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Abstract—This paper overviews the recent developments
and various topologies of magnetically geared (MGd)
machines. Particularly, current design trends and research
hotspots of this kind of MGd machines are emphasized,
with the aid of statistic summary of the published papers.
According to different evolutions from a magnetic gear
(MG), four mainstreams of MGd machines are extracted
and compared in terms of both mechanical complexity and
electromagnetic performance. By virtue of their inherent
features, such as high torque density and multi-power port,
the feasibility of MGd machines for applications, where
continuously variable transmission (CVT) and power split
are demanded, is also described.

Index Terms—Field modulation, magnetic gear, multi-port,
permanent magnet.

I. INTRODUCTION

THANKS to the development of high-energy permanent
magnet (PM) materials in last decades, PM machines
exhibit high torque density and efficiency, and have now been
widely used for various applications at different power and
speed levels [1-3].

For those applications with low-speed and high-torque
requirements, e.g. electric/hybrid electric vehicles (EV/HEVs),
wind power generation etc., the mainstream system solution
consists of a conventional medium-speed electrical machine
and mechanical transmission mechanisms [4]. However, the
system is inevitably accompanied with drawbacks brought by
the mechanical transmission components, such as strict
lubrication and maintenance demand, high vibration and noise,
short lifecycle and so on. Therefore, research on high torque
density PM machines has aroused great attention from both
academia and industry, aiming to eliminate the transmission
devices and directly drive the system. To date, numerous novel
PM machine topologies toward high torque density have been
developed, such as axial-field, Vernier, transverse-flux, and
stator-PM machine etc. [5-8]

In the past decade, a new class of high-torque density PM
machines has become one of the hottest research topic of
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electrical machines. The machines are originally derived from a
contactless magnetic gear (MG) [4], and can be termed as
magnetically geared (MGd) machines [9-12]. As shown in
Fig.1, the most important feature of MGd machines is that they
work based on magnetic gearing effect/air-gap field modulation,
and can be regarded as the integration of a conventional
machine and a contactless MG. By inheriting the merits of
contactless torque/speed transmission from the MG, as well as
compact volume from the conventional medium-speed machine,
MGd machines are capable of directly driving the low-speed
systems with high torque density and reliability, thus becoming
promising candidates for many applications.

Unlike the conventional electrical machines with one
electrical port and one mechanical port, most MGd machines
can have more than one mechanical port, providing additional
degrees of freedom [13-15]. The multi-port characteristic of
MGd machines makes them possible to achieve specific
functions, such as continuously variable transmission (CVT)
and power split, which are inherently suitable for HEVs and
wind power generations, Fig. 1.

Owing to the diverse integration methods of MG and
conventional machine, numerous topology variants belonging
to the family of MGd machines have been proposed, and some
of them are investigated aiming at specific applications. This
paper overviews the recent developments of MGd machines.
Based on the provided design parameters and performance of
various MGd machines in the published papers (more than 60
papers), some design trends and research hotspots are
summarized in terms of (a) size constraints and gear ratio; (b)
output power and speed; and (c) torque density. In addition,
according to different evolutions from MG, various MGd
machine topologies can be mainly categorized into four types,
which are mechanically coupled, Pseudo, mechanically and
magnetically coupled, and partitioned stator machines,
respectively. Their detailed performances are then compared
including torque density, PM volume, rotor number,
mechanical structure, heat dissipation and topology diversity.

This paper is organized as follows. Section II describes the
configuration and working principle of a MG. Breakdown of
different MGd machine types is introduced and various
topologies are reviewed in Section III. Statistic summary of
MGd machines is reported in Section IV. Section V compares
the performance of different MGd machines, with their
potential utilization for HEVs/wind power generation also
highlighted. The conclusions are then given in Section VI.
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II. MAGNETIC GEAR AND MAGNETIC GEARING EFFECT

A. Magnetic Gears (MGs)

With reference to various mechanical gears, different MG
topologies can be easily developed by simply replacing the
teeth of mechanical gear with PM poles. However, most of
them have poor torque density due to the insufficient utilization
of PMs. Hence, MGs have not attracted much attention till a
novel coaxial MG is proposed [4], which gets rid of the concept
of mechanical gear and largely improves the torque density
(>100kNm/m>).

As shown in Fig. 2, the MG consists of three components: a
high-speed element, a low-speed element, and a magnetic
modulation ring. Both high-speed and low-speed elements are
made of PMs but with different pole-pair numbers, and the
magnetic modulation ring consists of a certain number of
ferromagnetic iron pieces. Normally, the magnetic modulation
ring locates between the other two elements, aiming to
effectively modulate the PM fields, and the positions of the
other two PM elements can be swapped (see Fig. 2).

The basic configuration of a MG is expressed as [4]

N,=p,+p (1)

N,Q, = p,, +p, (2)

where N, is the number of iron pieces of the modulation ring,

Q,, is its mechanical angular velocity; p; is the pole-pair

number of the high-speed element, Q; is its mechanical angular

velocity; p; is the pole-pair number of the low-speed element,
Q) is its mechanical angular velocity.

From (2), it is clear that all three components of the MG can
be rotating and thus the gear ratio (speed ratio) G, of any two
movable components can be freely adjusted by controlling the
speed of the other component, which is so-called continuously
variable transmission (CVT); alternatively, any one of the three
components can be fixed at standstill and thus the MG has a
constant G, between the other two components, which is always
used for speed/torque conversion, similar to a conventional
mechanical gear.

Many studies have been conducted to further improve the
performance of the MG: (a) for high/low-speed element, apart
from the surface-mounted PM (SPM) rotor structure, other
structures can be used to improve the torque density or reduce
the PM volume [16-19], such as consequent-pole PM (CPM),
interior-PM (IPM), pure reluctance, and Halbach PM rotor, etc.
as shown in Fig. 3; (b) the pure reluctance rotor structure of the
magnetic modulation ring can be replaced by CPM or IPM
structure, thus providing additional excitation and boosting the
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Fig. 2. Typical MGs. (a) MG with low-speed element outside. (b) MG with

high-speed element outside.
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Fig. 3. Different rotor structures. (a) Consequent-pole PM rotor. (b)
Interior-PM rotor. (c¢) Pure reluctance rotor. (d) Halbach PM rotor.

torque [20]; (c) the radial-field type can be changed to the
axial-field or transverse-flux type, and the shape of iron pieces
can be modified to enhance the field modulation and mitigate
the flux leakage [21]. Up to now, the maximum torque density
of a MG with various torque-boosting techniques adopted has
already reached over 250kNm/m?, making its competitive for
practical applications [22].

