more conventional and benign ap-
plications that have endeared ferrite motors [16], in terms of high-
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Fig. 2. Comparison of BH curves among different PM materials.
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power density, wide speed range and demanding drive cycles
operating at hazardous conditions. Subsequently, there has been a
growing body of literature in relation to design methodologies of
high-performance ferrite PM machines aiming to maximize the
torque capability and to mitigate demagnetization [17,18]. How-
ever, there is a lack of review literature that offers a systematic
study of these new ferrite-based PM machines that offer a low-cost
alternative to high performance applications. This paper aims to fill
this gap and to provide a comprehensive overview of the machine
focusing on its credentials as the ‘traction motor of choice’ in future
EV markets.

Various machine configurations with different PM materials
were investigated and compared in a number of more recent
studies [19,21—24]. Based on the literature, the following four
categories of ferrite machine solutions will be discussed in the
subsequent sections:

e Conventional PM machines. They have similar structure as the
rare-earth machine but with larger amount of ferrite PM;

e PM assisted synchronous reluctance machines (PMASynRMs).
Their structures originate from synchronous reluctance ma-
chines (SynRMs) with PM in the flux barriers;

o Spoke-Type PM machines. They use flux focusing techniques to
achieve similar airgap flux density and torque density as rare-
earth machines;

e Other types. These are not widely studied in the mainstream
research of ferrite machines.

2. Conventional Pm machines with ferrite materials

Conventional structure PM machines adopt similar configura-
tions as rare-earth ones by using ferrite instead of NdFeB PM. Due
to the low residual flux density of ferrite, usually larger amount of
PM was used to increase the flux density. Even so, the power
density of ferrite machines is still very low compared to its rare-
earth counterparts. As a result, ferrite machines with conven-
tional structures are mostly used in low-cost and low-power ap-
plications such as electric assisted bicycles [25], pumps [26] and
fans [27]. According the location of PM poles, they could be further
divided into surface-mounted PM (SPM) and Interior PM (IPM)
machines.

S. Pal in Ref. [28] studied the different performances of surface-
mounted PM (SPM) machines with exactly the same machine ge-
ometry but different PM materials of ferrite, SmCo and NdFeB
respectively, and the ferrite machine can only achieve 36% torque of
SmCo and 31% that of NdFeB, due to the low residual flux density of
ferrite. P. Sekerak in Ref. [29] optimized ferrite SPM design and
obtained a final design with slightly larger size but only 60% torque
of rare-earth one. To increase the airgap flux density for SPM ferrite
machines, one method is to use much larger amount of PM mate-
rial. A.M. Mihai et al. in Ref. [30] and S. Laurit et al. in Ref. [31]
considered rare-earth PMs as the best solutions for wind power
generator, in terms of overall weight and size, and also in terms of
price. This could be caused by extra cost on the housing and
foundation structure for wind power system due to the larger size
and weight. However, for small low cost machines, because the
original design of electric and magnetic loads is low, it is easier to
achieve the required torque output in these applications. Gyeong-
Chan Lee et al. in Ref. [32] showed that ferrite SPM machines
with larger size were less than half the price of NdFeB for pump
applications, though the cogging torque due to ferrite was much
higher. H. Kim et al. also achieved same output characteristics with
ferrite when compared to NdFeB for small water pump motors. J.A.
Krizan et al. also indicated in Ref. [33] that SPM machines with
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lower energy PMs can still be competitive with machines adopting
higher energy PMs if the machine designs were optimized specially
for each PM material, with the advantage of low price.

In spite of larger amount of ferrite used in SPM machines, the
airgap flux density still could not achieve that of rare-earth ones
[30]. Thus, the stator yoke thickness could be reduced in order to
increase the slot area for installation of more armature conductors
to increase the electric load and power output [20], as shown in
Fig. 3. In this case, under the same current density, the copper loss
would increase and the overall efficiency would drop. In H.R. Bol-
ton’s study, over 10% of efficiency difference was found between
rare-earth and ferrite SPMs [20]. In Ref. [34], copper loss of the
ferrite generator was almost 3 times that of NdFeB with the same
outer diameter, and thus the ferrite machine suffered 7% lower
efficiency. And with 30% larger diameter, the efficiency of the ferrite
motor was still 1% lower compared to the NdFeB motor in Ref. [35].
R. Gupta et al. in Refs. [27] proposed a ferrite SPM machine with
radial- and Halbach-magnetized magnets to increase the flux
density and improve the efficiency. Though 1.5—2.4% of higher ef-
ficiency could be achieved, these magnetization styles, especially
the Halbach-magnetization would bring in extra costs in
manufacturing.

