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Abstract: This paper presents a literature review on magnetic gears, highlighting the advantages of
using these technologies for mechanical power transmission applications in wind energy conversion
systems and transportation, such as in electric vehicles. Magnetic gear technologies have important
advantages over their mechanical counterparts. They can perform the speed change and torque
transmission between input and output shafts by a contactless mechanism with a quiet operation and
overload protection without the issues associated with conventional mechanical gears. The paper
describes the fundamentals and operating principle of the field-modulated magnetic gear topologies
and investigates the magnetic torque transmission mechanism. However, despite all the advantages
highlighted in different research and development reports, there is still no convincing evidence to
show that magnetic gear technologies are an acceptable alternative for industrial applications. The
aim of this paper is to summarize previous work on magnetic gears to identify the topologies most
suited for mechanical power transmission systems in wind energy conversion systems and electric
vehicle applications. These applications will show that research and development of magnetic gear
technologies contribute significantly to solutions for sustainable systems, a subject to which our
current civilization must pay a lot of attention.

Keywords: mechanical gears; mechanical power transmission; magnetic gears; wind turbine;
electric vehicle

1. Introduction

Mechanical power transmission systems are used to transfer energy from the place
where it is generated to the location where it performs a particular work. The most impor-
tant component of a mechanical power transmission system is the so-called gearbox, mainly
because of the role it plays in the system. Typically, a gearbox comprises a gear train inside
housing with an input shaft and one or more output shafts. The gear train is a multiple
set of gears, meshed together to create movement. Gears use rotation to transfer torque
and alter speeds, delivering power and motion from a prime mover to a driven machine or
load. Mechanical gear drives exhibit important advantages such as high efficiency, accurate
gear ratio, mechanical robustness, and relatively ease of manufacture. In addition, these
are ideal for low-, medium-, and high-power transmission.

The gearbox can transmit mechanical power as a speed multiplier or speed reducer.
Hence, two of its most studied and relevant uses, due to its impact on environmental
awareness and energy saving, are in wind energy conversion systems and the automobile
industry (particularly electric vehicles). In a wind energy conversion system (WECS), the
gearbox is the core component of the drive powertrain. Its main function is to step up
the speed transmitted by the low-speed, high-torque shaft, from the rotor blades to the
high-speed, low-torque shaft that drives the electric generator to match the rotation speed
required by this machine [1,2]. In a typical electric vehicle (EV) power transmission system,
the gearbox is used to transfer power from the electric motor (power unit) to the drive
wheels; its function is to reduce the output speed of the engine to a slower wheel speed,
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which will increase the torque output of the engine. The engine torque transmission to the
vehicle must be smooth, quiet, efficient, and at the desired ratio a driver needs to operate
it [3,4]. In both WECSs and EVs, the gearbox is one of the most critical components of the
powertrain system; inside it, there is a complex combination of rotating gears that interact
in different modes, resulting in a mechanical dynamic that defines its performance [5]. A
criterion applied to evaluate the performance of a mechanical gear is based on the torque
density, which measures how much torque can be transmitted within the unit volume of
the gear. In order to achieve a higher torque density, designers and mechanical engineers
have worked on multiple solutions, such as the optimization of metallic teeth geometry,
the application of higher-strength materials, and gear flank surface treatments.

Mechanical gear performance has been widely discussed at various conferences,
and many research results about the subject have been published in numerous technical
papers and books [6–13]. However, despite the advantages of mechanical gears, the
transmission often suffers from problems associated with mechanical contacts, such as
gear noise and vibrations, mechanical wear, and the need for lubrication, which reduce
the overall transmission system efficiency. These drawbacks have led to the development
of a new class of devices based on permanent magnets, named magnetic gears (MGs).
Compared with mechanical gears, MGs have advantages such as minimal acoustic noise
and reduced vibration, maintenance-free operation, high transmission efficiency, and
physical isolation between input and output shafts. Hence, a new concept of non-contact
mechanical power transmission systems has been developed and is still being studied.
One of the most important applications that can be derived from the use of this non-
contact technology is in overcoming the drawbacks of working with conventional gears
in mechanical power transmission systems. Therefore, MGs are expected to be applied to
the powertrain in WECSs and EVs and to acquire relevance in contributing to the expected
efficiency in these systems.

This paper focuses on describing MGs as a technology with particular advantages
for power generation and sustainable transportation applications. The goal is to bring the
reader closer to an accurate understanding of MGs, providing a comprehensive review of
their topologies and an analysis of important research projects seeking to utilize them for
WECSs and EVs. Following this introduction, Section 2 presents the main drawbacks of me-
chanical gears and underlines the importance of MGs over their mechanical counterparts,
justifying the development of magnetic means as an emergent alternative in mechanical
power transmission solutions. This section also introduces the theoretical fundamentals
while the MGs’ operation principle is presented. Section 3 presents a comprehensive state
of the art on the various magnetic gear topologies with capabilities for use in mechanical
power transmission systems, including information on background and current technolo-
gies. Sections 4 and 5 focus on industrially applicable MG technologies in WECSs and
transportation (EVs), respectively, presenting a publication history for each application.
The conclusions in Section 6 highlight that the investigations are inclined to experiment in
transportation systems, mainly in EVs and HEVs. Hence, the possibility of continuing to
study the MGs is opened to work on the option of applicability in wind energy systems.

2. Mechanical Gears versus Magnetic Gears
2.1. The Drawbacks of Mechanical Gears

The mechanism of gear drives is simple: the teeth of the mating gears engage, and
each rolls onto the other to transmit power (actually, energy transmitted per time period).
However, for two gears in contact, the power transmission capacity is limited by their
resistance to two major forms of failure: one is related to surface fatigue at the teeth
flank (pitting), and the other to bending fatigue at the teeth root (contribution of tooth
friction) [14]. In Figure 1a, the mechanism of two meshing gears can be observed, while
Figure 1b shows an illustration of how frictional forces are developed at the point of the
first contact between two teeth due to kinematic movement in the gear. Tooth flanks pitting
is the most significant damage that occurs with gears. It is caused by cyclically variable
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contact stresses from gear meshing and accentuated by any surface irregularities in the
presence of a lubricant (in fact, pitting is a lubrication-related failure). Pitting causes failure
because of a fatigue process when gear teeth are subjected to high contact stresses and
many stress cycles. It may be a problem with the gears not fitting together properly. In
this case, pitting will concentrate on highly loaded areas. The result is an area of metal
removal, which is sometimes called flaking or spalling. Pitting may cause the gear teeth
to deteriorate and generate dynamic forces; these forces cause the gear teeth to fail by
bending fatigue. In such cases, the bending failure is secondary and not directly related to
lubrication. Pitting represents approximately 14% of occurrences amongst all gear damage.
Additionally, although 90% of pitting stabilizes and is not threatening to gear life, it is
important to be able to detect it [15]. Figure 1c shows two common modes of tooth failure
where fatigue is prevalent. Progressive pitting leads to the destruction of the gear tooth
flanks. Gears begin to throb and, if the operation is not suspended, complete destruction
of the gear drive can occur [16]. It can be inferred that pitting is directly dependent on
load transfer; when it is destructive, we speak of a surface overload problem. In addition,
there is often sliding friction between meshing gear teeth surfaces; this is one of the
principal power losses in gear drives which affects the gear meshing efficiency [17]. All this
means that losses are strongly influenced by the transmitted load and the friction between
tooth surfaces [18].
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Figure 1. A typical gear drive mechanism: (a) Two gears in mesh; (b) Mechanics of gear tooth
engagement (at point of first contact); (c) Gear tooth failures.

Gears drives can also be noisy due to the torque fluctuations associated with the
transfer of load from tooth to tooth as the gears mesh. Having sliding between meshing
gear teeth surfaces, initial tooth-to-tooth contact occurs along the whole tooth width at
once, causing audible shock loads that induce noise and wear. As gear tooth faces wear,
they develop groves and small pits. These gradually become larger and, as they grow,
these imperfections will cause even more noise. Noise raises sharply with an increase in
peripheral speed (tooth contact frequency) and to a lesser extent with an increase in tooth
load. Lubrication helps mitigate these issues. However, many of the failures identified are
related to the tribological conditions of the transmission system, which strongly depend on
the lubricant properties that are, in turn, a function of the temperature [19]. The churning
of lubrication oil is another of the principal power losses in gear drives. Hence, the
need for frequent maintenance becomes a critical condition for the proper functioning of
the gears.

In general, neither pitting nor severe wear in the gear drives is tolerable during a
gearbox life. Such damage could lead to unacceptable vibrations. A dominant source of
vibration located is at the gear mesh because of variable mesh stiffness; this is one of the
most important internal excitations of gear transmission [20]. Tooth cracking causes gear
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mesh stiffness reductions, leading to abnormal vibration of gears [21]. Then, vibration
energy is transmitted to the gearbox housing. In fact, the noise radiated to the surroundings
by the gearbox is due to the vibrations of its housing [22]. Another one of the main gear
vibration sources is the transmission error of the gears. This is a parameter influenced by
the load on the gears, and it is defined by the difference between the actual position of
the output gear and its theoretical position (the position it would occupy if the gear teeth
were perfect and infinitely stiff). This difference is a consequence of teeth bending from the
torque exerted upon them and the dynamic behavior of the gearbox, and it can result from
manufacturing inaccuracies, assembling errors or even from a bad design [23]. Noise and
vibrations are increased at high speeds; hence, the gearbox may be limited to application for
large velocities. In addition, noise and vibration problems are directly related to the whole
characteristics of the gear transmission system and affect its performance. Consequently,
the need to reduce the noise and vibration of a gearbox has become an important concern
for manufacturers.

Given the drawbacks associated with the mechanical nature of conventional gears-
based transmission systems, it should be pointed out that these systems are still pre-
sented with improvement situations to achieve the required performance in the industry.
Tuma concludes this way [23]: “the gearbox is a source of vibration and, consequently,
noise; gears are the main sources of high-frequency vibration and noise, even in newly
built units.”

2.2. Conversion of Mechanical Gears into Magnetic Gears

Most mechanical gear types can be replicated as MGs, simply by replacing the metal
teeth of the gear wheels with alternating magnetic poles of permanent magnets (PMs). The
most basic type of MG is a design equivalent to the mechanical spur gear. This is one of the
simplest gear topologies, where the slots and teeth are replaced by north poles and south
poles of PMs, respectively. Figure 2 shows a sketch of this gear type.
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Mechanical gears traditionally use steel teeth to transmit power. In Figure 2a, the
movable gear wheels are meshed with each other through the metal teeth; hence, power is
transmitted through physical contact between mating gear teeth. When two gearing wheels
are rotating and touching, due to an external source of mechanical energy, the teeth of one
of them push against the teeth of the other gear wheel. These contact mechanisms may give
rise to the inherent issues explained in the previous section: wearing on the tooth flanges,
acoustic noise, mechanical vibration, need for periodic lubrication and maintenance, and
power losses due to friction.

In MGs, a set of powerful rare-earth PMs arranged in two non-contact rotors provide
alternating magnetic fields to transmit power. As with all gear technology, with MGs, one
rotor rotates at a different speed than the other rotor. The N and S polar PMs, usually
represented in red and blue colors, respectively, as shown in Figure 2b, are mounted
alternately on the iron yoke of each rotor. The space between the rotors is the air gap.
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When a rotor rotates, its magnetic poles exert a force on the poles present in the other rotor
transmitting a magnetic torque via the air gap, causing this rotor to rotate simultaneously.
Hence, power is transmitted without physical contact through a magnetic flux in the
air gap.

In mechanical gears, the change in speed from a driving gearing wheel to a driven
gearing wheel is defined by the so-called gear ratio (GR). This ratio represents the rotational
speeds at which two mating gears move relative to one another. The driving gear is
connected via the input shaft to a source of mechanical energy (such as a motor). The
driven gear is connected via the output shaft to a load. GR also results from the relationship
between the diameters of both gears. Since the number of teeth is directly proportional to
the diameter (the bigger the gear, the more teeth it has), the GR can also be determined by
the ratio of the number of teeth on each gear. Figure 2 shows that the spur gear represents
a system with a transmission ratio that leads to an increase in speed. For two paired
mechanical gears, as shown in Figure 2a, the GR can be determined by the ratio of the
number of teeth on the low-speed gearing wheel (the driving or input gear) to the number
of teeth on the high-speed gearing wheel (the driven or output gear). For the MG shown
in Figure 2b, with the slots and teeth replaced with PMs, the GR is calculated in the same
way as the relationship between the number of PM pole pairs on each of the two rotors is.
Based on this, the GR is given by the following equation:

GR = − ZL
ZH

= − pL
pH

, (1)

where ZL and ZH are the number of teeth on the low-speed and high-speed gearing wheel
of the mechanical gear, respectively, and pL and ph are the number of pole pairs of the
PMs mounted on the low-speed rotor and high-speed rotor, respectively. The minus sign
denotes that the two rotors rotate in opposite directions. Concerning this ratio, there is a
clear tendency to prevent GR from having an integer value, mainly for mechanical reasons.
Integer ratios would accelerate wear and tear due to an increase in the frequency at which a
tooth in one gear engages with a particular tooth in another gear. This frequency is known
as the hunting tooth frequency (HTF). During the normal rotation of the two gears, every
once in a while, those two teeth will enter the mesh area simultaneously and contact one
another. If the gear set has an integer GR, each tooth of the driving gear always contacts
exactly the same tooth or teeth in the driven gear it engages. This becomes important if
a tooth is damaged; in this case, a minor defect in a tooth, in repeated contact with the
same teeth in the other gear, will cause uneven wear on those teeth, usually in an oval
form. Ideally, the HTF should be as low as possible to evenly distribute the wear on the two
gears. Gear pairs with low HTF will wear more evenly and last longer than the ones with a
relatively high HTF. In practice, HTF is typically a low frequency (less than 10 Hz). This
means that some analysts studying gearboxes may miss their occurrence during vibration
analysis. However, this phenomenon exists, and it can be heard as a “grunt” coming from
the gear set, possibly indicating a wear situation. That is why it is desirable to avoid it
as much as possible. To obtain a low HTF, it is essential to define a ratio between the
number of driving teeth and driven teeth to ensure that each driving gear tooth contacts
each driven gear tooth, before the driven gear tooth contacts any driving gear tooth again.
This is achieved by making the number of teeth in each gear a prime number, which means
that such numbers have no common factors. Hence, HTF is directly dependent on the
number of teeth per gear and involves finding the gear meshing frequency and the period
of coincidence between the teeth of both gears. It is calculated as follows:

HTF =
GMF

LCM(ZL, ZH)
(2)

In the above equation, GMF is the gear meshing frequency, also known as tooth mesh
frequency; this is an intrinsic frequency of each gear assembly in both healthy and faulty
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conditions. It defines the rate at which gear teeth mesh together in a gear set. It is calculated
using the number of teeth times the shaft speed of a gear. This calculation is associated
with a fundamental rule in gear ratio theory, which says, “If two gears are in mesh, then
the product of the speed times the teeth must be conserved”; according to the following
formula, where f is the rotating speed of the gear in s−1 or Hz, the GMF is given by,

GMF = fLZL = fHZH (3)

LCM(ZL,ZH), is the least common multiple of both the numbers of teeth of ZL and ZH.
It represents the meshing that repeats after an LCM(ZL,ZH) number of meshes.