B. Magnetic Gearing Effect/Air-gap Field Modulation

For conventional electromagnetic devices with two sets of
excitation sources, a steady average force/torque can be
generated only when the pole-pair number and rotational speed
of the fields produced by the two sources are identical.
However, for a MG, the average torque can be produced by two
PM excitation sources with different pole-pair numbers and
rotational speeds. More specifically, the torque production is
resulted from the indirect interaction instead of the direct
interaction of the two sources since the field provided by any
PM source is firstly modulated by iron pieces so as to match the
pole-pair number and speed of the other PM source. This
phenomenon can be termed as magnetic gearing effect [12]
and/or air-gap field modulation [23].

Based on energy conservation, the torques of the MG should
match

T,+T,+1,=0 3)

1,Q,+T7,Q,+70Q,=0 (4)

where T,,, Tj, T; are the magnetic torque of the modulation ring,

high-speed element, and low-speed element of the MG,
respectively.

For most low-speed and high-torque applications, the
high-speed element is always connected to the prime mover,
either the low-speed element or modulation ring is used to drive
the load while the remaining one is fixed. The magnetic gearing
effect can then be defined by the gear ratio G,, which reflects
the capability to amplify the torque, as

T Q T Q
Gr:—’z——’f:ﬂorG,:—mz—h:& )
T, Q  p, I, Q, p,

By way of example, Fig.2 shows the MG with N,~=14, p=10,



ZHU et al. : RECENT DEVELOPMENTS AND COMPARATIVE STUDY OF MAGNETICALLY GEARED MACHINES 15

and p,=4. When the modulation ring is fixed, the torque of the
high-speed PM rotor is amplified by 2.5 times while it is
amplified by 3.5 times when the low-speed PM rotor is fixed.

III. VARIOUS MAGNETICALLY GEARED MACHINES

Although MG has high torque density, it is simply a passive
transmission part without any electrical output port or input
port. For the sake of practical application, its integration with
electrical machines needs to be well considered. Instead of
being a simple replacement of a mechanical gear, numerous
artful integration methods aiming at compact system volume
have been proposed, which greatly enriches the development of
this new class of electrical machine, i.e. MGd machines.

As shown in Fig. 4, most MGd machines can be directly
derived from a MG and are the focus of this paper. In addition,
many existing machine topologies, such as stator-PM machines
[24, 25], variable flux reluctance machines (VFRMs) [26],
Vernier machines [27], and fractional-slot PM machines [28]
etc., have now been re-recognized and/or proven to work based
on magnetic gearing effect. Since these machines have been
well analyzed and reviewed, they will not be included in this
paper.

According to different evolutions from a MG, MGd
machines can be mainly categorized into four types, which are
mechanically coupled machines (Type 1), Pseudo machines
(Type 2), mechanically and magnetically coupled machines
(Type 3), and partitioned-stator machines (Type 4),
respectively. For Type 1, the subordinate MG and electrical
machine can be easily identified since they are just
mechanically coupled without changing their original
structures. In contrast, other three types have more compact
integration between the MG and electrical machine, as shown
in Fig. 5. More detailed introduction and review of each type
will be given below.

A. Type 1: Mechanically Coupled Machines [9, 29-49]

The basic concept of mechanically coupled machines, Fig. 6,
is that a MG and a conventional electrical machine are
physically connected by sharing the same rotor [9]. When the
machines operate in motor mode, one of the PM rotor (normally
the high-speed element) of the MG is shared by the machine
and driven by the armature field, then the speed/torque
conversion can be achieved by setting the other PM rotor and/or
magnetic modulation ring as output rotor. Ideally, the
subordinate MG and machine are magnetically decoupled since
the magnetic field of the machine does not cause flux distortion
in the MG and vice versa [9].

According to the different relative positions of the MG to the
machine, mechanically coupled machines can be further
classified into MG-outside machine, Fig. 6(a) [9], MG-inside
machine, Fig. 6(b) [29], and MG-sandwiched machine (one
MG with both PM rotors shared by other machines) [30]. It
should be noted that the number of the connected MG and/or
machine can be larger than 1, i.e. the cascade level of the
mechanically coupled machines can be improved. Apart from
PM machine, the subordinate machine can be induction
machine, and reluctance machine etc. [31-33].
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Fig. 6.

Mechanically coupled machines always have high torque
density due to their good space utilization ratio, and they have
been investigated and applied for certain applications, such as
EV, and wind power generation [34-46]. In addition, as many
as three rotors with one of the speeds controllable also make
these machines capable of achieving CVT [47, 48]. Some
techniques can be used to further improve the machine
performance, such as adopting different PM structure [49], Fig.
3, and eliminating the yoke of the shared rotor [46], Fig. 6(b).
For the machine shown in Fig. 6(b), although the fields of the
subordinate MG and machine are actually coupled, it is still
regarded as a mechanically coupled machine when considering
the similarities in machine structure, as compared with Fig.
6(a).

B. Type 2: Pseudo Machines [10, 50-57]

To drive the high-speed rotor of the MG, another approach is
to add an extra set of armature winding on the low-speed
element, Fig. 7(a), the evolved machine is termed as Pseudo
machine [10]. The added armature winding can be either
fractional-slot concentrated winding or integer-slot distributed
winding, it produces additional rotating field with the same
pole-pair number of the high-speed rotor, thus controlling its
rotational speed and direction. Since the PMs of the low-speed
element are mounted on the inner surface of the fixed stator, the
magnetic modulation ring and the high-speed rotor rotate in the
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same direction under a fixed speed ratio of G,. Basically, the
Pseudo machine can be regarded as the combination of a MG
with fixed low-speed element and a SPM machine with large
air-gap. In [10], it shows that the Pseudo machine can have a
high torque density of 60kNm/m’ even with a small current
density of 2A/mm?, then it has also been investigated for
assorted applications, such as wind power generation and flight
control surface actuation etc. [50-54]. Other PM rotor
structures applied to Pseudo machine are also investigated [55].

In terms of the placement of armature winding, it can be also
placed on the magnetic modulation ring [56, 57], Fig. 7(b). In
this case, the modulation ring is fixed with additional
integer-slot distributed winding adopted, the low-speed PM
rotor and high-speed PM rotor rotate in reverse under a fixed
speed ratio of G,.

C. Type 3: Mechanically and Magnetically Coupled Machines
[11, 58-70]

The rotating magnetic field produced by the PM rotor of the
MG can be replaced by employing a stator equipped with
multi-phase sinusoidal excited windings, from which the
mechanically and magnetically coupled machines are derived
[11]. As shown in Fig. 8 (a), the inner PM rotor of the MG is
replaced by the armature winding. In terms of the low-speed
PM rotor and the magnetic modulation ring, either one or all of
them can be rotating. When the modulation ring is stationary,
the machine is similar to a conventional outer-rotor machine
but with dual air-gaps. For certain slot/pole number
combinations, it is possible to remove the air-gap between the
stationary modulation ring and wound stator by merging them
into one stator with multi-tooth structure, Fig. 8(b), which is
identical to a typical Vernier machine. Hence, the inherent
relationship between the Vernier machine and MGd machine is
revealed [27], as shown in Fig. 4. Different winding types and
rotor structures have also been investigated [58].