D. Woo et al. and H. Kim et al. in Refs. [36,37] proposed another
way to increase the flux density in armature flux linkage by
applying the structure of longer rotor than stator, which is called an
overhang configuration. With this structure, the leakage flux loss
would be offset at the end of the lamination cores, and thus the
performance of the machine can be improved. With 3 mm over-
hang, up to 6.8% increase in load torque can be achieved. However,
3D analysis would be required for this type of machine for accurate
predictions at the design stage, which will increase the computa-
tional time and cost. Moreover, since the overhang was exposed to
end of the stack where the reluctance of the magnetic path was
much higher, the overhang was wunder higher risk of
demagnetization.

Outer-rotor structure, with a larger airgap diameter, is able to
increase the torque, and thus can improve the performance of the
machine. I. Petrov and J. Pyrhonen in Ref. [38,39] presented outer-
rotor low cost ferrite SPM machines of 4.7 kW and 50 kW respec-
tively for automotive applications. High efficiency of 93.4% was
achieved. But the torque density per volume obtained by Petrov
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Fig. 3. Design consideration with more PM material, thinner stator yoke and larger
size [20].
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was low compared with Prius rare-earth IPM machine, 14 Nm/L
versus 80 Nm/L of Prius.

With PMs buried inside the rotor, the magnetic airgap length
can be reduced and higher flux density can be achieved with IPM
machines. H. Kim et al. in Ref. [40] concentrated on the magnet pole
shape optimization to increase airgap flux density and reduce the
cogging torque. Y. Im in Refs. [41] focused on the rotor rib shape
optimization using response surface methodology to improve
performance of ferrite IPM. However, the improvements are still far
from the requirements of high torque density applications. B.N.
Chaudhari et al. in Ref. [42,43] presented an IPM design using
combined circumferentially and radially magnetized PMs to in-
crease the flux density and rotor saliency, as shown in Fig. 4.
However, since the magnet poles were not sinusoidal distributed in
the rotor, there would be a high content of harmonics in the airgap
flux density, which would affect the overall performance of the
machine.

Although in small-scale low power density applications, by us-
ing much larger amount of PM material, ferrite machines can
achieve similar torque output at the expense of lower efficiency
compared to their rare-earth counterparts [44,45], it is almost
impossible to accomplish the design goal for high power range with
sizing constraint [46]. To conclude, due to the low residual flux
density of ferrite materials and the large magnetic airgap length of
SPM machine, SPM ferrite machines are not likely to fulfil the re-
quirements of high torque density and efficiency for high perfor-
mance automotive traction applications. This explains why ferrite
machines for high performance applications are invariably
designed with the IPM configuration, which provides flux
enhancing effects [22—25].

3. Pm assisted synchronous reluctance machine (Pmasynrm)

PMASynRMs are derived directly from SynRMs, as illustrated in
Fig. 5. By adding proper amount of PM materials into flux barriers in
the SynRM rotor lamination, the torque density, power factor and
efficiency of the PMASynRM can be improved, which makes it a

Fig. 4. The rotor design with combined circumferentially and radially magnetized PMs
[42].
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(a) Flat;

(b) V-shaped;

(c) Circular arc;

Fig. 5. Configuration of SynRM and PMASynRM rotor [116].

potential solution for ferrite IPM design [47—49].