Unlike their mechanical counterparts, MGs present inherent non-destructive torque
overload capabilities: if the demanded output torque exceeds the maximum design value,
the rotors “slip”, preventing breakage of the magnetic gear. With built-in overload pro-
tection, the MGs do not suffer irreparable damage; therefore, the surrounding equipment
will be protected during the operation of the transmission system. When the overload
condition is solved, normal operation is completely recovered. Overload protection is
probably one of the main advantages of an MG. Montage [24] establishes a clear analogy by
mentioning that it is as if his behavior is that of a torque fuse, then this behavior improves
system life. Because these technologies do not present friction between the gear teeth
due to their contactless structure, they are not subject to mechanical fatigue or wear and
tear problems; hence, the requirements of lubrication are eliminated, and maintenance is
reduced. Furthermore, since there is no physical contact between any of the rotors and as
they have a lower mesh stiffness (lower force induced by motion transfer errors), the MGs
exhibit reduced mechanical vibrations and extremely low acoustic noise, and, therefore, a
quiet operation.

2.3. Benefits of Magnetic Gear Technologies on Mechanical Power Transmission

One of the most prominent companies in the development of MGs is Magnomatics [25].
This is a high-tech engineering company formed in 2006 as a spin-off from the University
of Sheffield to commercialize innovative research on magnetic transmission systems based
on magnetic gears.

Early developments were led by Professor K. Atallah. Professor Atallah and his
research team proposed the first highly efficient magnetic gear mechanism for use to
transmit mechanical torque by magnetic means. Since then, different topologies of magnetic
gears have been studied in an effort to improve their performance. Based on the advantages
mentioned above, and according to Magnomatics, the benefits of MGs technology on
mechanical power transmission are the following:

• high reliability,
• high efficiency (torque densities comparable to mechanical gears can be achieved with a

transmission efficiency >99% at full-load and with much higher partial-load efficiencies),
• high torque capacity (in some cases exceeding the values provided by its mechani-

cal competitors),
• higher power ratings,
• compact size (a magnetic transmission will be smaller, lighter, and have a lower cost

than a mechanical transmission),
• gear ratios of 50:1 down to 1.01:1, with almost zero torque ripple,
• physical isolation between input and output shafts,
• significant reduction in harmful drivetrain pulsations.

Despite their many advantages, MGs also have some drawbacks. These can best be
understood through the historical efforts to replace mechanical gears with MGs. Next, a
comprehensive study of the state of the art of these devices will be presented. This will
allow us to know the bases for analyzing their performance and the importance of their
integration into mechanical power transmission systems.
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3. The State-of-the-Art Transmission Systems Based on Magnetic Gears Technologies
3.1. Early Topologies of Magnetic Gears

Using magnetic means for gearing purposes is not a recent idea. The first efforts to
apply this technology in mechanical power transmission systems with gears using only
PMs date back to the early decades of the 20th century. At the early stage developments
of magnetic gearing technology, MGs were very analogous to mechanical gears. Figure 2
shows a clear analogy between a mechanical gear and an MG for a spur gear. Faus initially
presented this topology in 1941 with a US Patent describing an MG quite similar to a
mechanical spur gear [26]. Even though the idea in the patent seemed quite effective, the
gearing topology proposed by Faus was weak due to poor performance and the low energy
of ferrite PMs, which made it impossible use this widely used in the industry. Later, in
1991, Ikuta et al. proposed the non-contact magnetic gear using ferrite magnets [27]. This is
a simple parallel-axis MG that would later include two basic types of magnetic coupling:
radial coupling, with two different topologies shown in Figure 3a,b, and axial coupling, the
topology of which is illustrated in Figure 3c, [28]. The performance of this MG type has
been widely studied by using different approaches and investigating various ferromagnetic
materials and stronger PMs [29–42].
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Other MGs topologies that retain the same shape as their mechanical counterparts have
also been proposed. Some of these topologies are magnetic worm gear, magnetic bevel gear,
and magnetic rack-pinion gear; Figure 4 illustrates the mechanical shapes and their magnetic
equivalence for each one. Baermann invented a magnetic worm drive that he presented with
a U.S. patent in 1974 using barium-ferrite magnets [43]. Later, in 1993, Tsurumoto and Kikuchi
described in an academic paper the basic design, principle of operation, and performance
characteristics of a new magnetic worm gear prototype using samarium-cobalt PMs [44].
Tsurumoto and Kikuchi also developed magnetic analogs for bevel gears [45,46], and other
researchers have continued to work on this topology [47–49]. A magnetic bevel gear operates
in the same way as a spur gear by exchanging the intersecting angle; hence, this topology
has also been studied as a perpendicular-axis magnetic spur gear. Although the topology
of parallel-axis or perpendicular-axis MGs is very simple, the results of research work show
that their torque density is still very low, typically less than 12 kNm/m3; hence, their use in
industrial applications is limited. The magnetic rack-pinion gear is used to convert rotational
motion to linear motion. However, few studies have been published on this topology [50].

The aforementioned MGs types have mechanical and dynamic performance character-
istics, useful for industrial tasks. According to Tsurumoto [51], the magnetic spur gear can
have an internal and an external gear. By exchanging the distance between their centers,
the spur gear is capable of transmitting motion between parallel axes. In the magnetic
worm gear, the meshing is based on internal contact to enlarge the meshing and reduce
the size of the gear and, despite its intricate structure, it has been shown that a magnetic
worm gear with internal meshing can be manufactured [44]. In fact, its geometry is less
complicated, unlike its mechanical counterpart, which has noticeably advanced geometry,



Energies 2023, 16, 1721 8 of 32

but it makes this type of gear difficult to manufacture [52]. Magnetic worm gear transmits
motion between non-parallel and non-intersecting shafts. As for the magnetic bevel gear,
this type of transmission possesses the merits of a simple operation principle and ease of
manufacture. It is used to transmit torque across perpendicular shafts; this type of gear
operates in the same way as a spur gear, i.e., by exchanging the intersecting axle. It can
change the intersection angle of the axis between the driving gear and the driven gear
during operation. Some studies have shown that a magnetic bevel gear has a significantly
improved volume, weight, and full load torque compared to the commercial mechanical
bevel gear [48]. Finally, the magnetic rack-pinion gear, containing linear and rotary gears,
can also be used to connect non-parallel and non-intersecting axes. This type of gear can
perform all the operations of its mechanical equivalent, being very similar to it, both in
construction and applications, without the drawbacks of the mechanical gear.
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Another topology of significant relevance in industrial applications, including the wind
industry, is the planetary gear. Similar to its mechanical analog, the planetary magnetic gear
has a higher torque density and power transmission capacity than previous topologies.

Initially, the planetary magnetic gear was designed based on geometry as it would
be transformed directly from the topology of its mechanical analog, as shown in Figure 5.
Gear designs based on this topology have been published by Tsurumoto [53–56]. However,
perhaps the most outstanding work was the one published by Huang in 2008 [57]. Although
it is another adaptation of the traditional planetary mechanical gear, which operates under
its same principles, Huang’s proposal exposes notable advances in the development of
magnetic gears. He presents the design, simulation, and construction of the prototype
of a planetary magnetic gearbox for applications in torque transmission systems where
strong rare-earth (neodymium-iron-boron) permanent magnets were used in his prototype.
The gear topology combines the structure of a mechanical planetary gear (Figure 5a)
with the transmission principle of the spur magnetic gear (Figure 2). The number of
planetary magnetic gears is the key to improving the torque transmission. Figure 5b
shows the configuration of this gear with three planetary gears. For the magnetic version,
Huang’s paper proposes that increasing this number to six makes it possible to obtain
almost twice the level of transmission torque. The prototype simulation showed that the
topology with three planetary gears can achieve a torque density of 48.3 kNm/m3, but
that with six planetary gears, the torque density is almost 100 kNm/m3. This torque
density is comparable to that of a mechanical spur gear (100–200 kNm/m3). However, the
experimental results resulted in considerably lower values (approximately 16 kNm/m3);
the reason for this substantial decrease in the expected torque density was not explained.
However, Huang’s work set a precedent for more investigations, with increasing interest in
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using planetary magnetic gears for various applications such as wind power generation
and transportation.
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In general, all these magnetic gear topologies present quite acceptable mechanical
characteristics and dynamic performances. Moreover, it has been demonstrated that it
is possible to build power transmission mechanisms without any contact between their
moving parts, avoiding the drawbacks of mechanical gears. By replacing the mechanical
teeth with pairs of alternating permanent magnet poles, a magnetic gear that is a functional
duplicate of its mechanical counterpart is obtained. Hence, these can be considered tra-
ditional conversion gears. However, in these topologies, only some permanent magnets
participate simultaneously in power transmission, resulting in a low torque density when
compared to mechanical gears, making them unattractive for large-scale industrial power
applications. The exception may be in the planetary magnetic gear, which exhibits high
torque densities. In this topology, the higher the number of planetary gears, the higher the
torque density as more permanent magnets are involved in coupling the magnetic field
compared to the previous topologies. However, including more planets requires a more
complex mechanical configuration. Despite this complexity, interest in planetary magnetic
gear has prevailed among researchers and academia.

3.2. The Energy Sources in Magnetic Gears

Early MG topologies, as shown in Figures 2–5, were first developed using non-rare-
earth ferrite magnets, a low-price material, and high coercivity, but with a low remnant
flux density. Subsequently, aluminum-nickel-cobalt (AlNiCo) PMs were used to develop
MGs. AlNiCo is also a non-rare-earth material which offers high remnant flux density
and very low cost, although it suffers from low coercivity. This was the first widely used
commercial PM, whose development began in 1931 when it was discovered in Japan,
with substantial improvements made through the 1960s. However, the maximum energy
product (BH)max, which is proportional to the energy stored in the magnet, is not high
in these materials. Hence, early MGs yielded very low torque densities, and they did
not receive much attention from research institutions and industry at the time; instead,
they were considered inferior designs compared to their mechanical competitors. The
discovery of high-energy density magnetic materials stimulated a significant increase in
research to achieve magnets with higher values of both the maximum energy product
(the most common factor of merit for a permanent magnet) and coercivity (resistance to
demagnetization), which, in turn, led to the development of powerful rare-earth PMs,
namely samarium-cobalt (SmCo) and neodymium-iron-boron (NdFeB). SmCo magnets
were discovered in the United States in the early 1960s and commercialized since 1969,
while NdFeB magnets, developed in Japan and the United States, first appeared on the
market in 1984 [57]. Because of their magnetic properties, including high remanence, high
intrinsic coercivity, and high-energy products, rare-earth PMs such as SmCo and NdFeB



Energies 2023, 16, 1721 10 of 32

were widely adopted for the manufacture of magnetic gears. From both, NdFeB is more
frequently used than SmCo because of its economic advantages, increased affordability, and
stronger magnetic field strength; in fact, NdFeB has the highest (BH) max of any permanent
magnet available today [58–60].

With these breakthroughs in magnet technology, the use of powerful rare-earth PMs for
MGs applications is commonplace. The concept of contactless torque transmission through
the interaction of magnetic fields began to attract attention again from engineers, research
institutions, and industry. Nowadays, rare-earth PMs have become essential for a wide range
of applications in modern technology requiring powerful magnets. Currently, rare-earth PMs,
mainly NdFeB, have already been implemented in the EV and WECS industries, but their
commercial use for mechanical power transmission is still under development.

3.3. Magnetic Gears with Higher Torque Density

The early designs which were developed to achieve contactless mechanical power
transmission using magnetic fields demonstrated that simple MGs are possible. However,
the MG topologies presented above have one disadvantage: they exhibit low torque
density compared with their mechanical equivalent. When high-energy rare-earth PMs
were employed, these early designs were improved, achieving higher torque density in
MGs. Nevertheless, these simple MGs still have poor transmitted torque density capacity,
which makes them ineffective. This is because only a fraction of PMs engages actively,
contributing to torque transmission at a specific time. In addition, these topologies have
lower transmission ratios and just one transmission mode. As previously mentioned,
the main criterion that evaluates the performance of a mechanical gear during power
transmission is based on the torque density or torque/volume ratio referred to as the
capacity to transmit torque within a unit of volume size. An equally important criterion
is efficiency, considered to be the output power/input power ratio and expressed as a
percentage or decimal fraction. Therefore, it becomes clear that these criteria are important
factors that must also be considered for magnetic gears.

The first magnetic gear designs, proposed as a traditional conversion of their mechani-
cal equivalent, exhibited a common drawback: their torque density and gear ratio were
very low, mainly because only a fraction of the permanent magnets was actively involved
in the torque transmission at a specific time. Regarding the illustration in Figure 6, it can be
seen that mechanical gears typically make surface contact with one to three teeth at a time.
Therefore, after the first magnetic gear designs appeared, they were found to have poor
magnet utilization and, consequently, a low capacity for mechanical power transmission,
reporting torque densities of less than 12 kNm/m3 [28]. For a particular case like the
spur gear topology, the contact area between the gears is very small. Studies on magnetic
coupling [57] confirmed that higher torque transmission can only be achieved when a
large number of magnets are coupled simultaneously; the key point is to cover most of the
perimeter of the gear with magnets.
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With the availability of materials to obtain powerful rare-earth permanent magnets
with high energy density, research on magnetic topologies based directly on mechanical
structures has increased. Among all these topologies, the planetary-type gear received
considerable attention; it was observed in its configuration that a large number of perma-
nent magnets are involved in its magnetic field coupling compared to the other topologies
derived from their mechanical analogues. Conventional 3-, 4-, 5-, 6-, and 9-planet magnetic
planetary gear designs were presented [61–66] with outstanding analytical and experimen-
tal results, making it one of the best-studied topologies in the effort to obtain a magnetic gear
that could replace its mechanical analog. Simulations with a 6-planet magnetic planetary
gear reached torque densities of 97.3 kNm/m3 [65]. However, despite showing superior
advantages for torque transmission, their designs are still considered to have excessive
moving parts; this drawback represents a disadvantage for its usage in applications such as
those that require their integration into electrical machines with permanent magnets [67].