By swapping the positions of the PM rotor and wound stator,
the inner-rotor MGd machines have also been proposed [59-61],
which are easier to assemble for most applications. Besides, by
setting both inner PM element and magnetic modulation ring as
rotor, the machine can achieve functions of power split and
CVT, which are suitable for HEVs [62-65]. The related
manufacture issues and control strategies are also analyzed
[66-68].

Further, both PM rotors of the MG can be replaced by the
wound stator, eliminating the PM usage so as to reduce the
machine cost [69, 70]. Of course, this will lead to torque
reduction.

D. Type 4: Partitioned Stator Machines [12, 71-82]

Another type of MGd machine, i.e. partitioned stator (PS)
machine, is newly developed based on the synergies of MGs
and stator-PM machines [12], as shown in Fig. 9 (b). The PS
machine can be directly evolved from the stator-PM machine
by separating the winding and PMs to two stators, Fig. 9. The
PS machine always has improved torque density, thanks to the
removal of space conflict between the winding and PM. Based
on this concept, all kinds of stator-PM machines, including

@ (b)

(2) ()
Fig. 8. Type 3: mechanically and magnetically coupled machines. (a) Dual
air-gap. (b) Single air-gap (Vernier machine).

double salient PM (DSPM), flux reversal PM (FRPM), and
switched flux PM (SFPM) machines, can be easily converted to
PS machines [71-77]. The difference among various PS
machines lies in the pole-pair number, PM structure and
relative angular position to the wound stator of the PM stator.
For instance, the PM stator of the PS-FRPM machine is of SPM
structure, Fig. 9(b), while that of the PS-SFPM machine is of
IPM structure, Fig. 10(b). The PS-DSPM machine also has [PM
structure but with different pole-pairs of the PS-SFPM machine
[74], which will not be shown here.

By comparing Type 4 (PS machines), Fig. 9(b), with Type 3
(mechanically and magnetically coupled machines), Fig. 8(a), it
is found that they share many similarities in machine structure,
i.e. a PM element, a wound stator, and a magnetic modulation
ring. The working principle of Type 4 and their stator-PM
counterparts are then analyzed from the new perspective of
air-gap field modulation, from which the inherent magnetic
gearing effect is revealed [77]. It should be noted that for Type
4, only modulation ring can be rotating while the modulation
ring and/or the PM element can be rotating for Type 3.

The electromagnetic performance of various PS machines
are compared [78]. Results show that in order to achieve high
torque, the number of poles of the PM stator is always equal to
the number of teeth of the wound stator, which is determined by
the configuration of the original stator-PM machine. Besides,
the control performance of PS machines is analyzed [79].
Results show that the reluctance torque of PS machines is
negligible, which is similar to stator-PM machines.

Since the PMs of stator-PM machines are stationary, they
can be completely replaced by dc-field excitation, as shown in
Fig. 11(a). The machines are termed as variable flux reluctance
machines (VFRM) or wound field switched flux (WFSF) [26].
Correspondingly, PS-VFRM machines with improved torque
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Fig. 11. VFR machine and its PS counterpart. (a) VFRM. (b) PS-VFRM.

density have also been proposed, Fig. 11(b), which are suitable
for low-cost applications [80, 81].

IV. DESIGN TRENDS AND RESEARCH HOTSPOTS

Due to the attractive features of high torque density,
multi-power port, and diverse topology possibilities, MGd
machines have become one of the hottest research topics in
electrical machine. Up to now, various MGd machine
topologies have been proposed, and new topology variants are
still emerging. In addition to the theoretical analysis, detailed
issues of MGd machines for practical applications have aroused
more and more attention.

To provide a visualized overview of the research status of
MGd machines, more than 60 related papers are reviewed in
this paper [9-12, 29-93]. Based on the provided design
parameters and performance from these papers, some design
trends and research hotspots are summarized in terms of size
constraints, gear ratio, output power, speed, and torque density.

A. Size Constraints and Gear Ratio

Fig. 12 shows the statistic summary of size constraints of the
MGd machines. As can be seen, most published papers focus
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Fig. 12. Statistic summary of size constraints of the MGd machines.
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Fig. 13. Statistic summary of gear ratio of the MGd machines.

on the machines with relatively small size constraints (diameter
D<400mm, axial length /<150mm) since most of them are
proposed just as theoretical solutions for practical applications,
and only some small prototypes are made to verify the concept.

Fig. 13 shows the adopted gear ratios of the MGd machines.
For most papers, the pole-pair number of the high-speed
element ranges from 2 to 6, corresponding to the small size
constraints shown in Fig. 12. In terms of the gear ratio G, it is
related to the requirement of specific applications. In general, a
large G, is helpful to improve the torque density. However, the
flux leakage may become severe when G, is too large, which
will impair the torque density. From Fig. 13, the hotspot of G,
ranges from 2 to 12.

B. Output Power and Speed

For MGd machines, they are inherently suitable for
low-speed applications, as shown in Fig. 14. The rated speeds
of the low-speed element in all the papers are lower than 1600
rpm, and there are basically two study regions. For wind power
generation, the wind turbine speed is always below 200rpm, so
as to extract the maximum mechanical power under different
wind speeds [34]. For EV/HEVs, a wide speed range is required
when considering the different operation conditions. The
machines should be capable of operating at the maximum speed
around 1600rpm by assuming the maximum vehicle speed of
200km/h [37].

It is well known that the torque of the machine is largely
determined by its active volume and cooling condition, while
the power of the machine also depends on the rotor speed. At
present, since most MGd machines are studied based on small
prototypes, only few cases can be found with the power rating
matching the practical applications, as shown in Fig. 14. In [42],
two mechanically coupled MGd machines are designed and
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successfully implemented in an EV, and the whole operation
condition of the EV is simulated and tested. Results show that
the machine can output a maximum power of 60kW, and has
high efficiency within the whole speed range.

C. Torque Density

Fig. 15 shows the torque density of the MGd machines. As
can be seen, when G, ranges from 5 to 10, the machine is more
likely to have high torque density, and the maximum torque
density has reached over 130kNm/m? [35]. Even for machines
with experimental validation, the maximum torque density
around 100kNm/m? has been reported [42, 45], which is much
larger than that of the conventional PM machine (always below
30kNm/m?). Therefore, the advanced torque performance of
MGd machine can be verified.