E. Armando in Ref. [50] also pointed out that with even a small
amount of PM, not only the torque output but also the constant
power speed range could be improved greatly compared with
SynRM design for washing machines. However it is not always the
case that more PM results in higher torque. The main component of
the torque for PMASynRM is still reluctance torque, and rotor
design with too much PM can affect the thickness of barrier ribs and
thus affect the saliency. D. Prieto et al. in Ref. [51] investigated the
influence of the thickness of inserted PM poles, and suggested more
PM materials could improve power factor, but also might cause
significant decrease in torque output. M. Barcaro and N. Bianchi in
Ref. [52] optimized the length and thickness of PMs, and proved
that with similar rotor structure, reduced PM thickness can still
attain similar performance, though with a slightly lower power
factor. A 40 kW traction motor was presented with 26 Nm/L torque
density [53], but it was still inferior to NdFeB IPM machine.

The shape of the PMs and flux barriers also showed great
importance to the PMASynRM design. S. Musuroi et al. in Ref. [54]
presented a V-shape ferrite PMASynRM since it has simple flux
barriers and rectangular PM poles. K. Hayakawa et al. investigated
the influence of different flux barrier shape, as shown in Fig. 6, and
results revealed that circular arc structure could substantially
improve the maximum torque and power output with three flux
barriers [55]. It should be noted that ferrite PM was brittle espe-
cially when large thin arc shape was used. Y. Matsumoto et al. in
Refs. [56] proposed a structure cutting the third flux barrier into
three parts, so as to reduce the mechanical stress on the rotor. But
due to the flux leakage in the ribs, demagnetization could be
observed the PM edge near the ribs. When taken massive

production in consideration, long arc shape PMs were more
expensive to produce and difficult to assemble. Thus, rectangular
segmented PMs were proposed in place of arc shaped magnets for
easy manufacturing and assembly [57,58]. Though there was about
4% decrease in the torque output, both the amount of ferrite and
manufacturing cost were reduced. 220 Nm of torque and 45 Nm/L
of torque density were achieved with a current density of 15 A/
mm? While with a 1/5 stacking length prototype machine,
maximum current density of 7.5 A/mm? was tested and about 18
Nm maximum torque was achieved.

PMASynRM with 3 flux barriers is the most common configu-
ration for the rotor design, which appears to be a good compromise
between complexity and saliency. However designs with higher
number of flux barrier were also adopted in some research works.
M. Paradkar et al. in Ref. [59] presented a 55 kW EV motor with 4
flux barriers and about 105 Nm of torque was achieved with a
torque density of 19.6 Nm/L. But the mechanical stress was not
considered during the design, which was very important to insure
the mechanical reliability especially at maximum operational
speed, which was 14,000 rpm in the study. Y. Jeong et al. in Ref. [60]
proposed a design with 5 flux barriers to gain a higher saliency, and
212 Nm of torque and 25Nm/L of torque density were achieved.
Mechanical analysis was carried out to make sure the realization at
high speed operation, at 11,000 rpm.

Researchers also found the saturation bridges, pitch and angle of
flux barriers could affect the machine performance. Since the
saturation bridges provide flux path for PM flux leakage and d-axis
flux, both PM torque and reluctance torque could be reduced. H. Cai
et al. in Ref. [61] proposed a design with all the bridges removed
and yielded 8% increase of overall torque. However, the lamination
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(b) Barrier pitch; (c) Barrier and PM;

Fig. 6. Rotor shape of flat, V-shape, and circular arc flux barrier and PM poles [55].

rib layers would be completely detached from one another and thus
the assembly of the rotor would be an issue to insure the rotor
robustness during high speed operation. A torque level of 258Nm
was achieved with the same frame size and operating conditions in
simulation, which was 85% that of the benchmark. But in the lab-
oratory experiments, the prototype machine was only tested to
about 130 Nm. As a variant of reluctance machines, PMASynRMs
inherit the drawback of large torque ripple. N. Bianchi optimized
the pitch and angle of flux barriers to reduce the torque ripple while
keeping the same average torque [62], and H. Cai et al. minimized
torque ripple by 35% by adjusting the width of flux barrier opening
[61]. Asymmetrical rotor configurations were proposed in
Refs. [62—64] to further reduce the torque ripple and augment
overall torque, as shown in Fig. 7. However, the harmonic content
was dramatically increased for both the flux distribution and back
EMF, which would have negative effects on the machine loss.
Ferrite PM has higher temperature stability than rare-earth and
can operate at around 250 °C. However, the residual flux density is
much lower compared with rare-earth, which makes ferrite PMs
quite vulnerable to demagnetization when facing directly to the
armature reactive field. Some recent papers have put in evidence
that the electric loading must be limited, and the flux barriers must
be shaped properly to avoid demagnetization. T. Tokuda et al. in
Ref. [65] suggested that the outer layer was more prone to
demagnetization than the inner layers as the armature reactive
field was stronger. Thus, the thickness of different flux barriers was
rearranged, and the out layer would be thicker to resist demag-
netization while the inner layers can be thinner to maintain con-
stant flux path width. By fillet smoothing the magnet edge, tapered
flux barriers and center ribs, noticeable decrease in