While the work on the planetary magnetic gear, based on the conversion of its mechan-
ical analog, continued to be developed even beyond the first decade of this century, a new
topology was consolidated as an innovative magnetic gear that can simultaneously couple
all the permanent magnets for torque transmission. This disruptive topology, presented
by Atallah and Howe in 2001 [68], consists of a completely different configuration from
that which a direct conversion of a mechanical gear might have. The application of the
magnetic flux modulation principle, an idea proposed by Neuland in 1916 [69], stands out
in this topology. Its configuration adopts the concept of Reese’s (1967) [70] and Martin’s
(1967) [71] patents, which were contributions made to improve Neuland’s approach. The
Atallah design uses three concentric structures: a high-speed internal rotor, a low-speed
external rotor, and a modulator ring. Each rotor, with an iron core, has radially magnetized
permanent magnets mounted on its surface. Between the two rotors, there is a stationary
ring of ferromagnetic pole pieces, separated from each other, forming the modulator. Its
function is to reorganize and modulate the distribution of the magnetic field produced
by the permanent magnets so that a magnetic coupling can be established between the
two rotors to transmit the electromagnetic torque. Since the gearing effect is governed by
the principle of magnetic field modulation for mechanical power transmission to occur,
this new topology is known as flux-modulated magnetic gear or simply field-modulated
magnetic gear [72]; its basic configuration is illustrated in Figure 7.
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The field-modulated magnetic gear is closely related to the planetary magnetic gear
converted from its mechanical equivalent. Figure 8, an analogous operation between the
two can be clearly seen, with the external rotor acting as the ring gear, the internal rotor as
the Sun gear, and the stationary steel pole pieces (modulator) acting as planetary gears (due
to their rotating magnetic field, not precisely due to the pole pieces themselves). Note that,
in contrast to the planetary magnetic gear version converted directly from its mechanical
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analog (Figure 8a), the field-modulated magnetic gear topology (Figure 8b) evidently has
fewer moving parts [67].
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Due to its operating characteristics, it is common to identify the Atallah design as a
concentric planetary magnetic gear [73] or a coaxial planetary magnetic gear [74]. However,
it is clear that such a design corresponds to a radially magnetized coaxial magnetic gear.
This terminology may not be appropriate since other designs have continued to evolve,
preserving the concept of field-modulated gear but with changes in the topology and
arrangement of its components.

From the design point of view, magnetic gears can be organized into two main types:
on the one hand, there are traditional conversion magnetic gears, which are derived from
replacing steel teeth with magnetic pole pairs from permanent magnets; in these, the
mechanical toothed gear is replaced by a magnetic field coupling. Although this type
of direct conversion magnetic gear can avoid the drawbacks caused by physical contact
transmission, its performance has no comparative advantage compared to its mechanical
equivalents. On the other hand, there are field-modulated magnetic gears, which are
not derived from an analogous mechanical gear. In this type of magnetic gear, the gear
effect is carried out by modulating the magnetic fields of the permanent magnets with
the ferromagnetic segments located between the two rotors. In addition to having a non-
physical contact operation, these gears provide a high torque density comparable to that of
mechanical gears.

Field-modulated magnetic gear topology was presented in 2001 [68]. Then, with
simulation studies, the torque density was investigated, showing results greater than
100 kNm/m3. The details of its design, the principle of operation, and the analysis of
its performance were explained in 2004 by the same Atallah’s team [75] using an experi-
mental prototype with a transmission ratio of 5.75:1, which reached a torque density of
72 kNm/m3 and an efficiency higher than 97%. Perhaps its main merit is the concentric
arrangement of its three structures, which allows all the permanent magnets to contribute
simultaneously to the transmission of torque. Eighteen years after its introduction, new
studies with an optimized coaxial concentric magnetic gear design, with surface-mounted
permanent magnets and radial magnetization, achieved torque densities of 274 kNm/m3

with 2D-based finite element analysis (FEA) simulations and 210 kNm/m3 with 3D FEA
simulations [76].

The concentric, coaxial, field-modulated magnetic gear with surface-mounted rare-
earth permanent magnets in both rotors and radial magnetization has become a benchmark
for the basic topology of high-performance magnetic gears because its configuration has
proven to have a capacity to achieve high torque density and high efficiency. As a result,
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many of the advances in the field of magnetic gears have been reported around this design.
In fact, the term magnetic gear is currently used as a synonym for this topology [72].

A considerable amount of research work, some with designs and prototypes, has
continued to be developed to improve the performance of the flux-modulated magnetic
gear of concentric and coaxial structures. Based on this approach, numerous configurations
have been presented that ultimately seek to optimize the design parameters to obtain a
higher torque density and better efficiency in the mechanical power transmission process,
objectives aimed at strengthening its application in the industrial environment. Although
this topology has proven to be quite efficient and have a high performance, it was presumed
from the beginning that surface-mounted permanent magnets in rotors would present
mechanical integrity problems. These arguments were verified when the first version of
the efficient magnetic gear matured and was studied in detail [76–78].

One way in which the effort of researchers, academics, and developers in the evolution
of magnetic gears can be measured is to consider how the permanent magnets have been
used to carry out magnetic coupling, with a focus on the direction of its magnetization.
In this context, two basic topologies stand out: the topology with a linear design and the
topology with axial flux. Their original standard designs are shown in Figure 9.
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The linear magnetic gear has a tubular topology, as shown in Figure 9a [79]. Its
operating principle is similar to that of the coaxial magnetic gear with radial flux described
in [75]. Simulation studies have shown that this topology can achieve a transmitted force
density greater than 1.7 MN/m3. Furthermore, an investigation which used a prototype
built for an aerospace application concluded that the linear design is sensitive to the
axial separation between the rings of ferromagnetic parts [80]. In this reference, it was
argued that, when combined with a permanent magnet linear machine, the linear magnetic
gear can offer significant advantages, such as its application in the energy generation
from the sea waves. This fact that was studied, analyzed, and confirmed in subsequent
publications [81–84].

The axial flux magnetic gear consists of two disk-shaped rotors, each with surface-
mounted permanent magnets that alternate their north and south poles, from which flux
is obtained in an axial rather than a radial direction. A modulating ring of ferromagnetic
pole pieces is located between both rotors, thus forming a sandwich-type structure. The
design is shown in Figure 9b [85]. In the same way, as for the linear design, the axial
type is described with the same principle of operation given for the coaxial magnetic gear
with radial flux. In its original publication, the axial topology reported a torque density
exceeding 70 kNm/m3 in simulation studies, pointing out that the axial forces exerted on
high- and low-speed rotors are relatively low. Furthermore, the publication mentioned that
this topology is suitable for applications that require hermetic insulation between the input
and output shafts, mainly in pumps for the chemical and pharmaceutical sectors, which are
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also valuable for the food and aerospace industries [85]. However, its simple design would
soon attract attention to investigate its potential applications in other industries, such as
wind power, details that are mentioned in the next section.

The study of the first topologies developed by Professor Atallah’s team triggered the
modern development of high-efficiency magnetic gears. The first works focused on the
study of the excitation sources of magnetic gear. These sources are represented by radially
magnetized rare-earth permanent magnets. It was discovered that the flux density in the
air gaps (air spaces separating the rotors from the modulator ring) varies significantly with
the design of each rotor, primarily with the way the permanent magnets mounted on the
cores are used. Then, different arrangements were proposed in the permanent magnets,
guiding the work towards the direction of their magnetization and the exploration of new
geometric configurations to reduce their volume, which gave rise to the topologies shown
in Figure 10.
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Rasmussen [86] proposed a topology to strengthen the mechanical structure of the
conventional magnetic gear, configuring the high-speed inner rotor with rectangular perma-
nent magnets magnetized in the tangential direction, arranged like a spoke wheel instead
of surface-mounting, as shown in Figure 10a. Finite element simulation and prototype
testing showed a torque density of 92 kNm/m3. The theoretical efficiency was 96%, but
only 81% was achieved, and this reduction could be attributed to constructive details in the
prototype. It was proposed to explore other designs that included complete optimization
in their construction. With this same scheme, Uppalapati [87], in a later work, proposed a
low-cost system using ferrite magnets in a topology with a flux approach in both internal
and external rotors. The design is shown in Figure 10b. Experimental results reported a
torque density of 239 Nm/L. However, due to the usage of solid steel in its components,
the eddy current losses were high, reducing the efficiency of the design.
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A Halbach permanent magnet array can increase the magnetic field on one side of
the array, canceling it on the opposite side. Halbach [88] and Choi [89] showed that this
arrangement allows a strong field intensity and flux density in the air gap to be quite acceptable.
Jian [77,90] incorporated the Halbach arrangement into the coaxial magnetic gear in a surface-
mounted permanent magnet design. This topology is shown in Figure 10c. The results
in the simulation studies verified a torque density 13% higher than that calculated in the
conventional topology. However, when considering centrifugal forces and mechanical stresses,
the surface-mounting of the magnets does not make this design appropriate for transmissions
where high speed or high torque are required. In addition, the Halbach topology experiences
difficulties in achieving a good mechanical assembly. Fujita [91] observed that all the stationary
pole pieces of the modulator contribute to the transmission of torque when the permanent
magnets are surface-mounted. Such an observation led him to propose a coaxial magnetic
gear with an optimized shape of its stationary pole pieces and a Halbach arrangement on the
high-speed rotor magnets (inner rotor). With an analytical model, it was concluded that, with
the proposed poles, the torque transmission could be increased by more than 15% compared
to conventional poles. Som [92] carried out studies and experiments with a coaxial magnetic
gear with Halbach magnetization, concluding that although this topology can generate a high
torque compared to the conventional topology, it still has difficulties achieving a suitable
practical implementation.

Liu [93] proposed and implemented a topology for the concentric magnetic gear like
the one shown in Figure 10d. An important feature of this design is that, while in the
inner rotor there are permanent magnets in a conventional arrangement, i.e., mounted
on the surface with alternating polarities, in the outer rotor permanent magnets which
are magnetized with the same polarity are inserted along the circumference in the iron
core. This is in an attempt to improve the mechanical integrity of the gear and reduce the
material of the permanent magnet in an effort to maintain the torque transmission capacity.
As a result, the volume of permanent magnets was significantly reduced to 16.5%, but the
low number of these materials in the prototype’s external rotor decreased torque density,
reaching 53.3 kNm/m3. Shen [94] made an exhaustive study of this topology, proposing a
magnetic gear in which all the magnets in each rotor, external and internal, are magnetized
in the same radial direction. Figure 10e shows the proposed topology. In addition, he
built a prototype using ferrite magnets to reduce costs. With minor modifications in
its geometry, this topology managed to reduce the volume of the number of permanent
magnets to 75% in the external rotor and 80% in the internal rotor, with an improvement in
torque density of 24%, all compared to the values obtained in another prototype with the
surface-mounted topology.

Li [78] modified the topology proposed by Rasmussen [86]. Li’s design consisted of
placing the permanent magnets on the surface of the internal rotor with radial magneti-
zation, while the magnets in the external rotor, with a radial-type rectangular shape, had
tangential magnetization, as shown in Figure 10f. In 2D finite element simulation studies, a
torque density very close to that obtained by Rasmussen at 98.1 kNm/m3, approximately
25% higher than the value of conventional topology, but with small additional ripples
in the torque. In a later investigation, Jing [95] worked with Li’s topology, obtaining a
torque density of 162.31 kNm/m3 with 2D FEA simulation studies. Jing explained that
this increase in torque density was due to changes the research team made to the geometry
of the inner rotor permanent magnets and tangential magnetization of the outer rotor
permanent magnets.

Other topologies preserve the coaxial design with field modulation and present differ-
ent configurations in the geometry and arrangement of its components. Although these
topologies do not exhibit high torque densities, they are interesting proposals that seek
to achieve the qualities of high-performance magnetic gear in their designs. Figure 11a
shows a configuration proposed by Frank [96,97], consisting of a concentric magnetic
gear with a reinforced stationary modulating ring and rectangular permanent magnets
with parallel magnetization in the inner rotor. The design in Figure 11b was proposed by
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Abdel-Khalik [98] and constitutes concentric magnetic gear without bearings, with levita-
tion windings embedded in the pole pieces acting as a magnetic suspension. Figure 11c
illustrates the topology presented by Liu [99] following the coaxial magnetic gear concept
but with curved magnetic flux modulators, resulting in a design for applications where the
axes do not intersect. The topology in Figure 11d was presented by Aiso [100] and relied
on salient poles in the high-speed (inner) rotor to develop a simple and robust structure,
thus achieving a reluctance magnetic gear for transmission at high speeds. Figure 11e is
the design of a magnetic gear with transversal-flux topology, introduced and analyzed
by Yong [101] with the intention of increasing mechanical resistance in the weakest parts
of the concentric topology while maintaining a high torque density. Bomela [102], with
a slight variation in the design of this transversal topology, improved the torque density,
albeit with a result well below that which can be obtained by concentric magnetic gear
with radial flux. Subsequently, Desvaux [103], in an experimental study, concluded that the
transversal topology presents limitations for many applications. However, it is interesting
to note that the concept of transversal flux, whose design has similarities with the axial
topology, appears to be one of the designs that, after the concentric topology with radial
flux, has presented promising application proposals in machines with permanent magnets
which are used in power generation systems utilizing wind energy [104–107].
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Many topologies, based on coaxial magnetic gear with flux modulation, have been pro-
posed to reach a model that obtains a high torque density to allow for optimal mechanical
power transmission. Most of these topologies depend on the selection and configuration
of some design parameters and on how the permanent magnets have been used to pro-
vide the magnetic flux, focusing on their magnetization direction. The dynamic evolution
with which magnetic gear technology has developed makes it possible to understand why
many publications present the results of their research arguing by for high-performance
topologies when they first reach solutions that had not been shown before. However,
if the main objective is to have topologies with high performance, without limiting any
of its parameters, geometries and structures that are different from the configuration of
the coaxial arrangement are necessarily considered. Some of these retain their essence,
but others inevitably give rise to new approaches. These topologies would not only be
evaluated in terms of torque density and efficiency but also consider appropriate gear ratios
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and a balance between cost, weight, and volume. Some concepts proposed to satisfy these
characteristics, with acceptable results, are shown in the designs of Figure 12, and they are
traditional conversion structures that adopt eccentric rotation in some of their components.

Energies 2023, 16, x FOR PEER REVIEW 17 of 33 
 

 

 
Figure 11. Variations of flux modulated coaxial magnetic gear topologies: (a) Surface-Mounted Co-
axial MG with interior PM rotor; (b) Bearingless Coaxial MG: magnetic planetary gear with mag-
netic suspension; (c) Intersecting-axes MG; (d) Reluctance MG; (e) Transverse flux MG. 

Many topologies, based on coaxial magnetic gear with flux modulation, have been 
proposed to reach a model that obtains a high torque density to allow for optimal me-
chanical power transmission. Most of these topologies depend on the selection and con-
figuration of some design parameters and on how the permanent magnets have been used 
to provide the magnetic flux, focusing on their magnetization direction. The dynamic evo-
lution with which magnetic gear technology has developed makes it possible to under-
stand why many publications present the results of their research arguing by for high-
performance topologies when they first reach solutions that had not been shown before. 
However, if the main objective is to have topologies with high performance, without lim-
iting any of its parameters, geometries and structures that are different from the configu-
ration of the coaxial arrangement are necessarily considered. Some of these retain their 
essence, but others inevitably give rise to new approaches. These topologies would not 
only be evaluated in terms of torque density and efficiency but also consider appropriate 
gear ratios and a balance between cost, weight, and volume. Some concepts proposed to 
satisfy these characteristics, with acceptable results, are shown in the designs of Figure 12, 
and they are traditional conversion structures that adopt eccentric rotation in some of their 
components. 

 
Figure 12. Magnetic gear designs with modulated flux and different from the coaxial concept: (a) 
Trans-Rotatory MG; (b) Magnetic Harmonic Gear; (c) Cycloidal MG. 