V. PERFORMANCE COMPARISON OF MGD MACHINES

A. Performance Comparison

The basic concepts and evolution methods of four types of
MGd machines have been presented in Section III, Figs. 6-9.
TABLE 1 lists the basic structure of each machine type, from
which both mechanical and electromagnetic performance can
be qualitatively compared, as shown in Fig. 16.

1) Torque density: both Type 1 (mechanically coupled
machines) and Type 2 (Pseudo machines) can be regarded as
the direct integration of a PM machine and a MG. Therefore,
they all have higher torque density than Type 3 (mechanically
and magnetically coupled machines) and Type 4 (partitioned
stator machines), of which one PM rotor of the MG is replaced
by armature winding. In addition, Type 1 has the highest torque
density since the equivalent air-gap length of the subordinate
PM machine in Type 2 is large.

2) PM volume: among various MGd machines, Type 1 has

TABLE I
MECHANICAL STRUCTURE OF DIFFERENT TYPES OF MGD MACHINES
Type 1 Type 2 Type 3 Type 4
Min. number of air-gap 3 2 2 2
Min. number of rotor 2 2 1 1
Max. number of rotor 3 2 2 1
Number of PM layer 3 2 1 1
Torque density
Topology PM
diversity .-~ volume
g } —8—Typel
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Fig. 16. Characteristics of four types of MGd machines.

the maximum PM usage and is more likely to have the highest
cost since it has 3 PM layers. In contrast, Type 3 and Type 4
have the minimum PM usage since they only have 1 PM layer.

3) Mechanical structure: compared with the conventional
electrical machines, the main drawback of MGd machines is
the complex mechanical structure, since they all have at least 2
air-gaps. For Type 1, it has minimum 3 air-gaps and 2 rotors,
making its structure most complicated and bringing issues of
system reliability. In comparison with Type 2, the machine
structures of Type 3 and Type 4 are simpler since they can
operate with only one rotor rotating.

4) Rotor number: for most low-speed applications, only one
rotor is required as effective mechanical port. For Type 1 and
Type 2, they all have an additional high-speed rotor, resulting
in strict requirements of bearings and mechanical clearance.

5) Heat dissipation: for Type 2, it has 2 PM layers and one
of them is close to the hot copper windings, thus suffering high
temperature rise and risk of demagnetization. In contrast, the
temperature rise of PMs in Type 3 and Type 4 can be efficiently
managed by forced cooling since the PMs are static and remote
from the hot copper windings.

6) Topology diversity: in comparison with other three types,
Type 4 has more topology possibilities since all the stator-PM
machines together with their hybrid-excited, wound-field
variants can be converted [80-82].

B. E-CVT and Power Split

In addition to Type 4, the other three types of MGd machines
can have more than two mechanical ports and at least one
electrical port, TABLE I, making them possible to realize
electric continuously variable transmission (E-CVT) and power
split, which are suitable for wind power generation and HEVs
[29, 63-68, 83].

Taking HEVs as an example, for typical series-parallel
HEVs, the hybrid power train is shown in Fig. 17 (a), which
consists of two conventional PM machines and a planetary gear
[63]. Each machine can work in motor or generator mode, and
by controlling the speeds of them, the speeds of the internal
combustion engine (ICE) and the final drive are decoupled,
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making the ICE work within high efficiency region. In addition,
the power flow can be adjusted according to the different load
conditions of the vehicle. However, the vibration, noise and
maintenance caused by the planetary gear become the main
issues. For this reason, a new type of hybrid power train with
MGd machines is proposed and shown in Fig. 17(b), which
eliminates the planetary gear [63, 83]. As can be seen, one rotor
of the MGd machine is connected to the ICE while another
rotor can be directly connected to the final drive. By controlling
the MGd machine through the power electronics module, the
torque and speed differences between the ICE and the final
drive can be matched. Normally, another traction motor is
connected to the final drive through the same shaft of the MGd
machine, aiming to provide additional torque supplement.
Detailed analysis regarding machine design and motion control
can be found in [66], and the experimental validation based on a
practical hybrid power train system is also described [67].

VI. CONCLUSION

Recent developments and research status of MGd machines
have been overviewed in this paper. Based on a MG, four
evolutions of MGd machines have been classified and
qualitatively compared. Results show that each type of MGd
machine has its own merits. In addition, the design parameters
and performance of MGd machines in the published papers
have been extracted and summarized, from which the research
hotspots have been identified and superior torque performance
have been verified. The multi-power port characteristic of MGd
machines has also been presented.

Based on the overview, the research trends and key issues of
MGd machines may be predicted and recognized from the
following aspects:

1. New and novel topologies of MGd machines are still
emerging. Various concepts from the conventional electrical
machine and MG can be adopted to further develop the MGd
machines, such as axial-field [84-87], transverse-flux [88],
hybrid-excited [82], memory [89], triple-excited [90, 91] etc.

2. In addition to multi-mechanical port, MGd machines can
be also designed with multi-electrical port, e.g. adopting two
sets of windings on the stator [92, 93], which brings more
degrees of freedom and are more flexible utilizing in wind
power generation and HEVs.

3. For mass commercial applications of MGd machines,
there still many challenges need to be dealt with. Most
importantly, due to the complex mechanical structure of MGd
machines, system simplification and integration should be well
considered so as to improve the system reliability and guarantee
the torque benefit [35]. In addition, many practical issues, such
as PM loss reduction, end-effect mitigation and heat
management of MGd machines deserve great attention [36-42,
46, 68].

REFERENCES

[11 Z. Q. Zhu and D. Howe, “Electrical machines and drives for electric,
hybrid, and fuel cell vehicles,” Proc. IEEE, vol.95, no.4, pp.746-765,
2007.

(2]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

A.M. El-Refaie, “Fractional-slot concentrated winding synchronous PM
machines: opportunities and challenges,” IEEE Trans. Ind. Electron.,
vol.57, no.1, 107-121, 2010.

E. Levi, “Multiphase electric machines for variable-speed applications,”
IEEFE Trans. Ind. Electron., vol. 55, no. 5, pp. 1893-1909, May 2008.

K. Atallah, and D. Howe, “A novel high-performance magnetic gear,”
IEEE Trans. Magn., vol.37, no.4, pp.2844-2846, 2001.

C. C. Chan, “Axial-field electrical machines—design and applications,”
IEEE Trans. Energy Convers., vol. EC-2, no. 2, pp. 294-300, Jun. 1987.

A. Toba and T. A. Lipo, “Generic torque-maximizing design
methodology of surface permanent-magnet Vernier machine,” /EEE
Trans. Ind. Appl., vol. 36, no. 6, pp. 1539-1545, Nov./Dec. 2000.