tapered
flux
barrier;

Fig. 8. Rotor design to reduce demagnetization of PMASynRM [66,67].

demagnetization could also be achieved [66,67], as shown in Fig. 8.
The works on demagnetization present some guidance and
methods on the design to avoid demagnetization. However no
systematic approach was proposed. A. Vagati et al. developed an
analytical methods to offer options and restraints in the design of
rotor barriers to improve the robustness against possible demag-
netization [68].

To conclude, PMASynRM machines mainly rely on the reluc-
tance torque component and usually have a lower operating power
factor and efficiency. Higher number of flux barriers can increase
the rotor saliency, but it also complicates the rotor structure.

4. Spoke-type Ipm machine

To obtain high performance ferrite PM motors with similar

(a) Fillet smoothing; (b) Tapered barrier; (c) Centre ribs;

Fig. 7. Asymmetrical rotor configurations for PMASynRM [62—64].
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(a) Segmented [80]; (b) Wing-tybe [83]; (¢) Wing-shaped [84];

Fig. 9. Rotor configuration of a typical spoke-type machine [71].

torque density as rare-earth machines, many researchers investi-
gate the ‘spoke-type’ structures, also known as ‘flux squeeze’
configuration, which concentrates the fluxes from the PM to ach-
ieve approximately the same air-gap flux density as the rare-earth
machine, as shown in Fig. 9.

A. Isfanuti et al. in Refs. [69] compared surface NdFeB and spoke-
type ferrite machines for low power applications, and found that
the same torque can be achieved with high efficiency but higher
torque ripple for low cost ferrite machines. Eriksson and Bernhoff in
Ref. [70] evaluated the spoke-type wind generators of the same
power range with ferrite and NdFeB PMs, and revealed that ferrite
generators would be 50% heavier with only 30% of PM cost. E.
Spooner et al. proposed a modular design of ferrite spoke-type
wind generators for easy assembly and low manufacturing costs
[71].S.]. Galioto et al. investigated the potential of spoke type ferrite
machines for high speed traction applications in Ref. [72]. Although
the torque density achieved was only 65% of a benchmark NdFeB
one, it was significantly advantageous in terms of cost and effi-
ciency at high speed. F. Demmelmayr et al. in Ref. [73] proposed an
outer-rotor spoke-type design. However, larger amount (5.7 times)
of PM was used and thus outer diameter was enlarged by 26% to
achieve same power as a rare-earth one. To compensate the low
residual flux of ferrite and reduce the consumption of rare-earth,
hybrid PM arrangements with both ferrite and rare-earth PMs
were presented in Ref. [74]. Though the amount was reduced, rare-
earth PM was still necessary for the design. Another issue that
should be paid special attention to is the cross-demagnetization
between strong rare-earth and weak ferrite PMs.

To maintain similar airgap flux density, various designs are
proposed to use more PM to enhance the PM excited field. K. Kim
et al. in Ref. [75] proposed a ferrite spoke-type design with an
13 mm axial overhang and the air-gap flux density was increased by
33%. 1.C. Chabu et al. obtained 55% increase in the working flux
passing through the airgap by applying an 44 mm axial overhang.
W. kakihara et al. in Refs. [76] also applied an 6 mm rotor overhang
and an 6 mm PM overhang, the torque output was improved and
PM demagnetization rate was reduced. Large rotor overhang would
certainly increase the amount of PM and rotor lamination, and the
overhang PMs were not fully utilised since considerable parts of the
flux would not go through the airgap directly but became leak flux.
Axially magnetized PMs were used at each side of the rotor to
enhance the flux focusing effect [77—79]. Both surface-mounted
and spoke type PMs were used for the design of a ferrite axial
flux machine, and the airgap flux density was significantly
increased [77]. However, the amount of ferrite used is usually
doubled or even tripled to add axially magnetized PM poles.
Moreover, due to the existence of axial flux, soft magnetic com-
posite (SMC) cores were necessary because of the 3-dimensional