Figure 12. Magnetic gear designs with modulated flux and different from the coaxial concept:
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The trans-rotary magnetic gear, shown in Figure 12a, was designed to convert linear
to rotary motion. It was presented and experimentally analyzed by Pakdelian [108–111];
his proposals include applications for wave power generation [112,113]. Figure 12b cor-
responds to the topology of a harmonic magnetic gear studied by Rens [114,115]; it is
suitable for applications that require high gear ratios (greater than 20:1). However, its
implementation is complicated since it requires a flexible low-speed rotor.

A topology that considerably attracts the attention of researchers and developers,
mainly due to the degree of efficiency it presents, is that of the radial flux cycloidal magnetic
gear, shown in Figure 12c. This topology was presented by Jorgensen [116], indicating that
it is potentially capable of achieving high torque densities and high gear ratios with high
levels of efficiency. In Mexico, the cycloidal design was extensively studied analytically
and experimentally by Chicurel Uziel [117], leaving an invaluable legacy of dissemination
on the subject of magnetic gear transmissions [118]. However, even with all the virtues
that the magnetic gear with cycloidal topology has for potential applications in magnetic
transmissions, its construction is still more complicated than that of the coaxial concentric
type. This might explain why most research and development work has turned to concentric
magnetic gearing with field modulation. However, a more reasoned judgment on this
possible conclusion can be made based on the results of Gardner’s work [119]. In his article
he argues that, for low gear ratios, the optimal coaxial topology generally achieves higher
torque densities than the optimized cycloidal topology and, conversely, at medium and
high gear ratios, the cycloidal gear can outperform the coaxial gear, with certain limitations
on magnet thickness since the cycloidal topology varies with some design parameters,
such as its outer radius. Gardner concludes that the cycloidal structure faces significant
manufacturing challenges, primarily because the axis of one rotor must orbit the axis of
the other.

Based on the magnetic gear topologies discussed above, those with high torque density,
high gear ratio, and high efficiency can be summarized into three categories according to
their design: concentric, harmonic, and cycloidal, considering their potential application
to replace the gearbox in a power transmission system. Table 1 presents a summary of
the main MGs technologies discussed in this section; the advantages, disadvantages and
characteristic torque density are detailed.
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Table 1. Summary on Magnetic Gears Topologies.

Magnetic Gear
Topology Advantages Disadvantages Performance Figure Reference

Number

Linear MG To convert linear motion to
electrical power.

Only a portion of the magnetic
material is in use during its operation.

Sensitive to the axial separation
between the rings of ferromagnetic

pole pieces.

Transmitted force
density >1.7 MN/m3

(calculated).
Figure 9a [79]

Axial MG

Compact design.
Suitable for applications that
require hermetic insulation

between the input and
output shafts.

Lower torque density compared to
coaxial topology due to the impact of

axial forces.

Torque density:
70–289.8 kNm/m3

(calculated).
Figure 9b [85]

Spoke-Type Coaxial MG
Tangentially
Magnetized-
Inner Rotor

Flux-concentrating effect and
high mechanical reliability.

Large end-effects.
Significant reduction of torque

capability when compared with the
surface-mounted PM configuration.

Torque density:
92 kNm/m3

(calculated).
54.5 kNm/m3

(measured).
Torque ripple: 0.79%

Figure 10a [86]

Spoke Ferrite MG Low-cost (using ferrite magnets).
Relatively high torque.

High eddy current losses due to the
usage of solid steel in its components.

Torque density:
84.4 kNm/m3

(calculated).
Figure 10b [87]

Surface-Mounted
Coaxial MG

Halbach Magnetized

15% higher torque density, 67%
reduction in cogging torque and
28% reduction in the total iron
losses over a conventional one.

It is difficult to assemble mechanically.
Not suitable for

practical implementation.

Torque density:
110.7 kNm/m3

(calculated).
108.3 kNm/m3

(measured).

Figure 10c [77,88–92]

Coaxial MG
Same-Polarity

Magnetized—Outer
Rotor

High mechanical integrity and
reduced PM material while

maintaining torque
transmission capability.

Torque density is decreased because
of the lower PM consumption at the

outer PM rotor.

Torque density:
55.8 kNm/m3

(calculated).
53.3 kNm/m3

(measured).

Figure 10d [93]

Coaxial MG Radially
Magnetized,

Same-Polarity—Both
Rotors

Exhibits superior attributes of
lower PM volume but higher
transmission capacity. Higher

cost effectiveness of ferrite MGs,
and slightly larger losses

and end-effect.

The actual pull-out torque is slightly
lower than the calculated one because
the MG end caps are made of steel, a
quality which may cause more flux

leakage in the axial direction and thus
weaken the effective field.

Torque density:
35.4 kNm/m3

(calculated).
23.2 kNm/m3

(measured).

Figure 10e [94]

Surface-mounted
Coaxial MG
Tangentially

Magnetized—Outer
Rotor

Better torque density than
Spoke-Type Coaxial MG.

Flux-focusing effect.

An increase in ripple torque
compared to Spoke-Type Coaxial MG.

Torque density:
98.1 kNm/m3

(calculated).
54.5 kNm/m3

(measured).
Torque ripple: 1.12%

Figure 10f [78]

Surface-Mounted
Coaxial MG—Interior

PM Rotor

Inner rotor designs with both
interior and spoke-type PM

configurations are considered.
Both configurations significantly
reduce torque capability when

compared with the
surface-mounted
PM configuration.

The PMs on the inner rotor are
subjected to large centrifugal forces

during high-speed operation,

Torque density:
64 kNm/m3

(calculated).
42 kNm/m3

(measured).

Figure 11a [96,97]

Reluctance MG

It can operate in high-speed
regions because the structure of a
high-speed rotor is very simple

and robust.

Torque density and efficiency should
be improved with optimization

design if it is to be used for
high-speed motors.

Torque density:
29.4 kNm/m3

(calculated).
Figure 11d [100]

Transverse Flux MG Significantly easy manufacturing. Low torque density.
Torque density:
80.6 kNm/m3

(calculated).
Figure 11e [102]

Trans-Rotatory MG

It can convert high-torque,
low-speed linear motion to

high-speed, low-torque rotation.
Hence, it is highly applicable to

wave energy.

Only a portion of the magnetic
material is in use during its operation.

Force density:
10 MN/m3

(calculated).
Figure 12a [108–113]

Magnetic Harmonic
Gear

Suitable for applications that
require high gear ratios (greater

than 20:1).
It exbibits high torque density.

Complicated structure. Its practical
implementation is complicated by the

need for a flexible PM
low-speed rotor.

Torque density:
≈110 kNm/m3

(measured).
Figure 12b [114,115]

Cycloidal MG
It presents extreme torque

density and a very high
gear ratio.

Complicated construction.

Torque density:
141.9 kNm/m3

(calculated).
106.8 kNm/m3

(measured).

Figure 12c [116,119]
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In addition to torque density, a key criterion applied to evaluate the performance of
an MG is efficiency. MGs have a similarity to electrical machines that have permanent
magnets and windings which are characterized by high efficiencies, such as permanent
magnet synchronous machines with efficiencies greater than 95%. One way to determine
the efficiency of an MG is to consider the power losses that occur in each component during
its operation.

Figure 13a shows an elementary schematic of a mechanical power transmission system
based on a coaxial MG with radial magnetization topology. Its operation is based on the
principle of modulation of the magnetic flux.
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The modulation effect consists of the fact that the magnetic fields produced by the
rotors of the magnetic gear, when passing through the pole pieces, become modulated
fields, thereby creating spatial harmonics in the air gaps. The modulated field of one
rotor interacts with the magnetic field in the air gap of the other rotor to transmit torque
between both rotors, like what is done in a mechanical transmission, only now without
physical contact.

Figure 13b shows how the main components of the MG interact. Since the gearing ef-
fect in the MG is carried out without mechanical contact, power losses during transmission
are reduced to losses in ferromagnetic materials (rotor yokes and pole pieces of modulator),
bearings and air friction. However, when using PMs as excitation sources to achieve high
magnetic torque, eddy currents inevitably occur in ferromagnetic materials, causing the
highest losses in mechanical power transmission.

Figure 13c presents a diagram showing the flow of power losses in an MG. All these
losses are the cause of a reduced torque in the transmission. Amongst of the key goals
of engineers, developers and researchers is the reduction of these losses to obtain high
performance magnetic gears. In principle, everything indicates that selecting powerful
permanent magnets, preferably rare-earth magnets, and using low conductivity ferro-
magnetic materials could lead to MGs with high torque density and high efficiency for
practical applications.

4. Magnetic Gears in WECSs

Horizontal-axis wind turbines conventionally use mechanical gears in the drive train to
transmit mechanical power from the rotor to the electrical generator. The basic configuration
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of this transmission system is schematized in Figure 14a. It consists of a gearbox that allows
matching the low-speed, high-torque output of the blade shaft from the rotor to the high-
speed, low-torque shaft at the input of the generator, which is usually a permanent magnet
machine characterized by its high torque density. However, due to the inherent problems
of the mechanical gear mechanism, an important segment of the wind turbine industry
chooses to avoid using the gearbox by adopting a direct drive system to move the generator
directly from the rotor blades, as shown in Figure 14b.
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Although the direct drive is a real solution to avoid the problems associated with the
gearbox, the generator required is of large dimensions, causing weight and size problems
in the wind generation system. Therefore, faced with these drawbacks, an alternative is
using magnetic gears.

Magnetic gears have shown themselves to possess excellent operation and torque
transmission capabilities, competitive with those of mechanical gears [75], and electrical
machines with permanent magnets have important advantages compared to electromag-
netically excited machines [120]. These qualities have led to the study of different ways
of combining magnetic gears with electrical machines with the purpose of achieving a
scheme to provide a transmission with high performance. For this, the magnetic gear with
concentric modulated flux topology has been considered the most suitable, mainly because
it presents an optimal use of the permanent magnets in its internal and external rotors and
a high torque density. Moreover, due to its geometry, this device acquires the capacity to
integrate with a permanent magnet machine for applications in wind systems. However,
to achieve maximum powertrain performance in practical applications, it is essential to
consider factors related to system volume, weight, and cost. This gives rise to the fact that
research, in addition to focusing on achieving a transmission with high torque density and
high efficiency, also focuses on finding simple and more compact mechanical structures
with better use of permanent magnets and lower manufacturing costs [121]. The interest in
optimizing the power train in a wind turbine, to the point of eliminating the problematic
mechanical transmission elements, has prompted researchers to adopt the approach of
schemes in which practically the electric generator can be driven directly by the wind
turbine’s blades. The result is the magnetic gear-integrated permanent magnet machine,
illustrated in Figure 15a [122].

The permanent magnet machine, integrated with magnetic gear, is a topology formed
by a coaxial magnetic gear mechanically coupled to a permanent magnet generator to share
a common high-speed rotor. This configuration is intended to maximize the benefits of
both elements found in a single arrangement with high torque density and high efficiency.

The design, in addition to presenting a more compact and lighter system compared to
the traditional direct drive, offers to overcome the failures in transmission with mechanical
gears. In wind turbines, this topology would for allow direct wind capture with the
blades mounted on the external rotor structure of the magnetic gear, with torque and
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speed parameters that make it extremely attractive for wind power systems. Currently,
studies on this topology continue at an experimental level with different configurations,
guiding research to improve the performance of this machine. Some works have presented
prototypes for application in wind turbines [121–124].

Other topologies use the above concept to optimize the wind energy conversion
system [125]. If a set of coils is also added to the low-speed external rotor to produce an
additional magnetic field, by which the speed and direction of rotation of the internal rotor
can be controlled, the machine becomes a scheme identified as pseudo-direct drive [126]. In
this topology, a flux-modulated coaxial magnetic gear and a permanent magnet generator
are mechanically and magnetically coupled. The structure of this design is shown in
Figure 15b [127]. In wind system applications, the low-speed external rotor of the magnetic
gear is driven directly by the shaft of the wind turbine blades, while the high-speed internal
rotor is coupled with the rotor shaft of the electric generator in a single structure. This
topology was developed by the British company Magnomatics® and is already available on
the market, being promoted for several applications [128], pointing out that pseudo-direct
drive systems for wind turbines include the largest magnetic gear ever manufactured
so far [129]. The pseudo-direct drive was used to build the prototype of a wind energy
conversion system, using an asynchronous machine to represent the dynamics of the
wind turbine rotor [130]. Computer simulation and experimental tests demonstrated that
the proposed system offers lower volume and weight characteristics and higher energy
efficiency than a traditional direct drive system. Other published works have investigated
the concept of pseudo-direct drive in prototype wind turbine powertrains [131–135]. A
variant of the conceptual structure with mechanical and magnetic coupling is the doubly
fed brushless generator for electricity generation with wind power [136–138]. It consists of
a configuration identical to the coaxial magnetic gear, in which the permanent magnets of
the rotors have been replaced by two stationary windings fed by an alternating current (AC)
excitation; the only rotating element is the modulator, which is driven by the mechanical
power source (wind turbine rotor) in a coaxial arrangement between the internal and
external windings. In this topology, the voltage of the outer winding, connected to the
electrical network, is adjusted according to the speed of the ferromagnetic pole pieces of
the modulator, which depends on the wind speed, in order to operate the machine at its
maximum power. The low-speed operation of this design represented an attractive direct-
drive scheme for small wind generation systems, with reduced cost due to the elimination
of permanent magnets and reduced transmitted torque.
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A study of the topologies described in [125] details that the integrated machine and the
pseudo-direct drive are characterized by a direct integration scheme of a coaxial magnetic
gear, a permanent magnet generator, and, therefore, a higher torque density compared
to hybrid schemes that have at least one permanent magnet rotor of the magnetic gear
replaced by an armature winding. However, they have the drawback of a mechanically
complex structure and a tendency to cause reliability problems in the mechanical power
conversion system. On the other hand, the topology of the doubly fed generator, which
is a conceptual structure of a magnetic gear in which the permanent magnets have been
replaced by windings, is exposed as the simplest when operating with a single rotating
element; however, these devices have a much lower torque capacity, this being one of the
weaknesses of the topologies that combine permanent magnets and armature windings.
These are identified in some works as modulated flux machines [139–141].

It is clear to understand that, for a practical application in wind turbines, the integra-
tion of a magnetic gear with an electric generator is a desired alternative because it offers
the advantages of a direct drive scheme for low-speed and high-torque operations. Another
alternative is an electromagnetic gear which would further reduce the space occupied in the
system. However, it is already known that, even presenting high efficiency and competitive
torque densities for wind power generation, the integrated machine has drawbacks related
to its manufacture. In addition, the electromagnetic gear, with a simpler structure and the
possibility of wider ranges of speed, may exhibit less torque capacity.

Additionally, it is known that the coaxial magnetic gear with radial magnetization has
a simple structure in which the efficient use of permanent magnets allows it to offer a high
torque density for application in wind power systems. Although a magnetic gear can carry
out a mechanical power transmission, using it as the only element of the drive train, it is
still a passive transmission since it does not have electrical input or output ports like the
electromagnetic gear.