Y. Guo, J. G. Zhu, P. A. Watterson, and W. Wu, “Development of a PM
transverse flux motor with soft magnetic composite core,” [EEE Trans.
Energy Convers., vol. 21, no. 2, pp. 426-434, Jun. 2006.

M. Cheng, W. Hua, J. Zhang, and W. Zhao,
stator-permanent magnet brushless machines,” IEEE Trans.
Electron., vol. 58, no. 11, pp. 5087-5101, Nov. 2011.

K. T. Chau, Z. Dong, J. Z. Jiang, L. Chunhua, and Z. Yuejin, “Design of a
magnetic-geared outer-rotor permanent-magnet brushless motor for
electric vehicles,” IEEE Trans. Magn., vol. 43, no. 6, pp. 2504-2506,
2007.

K. Atallah, J. Rens, S. Mezani, and D. Howe, “A novel ‘pseudo’
direct-drive brushless permanent magnet machine,” IEEE Trans. Magn.,
vol. 44, no. 12, pp. 4605-4617, 2008.

L. L. Wang, J. X. Shen, Y. Wang, and K. Wang, “A novel
magnetic-geared outer-rotor permanent-magnet brushless motor,” in
Power Electron. Mach. Drives (PEMD 2008), IEEE Int. Conf. on, May.
2008, pp. 33-36.

Z. Q. Zhu and D. Evans, “Overview of recent advances in innovative
electrical machines-with particular reference to magnetically geared
switched flux machines,” in Elec. Mach. Syst. (ICEMS 2014), IEEE Int.
Conf. on, Oct. 2014.

L. Xu, "A new breed of electric machines-basic analysis and applications
of dual mechanical port electric machines," in Elec. Mach. Syst. (ICEMS
2005), IEEE Int. Conf. on, pp. 24-31, Sep. 2005.

M. Cheng, P. Han, G. Buja, and M. G. Jovanovic, “Emerging multi-port
electrical machines and systems: past developments, current challenges
and future prospects,” IEEE Trans. Ind. Electron., 2017, early access.

W. N. Fu and Y. Liu: ‘A unified theory of flux-modulated electric
machines’, Proc. Int. Symp. Elect. Eng., Dec. 2016, pp. 1-13.

“Overview of
Ind.

P. O. Rasmussen, T. O. Andersen, F. T. Joergensen, and O. Nielsen,
“Development of a high performance magnetic gear,” IEEE Trans. Ind.
Appl., vol. 41, no.3, pp. 764 - 770, 2005.

J. X. Shen, H. Y. Li, H. Hao and M. J. Jin, "A coaxial magnetic gear with
consequent-pole rotors," IEEE Trans. Energy Convers., vol. 32, no. 1, pp.
267- 275, March 2017.

L. N. Jian, K. T. Chau. Y. Gong, J. Z. Jiang, C. Yu, and W. L. Li,
“Comparison of coaxial magnetic gears with different topologies,” IEEE
Trans. Magn., vol. 45, 1n0.10, pp. 4526-4529, Oct. 2009.

J. X. Shen, H. Y. Li, H. Hao, M. J. Jin, and Y. C. Wang, "Topologies and
performance study of a variety of coaxial magnetic gears," IET Electr.
Power Appl., vol. 11, no.7, pp. 1160-1168, 2017.

S. Peng, W. N. Fu, and S. L. Ho, “A novel high torque-density
triple-permanent-magnet-excited magnetic gear,” [EEE Trans. Magn.,
vol. 50, no.11, Nov. 2014, Art. ID 8001704.

Y. Chen, W. N. Fu, S. L. Ho, and H. Liu, “A quantitative comparison
analysis of radial-flux, transverse-flux, and axial-flux magnetic gears,”
IEEE Trans. Magn., vol. 50, no.11, Nov. 2014, Art. ID 8104604.

X. Yin, P. Pfister and Y. Fang, “A novel magnetic gear: toward a higher
torque density,” [EEE Trans. Magn., vol. 51, no.11, Nov. 2015, Art. ID
8002804.

M. Cheng, P. Han, and W. Hua, “A general airgap field modulation theory
for electrical machines,” IEEE Trans. Ind. Electron., vol. 64, no.8, pp.
6063-6074, 2017.

D. S. More and B. G. Fernandes, “Analysis of flux-reversal machine
based on fictitious electrical gear,” IEEE Trans. Energy Convers., vol. 25,
no. 4, pp. 940-947, Dec. 2010.

Z. Z. Wu and Z. Q. Zhu, “Analysis of air-gap field modulation and
magnetic gearing effects in switched flux permanent magnet machines,”



20

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

CES TRANSACTIONS ON ELECTRICAL MACHINES AND SYSTEMS, VOL. 2, NO. 1, MARCH 2018

IEEE Trans. Magn., vol. 51, no. 5, May 2015, Art. ID 8105012.

L. R. Huang, J. H. Feng, S. Y. Guo, J. X. Shi, W. Q. Chu, and Z. Q. Zhu,
“Analysis of torque production in variable flux reluctance machine,”
IEEE Trans. Energy Convers., vol. 32, no. 4, pp. 1297-1308, 2017.

R. Qu, D. Li, and J. Wang, “Relationship between magnetic gears and
Vernier machines,” Elec. Mach. Syst. (ICEMS 2011), IEEE Int. Conf- on,
Aug. 2011.

Z.Q. Zhu and Yue Liu, “Analysis of air-gap field modulation and
magnetic gearing effect in fractional slot concentrated winding permanent
magnet synchronous machines,” JEEE Trans. Ind. Electron., vol. 65,10.5,
pp. 3688-3698, 2018.

J. B. Wang, K. Atallah, and S. D. Carvley, “A magnetic continuously
variable transmission device,” IEEE Trans. Magn., vol. 47, no. 10, pp.
28152818, Oct. 2011.

L. Jian and K. T. Chau, “A novel electronic-continuously variable
transmission propulsion system using coaxial magnetic gearing for hybrid
electric vehicles,” J. Asian Electr. Veh., vol. 7, no. 2, pp. 1291-1296,
2009.

S. Mezani, T. Hamiti, L. Belguerras, T. Lubin, M. Rashed, and C. Gerada,
“Magnetically geared induction machines,” IEEE Trans. Magn., vol. 51,
no. 11, pp. 1-4, 2015.

D. Z. Abdelhamid and A. M. Knight, “Performance of a high torque
density induction motor with an integrated magnetic gear,” in Electr.
Mach. (ICEM2016), Int. Conf., Oct. 2016, pp. 538-544.

M. Aoyama, Y. Kubota, and T. Noguchi, “Proposal of self-excited
wound-field magnetic geared motor for HEV application,” in Energy
Convers. Congr. Expo. (ECCE 2015), Sep. 2015, pp. 1390-1397.