(3D) flux distribution, which would increase the material costs.
For more cost-effective ways of increasing PM excited field,
more ferrite was inserted by making full use of the space inside the
rotor. I. Seo et al. presented segmented spoke type poles with
certain angles [80], as demonstrated in Fig. 10(a). By adjusting the
angles of the segmented PMs, larger amount of PM material could
be inserted, and open-circuit flux density was improved. Moreover,
cogging torque could be reduced by optimized design. However,
this uneven PM distribution would bring in unwanted harmonics.
H. Kim et al. in Ref. [81,82] presented a ring-type assistant pole in
the inner rotor part to increase the torque density with 3.8%. Wing-
type and wing-shaped spoke-type configurations were proposed to
place more and more PM poles in the rotor [83,84]. Compared to
spoke-type only structure, the airgap flux density could be
enhanced by 25%, as depicted in Fig. 10(b) and (c). Slightly higher
torque output was also achieved compared to the initial rare-earth
IPM machine. These designs utilised most of the space in the rotor
to house the PM poles, so the assembly of rotor with more PM than
steel lamination would be an issue. Moreover, although the wing-
shaped spoke-type machine maximized the PM torque, the reluc-
tance torque was significantly reduced. Thus, these structures may
not be very practical nor material-effective for industrial use.
Other than PM torque, reluctance torque is also a very important
component in total torque production. Increasing the rotor saliency
with spoke-type structure would be more effective. W. Kakihara
et al. in Ref. [76] proposed a 50 kW ferrite machine with air holes
and triangular cut-outs to increase the salient pole ratio and up to
80% torque of Prius rare-earth motor was achieved with same
frame size at the current density of 20 A/mm?. Auxiliary radial
magnetized poles were applied in between two spoke-type main
poles to increase flux density as well as reluctance torque in
Refs. [78,85]. An improved spoke-type design was proposed by
dividing each of the conventional spoke-type pole into two parts
shown in Fig. 11(b) [86,87]. The reactance torque could benefit from
this design and an 25 Nm/L torque density was achieved. However,
there are still more room to develop a rotor design sustaining
certain airgap flux density and higher rotor saliency. B. Xia et al. in
Ref. [88] proposed a novel design with multi-layer configuration for
traction applications. The reluctance torque was maximized with
acceptable PM torque component, and the final design was able to
deliver up to 95% of the Prius rare-earth IPM machines as shown in
Fig. 11(c). W. Fei et al. further investigated the influence of the
number of layers on the machine performance, and shown that
two-layer configuration was the most cost-effective design
compromise in terms of performance and rotor complexity [89].
To fully utilize the machine space and gain higher torque den-
sity, a 3D trench airgap configuration with double-stators was
proposed in Ref. [85] to increase flux density, as illustrated in
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Fig. 11. Spoke type designs to increase rotor saliency [78,86,88].

Fig. 12. The proposed machine consisted of double stators and a
spoke type rotor with side rotor poles sandwiched in between.
Comparable torque density with rare-earth machines could be
achieved. However, double-stator structures required larger
amount of copper to increase the power density, which resulted in
relatively low efficiency level (similar to IMs). Moreover, the com-
plex structure would increase the manufacturing cost and therefore
may not be suitable for mass production.

Axial magret Rasdial siagons Suan
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Cvter snd 257
core wner ag-gap

(a) cii;fided rotors [93]; (b) PMIM [95];

(b) divided poles;

Fig. 10. Ferrite spoke-type design with more PM poles.
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(c) multi-layer;

Compared with PMASynRM, spoke-type suffers higher risks of
irreversible demagnetization [23]. Occurrences of demagnetization
were reported in many of the papers reviewed here. In Ref. [78] the
demagnetization was below 0.5% and thus could be negligible.
Though demagnetization occurred in Ref. [90—92], no solution was
presented. In Refs. [86], the main pole was divided into two parts, a
flux path was created for armature active field, so the demagne-
tized area was reduced. Usually the edge of the PM poles suffered
higher risk of demagnetization. K. Kondo et al. cut the edge end
with chamfered-style [85], while a deeper PM insertion and over-
hang methods were applied in Ref. [76].