To avoid the complex structure of an integrated machine, the simplest method is
to replace the gearbox in the conventional scheme with a magnetic gear. This is then
mechanically coupled with a high-speed permanent magnet synchronous generator, as
shown in Figure 16. This scheme is identified as an indirect magnetic drive [142] or magnetic
gear semi-direct drive [143]. It has been proposed as an intermediate solution between the
conventional mechanical indirect drive scheme and the traditional direct drive, highlighting
the merits of the coaxial magnetic gear with radial magnetization in overcoming the
disadvantages of a mechanical transmission and pointing out the competitiveness of this
topology for applications in wind power generation systems.
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In this comprehensive review of gear-based mechanisms, it can be seen that magnetic
gears represent an important emerging technology that is being investigated for optimal
mechanical power transmission. It has been seen that, in the two decades of development,
many topologies have been presented depending on the selection of design parameters and
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how rare-earth permanent magnets have been used. Furthermore, different structural concepts
have been highlighted in which magnetic gear technology is incorporated into electrical
machines to achieve an optimal performance scheme in the wind turbine powertrain.

During the second decade of this century, the research works that study the different
magnetic gear designs for applications in wind turbines have multiplied, addressing questions
to improve their torque density and optimize their topological structure. The scheme that
has received the most attention is the concentric one with radial magnetization [144–164],
but proposals have also been presented considering other topologies. Such is the case of
the linear magnetic gear which, as mentioned, when studied led to applications for wave
energy [81–84,165,166]. Other topologies, no less important, correspond to the trans-rotary
magnetic gear, with applications in wave power generation [112,113], and to the transversal
flux magnetic gear for applications in wind turbines [104–107]. The permanent magnet Vernier
generator, which can be categorized as an integrated machine with magnetic gear, is added to
these topologies [167,168]. This type of machine is proposed as a quite reasonable alternative
for a direct drive scheme in wind turbines, mainly because it offers a high torque density due
to the magnetic gear effect in its architecture [160,169–176].

Although various structural concepts have been presented around using magnetic
gears for wind turbine applications, this topic is still in full swing. The current results indi-
cate that the coaxial concentric topology continues to be the most studied. However, there
remains a structure with a concentric architecture whose research still needs to concluded,
this being the magnetic gear with axial flux. Apart from having a simpler design for manu-
facturing than the radial flux design, the axial topology also offers potential applications to
operate as part of the drive train in wind turbines. Even though the axial flux magnetic
gear has also been studied as part of the structure of integrated machines [177–184], there
are few publications that directly include this topology in studies with applications in
mechanical power transmission [170,185–187]. Therefore, this topic is a subject that opens
the possibility of continuing with its study to obtain a closer look at its architecture and
probe the possibility of an application in wind power systems. Figure 17 shows the number
of publications that have reported research on the potential applications of MGs in WECSs
has evolved during the two decades that have elapsed in this century.
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5. Magnetic Gears in Transportation (EVs)

Nowadays, one of the most pursued goals in a conscious society is to reduce environ-
mental pollution to care for the environment; the automotive industry has begun to play
an important role in achieving this purpose. In addition to reducing harmful emissions to
our planet’s atmosphere, automobile manufacturers also seek to improve the performance
of the systems involved in the transmission of mechanical power, where noise and vibra-
tion reduction, minimization of dimensions, and maintenance simplification are of key
concern. This fact has considerably increased interest in magnetic gears as an emerging
technology whose potential uses in industrial applications can provide benefits in caring
for the environments where the activities of living beings occur. Typically, in an EV, the
mechanical power from the electric motor is transferred to the drive wheels via a single ratio
transmission performed with a mechanical gearbox. Unlike the gearbox in a wind turbine,
the gearbox in an EV has only one driving gear operating as a step-down transmission to
provide an appropriate speed and torque to the traction wheels of the car. The application
of MGs in EVs, and in general, in transportation systems, is similar to its use in WECSs be-
cause the application is specifically focused on the mechanical power transmission system.
Many researchers have made excellent contributions to the application of MGs to various
transportation systems, mainly EVs and HEVs.

Most of the published works use the scheme of the PM electrical machine integrated
with magnetic gear, as presented in Figure 14. The works of the researchers team led by
K. T. Chau stand out [188–193]. Other works investigate the use of cycloid magnetic gear
in the power transmission system for hybrid vehicles (HEVs). [194]. In [195], a magnetic-
planetary-geared permanent magnet brushless machine for HEVs is presented. In [66],
a new type of in-wheel motor for EVs, namely a magnetic planetary geared outer-rotor
permanent-magnet brushless (PMBL) motor, is proposed. An excellent investigation,
related to the development of magnetic gears for transportation applications, is presented
in [196]. Recent research on this topic focuses on optimizing designs that employ MGs in
EV applications [197].

Since the first developments with high-efficiency MGs were presented at the beginning
of this century, interest in their application in transportation, mainly in EVs and HEVs, has
increased significantly, as shown in the histogram of Figure 18.
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6. Conclusions

This paper has presented a comprehensive review of magnetic gear technologies for
mechanical power transmission, focusing on wind turbine and transportation applications.
This survey has attempted to gather and discuss all the investigations that have given
impetus to using MGs in practical applications. In the histograms presented, it can be
clearly seen that, on the subject of mechanical power transmission, the investigations are
inclined to experiment in transportation systems, mainly in EVs and HEVs. Therefore,
this topic is a subject that opens the possibility of continuing to studying MGs in order to
understand this technology better and work on the possible applications in wind power
systems. From the authors’ point of view, the content of this paper can help readers get a
clear and comprehensive overview of the importance of MG technologies in the industry.
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9. Ristivojević, M.; Lazović, T.; Vencl, A. Studying the Load Carrying Capacity of Spur Gear Tooth Flanks. Mech. Mach. Theory 2013,
59, 125–137. [CrossRef]

10. Radzevich, S.P. Handbook of Practical Gear Design and Manufacture; CRC Press: Boca Raton, FL, USA, 2012; ISBN 9780429109065.
11. Lagutin, S.; Sandler, A.; Gudov, E. Actual Issues of Design and Production of Advanced Worm Gears. In Advanced Gear Engineering;

Springer: Berlin/Heidelberg, Germany, 2018; pp. 139–166.
12. Lehtovaara, A.; Szanti, G. Gears with extra high torque density. In BSA—Breakthrough Steels; DIMECC Final Report 3/2017;

DIMECC Publications Series No. 16 2014-2017; DIMECC: Tampere, Finland, 2017; pp. 66–76.
13. Goldfarb, V.; Barmina, N. Theory and Practice of Gearing and Transmissions; Goldfarb, V., Barmina, N., Eds.; Springer International

Publishing: Cham, Switzerland, 2016; Volume 34, ISBN 978-3-319-19739-5.
14. Muraro, M.A.; Koda, F.; Reisdorfer, U., Jr.; Silva, C.H. da The Influence of Contact Stress Distribution and Specific Film Thickness

on the Wear of Spur Gears during Pitting Tests. J. Braz. Soc. Mech. Sci. Eng. 2012, 34, 135–144. [CrossRef]
15. Smith, J.D. Gear Noise and Vibration; CRC Press: Boca Raton, FL, USA, 2003; ISBN 9781482276275.
16. Jelaska, D. Gears and Gear Drives; Wiley: Hoboken, NJ, USA, 2012; ISBN 9781119941309.
17. Dong, H.; Liu, Z.-Y.; Duan, L.; Hu, Y. Research on the Sliding Friction Associated Spur-Face Gear Meshing Efficiency Based on the

Loaded Tooth Contact Analysis. PLoS ONE 2018, 13, e0198677. [CrossRef]

http://doi.org/10.2174/1874155X01812010081
http://doi.org/10.1016/j.mechmachtheory.2012.09.006
http://doi.org/10.1590/S1678-58782012000200005
http://doi.org/10.1371/journal.pone.0198677


Energies 2023, 16, 1721 26 of 32

18. Pedrero, J.I.; Pleguezuelos, M.; Sánchez, M.B. Study of the Influence of the Design Parameters on the Efficiency of Spur Gears. In
Proceedings of the International Gear Conference 2014, Lyon, France, 26–28 August 2014.

19. Concli, F.; Gorla, C. Analysis of the Power Losses in Geared Transmissions-Measurements and CFD Calculations Based on Open
Source Codes. In Proceedings of the International Gear Conference 2014, Lyon, France, 26–28 August 2014.

20. Choy, F.K.; Polyshchuk, V.; Zakrajsek, J.J.; Handschuh, R.F.; Townsend, D.P. Analysis of the Effects of Surface Pitting and Wear on
the Vibration of a Gear Transmission System. Tribol. Int. 1996, 29, 77–83. [CrossRef]

21. Ma, H.; Zeng, J.; Feng, R.; Pang, X.; Wang, Q.; Wen, B. Review on Dynamics of Cracked Gear Systems. Eng. Fail. Anal. 2015,
55, 224–245. [CrossRef]

22. Abbes, M.S.; Fakhfakh, T.; Haddar, M.; Maalej, A. Effect of Transmission Error on the Dynamic Behaviour of Gearbox Housing.
Int. J. Adv. Manuf. Technol. 2007, 34, 211–218. [CrossRef]

23. Tuma, J. Gearbox Noise and Vibration Prediction and Control. Int. J. Acoust. Vib. 2009, 14, 99–108. [CrossRef]
24. Montague, R. Control of Drive Trains Incorporating Magnetic Gears. Ph.D. Thesis, The University of Sheffield, Sheffield, UK, 2011.
25. Magnomatics®Magnetic Gear Key Benefits, Magnomatics®, Technology, Magnetic Gears. Available online: http://www.

magnomatics.com/pages/technology/low-ratio-magnetic-gears.htm (accessed on 21 January 2023).
26. Faus, H.T. Magnetic Gearing. U.S. Patent 2243555, 27 May 1941.
27. Ikuta, K.; Makita, S.; Arimoto, S. Non-Contact Magnetic Gear for Micro Transmission Mechanism. In Proceedings of the IEEE

Micro Electro Mechanical Systems, Nara, Japan, 30 December–2 January 1991; pp. 125–130.
28. Li, X.; Chau, K.-T.; Cheng, M.; Hua, W. Comparison of Magnetic-Geared Permanent-Magnet Machines. Prog. Electromagn. Res.

2013, 133, 177–198. [CrossRef]
29. Furlani, E.P. A Two-Dimensional Analysis for the Coupling of Magnetic Gears. IEEE Trans. Magn. 1997, 33, 2317–2321. [CrossRef]
30. Yao, Y.D.; Huang, D.R.; Lee, C.M.; Wang, S.J.; Chiang, D.Y.; Ying, T.F. Magnetic Coupling Studies between Radial Magnetic Gears.

IEEE Trans. Magn. 1997, 33, 4236–4238. [CrossRef]
31. Yao, Y.D.; Huang, D.R.; Hsieh, C.C.; Chiang, D.Y.; Wang, S.J. Simulation Study of the Magnetic Coupling between Radial Magnetic

Gears. IEEE Trans. Magn. 1997, 33, 2203–2206. [CrossRef]
32. Furlani, E.P. Analytical Analysis of Magnetically Coupled Multipole Cylinders. J. Phys. D Appl. Phys. 2000, 33, 28–33. [CrossRef]
33. Charpentier, J.F.; Lemarquand, G. Mechanical Behavior of Axially Magnetized Permanent-Magnet Gears. IEEE Trans. Magn. 2001,

37, 1110–1117. [CrossRef]
34. Okano, M.; Tsurumoto, K.; Togo, S.; Tamada, N.; Fuchino, S. Characteristics of the Magnetic Gear Using a Bulk High-Tc

Superconductor. IEEE Trans. Appl. Supercond. 2002, 12, 979–983. [CrossRef]
35. Yang, H.; Yang, Z.; Zhao, H. The FEM Analysis and Torque Calculation of REPM Gear. Phys. Stat. Sol. A 2002, 189, 1057–1061. [CrossRef]
36. Rizk, J.; Nagrial, M.H.; Hellany, A. Analysis and Design of Magnetic Torque Couplers and Magnetic Gears. In Proceedings of

the Conference Proceedings-IPEMC 2004: 4th International Power Electronics and Motion Control Conference, Xi’an, China,
14–16 August 2004; Volume 3.

37. Jorgensen, F.T.; Andersen, T.O.; Rasmussen, P.O. Two Dimmensional Model of a Permanent Magnet Spur Gear-A Mathematical
Method Used to Model a Parallel Magnetised. In Proceedings of the Fourtieth IAS Annual Meeting. Conference Record of the
2005 Industry Applications Conference, Hong Kong, China, 2–6 October 2005; pp. 261–265.

38. Muruganandam, G.; Padma, S.; Selvakumar, P. Torque Analysis of Magnetic Spur Gear with Different Configurations. Int. J.
Electr. Eng. 2012, 5, 843–852.

39. Min, K.; Choi, J.; Cho, H.; Shin, H. Torque Analysis of Magnetic Spur Gear with Halbach Magnetized Permanent Magnets Using
an Analytical Method. In Proceedings of the 2015 IEEE Magnetics Conference (INTERMAG), Beijing, China, 11–15 May 2015; p. 1.

40. Wu, Y.C.; Wang, C.W. Transmitted Torque Analysis of a Magnetic Gear Mechanism with Rectangular Magnets. Appl. Math. Inf.
Sci. 2015, 9, 1059–1065. [CrossRef]

41. Aiso, K.; Akatsu, K.; Aoyama, Y. A Novel Magnetic Multiple Spur Gear for High Speed Motor System. In Proceedings of the 2018
IEEE Energy Conversion Congress and Exposition (ECCE), Portland, OR, USA, 23–27 September 2018; pp. 3310–3316.

42. Bang, T.-K.; Shin, K.-H.; Koo, M.-M.; Han, C.; Cho, H.-W.; Choi, J.-Y. Measurement and Torque Calculation of Magnetic Spur Gear
Based on Quasi 3-D Analytical Method. IEEE Trans. Appl. Supercond. 2018, 28, 1–5. [CrossRef]

43. Baermann, M. Magnetic Worm Drive. U.S. Patent 3814962, 4 June 1974.
44. Kikuchi, S.; Tsurumoto, K. Design and Characteristics of a New Magnetic Worm Gear Using Permanent Magnet. IEEE Trans.

Magn. 1993, 29, 2923–2925. [CrossRef]
45. Tsurumoto, K. Improvement of the Transmitted Torque Characteristics of a Magnetic Bevel Gear. J. Magn. Soc. Jpn. 1994, 18, 563–566.

[CrossRef]
46. Tsurumoto, K. Analysis of the Reversible Rotation and Power-Transmitting Performance of a Magnetic Bevel Gear. J. Magn. Soc.

Jpn. 1997, 21, 821–824. [CrossRef]
47. Yao, Y.D.; Huang, D.R.; Hsieh, C.C.; Chiang, D.Y.; Wang, S.J.; Ying, T.F. The Radial Magnetic Coupling Studies of Perpendicular

Magnetic Gears. IEEE Trans. Magn. 1996, 32, 5061–5063. [CrossRef]
48. Muruganandam, G.; Padma, S.; Selvakumar, P. Design and Implementation of a Novel Magnetic Bevel Gear. Control. Eng. Appl.