L. Jian, K. T. Chau, and J. Z. Jiang, “A magnetic-geared outer-rotor
permanent-magnet brushless machine for wind power generation,” /EEE
Trans. Ind. Appl., vol. 45, no. 3, pp. 954-962, May 2009.

P. O. Rasmussen, H. H. Mortensen, T. N. Matzen, T. M. Jahns, and H. A.
Toliyat, “Motor integrated permanent magnet gear with a wide
torque-speed range,” in Energy Convers. Congr. Expo. (ECCE 2009),
Nov. 2009, pp. 1510-1518.

P. O. Rasmussen, T. V Frandsen, and K. K. Jensen, “Experimental
evaluation of a motor integrated permanent magnet gear,” in Energy
Convers. Congr. Expo. (ECCE 2011), Sep. 2011, pp. 3982-3989.

T. V. Frandsen, P. O. Rasmussen, and K. K. Jensen, “Improved motor
integrated permanent magnet gear for traction applications,” in Energy
Convers. Congr. Expo. (ECCE 2012), Sep. 2012, pp. 3332-3339.

T. V. Frandsen, L. Mathe, N. I. Berg, R. K. Holm, T. N. Matzen, P. O.
Rasmussen, and K. K. Jensen, “Motor integrated permanent magnet gear
in a battery electrical vehicle,” in Energy Convers. Congr. Expo. (ECCE
2013), Sep. 2013, pp. 2170-2177.

T. V. Frandsen and P. O. Rasmussen, “Loss investigation of motor
integrated permanent magnet gear,” in Elec. Mach. Syst. (ICEMS 2014),
IEEE Int. Conf- on, Oct. 2014, pp. 2673-2679.

T. V. Frandsen and P. O. Rasmussen, “Slip torque investigation and
magnetic redesign of motor integrated permanent magnet gear,” in Elec.
Mach. Syst. (ICEMS 2015), IEEE Int. Conf. on, Oct. 2015.

T. V. Frandsen and P. O. Rasmussen, “Practical investigation of end
effect losses in a motor integrated permanent magnet gear,” in Energy
Convers. Congr. Expo. (ECCE 2015), Sep. 2015, pp. 4425-4432.

T. V. Frandsen, L. Mathe, N. I. Berg, R. K. Holm, T. N. Matzen, P. O.
Rasmussen, and K. K. Jensen, “Motor integrated permanent magnet gear
in a battery electrical vehicle,” IEEE Trans. Ind. Appl., vol. 51, no. 2, pp.
1516-1525, Mar. 2015.

S. Gerber and R. J. Wang, “Design of a magnetically geared PM
machine,” in Power Eng. Energy Elect. Drives (POWERENG 2013),
IEEE Int. Conf. on, May 2013, pp. 852-857.

S. Gerber and R. J. Wang, “Torque capability comparison of two
magnetically geared PM machine topologies,” in Ind. Technol. (ICIT
2013), IEEE Int. Conf. on, Feb. 2013.

S. Gerber and R. J. Wang, “Design and evaluation of a magnetically
geared PM machine,” IEEE Trans. Magn., vol. 51, no. 8, 2015, Art. ID
8107010.

S. Gerber and R. J. Wang, “Analysis of the end-effects in magnetic gears
and magnetically geared machines,” in Elec. Mach. Syst. (ICEMS 2014),
IEEE Int. Conf. on, Oct. 2014, pp. 396-402.

L. Jian, G. Xu, Y. Wu, Z. Cheng, and J. Song, “A novel power-train using

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

coaxial magnetic gear for power-split hybrid electric vehicles,” in Elec.
Mach. Syst. (ICEMS 2011), IEEE Int. Conf. on, Aug. 2011.

K. Atallah, J. Wang, S. D. Calverley, and S. Duggan, “Design and
operation of a magnetic continuously variable transmission,” [EEE Trans.
Ind. Appl., vol. 48, no. 4, pp. 1288-1295, May 2012.

C. T. Liu, H. Y. Chung, and C. C. Hwang, “Design assessments of a
magnetic-geared double-rotor permanent magnet generator,” [EEE Trans.
Magn., vol. 50, no. 1, Jan. 2014, Art. ID 4004004.

P. M. Tlali, S. Gerber, and R. J. Wang, “Optimal design of an outer-stator
magnetically geared permanent magnet machine,” /EEE Trans. Magn.,
vol. 52, no. 2, Feb. 2016, Art. ID 8100610.

J. Wang and K. Atallah, “Modeling and control of ‘pseudo’ direct-drive
brushless permanent magnet machines,” in Electr. Mach. Drives (IEMDC
2009), IEEE Int. Conf. on, May 2009, pp. 870-875.

S. L. Ho, S. Niu, and W. N. Fu, “Transient analysis of a magnetic gear
integrated  brushless  permanent  magnet  machine  using
circuit-field-motion coupled time-stepping finite element method,” IEEE
Trans. Magn., vol. 46, no. 6, pp. 20742077, Jul. 2010.

D. J. Evans and Z. Q. Zhu, “Optimal torque matching of a magnetic gear
within a permanent magnet machine,” in Electr. Mach. Drives (IEMDC
2011), IEEE Int. Conf. on, May 2011, pp. 995-1000.

E. K. Hussain, K. Atallah, M. O. R. S. Dragan, R. E. Clark, and M. S.
Sheffield, “Pseudo direct drive electrical machines for flight control
surface actuation,” in Power Electron. Mach. Drives (PEMD 2016), IEEE
Int. Conf. on, Apr. 2016.

N. Niguchi, K. Hirata, E. Morimoto, and Y. Ohno, “Magnetizing
directions of the permanent magnets of the magnetic-geared motor,” in
Electr. Mach. (ICEM2014), Int. Conf. on, Sep. 2014, pp. 1279-1285.

L. L. Wang, J. X. Shen, and M. J. Jin, “Design of a multi-power-terminals
permanent magnet machine with magnetic field modulation,” in Elec.
Mach. Syst. (ICEMS 2011), IEEE Int. Conf. on, Aug. 2011.

L. Jian, W. Gong, G. Xu, J. Liang, and W. Zhao, “Integrated
magnetic-geared machine with sandwiched armature stator for low-speed
large-torque applications,” [EEE Trans. Magn., vol. 48, no. 11, pp.
4184-4187,2012.

L. L. Wang, J. X. Shen, P. C. K. Luk, W. Z. Fei, C. F. Wang, and H. Hao,
“Development of a magnetic-geared permanent-magnet brushless
motor,” [EEE Trans. Magn., vol. 45, no. 10, pp. 4578-4581, Sep. 2009.