To conclude, spoke-type ferrite PM machines have the potential
of achieving higher torque density and torque factor than PMA-
SynRM with lower torque ripple. However, the electromagnetic
loading of spoke-type motors needs to be designed very carefully
due to the higher risks of irreversible demagnetizations.

5. Other types of ferrite machines

There are many other works proposing ferrite PM machines for
various applications with different motor configuration, such as
flux switching, claw-pole, Vernier-type and axial flux machines, to
name but a few. Below we attempt to describe the key ones that
attract more interests among researchers.

5.1. Dual-rotor structures

Due to the low residual flux density of ferrite PMs, researchers
intend to expand the active space to place more PMs to enhance the

Petmanent
b magnets

- Stoe| wbe

Rotor bars

(¢) RETPM [96];

Fig. 12. Design model of double stator spoke-type machine with 3D trench airgap [85].
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airgap flux density. A novel rotor structure consisting of upper and
lower cores with an axially-magnetized ferrite pole was developed
in Ref. [93,94] to reduce the use of rare-earth material, as demon-
strated in Fig. 13(a). However, a key issue with this structure was
that at the same circular position, the electrical phases of magnetic
field from the upper and lower part were different. Thus two sets of
armature windings would be needed to adapt the rotor structure. A.
Gazdac in Refs. [95] presented a PM induction machine (PMIM)
combining squirrel-cage IM and PM rotors, as depicted in Fig. 13(b).
However, the IM rotor would have a slip from synchronous speed,
and the two rotors rotated at different speeds. Hence, two set of
bearings and connections were required for the two rotors. R. Qu
et al. in Ref. [96] proposed a dual-PM-rotor toroidally-wound PM
(RFTPM) machine to improve torque density and efficiency, as
shown in Fig. 13(c). Inner rotor fully utilised the inner space and
toroidal armature reduced end-winding lengths. Yet, ferrite SPM
structure cannot generate enough airgap flux distribution, and the
torque density (4.32 Nm/L claimed) was still too low for traction
applications. By using dual-rotor configurations, the flux density
could be improved to some extent, but the mechanical structure
tends to be more complicated, which would increase the
manufacturing cost.

5.2. Flux switching PM machines

Flux switching PM (FSPM) machines with both ferrite magnet
and field windings in the stator were presented in Ref. [97,98], and
good power density with acceptable efficiency was reported in
Ref. [97]. A self-excited single-phase reluctance generator with
small pieces of ferrite in between stator teeth was presented in
Ref. [99], but the achievable PM excited flux density was too low,
which resulted in low efficiency. A hybrid NdFeB and ferrite PM
FSPM was investigated in Ref. [100] to reduce material costs. The
torque density of hybrid PM was between that of NdFeB and ferrite
only FSPMs, depending on rare-earth proportion. E. Hoang et al.
and J. Zhang et al. in Ref. [101,102] presented a FSPM design capable
of flux concentration, and very good flux weakening ability could be
achieved with wide constant power speed range. However, the
power density of ferrite FSPM machines was relatively low. In all,
the low-energy ferrite PM apparently did not suit for FSPM since
the space in the stator was quite limited to accommodate armature
windings, stator teeth and PM poles. It should also be noted that the
risk of demagnetization for ferrite FSPMs was high because the low
magnetic energy PM would face directly to reactive field from the
armature installed together with PMs in stator [22].

SMC core

Ferrite magnet

&
Rotor support”
component

Winding

(a) coreless rotor design [109];
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5.3. Claw pole machines

Claw pole ferrite PM machines with field coils were investigated
in Ref. [103,104]. The hybrid-excited configuration compensated
the lower flux density of ferrite compared with rare-earth. High
torque output was achieved but the efficiency of 85% was relatively
low due to high copper loss. In Ref. [105,106] segmented rotors with
claw poles were proposed for easy power scaling up with existing
designs.