Inform. 2013, 15, 30–37.
49. Leas, M.F. Magnetic Spiral Bevel Gear. U.S. Patent 2016/0380525 A1, 29 December 2016.

http://doi.org/10.1016/0301-679X(95)00037-5
http://doi.org/10.1016/j.engfailanal.2015.06.004
http://doi.org/10.1007/s00170-006-0582-7
http://doi.org/10.20855/ijav.2009.14.2242
http://www.magnomatics.com/pages/technology/low-ratio-magnetic-gears.htm
http://www.magnomatics.com/pages/technology/low-ratio-magnetic-gears.htm
http://doi.org/10.2528/PIER12080808
http://doi.org/10.1109/20.573848
http://doi.org/10.1109/20.619721
http://doi.org/10.1109/20.582770
http://doi.org/10.1088/0022-3727/33/1/305
http://doi.org/10.1109/20.920485
http://doi.org/10.1109/TASC.2002.1018564
http://doi.org/10.1002/1521-396X(200202)189:3&lt;1057::AID-PSSA1057&gt;3.0.CO;2-I
http://doi.org/10.12785/amis/090257
http://doi.org/10.1109/TASC.2017.2779750
http://doi.org/10.1109/20.280916
http://doi.org/10.3379/jmsjmag.18.563
http://doi.org/10.3379/jmsjmag.21.821
http://doi.org/10.1109/20.539490


Energies 2023, 16, 1721 27 of 32

50. Jang, G.-H.; Kim, C.-W.; Seo, S.-W.; Shin, K.-H.; Yoon, I.-J.; Choi, J.-Y. Torque Characteristic Analysis and Measurement of
Magnetic Rack–Pinion Gear Based on Analytical Method. IEEE Trans. Magn. 2019, 55, 1–5. [CrossRef]

51. Tsurumoto, K.; Haneda, M.; Yamanaka, K.; Oikawa, Y.; Chiba, T. Performance Characteristics of Magnetic Planetary and
Differential Gears for Accelerators in Which the Whole Depth of Outring Gear Has Been Corrected. J. Magn. Soc. Jpn. 2006,
30, 264–267. [CrossRef]

52. Jørgensen, F.T. Design and Construction of Permanent Magnetic Gears. Ph.D. Thesis, Aalborg University, Aalborg, Denmark, 2010.
53. Tsurumoto, K.; Tanaka, Y. Prototype Production of New Magnetic Planetary and Differential Gears and Performance Characteris-

tics Test. J. Magn. Soc. Jpn. 2002, 26, 703–706. [CrossRef]
54. Yamanaka, K.; Tsurumoto, K. Improvement of Performance Characteristics of Magnetic Planetary and Differential Gearing with

Twin Sun Gears. J. Magn. Soc. Jpn. 2007, 31, 139–142. [CrossRef]
55. Haneda, M.; Tsurumoto, K. Trial Production and Research on Magnetic Planetary and Differential Gearing for Accelerator Using

NdFeB Magnet. J. Magn. Soc. Jpn. 2007, 31, 135–138. [CrossRef]
56. Togashi, T.; Ota, Y.; Miyazawa, M.; Saito, O.; Tsurumoto, K. A Study of Output Speed Stability Control Using the Magnetic

Planetary Gears with the Functional 2 Inputs. J. Magn. Soc. Jpn. 2012, 36, 263–267. [CrossRef]
57. Huang, C.-C.; Tsai, M.-C.; Dorrell, D.G.; Lin, B.-J. Development of a Magnetic Planetary Gearbox. IEEE Trans. Magn. 2008,

44, 403–412. [CrossRef]
58. Constantinides, S. The Demand for Rare Earth Materials in Permanent Magnets. In Proceedings of the 51st Annual Conference of

Metallurgists, Arnold Magnetics (Rochester, New York, USA), Niagara Falls, ON, Canada, 30 September 2012.
59. Chen, M.; Chau, K.-T.; Lee, C.H.T.; Liu, C. Design and Analysis of a New Axial-Field Magnetic Variable Gear Using Pole-Changing

Permanent Magnetcs. Prog. Electromagn. Res. 2015, 153, 23–32. [CrossRef]
60. Croat, J.J. Rapidly Solidified Neodymium-Iron-Boron Permanent Magnets; Elsevier: Amsterdam, The Netherlands, 2018; ISBN 9780081022252.
61. Huang, C.-C. Power Magnetic Planetary Gear Set. U.S. Patent 8810099B2, 19 August 2014.
62. Tsai, M.-C.; Huang, C.-C. Development of a Variable-Inertia Device with a Magnetic Planetary Gearbox. IEEE/ASME Trans.

Mechatron. 2011, 16, 1120–1128. [CrossRef]
63. Niguchi, N.; Hirata, K. Transmission Torque Analysis of a Novel Magnetic Planetary Gear Employing 3-D FEM. IEEE Trans.

Magn. 2012, 48, 1043–1046. [CrossRef]
64. Kong, F.; Ge, Y.; Zhu, X.; Qiao, L.; Quan, L. Optimizing Design of Magnetic Planetary Gearbox for Reduction of Cogging Torque.

In Proceedings of the 2013 IEEE Vehicle Power and Propulsion Conference (VPPC), Beijing, China, 15–18 October 2013; pp. 1–5.
65. Niguchi, N.; Hirata, K.; Sakai, M. High Performance Hybrid-Type Magnetic Planetary Gear. In Proceedings of the 2013 IEEE

International Conference on Mechatronics and Automation, Takamatsu, Japan, 4–7 August 2013; pp. 662–669.
66. Zhang, R.; Zhu, X.; Chen, L. Design of a New Magnetic-Planetary-Geared Outer-Rotor Permanent-Magnet Brushless Motor

for Electric Vehicles. In Proceedings of the 2014 17th International Conference on Electrical Machines and Systems (ICEMS),
Hangzhou, China, 22–25 October 2014; pp. 658–663.

67. Frandsen, T.V. Motor Integrated Permanent Magnet Gear. Ph.D. Thesis, Aalborg University, Aalborg, Denmark, 2016.
68. Atallah, K.; Howe, D. A Novel High-Performance Magnetic Gear. IEEE Trans. Magn. 2001, 37, 2844–2846. [CrossRef]
69. Neuland, A.H. Apparatus for Transmitting Power. U.S. Patent 1171351, 8 February 1916.
70. Reese, G.A. Magnetic Gearing Arrangement. U.S. Patent 3301091, 31 January 1967.
71. Martin, T.B. Magnetic Transmission. U.S. Patent 3378710, 16 April 1968.
72. Gerber, S. Evaluation and Design Aspects of Magnetic Gears and Magnetically Geared Electrical Machines. Ph.D. Thesis,

Stellenbosch University, Matieland, South Africa, 2015.
73. Frank, N.W. Analysis of the Concentric Planetary Magnetic Gear. Ph.D. Thesis, Texas A&M University, College Station, TX, USA, 2011.
74. Molokanov, O.; Kurbatov, P.; Dergachev, P.; Alami, A. Dynamic Model of Coaxial Magnetic Planetary Gear. In Proceedings of the 2015

18th International Conference on Electrical Machines and Systems (ICEMS), Pattaya, Thailand, 25–28 October 2015; pp. 944–948.
75. Atallah, K.; Calverley, S.D.; Howe, D. Design, Analysis and Realisation of a High-Performance Magnetic Gear. IEE Proc.-Electr.

Power Appl. 2004, 151, 135. [CrossRef]
76. Gardner, M.C.; Jack, B.E.; Johnson, M.; Toliyat, H.A. Comparison of Surface Mounted Permanent Magnet Coaxial Radial Flux

Magnetic Gears Independently Optimized for Volume, Cost, and Mass. IEEE Trans. Ind. Appl. 2018, 54, 2237–2245. [CrossRef]
77. Jian, L.; Chau, K.T.; Gong, Y.; Jiang, J.Z.; Yu, C.; Li, W. Comparison of Coaxial Magnetic Gears with Different Topologies. IEEE

Trans. Magn. 2009, 45, 4526–4529. [CrossRef]
78. Li, X.; Chau, K.T.; Cheng, M.; Hua, W.; Du, Y. An Improved Coaxial Magnetic Gear Using Flux Focusing. In Proceedings of the

2011 International Conference on Electrical Machines and Systems, Beijing, China, 20–23 August 2011; pp. 1–4.
79. Atallah, K.; Wang, J.; Howe, D. A High-Performance Linear Magnetic Gear. J. Appl. Phys. 2005, 97, 10N516. [CrossRef]
80. Holehouse, R.C.; Atallah, K.; Wang, J. Design and Realization of a Linear Magnetic Gear. IEEE Trans. Magn. 2011, 47, 4171–4174.

[CrossRef]
81. Li, W.; Chau, K.T.; Jiang, J.Z. Application of Linear Magnetic Gears for Pseudo-Direct-Drive Oceanic Wave Energy Harvesting.

IEEE Trans. Magn. 2011, 47, 2624–2627. [CrossRef]
82. Feng, N.; Yu, H.; Huang, L.; Zhong, W.; Shi, Z. Performance Analysis of a Magnetic-Geared Linear Permanent Magnet Generator for

Wave Energy Conversion. In Proceedings of the 2015 IEEE Magnetics Conference (INTERMAG), Beijing, China, 11–15 May 2015; p. 1.

http://doi.org/10.1109/TMAG.2019.2900447
http://doi.org/10.3379/jmsjmag.30.264
http://doi.org/10.3379/jmsjmag.26.703
http://doi.org/10.3379/jmsjmag.31.139
http://doi.org/10.3379/jmsjmag.31.135
http://doi.org/10.3379/msjmag.1203R006
http://doi.org/10.1109/TMAG.2007.914665
http://doi.org/10.2528/PIER15072701
http://doi.org/10.1109/TMECH.2010.2077679
http://doi.org/10.1109/TMAG.2011.2173662
http://doi.org/10.1109/20.951324
http://doi.org/10.1049/ip-epa:20040224
http://doi.org/10.1109/TIA.2018.2803039
http://doi.org/10.1109/TMAG.2009.2021662
http://doi.org/10.1063/1.1853900
http://doi.org/10.1109/TMAG.2011.2157101
http://doi.org/10.1109/TMAG.2011.2146233


Energies 2023, 16, 1721 28 of 32

83. Li, W.; Chau, K.T.; Lee, C.H.T.; Ching, T.W.; Chen, M.; Jiang, J.Z. A New Linear Magnetic Gear with Adjustable Gear Ratios and
Its Application for Direct-Drive Wave Energy Extraction. Renew. Energy 2017, 105, 199–208. [CrossRef]

84. Liu, C.; Zhu, H.; Dong, R.; Zhou, S.; Huang, L. Sensitivity Analysis and Optimal Design of a Linear Magnetic Gear for Direct-Drive
Wave Energy Conversion. IEEE Access 2019, 7, 73983–73992. [CrossRef]

85. Mezani, S.; Atallah, K.; Howe, D. A High-Performance Axial-Field Magnetic Gear. J. Appl. Phys. 2006, 99, 08R303. [CrossRef]
86. Rasmussen, P.O.; Andersen, T.O.; Jørgensen, F.T.; Nielsen, O. Development of a High-Performance Magnetic Gear. IEEE Trans.

Ind. Appl. 2005, 41, 764–770. [CrossRef]
87. Uppalapati, K.K.; Bird, J.Z.; Wright, J.; Pitchard, J.; Calvin, M.; Williams, W. A Magnetic Gearbox with an Active Region Torque

Density of 239Nm/L. In Proceedings of the 2014 IEEE Energy Conversion Congress and Exposition, ECCE 2014, Pittsburgh, PA,
USA, 14–18 September 2014.

88. Halbach, K. Design of Permanent Multipole Magnets with Oriented Rare Earth Cobalt Material. Nucl. Instrum. Methods 1980,
169, 1–10. [CrossRef]

89. Choi, J.-S.; Yoo, J. Design of a Halbach Magnet Array Based on Optimization Techniques. IEEE Trans. Magn. 2008, 44, 2361–2366.
[CrossRef]

90. Jian, L.; Chau, K.T. A Coaxial Magnetic Gear with Halbach Permanent-Magnet Arrays. IEEE Trans. Energy Convers. 2010,
25, 319–328. [CrossRef]

91. Fujita, T.; Ando, Y.; Nagaya, K.; Oka, M.; Todaka, T.; Enokizono, M.; Sugiura, K. Surface Magnet Gears with a New Magnet
Arrangement and Optimal Shape of Stationary Pole Pieces. J. Electromagn. Anal. Appl. 2013, 05, 243–249. [CrossRef]

92. Som, D.; Li, K.; Kadel, J.; Wright, J.; Modaresahmadi, S.; Bird, J.Z.; William, W. Analysis and Testing of a Coaxial Magnetic
Gearbox with Flux Concentration Halbach Rotors. IEEE Trans. Magn. 2017, 53, 1–6. [CrossRef]

93. Liu, X.; Chau, K.T.; Jiang, J.Z.; Yu, C. Design and Analysis of Interior-Magnet Outer-Rotor Concentric Magnetic Gears. J. Appl.
Phys. 2009, 105, 07F101. [CrossRef]

94. Shen, J.-X.; Li, H.-Y.; Hao, H.; Jin, M.-J. A Coaxial Magnetic Gear with Consequent-Pole Rotors. IEEE Trans. Energy Convers. 2017,
32, 267–275. [CrossRef]

95. Jing, L.; Gong, J.; Huang, Z.; Ben, T.; Huang, Y. A New Structure for the Magnetic Gear. IEEE Access 2019, 7, 75550–75555. [CrossRef]
96. Frank, N.W.; Toliyat, H.A. Analysis of the Concentric Planetary Magnetic Gear with Strengthened Stator and Interior Permanent

Magnet Inner Rotor. IEEE Trans. Ind. Appl. 2011, 47, 1652–1660. [CrossRef]
97. Frank, N.W.; Pakdelian, S.; Toliyat, H.A. Passive Suppression of Transient Oscillations in the Concentric Planetary Magnetic Gear.

IEEE Trans. Energy Convers. 2011, 26, 933–939. [CrossRef]
98. Abdel-Khalik, A.S.; Ahmed, S.; Massoud, A. A Bearingless Coaxial Magnetic Gearbox. Alex. Eng. J. 2014, 53, 573–582. [CrossRef]
99. Liu, Y.; Ho, S.L.; Fu, W.N. A Novel Magnetic Gear with Intersecting Axes. IEEE Trans. Magn. 2014, 50, 1–4. [CrossRef]
100. Aiso, K.; Akatsu, K. A Novel Reluctance Magnetic Gear for High Speed Motor. In Proceedings of the 2016 IEEE Energy Conversion

Congress and Exposition (ECCE), Milwaukee, WI, USA, 18–22 September 2016; pp. 1–7.
101. Yong, L.; Jingwei, X.; Kerong, P.; Yongping, L. Principle and Simulation Analysis of a Novel Structure Magnetic Gear. In Proceedings

of the Proceedings of the 11th International Conference on Electrical Machines and Systems, Wuhan, China, 17–20 October 2008.
102. Bomela, W.; Bird, J.Z.; Acharya, V.M. The Performance of a Transverse Flux Magnetic Gear. IEEE Trans. Magn. 2014, 50, 1–4. [CrossRef]
103. Desvaux, M.; Chauwin, M.; Multon, B.; Sire, S.; ben Ahmed, H. Experimental Validation of a Transverse Flux Magnetic Gear. J.