Y. Fan, H. Jiang, M. Cheng, and Y. Wang, “An improved
magnetic-geared permanent magnet in-wheel motor for electric vehicles,”
in Vehicle Power Propulsion (VPPC 2010), IEEE Int. Conf. on, Sep.
2010.

P. Zheng, J. Bai, C. Tong, J. Lin, and H. Wang, “Research on
electromagnetic performance of a novel radial magnetic-field-modulated
brushless double-rotor machine,” in Elec. Mach. Syst. (ICEMS 2011),
IEEE Int. Conf- on, Aug. 2011.

J. M. Crider and S. D. Sudhoff, “An inner rotor flux-modulated
permanent magnet synchronous machine for low-speed high-torque
applications,” [EEE Trans. Energy Convers., vol. 30, no. 3, pp.
1247-1254, 2015.

Y. Fan, X. Han, Z. Xue, and H. Jiang, “Design, analysis and control of a
permanent magnet in-wheel motor based on magnetic-gear for electric
vehicles,” in Elec. Mach. Syst. (ICEMS 2011), IEEE Int. Conf. on, Aug.
2011.

P. Zheng, J. Bai, C. Tong, Y. Sui, Z. Song, and Q. Zhao, “Investigation of
a novel radial magnetic-field-modulated brushless double-rotor machine
used for HEVs,” IEEE Trans. Magn., vol. 49, no. 3, pp. 1231-1241,2013.

J. Bai, P. Zheng, C. Tong, Z. Song, and Q. Zhao, “Characteristic analysis
and verification of the magnetic-field-modulated brushless double-rotor
machine,” [EEE Trans. Ind. Electron., vol. 62, no. 7, pp. 4023-4033,
2015.

L. Sun, M. Cheng, and H. Jia, “Analysis of a novel magnetic-geared
dual-rotor motor with complementary structure,” [EEE Trans. Ind.
Electron., vol. 62, no. 11, pp. 6737-6747, 2015.

L. Sun, M. Cheng, J. Zhang and L. Song, "Analysis and control of
complementary magnetic-geared dual-rotor motor," IEEE Trans. Ind.
Electron., vol. 63, no. 11, pp. 6715-6725, Nov. 2016.

L. Sun, M. Cheng, H. Wen and L. Song, "Motion control and performance
evaluation of a magnetic-geared dual-rotor motor in hybrid powertrain,"
IEEFE Trans. Ind. Electron., vol. 64, no. 3, pp. 1863-1872, Mar. 2017.



ZHU et al. : RECENT DEVELOPMENTS AND COMPARATIVE STUDY OF MAGNETICALLY GEARED MACHINES 21

[68] L. Sun, M. Cheng and M. Tong, "Key issues in design and manufacture of
magnetic-geared dual-rotor motor for hybrid vehicles," IEEE Trans.
Energy Convers., vol. 32, no. 4, pp. 1492-1501, 2017.

[69] Y. Wang, S. L. Ho, W. N. Fu, and J. X. Shen, “A novel brushless doubly

fed generator for wind power generation,” /EEE Trans. Magn., vol. 48, no.

11, pp. 4172-4175, 2012.

[70] Y. Chen, W.N. Fu, and X. Weng: ‘A concept of general flux-modulated
electric machines based on a unified theory and its application to
developing a novel doubly-fed dual-stator motor’, /EEE Trans. Ind.
Electron., vol. 64, no. 12, pp. 9914-9923, 2017.

[71] D. J. Evans and Z. Q. Zhu, ‘“Novel partitioned stator switched flux
permanent magnet machines,” IEEE Trans. Magn., vol. 60, no. 1, pp.
4831-4840, 2015.

[72] Z. Q. Zhu, Z. Z. Wu, D. Evans, and W. Q. Chu, “Novel electrical
machines having separate PM excitation stator,” /EEE Trans. Magn., vol.
51, no. 4, Apr. 2015, Art. ID 8104109.

[73] Z. Z. Wu and Z. Q. Zhu, “Partitioned stator flux reversal machine with
consequent-pole PM stator,” [EEE Trans. Energy Convers., vol. 30, no. 4,
pp. 1472-1482, Dec. 2015.

[74] Z. Z. Wu, Z. Q. Zhu, and J. T. Shi, “Novel doubly salient permanent
magnet machines with partitioned stator and iron pieces rotor,” IEEE
Trans. Magn., vol. 51, no. 5, May 2015, Art. ID 8105212.

[75] Z.Q. Zhu, H. Hua, D. Wu, J. T. Shi, and Z. Z. Wu, “Comparative study of
partitioned stator machines with different PM excitation,” IEEE Trans.
Ind. Appl., vol. 52, no. 1, pp. 199-208, Feb. 2016.

[76] Z. Z. Wu, Z. Q. Zhu, and H. L. Zhan, “Comparative analysis of
partitioned stator flux comparative analysis of partitioned stator flux
reversal PM machines having fractional-slot nonoverlapping and
integer-slot overlapping windings,” IEEE Trans. Energy Convers., vol.
31, no. 2, pp. 776-788, Jun. 2016.

[771 ZZ. Wu and Z.Q. Zhu, “ Analysis of magnetic gearing effect in
partitioned stator switched flux PM machines,” [EEE Trans. Energy
Convers., vol.31, no.4, pp.1239-1249, 2016.

[78] C.C. Awah, Z.Q.Zhu,Z. Z. Wu, H. L. Zhan, J. T. Shi, D. Wu, and X. Ge,
“Comparison of partitioned stator switched flux permanent magnet
machines having single- or double-layer windings,” IEEE Trans. Magn.,
vol. 52, no. 1, pp. 1-10, 2016.

[79] D. J. Evans, Z. Q. Zhu, H. L. Zhan, Z. Z. Wu, and X. Ge,
“Flux-weakening control performance of partitioned stator switched flux

PM machines,” IEEE Trans. Ind. Appl., vol. 52, no. 3, pp. 2350-2359, Jun.

2016.

[80] Z. Q. Zhu, Z. Z. Wu, D. J. Evans, and W. Q. Chu, “A wound field
switched flux machine with field and armature windings separately

wound in double stators,” IEEE Trans. Energy Convers., vol. 30, no. 2, pp.

772-783, Jun. 2015.

[81] Z. Q. Zhu, Z. Z. Wu, and X. Liu, “A partitioned stator variable flux
reluctance machine,” IEEE Trans. Energy Convers., vol. 31, no. 1, pp.
78-92, Mar. 2016.

[82] H. Hua and Z. Q. Zhu, “Novel hybrid excited switched flux machine
having separate field winding stator,” JEEE Trans. Magn., vol. 52, no. 7,
Jul. 2016, Art. ID 8104004.

[83] M. Cheng, L. Sun, G. Buja, and L. Song, “Advanced electrical machines
and machine-based systems for electric and hybrid vehicles,” Energies,
vol. 8, no. 9, pp. 9541-9564, 2015.