5.4. Axial flux machine

Axial flux PM (AFPM) machines are expected to have higher
torque density and compact structure and are considered as a
candidate for high performance applications. Z. Wang et al. in
Refs. [107] presented a high speed AFPM ferrite machine with
amorphous metal cores. Each of the stator teeth was a modular part
using amorphous magnetic materials (AMMSs) cut core for the ease
in manufacturing. W. Zhao et al. proposed a spoke-type ferrite AFPM
and 63.4 Nm of torque and 18.8 Nm/L of torque density were ach-
ieved [108]. But axial spoke-type machines could be more compli-
cated to assemble than its radial counterparts. K. Chiba and K. Sone
et al. in Refs. [109,110] proposed a double-stator single-coreless-
rotor ferrite AFPM machine, as shown in Fig. 14(a) and the PM shape
was optimized to reduce torque ripple. A torque density of 34.7 Nm/L
and 14.6 Nm/L was achieved at the current density of 22 A/mm? and
11 A/mm? respectively. K. Sone in Ref. [111] indicated that the rotor
core in the double-stator single-rotor AFPM machines would
aggravate demagnetization in PMs. Thus coreless rotor could sup-
press irreversible demagnetization. In order to increase the reluc-
tance torque of this machine design, S. Chino and T. Miura et al. in
Refs.[112,113] proposed a SMC cores assembled in between adjacent
PM poles to increase the salient pole ratio, as shownin Fig. 14(b). As a
result, a maximum torque of 326.7 Nm at 22 A/mm?, which was 37
Nm/L of torque density, was achieved in simulation, while the
experimental result was 6.9% lower than predicted.

For AFPM machines, usually SMC cores are necessary due to the
existence of 3D flux path. It surely would increase the material cost
comparing to steel laminations. Moreover, the manufacturing and
assembly of axial machines flux are also more complicated than
radial ones.

5.5. Vernier machines

Permanent magnet Vernier machines (PMVMs) can deliver large

Ferrite PM
(b) with rotor cores [112];

Fig. 13. Examples of dual-rotor configurations.
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Fig. 14. Designs of double-stator single-rotor AFPM machines.

torque at low speed and are ‘multi-polarized’ in fewer slots than
conventionally designed machines, and thus are considered for in-
wheel machines for EV applications. R. Hosoya and K. Sato et al. in
Refs. [114,115] presented a ferrite PMVM to accomplish high torque
density design goals. A V-shaped PM outer-rotor configuration was
applied and 58% of higher flux density was achieved in the airgap.
For their final design, 510 Nm of torque was obtained, which was 25
Nm/L.

6. Comparisons

In the discussion here, the Prius 2004 rare-earth IPM machine is
used as a benchmark to make some comparisons between the

Vernier hine [139]
Cored AFPM [135]

Normal AFPM [134] =
Spoke-type AFPM [130] §
Dual-rotor PMIM [117] &
Multi-layer spoke-type [112]
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Fig. 15. The percentage of papers reviewed on ferrite PM machines.

design from different categories and research groups.

Fig. 15 shows the number and percentage of papers reviewed in
our current study and indicates the existing work on different
machine structures and topologies. Though the highest number of
papers on ferrite PM machines comes from the conventional
category, some of them were published 20—30 years ago, and a
large part were intended for low-power applications to reduce the
material cost. To increase the power density, more PM material and
larger size were the common solutions. However, due to the huge
difference in PM properties, it is very difficult to realize the critical
requirements such as high efficiency, high power density and small
size for high performance traction applications. Nowadays, PMA-
SynRM and Spoke-type IPMs are most attractive solutions with
relatively mature technology to replace rare-earth machines.
PMASynRM configurations descend from SynRMs with PM inserted
inside the flux barriers to increase the torque production and po-
wer factor. Since the PMASynRM originates from reluctance ma-
chines, it has a high saliency ratio and depends largely on
reluctance torque. Also, it can operate at wider speed range with
better flux weakening ability. In terms of power factor and torque
density, PMASynRMs are inferior to Spoke-type IPMs. On the other
hand, spoke-type IPMs can potentially achieve approximately
similar open-circuit flux distribution with rare-earth machines
using flux focusing structures. As a result, higher power factor and
torque density can be obtained. To achieve high torque density,
reluctance torque is also a very important part for the overall tor-
que. Thus, various improvements and modifications are needed to
maximize the electromagnetic torque. Since the length of PM poles
to pole pitch ratio is very critical to flux focusing effect, relative high
pole number is preferred for spoke type machines. Because this flux
focusing structure faces higher risk of demagnetization special
attention should be paid during the design.