Magn. Magn. Mater. 2021, 536, 168139. [CrossRef]
104. Bang, D.; Polinder, H.; Shrestha, G.; Ferreira, J.A. Ring-Shaped Transverse Flux PM Generator for Large Direct-Drive Wind

Turbines. In Proceedings of the 2009 International Conference on Power Electronics and Drive Systems (PEDS), Taipei, Taiwan,
2–5 November 2009; pp. 61–66.

105. Hasan, I.; Husain, T.; Uddin, M.W.; Sozer, Y.; Husain, I.; Muljadi, E. Analytical Modeling of a Novel Transverse Flux Machine for
Direct Drive Wind Turbine Applications. In Proceedings of the 2015 IEEE Energy Conversion Congress and Exposition (ECCE),
Montreal, QC, Canada, 20–24 September 2015; pp. 2161–2168.

106. Peng, G.; Wei, J.; Shi, Y.; Shao, Z.; Jian, L. A Novel Transverse Flux Permanent Magnet Disk Wind Power Generator with H-Shaped
Stator Cores. Energies 2018, 11, 810. [CrossRef]

107. Ballestín-Bernad, V.; Artal-Sevil, J.S.; Domínguez-Navarro, J.A. A Review of Transverse Flux Machines Topologies and Design.
Energies 2021, 14, 7173. [CrossRef]

108. Pakdelian, S.; Frank, N.W.; Toliyat, H.A. Analysis and Design of the Trans-Rotary Magnetic Gear. In Proceedings of the 2012 IEEE
Energy Conversion Congress and Exposition (ECCE), Raleigh, CA, USA, 15–20 September 2012; pp. 3340–3347.

109. Pakdelian, S.; Deshpande, Y.; Toliyat, H.A. An Electric Machine Integrated with Trans-Rotary Magnetic Gear. In Proceedings of
the 2012 IEEE Energy Conversion Congress and Exposition (ECCE), Raleigh, CA, USA, 15–20 September 2012; pp. 3356–3362.

110. Pakdelian, S.; Toliyat, H.A. Design Aspects of the Trans-Rotary Magnetic Gear. In Proceedings of the IECON 2012-38th Annual
Conference on IEEE Industrial Electronics Society, Montreal, QC, Canada, 25–28 October 2012; pp. 1720–1725.

111. Pakdelian, S.; Frank, N.W.; Toliyat, H.A. Principles of the Trans-Rotary Magnetic Gear. IEEE Trans. Magn. 2013, 49, 883–889. [CrossRef]
112. Pakdelian, S.; Toliyat, H.A. Trans-Rotary Magnetic Gear for Wave Energy Applicaion. In Proceedings of the 2012 IEEE Power and

Energy Society General Meeting, San Diego, CA, USA, 22–26 July 2012; pp. 1–4.

http://doi.org/10.1016/j.renene.2016.12.026
http://doi.org/10.1109/ACCESS.2019.2920989
http://doi.org/10.1063/1.2158966
http://doi.org/10.1109/TIA.2005.847319
http://doi.org/10.1016/0029-554X(80)90094-4
http://doi.org/10.1109/TMAG.2008.2001482
http://doi.org/10.1109/TEC.2010.2046997
http://doi.org/10.4236/jemaa.2013.56039
http://doi.org/10.1109/TMAG.2017.2715799
http://doi.org/10.1063/1.3058619
http://doi.org/10.1109/TEC.2016.2609338
http://doi.org/10.1109/ACCESS.2019.2919679
http://doi.org/10.1109/TIA.2011.2154291
http://doi.org/10.1109/TEC.2011.2143715
http://doi.org/10.1016/j.aej.2014.06.002
http://doi.org/10.1109/TMAG.2014.2325608
http://doi.org/10.1109/TMAG.2013.2277431
http://doi.org/10.1016/j.jmmm.2021.168139
http://doi.org/10.3390/en11040810
http://doi.org/10.3390/en14217173
http://doi.org/10.1109/TMAG.2012.2215046


Energies 2023, 16, 1721 29 of 32

113. Pakdelian, S.; Toliyat, H.A. Dynamic Modeling of the Trans-Rotary Magnetic Gear for the Point-Absorbing Wave Energy
Conversion Systems. In Proceedings of the 2014 IEEE Energy Conversion Congress and Exposition (ECCE), Pittsburgh, PA, USA,
4–18 September 2014; pp. 3163–3170.

114. Rens, J.; Clark, R.; Calverley, S.; Atallah, K.; Howe, D. Design, Analysis and Realization of a Novel Magnetic Harmonic Gear. In
Proceedings of the Proceedings of the 2008 International Conference on Electrical Machines, Vilamoura, Portugal, 6–9 September 2008.

115. Rens, J.; Atallah, K.; Calverley, S.D.; Howe, D. A Novel Magnetic Harmonic Gear. IEEE Trans. Ind. Appl. 2010, 46, 206–212. [CrossRef]
116. Jorgensen, F.T.; Andersen, T.O.; Rasmussen, P.O. The Cycloid Permanent Magnetic Gear. IEEE Trans. Ind. Appl. 2008, 44, 1659–1665.

[CrossRef]
117. Fo-Lyn, M.C.; Primero, Y.; Uziel, R.C. Modelo Cinemático de Reductor Cicloidal Magnético. Ing. Mecánica. Tecnol. Y Desarro. 2017,

6, 25–29.
118. Uziel, R.C. Transmisiones de Engranes Magnéticos. Gaceta del IIUNAM 2017, 126, 5–6. Available online: http://gacetaii.iingen.

unam.mx/GacetaII/index.php/gii/issue/view/135/Gaceta%20126 (accessed on 30 January 2023).
119. Gardner, M.C.; Johnson, M.; Toliyat, H.A. Comparison of Surface Permanent Magnet Coaxial and Cycloidal Radial Flux Magnetic

Gears. In Proceedings of the 2018 IEEE Energy Conversion Congress and Exposition (ECCE), Portland, OR, USA, 23–27 September
2018; pp. 5005–5012.

120. Gieras, J.F. Permanent Magnet Motor Technology: Design and Applications, 3rd ed.; CRC Press, Taylor & Francis Group: Boca Raton,
FL, USA, 2010.

121. Jian, L.; Xu, G.; Gong, Y.; Song, J.; Liang, J.; Chang, M. Electromagnetic Design Analysis of a Novel Magnetic-Gear-Integrated
Wind Power Generator Using Time-Stepping Finite Element Method. Prog. Electromagn. Res. 2011, 113, 351–367. [CrossRef]

122. Jian, L.; Chau, K.T.; Jiang, J.Z. A Magnetic-Geared Outer-Rotor Permanent-Magnet Brushless Machine for Wind Power Generation.
IEEE Trans. Ind. Appl. 2009, 45, 954–962. [CrossRef]

123. Atallah, K.; Wang, J.; Calverley, S.D.; Duggan, S. Design and Operation of a Magnetic Continuously Variable Transmission. IEEE
Trans. Ind. Appl. 2012, 48, 1288–1295. [CrossRef]

124. Abdelhamid, D.Z.; Knight, A.M. Performance of a High Torque Density Induction Motor with an Integrated Magnetic Gear. In
Proceedings of the 2016 XXII International Conference on Electrical Machines (ICEM), Lausanne, Switzerland, 4–7 September
2016; pp. 538–544.

125. Zhu, Z.Q.; Li, H.Y.; Deodhar, R.; Pride, A.; Sasaki, T. Recent Developments and Comparative Study of Magnetically Geared
Machines. CES Trans. Electr. Mach. Syst. 2018, 2, 13–22. [CrossRef]

126. Atallah, K.; Rens, J.; Mezani, S.; Howe, D. A Novel “Pseudo” Direct-Drive Brushless Permanent Magnet Machine. IEEE Trans.
Magn. 2008, 44, 4349–4352. [CrossRef]

127. Bouheraoua, M.; Wang, J.; Atallah, K. Rotor Position Estimation of a Pseudo Direct Drive PM Machine Using Extended Kalman
Filter. In Proceedings of the 2015 IEEE Energy Conversion Congress and Exposition (ECCE), Montreal, QC, Canada, 20–24
September 2015; pp. 292–299.

128. Magnomatics®Pseudo Direct Drive. Available online: https://www.magnomatics.com/pseudo-direct-drive (accessed on
21 January 2023).

129. Magnomatics®Wind Turbine Generator. Available online: https://www.magnomatics.com/post/wind-turbine-generator
(accessed on 21 January 2023).

130. Bao, G.Q.; Mao, K.F. A Wind Energy Conversion System with Field Modulated Magnetic Gear. In Proceedings of the 2011
Asia-Pacific Power and Energy Engineering Conference, Wuhan, China, 25–28 March 2011; pp. 1–4.

131. Penzkofer, A.; Atallah, K. Analytical Modeling and Optimization of Pseudo-Direct Drive Permanent Magnet Machines for Large
Wind Turbines. IEEE Trans. Magn. 2015, 51, 1–14. [CrossRef]

132. Neves, C.G.C.; Flores Filho, A.F.; Dorrel, D.G. Design of a Pseudo Direct Drive for Wind Power Applications. In Proceedings of
the 2016 International Conference of Asian Union of Magnetics Societies (ICAUMS), Tainan, Taiwan, 1–5 August 2016; pp. 1–5.

133. Tlali, P.M.; Gerber, S.; Wang, R.-J. Optimal Design of an Outer-Stator Magnetically Geared Permanent Magnet Machine. IEEE
Trans. Magn. 2016, 52, 1–10. [CrossRef]

134. Penzkofer, A.; Atallah, K. Scaling of Pseudo Direct Drives for Wind Turbine Application. IEEE Trans. Magn. 2016, 52, 1–5. [CrossRef]
135. Desmedt, M.; Dong, J.; Wani, F.; Bauer, P.; Polinder, H. Electromechanical Dynamics Analysis of Pole-Piece Rotors in Pseudo

Direct-Drive Wind Turbine Generators. In Proceedings of the 2020 International Conference on Electrical Machines (ICEM),
Gothenburg, Sweden, 23–26 August 2020; pp. 1889–1895.

136. Wang, Y.; Ho, S.L.; Fu, W.N.; Shen, J.X. A Novel Brushless Doubly Fed Generator for Wind Power Generation. IEEE Trans. Magn.
2012, 48, 4172–4175. [CrossRef]

137. Vyas, P.; Waszak, M.-W. Magnetically Geared Generator. U.S. Patent 2010/0052323A1, 4 March 2010.
138. Jiang, Y.; Zhang, J.; Li, T. A Segmented Brushless Doubly Fed Generator for Wind Power Applications. IEEE Trans. Magn. 2018,

54, 1–4. [CrossRef]
139. Jian, L.; Liang, J.; Shi, Y.; Xu, G. A Novel Double-Winding Permanent Magnet FLux Modulated Machine for Stand-Alone Wind

Power Generation. Prog. Electromagn. Res. 2013, 142, 275–289. [CrossRef]
140. Li, X.; Chau, K.T.; Cheng, M. Analysis, Design and Experimental Verification of a Field-modulated Permanent-magnet Machine

for Direct-drive Wind Turbines. IET Electr. Power Appl. 2015, 9, 150–159. [CrossRef]

http://doi.org/10.1109/TIA.2009.2036507
http://doi.org/10.1109/TIA.2008.2006295
http://gacetaii.iingen.unam.mx/GacetaII/index.php/gii/issue/view/135/Gaceta%20126
http://gacetaii.iingen.unam.mx/GacetaII/index.php/gii/issue/view/135/Gaceta%20126
http://doi.org/10.2528/PIER10121603
http://doi.org/10.1109/TIA.2009.2018974
http://doi.org/10.1109/TIA.2012.2199451
http://doi.org/10.23919/TEMS.2018.8326448
http://doi.org/10.1109/TMAG.2008.2001509
https://www.magnomatics.com/pseudo-direct-drive
https://www.magnomatics.com/post/wind-turbine-generator
http://doi.org/10.1109/TMAG.2015.2461175
http://doi.org/10.1109/TMAG.2015.2487886
http://doi.org/10.1109/TMAG.2016.2524205
http://doi.org/10.1109/TMAG.2012.2201253
http://doi.org/10.1109/TMAG.2017.2762827
http://doi.org/10.2528/PIER13072304
http://doi.org/10.1049/iet-epa.2014.0156


Energies 2023, 16, 1721 30 of 32

141. Fang, L.; Li, D.; Zou, T.; Qu, R. Flux Modulation Magnet Coupler for Wind Generation System. In Proceedings of the 2020
International Conference on Electrical Machines (ICEM), Gothenburg, Sweden, 23–26 August 2020; pp. 1992–1998.

142. Desvaux, M.; Latimier, R.L.G.; Multon, B.; Ahmed, H.B.; Sire, S. Design and Optimization of Magnetic Gears with Arrangement
and Mechanical Constraints for Wind Turbine Applications. In Proceedings of the 2016 Eleventh International Conference on
Ecological Vehicles and Renewable Energies (EVER), Monte Carlo, Monaco, 6–8 April 2016; pp. 1–8.

143. Wang, J.; Qian, L.; Xu, S.; Mo, R. Analysis of Electromagnetic Performance of Modulated Coaxial Magnetic Gears Used in
Semi-Direct Drive Wind Turbines. Energy Eng. 2021, 118, 251–264. [CrossRef]

144. Frank, N.W.; Toliyat, H.A. Gearing Ratios of a Magnetic Gear for Wind Turbines. In Proceedings of the 2009 IEEE International
Electric Machines and Drives Conference, Miami, Fl, USA, 3–6 May 2009; pp. 1224–1230.

145. Abdel-Khalik, A.S.; Elserougi, A.; Ahmed, S.; Massoud, A. A Wind Turbine Architecture Employing a New Three Port Magnetic
Gear Box. In Proceedings of the 2012 IEEE Energy Conversion Congress and Exposition (ECCE), Raleigh, CA, USA, 15–20
September 2012; pp. 1917–1924.

146. Belkhir, K.S.; Khenfer, N. Magnetic Gear Generator for Wind Energy. Prz. Elektrotechniczny 2013, 89, 72–75.
147. Gouda, E. A New Design of Magnetic Gear for Wind Turbine. Bull. Fac. Engineering. Mansoura Univ. 2020, 39, 1–6. [CrossRef]
148. Penzkofer, A.; Atallah, K. Optimisation of Magnetic Gears for Large Wind Turbines. In Proceedings of the 2015 IEEE 15th

International Conference on Environment and Electrical Engineering (EEEIC), Rome, Italy, 10–13 June 2015; pp. 962–967.
149. Desvaux, M.; le Goff Latimier, R.; Multon, B.; Sire, S.; ben Ahmed, H. Analysis of the Dynamic Behaviour of Magnetic Gear with

Nonlinear Modelling for Large Wind Turbines. In Proceedings of the 2016 XXII International Conference on Electrical Machines
(ICEM), Lausanne, Switzerland, 4–7 September 2016; pp. 1332–1338.