[84] N. Niguchi, K. Hirata, A. Zaini, and S. Nagai, “Proposal of an axial-type
magnetic-geared motor,” in Electr. Mach. (ICEM2012), Int. Conf., Nov.
2012, pp. 738-743.

[85] R.J. Wang, L. Bronn, S. Gerber, and P. M. Tlali, “Design and evaluation
of a disc-type magnetically geared PM wind generator,” in Power Eng.
Energy Elect. Drives (POWERENG 2013), IEEE Int. Conf. on, May 2013,
pp. 852-857.

[86] C. Tong, Z. Song, P. Zheng, J. Bai, and Q. Zhao, “Research on
electromagnetic performance of an axial magnetic-field-modulated
brushless double-rotor machine for hybrid electric vehicles,” in Elec.
Mach. Syst. (ICEMS 2014), IEEE Int. Conf. on, Oct. 2014, pp. 2896-2902.

[87] M. Johnson, M. C. Gardner, and H. A. Toliyat, “Design and analysis of an
axial flux magnetically geared generator,” in Energy Convers. Congr.
Expo. (ECCE 2015), Sep. 2015, pp. 6511-6518.

[88] S. Niu, Y. Liu, S. L. Ho, and W. N. Fu, “Development of a novel
brushless power split transmission system for wind power generation
application,” IEEE Trans. Magn., vol. 50, no. 11, 2014.

[89] H. Yang, Z. Q. Zhu, H. Lin, H. L. Zhan, H. Hua, E. Er, S. Fang, and Y.
Huang, “Hybrid-excited switched flux hybrid memory machines,” /[EEE
Trans. Magn., vol. 52, no. 6, Article. 8202215, 2016.

[90] L. Jian, Y. Shi, C. Liu, G. Xu, Y. Gong, and C. C. Chan, “A novel
dual-permanent-magnet-excited machine for low-speed large-torque
applications,” IEEE Trans. Magn., vol. 49, no. 5, pp. 2381-2384, May
2013.

[91] X. Zhang, X. Liu, and Z. Chen, “A novel coaxial magnetic gear and its
integration with permanent- magnet brushless motor,” IEEE Trans.
Magn., vol. 52, no. 7, Jan. 2016, Art. ID 8203304.

[92] S.Niu, S. L. Ho, and W. N. Fu, “Design of a novel electrical continuously
variable transmission system based on harmonic spectra analysis of
magnetic field,” [EEE Trans. Magn., vol. 49, no. 5, pp. 2161-2164, 2013.

[93] D. Li, R. Qu, X. Ren, and Y. Gao, “Brushless dual-electrical-port, dual
mechanical port machines based on the flux modulation principle,” in
Energy Convers. Congr. Expo. (ECCE 2016), Sep. 2016.

Z.Q. Zhu received the B.Eng. and M.Sc.
degrees in electrical and electronic
engineering from Zhejiang University,
Hangzhou, China, in 1982 and 1984,
respectively, and the Ph.D. degree in
electrical and electronic engineering from
The University of Sheffield, Sheffield,
U.K., in 1991.

Since 1988, he has been with The
University of Sheffield, where he is currently a Professor with
the Department of Electronic and Electrical Engineering, Head
of the Electrical Machines and Drives Research Group, Royal
Academy of Engineering/Siemens Research Chair, Academic
Director of Sheffield Siemens Wind Power Research Centre,
Director of Midea Electrical Machines and Controls Research
Centres, Director of Sheffield CRRC Electric Drives
Technology Research Centre. His current major research
interests include the design and control of permanent-magnet
brushless machines and drives for applications ranging from
automotive through domestic appliance to renewable energy.
Prof. Zhu is Fellow of Royal Academy of Engineering, Fellow
of IEEE, and Fellow of IET.

Hua-Yang Li was born in Shanxi, China,
in 1992. He received the B.Eng. and M.Sc.
P~ e degrees in electrical engineering from
w 1 Zhejiang University, Hangzhou, China, in

- 2013 and 2016. He is currently pursuing
T A the Ph. D. degree at University of Sheffield,
g,grgq"\,_ A f?[l Sheffield, UK. His research interests
TN include design of magnetic gears and

permanent magnet machines.

Rajesh P. Deodhar received the B.Eng.
degree from University of Mumbai, India,
in 1989, the M.Tech. degree from Centre
for Electronics Design and Technology,
Indian Institute of Science, Bangalore,
India, in 1991, both in electronics
engineering, and the Ph.D. degree from



22 CES TRANSACTIONS ON ELECTRICAL MACHINES AND SYSTEMS, VOL. 2, NO. 1, MARCH 2018

University of Glasgow, Scotland, UK., in 1996.

Being a co-author for over one hundred publications at
international conferences and peer-reviewed journals, and
being a named inventor or co-inventor for over 40 international
patent (applied or granted) documents, and with research
assignments at Crompton Greaves Ltd. in India, Hitachi Ltd. in
Japan, and the Scottish Power Electronics and Electric Drives
Laboratory at University of Glasgow in the U.K., Dr. Deodhar
has a substantial and a global research profile in the field of
electric machines and drives. In 1998, he joined IMRA Europe
SAS U.K. Research Centre, Brighton, U.K., where he currently
serves as Project Manager working on the design and analysis
of a wide range of motors and actuators used in automotive
components and systems. He is a Fellow of the Institution of
Engineering and Technology in the U.K.

Adam Pride received the B.Sc. and M.Sc.
degrees in electrical engineering from the
University of Manchester Institute of
Science and Technology (now the
University of Manchester), Manchester,
U.K., in 1977 and 1979, respectively.

He was with Froude Consine Ltd.,
Worcester, UK., where he worked on
research and development of eddy-current
dynamometers for automotive engine testing. Since 1995, he
has been with the U.K. Research Centre, IMRA Europe SAS,
Brighton, U.K., where he has worked on a wide range of motors
and actuators for automotive applications. He has
co-authored >30 academic papers and has >20 patents. His
particular  interests include  Halbach  magnetized
permanent-magnet (PM) machines and analysis of optimum
slot/pole combinations for concentrated winding PM machines.

Toshinori Sasaki received the B.Sc.
degree in mechanical from the University
of Okayama, Japan, in 1985. After
graduation, he joined Aisin Seiki Co. in
o y Japan, where he has worked in various
technical and management roles over past
: 30 years.
‘ } - Mr. Sasaki gained additional overseas
experience by working at the Aisin
Technical Centre of America (ATCA). Since 2014, he has
served as the General Manager of IMRA Europe SAS UK
Research Centre at Brighton UK, where he oversees the
development of advanced far-future automotive technologies.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