Among the Other types of machines, AFPM seems to the most
popular alternatives for high performance EV applications.
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Fig. 16. Comparisons of power and torque density of ferrite machines in literature
against Prius 2004 p.m.

However, larger outer diameters and pole numbers are preferable
for this flat-shaped machine structure, which would raise the issues
of loss and mechanical stress at high speed. For ferrite FSPMs, it is
difficult to achieve the required torque density since there is not
enough space to accommodate enough amount of PM to improve
the flux density.

Fig. 16 and Fig. 17 show the developments of the torque and
power density of typical machines of different machine types, with
reference to Prius 2004 rare-earth IPM. Obviously conventional
SPMs have the lowest torque density due to the low flux level. The
highest among PMASynRMs is 45.8 Nm/L from Ref. [61]. Also in
Ref. [67] a PMASynRM design achieved 44.9 Nm/L, which is also
very promising for EV applications. Spoke-type IPMs have better
torque densities, with the highest value of 63.4 Nm/L from Ref. [76].
A multi-layer spoke design in Ref. [88] also achieved a torque
density of 60 Nm/L for traction applications. As for the other types
of machines, AFPM, Claw pole and Vernier machines have similar
torque density, at 37.5, 36.4 and 36.1 Nm/L respectively.

Most designs in the reviewed papers aiming for traction appli-
cations are between 200 and 300 Nm, except in the case of a high
speed PMASynRM with 188 Nm, which could run at 14,000 rpm
maximum, and the Vernier one with 400 Nm at 1350 rpm

eTransportation 6 (2020) 100080

maximum. From the speed point of view, PMASynRMs are more
suitable to run at a higher speed with better flux weakening abil-
ities, and Vernier motors are usually for low speed operations. As
for the current density, the design of high speed PMASynRM in
Refs. [59] was easier to deal with the cooling issues since the
highest current density is only less than 10 A/mm?. On the other
hand, the AFPM design had the highest current density of 22 A/
mm?, which would require a specially designed cooling system to
remove the heat to avoid overheating.

7. Conclusion

This paper has aimed to provide, a most comprehensive review
to date, on the current developments of ferrite PM machines, and
has focused on the key issues of torque density and efficiency. The
review is based on carefully grouping the considerably diverse body
of works into four categories, namely conventional SPM/IPM ma-
chines, PMASynRMs, spoke-type machines and machines with
other special structures or topologies.

For SPM machines, the airgap flux field excited by ferrite PM
cannot exceed ferrite residual flux density, which is too low to
achieve a high torque density. While for conventional IPM, there is
not enough space for large amount of PM material. As for other
types of ferrite machines, the technologies in both design and
manufacturing are not quite mature yet, which may influence the
mass production. Also, special materials sometimes are required for
their instinctive design, e.g. SMC core for 3D motor design.

The most promising structures to achieve high performance
requirements for EV application are PMASynRM and spoke-type
configurations, which make use of both PM torque and reluctance
torque to improve high torque density. PMASynRMs maximize the
rotor saliency and use PM to improve the power factor as well as
torque density. Spoke-type machines adapt the flux-squeeze
structure for flux concentration to compensate the low residual
flux density of ferrite material, and meanwhile optimal design
should be carried out to increase the salient pole ratio for higher
reluctance torque. PMASynRMs have lower power factor and higher
torque ripple, while spoke-type machines suffer more serious
irreversible demagnetization and have a relatively small flux
weakening ability. Some typical machines from existing works are
chosen for an extensive comparison among different machine

70
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Fig. 17. Torque density of key typical ferrite PM machines against publication year.
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structures. Some of the works offer very promising prospect for
high performance EV applications, while some others may stay at
the theoretical stage for a long time.
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