150. Udalov, S.N.; Achitaev, A.A.; Pristup, A.G. Investigations of a Magnetic Gear for Application in Wind Turbines. In Proceedings of
the 2016 11th International Forum on Strategic Technology (IFOST), Novosibirsk, Russia, 1–3 June 2016; pp. 166–171.

151. Desvaux, M.; Multon, B.; Sire, S.; Ben Ahmed, H. Analytical Iron Loss Model for the Optimization of Magnetic Gear. In Proceedings
of the 2017 IEEE International Electric Machines and Drives Conference (IEMDC), Miami, FL, USA, 21–24 May 2017; pp. 1–8.

152. Desvaux, M.; Traulle, B.; le Goff Latimier, R.; Sire, S.; Multon, B.; ben Ahmed, H. Computation Time Analysis of the Magnetic
Gear Analytical Model. IEEE Trans. Magn. 2017, 53, 1–9. [CrossRef]

153. Li, K.; Wright, J.; Modaresahmadi, S.; Som, D.; Williams, W.; Bird, J.Z. Designing the First Stage of a Series Connected Multistage
Coaxial Magnetic Gearbox for a Wind Turbine Demonstrator. In Proceedings of the 2017 IEEE Energy Conversion Congress and
Exposition (ECCE), Cincinnati, OH, USA, 1–5 October 2017; pp. 1247–1254.

154. Desvaux, M.; Multon, B.; Ahmed, H.B.; Sire, S.; Fasquelle, A.; Laloy, D. Gear Ratio Optimization of a Full Magnetic Indirect Drive
Chain for Wind Turbine Applications. In Proceedings of the 2017 Twelfth International Conference on Ecological Vehicles and
Renewable Energies (EVER), Monte Carlo, Monaco, 11–13 April 2017; pp. 1–9.

155. Desvaux, M.; Multon, B.; Ahmed, H.B.; Sire, S. Magneto-Mechanical Sizing of Magnetic Gear Laminated Pole Pieces for Wind Turbine
Applications. In Proceedings of the International Conference on Wind Energy Harvesting, Coimbra, Portugal, 20 March 2017.

156. Desvaux, M.; Multon, B.; ben Ahmed, H.; Sire, S. Supporting the Laminated Ferromagnetic Pole Pieces in a Magnetic Gear: A
Structure Behaviour Analysis from a Multibody Model. In Proceedings of the Mechanisms and Machine Science, Florianópolis,
Brazil, 24–28 October 2018; Volume 54.

157. Desvaux, M.; Bildstein, H.; Multon, B.; ben Ahmed, H.; Sire, S.; Fasquelle, A.; Laloy, D. Magnetic Losses and Thermal Analysis in
a Magnetic Gear for Wind Turbine. In Proceedings of the 2018 Thirteenth International Conference on Ecological Vehicles and
Renewable Energies (EVER), Monte Carlo, Monaco, 10–12 April 2018; pp. 1–7.

158. Desvaux, M.; Multon, B.; Ahmed, H.B.; Sire, S. Magneto-Mechanical Analysis of Magnetic Gear Pole Pieces Ring from Analytical
Models for Wind Turbine Applications. Wind. Eng. 2018, 42, 276–285. [CrossRef]

159. Zeinali, R.; Keysan, O. A Rare-Earth Free Magnetically Geared Generator for Direct-Drive Wind Turbines. Energies 2019, 12, 447.
[CrossRef]

160. Kim, B. Design Method of a Direct-Drive Permanent Magnet Vernier Generator for a Wind Turbine System. IEEE Trans. Ind. Appl.
2019, 55, 4665–4675. [CrossRef]

161. Fang, H.; Wang, Y.; Cai, X. Design of Magnetic Gear Integrated Generator with Mixed Magnetization and Eccentric Pole Method
for Wave Energy Conversion. In Proceedings of the 2019 22nd International Conference on Electrical Machines and Systems
(ICEMS), Harbin, China, 11–14 August 2019; pp. 1–6.

162. Li, K.; Modaresahmadi, S.; Williams, W.B.; Wright, J.D.; Som, D.; Bird, J.Z. Designing and Experimentally Testing a Magnetic
Gearbox for a Wind Turbine Demonstrator. IEEE Trans. Ind. Appl. 2019, 55, 3522–3533. [CrossRef]

163. Li, K.; Modaresahmadi, S.; Williams, W.B.; Bird, J.Z.; Wright, J.D.; Barnett, D. Electromagnetic Analysis and Experimental Testing
of a Flux Focusing Wind Turbine Magnetic Gearbox. IEEE Trans. Energy Convers. 2019, 34, 1512–1521. [CrossRef]

164. Gaojia, Z.; Longnv, L. Design Optimization of a Direct-Drive PM Wind Generator with Flux-Modulation Structure. In Proceedings
of the 2020 IEEE International Conference on Applied Superconductivity and Electromagnetic Devices (ASEMD), Tianjin, China,
16–18 October 2020; pp. 1–2.

165. Feng, N.; Yu, H.; Hu, M.; Liu, C.; Huang, L.; Shi, Z. A Study on a Linear Magnetic-Geared Interior Permanent Magnet Generator
for Direct-Drive Wave Energy Conversion. Energies 2016, 9, 487. [CrossRef]

166. Liu, C.; Zhu, H.; Dong, R. Linear Magnetic Gear with HTS Bulks for Wave Energy Conversion. IET Renew. Power Gener. 2019,
13, 2430–2434. [CrossRef]

http://doi.org/10.32604/EE.2021.014143
http://doi.org/10.21608/bfemu.2020.103088
http://doi.org/10.1109/TMAG.2017.2671787
http://doi.org/10.1177/0309524X18777314
http://doi.org/10.3390/en12030447
http://doi.org/10.1109/TIA.2019.2923717
http://doi.org/10.1109/TIA.2019.2905838
http://doi.org/10.1109/TEC.2019.2911966
http://doi.org/10.3390/en9070487
http://doi.org/10.1049/iet-rpg.2018.6109


Energies 2023, 16, 1721 31 of 32

167. Qu, R.; Li, D.; Wang, J. Relationship between Magnetic Gears and Vernier Machines. In Proceedings of the 2011 International
Conference on Electrical Machines and Systems, Beijing, China, 20–23 August 2011; pp. 1–6.

168. Wu, F.; El-Refaie, A.M. Permanent Magnet Vernier Machine: A Review. IET Electr. Power Appl. 2019, 13, 127–137. [CrossRef]
169. Li, J.; Chau, K.T.; Jiang, J.Z.; Liu, C.; Li, W. A New Efficient Permanent-Magnet Vernier Machine for Wind Power Generation.

IEEE Trans. Magn. 2010, 46, 1475–1478. [CrossRef]
170. Luo, X.; Niu, S. Maximum Power Point Tracking Sensorless Control of an Axial-Flux Permanent Magnet Vernier Wind Power

Generator. Energies 2016, 9, 581. [CrossRef]
171. Kim, B. Design of a Direct Drive Permanent Magnet Vernier Generator for a Wind Turbine System. In Proceedings of the 2018

IEEE Energy Conversion Congress and Exposition (ECCE), Portland, OR, USA, 23–27 September 2018; pp. 4275–4282.
172. Song, Z.; Liu, C. Induced Voltage Optimization of a Direct-Drive Multi-Phase Permanent Magnet Vernier Generator for Tidal

Energy Conversion. In Proceedings of the 2019 IEEE PES Asia-Pacific Power and Energy Engineering Conference (APPEEC),
Macao, China, 1–4 December 2019; pp. 1–5.

173. Tlali, P.M.; Wang, R.-J.; Gerber, S.; Botha, C.D.; Kamper, M.J. Design and Performance Comparison of Vernier and Conventional
PM Synchronous Wind Generators. IEEE Trans. Ind. Appl. 2020, 56, 2570–2579. [CrossRef]

174. Enrici, P.; Meny, I.; Matt, D. Conceptual Study of Vernier Generator and Rectifier Association for Low Power Wind Energy
Systems. Energies 2021, 14, 666. [CrossRef]

175. Padinharu, D.K.K.; Li, G.-J.; Zhu, Z.-Q.; Clark, R.; Thomas, A.; Azar, Z.; Duke, A. Permanent Magnet Vernier Machines for
Direct-Drive Offshore Wind Power: Benefits and Challenges. IEEE Access 2022, 10, 20652–20668. [CrossRef]

176. Dudley, D.R. Design of a Vernier Permanent Magnet Wind Generator. Master’s Thesis, University of Cape Town, Cape Town,
South Africa, 2020.

177. Niguchi, N.; Hirata, K.; Zaini, A.; Nagai, S. Proposal of an Axial-Type Magnetic-Geared Motor. In Proceedings of the 2012 XXth
International Conference on Electrical Machines, Marseille, France, 2–5 September 2012; pp. 738–743.

178. Nakamura, K.; Akimoto, K.; Takemae, T.; Ichinokura, O. Basic Characteristics of In-Wheel Magnetic-Geared Motors. J. Magn. Soc.
Jpn. 2015, 39, 29–32. [CrossRef]

179. Kouhshahi, M.B.; Bird, J.Z.; Acharya, V.; Li, K.; Calvin, M.; Williams, W. An Axial Flux-Focusing Magnetically Geared Motor. In
Proceedings of the 2017 IEEE Energy Conversion Congress and Exposition (ECCE), Cincinnati, OH, USA, 1–5 October 2017; pp. 307–313.

180. Johnson, M.; Gardner, M.C.; Toliyat, H.A. Design and Analysis of an Axial Flux Magnetically Geared Generator. In Proceedings of
the 2015 IEEE Energy Conversion Congress and Exposition (ECCE), Montreal, QC, Canada, 20–24 September 2015; pp. 6511–6518.

181. Khatab, M.F.H.; Zhu, Z.Q.; Li, H.Y.; Liu, Y. Optimal Design of a Novel Axial Flux Magnetically Geared PM Machine. In
Proceedings of the 2017 Twelfth International Conference on Ecological Vehicles and Renewable Energies (EVER), Monte Carlo,
Monaco, 11–13 April 2017; pp. 1–8.

182. Kouhshahi, M.B.; Bird, J.Z.; Acharya, V.M.; Li, K.; Calvin, M.; Williams, W.; Modaresahmadi, S. An Axial Flux Focusing
Magnetically Geared Generator for Low Input Speed Applications. IEEE Trans. Ind. Appl. 2020, 56, 138–147. [CrossRef]

183. Zhang, X.; Song, Z.; Huang, J.; Wang, G.; Wang, T. Analytical Investigation of the Magnetic-Field Distribution in an Axial-Flux
Magnetic-Geared Machine. In Proceedings of the 2019 14th IEEE Conference on Industrial Electronics and Applications (ICIEA),
Xi’an, China, 19–21 June 2019; pp. 661–666.

184. Zhang, X.; Song, Z.; Huang, J.; Wang, G.; Wang, T. Research on a Novel Magnetic-Geared Machine with High Power Density. In
Proceedings of the 2019 14th IEEE Conference on Industrial Electronics and Applications (ICIEA), Xi’an, China, 19–21 June 2019;
pp. 161–166.

185. Wang, R.; Brönn, L.; Gerber, S.; Tlali, P. An Axial Flux Magnetically Geared Permanent Magnet Wind Generator. IEEJ Trans. Electr.
Electron. Eng. 2015, 10, S123–S132. [CrossRef]

186. Dobzhanskyi, O.; Hossain, E.; Amiri, E.; Gouws, R.; Grebenikov, V.; Mazurenko, L.; Pryjmak, M.; Gamaliia, R. Axial-Flux PM Disk
Generator with Magnetic Gear for Oceanic Wave Energy Harvesting. IEEE Access 2019, 7, 44813–44822. [CrossRef]

187. Bahrami Kouhshahi, M.; Acharya, V.M.; Calvin, M.; Bird, J.Z.; Williams, W. Designing and Experimentally Testing a Flux-focusing
Axial Flux Magnetic Gear for an Ocean Generator Application. IET Electr. Power Appl. 2019, 13, 1212–1218. [CrossRef]

188. Chau, K.T.; Zhang, D.; Jiang, J.Z.; Liu, C.; Zhang, Y. Design of a Magnetic-Geared Outer-Rotor Permanent-Magnet Brushless
Motor for Electric Vehicles. IEEE Trans. Magn. 2007, 43, 2504–2506. [CrossRef]

189. Jian, L.; Chau, K.T.; Jiang, J.Z. An Integrated Magnetic-Geared Permanent-Magnet in-Wheel Motor Drive for Electric Vehicles. In
Proceedings of the 2008 IEEE Vehicle Power and Propulsion Conference, Harbin, China, 3–5 September 2008; pp. 1–6.

190. Chau, K.T.; Chan, C.C.; Liu, C. Overview of Permanent-Magnet Brushless Drives for Electric and Hybrid Electric Vehicles. IEEE
Trans. Ind. Electron. 2008, 55, 2246–2257. [CrossRef]

191. Li, W.; Chau, K.T. A Linear Magnetic-Geared Free-Piston Generator for Range-Extended Electric Vehicles. J. Asian Electr. Veh.
2010, 8, 1345–1349. [CrossRef]

192. Chen, M.; Chau, K.T.; Li, W.; Liu, C. Development of Non-Rare-Earth Magnetic Gears for Electric Vehicles. J. Asian Electr. Veh.
2012, 10, 1607–1613. [CrossRef]

193. Liu, C.; Chau, K. Electromagnetic Design of a New Electrically Controlled Magnetic Variable-Speed Gearing Machine. Energies
2014, 7, 1539–1554. [CrossRef]

http://doi.org/10.1049/iet-epa.2018.5474
http://doi.org/10.1109/TMAG.2010.2044636
http://doi.org/10.3390/en9080581
http://doi.org/10.1109/TIA.2020.2979111
http://doi.org/10.3390/en14030666
http://doi.org/10.1109/ACCESS.2022.3151968
http://doi.org/10.3379/msjmag.1412R006
http://doi.org/10.1109/TIA.2019.2946120
http://doi.org/10.1002/tee.22173
http://doi.org/10.1109/ACCESS.2019.2908348
http://doi.org/10.1049/iet-epa.2018.5931
http://doi.org/10.1109/TMAG.2007.893714
http://doi.org/10.1109/TIE.2008.918403
http://doi.org/10.4130/jaev.8.1345
http://doi.org/10.4130/jaev.10.1607
http://doi.org/10.3390/en7031539


Energies 2023, 16, 1721 32 of 32

194. Guldagad Mahesh, N.; Gupta, A.P. The Design of Power Transmission System through the Cycloid Magnetic Gear for Hybrid
Vehicles. In Proceedings of the 14th National Conference on Machines and Mechanisms, NaCoMM 2009, Durgapur, India,
17–18 December 2009.

195. Zhu, X.; Chen, L.; Quan, L.; Sun, Y.; Hua, W.; Wang, Z. A New Magnetic-Planetary-Geared Permanent Magnet Brushless Machine
for Hybrid Electric Vehicle. IEEE Trans. Magn. 2012, 48, 4642–4645. [CrossRef]
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