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Abstract. Gear systems in today’s industry are one of the critical pillars providing power transformation and matching speed and torque
to application requirements. Reliability, high efficiency, and low operating costs are desirable due to the prevalence of gearboxes. This paper
provides a comparative analysis of selected mechanical and magnetic gears, using a specific example to point out the advantages and disadvantages
of contactless power conversion. After determining the essence of the operation of the magnetic gear on the base model, two magnetic gear
optimization cases are presented, testifying to the application potential. An analysis of the stress distribution in the area of the teeth of the
mechanical gearbox and the most stressed element of the magnetic gear – the modulator, was carried out. The effects of temperature and load on
losses were measured and simulated, and ultimately, the efficiency characteristics of the two gears were also compared.
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1. INTRODUCTION

Much time has passed since the first mechanical transmissions
were used in technical engineering. The experience gained dur-
ing their operation allowed us to notice the significant advan-
tages and disadvantages of these solutions and to take appropri-
ate remedial steps or give way in some areas, e.g., to hydrostatic
or other transmissions [1]. Depending on the specifics of the
application, dedicated design solutions for mechanical trans-
missions were developed, ultimately creating a pervasive and
diverse group of devices. The advantages of mechanical gears
often mentioned in the literature are high conversion efficiency
and torque density. The most frequently mentioned defects in
traditional mechanical gears include chipping of the tooth tops,
pitting, cracks and breaks of the tooth, cracking of the tooth rim,
fatigue chipping of the surface layer of the working surfaces of
the teeth, seizing of the active surfaces and others [2–4]. Friction
between the cooperating elements of a traditional mechanical
transmission is cited as the main reason that negatively affects
the service life of the gear [5,6]. Friction in mechanical transmis-
sion occurs at the contact of teeth, subject to combined sliding
and rolling movements [2,5,7,8]. This physical contact between
the gears also generates heat, excessive noise, and vibration and
is responsible for forming backlash (Fig. 1) [2, 5, 9, 10]. Sta-
tistically, about 60% of failures in mechanical transmissions
are caused by damage to the gears. Research conducted on
wind energy has shown that mechanical gear failures are one
of the main causes of downtime in obtaining energy from off-
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shore wind energy [11]. Therefore, it becomes necessary to
conduct cyclical inspections and service works for traditional
mechanical transmissions, which simultaneously increases the
operating costs but prevents unforeseen stops in the production
cycle [6, 12, 13].

Fig. 1. Mechanics of gear tooth engagement (at point of first contact)

Although mechanical transmissions seem to be described in
detail and exhaustively in the literature, they are still an area
of research [14, 15]. In their works, the Authors mainly ana-
lyze the causes of damage to the mechanical system, bending
stresses, contact stresses and perform a reliability analysis. Mod-
ern non-invasive methods based on vibroacoustic and neural
networks are increasingly used to diagnose gearbox components
[3, 16, 17].

The activities undertaken today focus not only on improving
the techniques of obtaining environmentally friendly energy but
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also on the search for methods of effective storage and pro-
cessing. It is crucial to use energy from renewable sources and
maximize the efficiency of the energy transformation process.
A new transducer capable of replacing the critical mechanical
transmission in the process of energy conversion is a magnetic
gear (MG) [18]. Modern concepts of magnetic gears contain-
ing neodymium magnets allowed for a significant increase in
energy conversion efficiency and thus became competitive with
mechanical gears, e.g., in WECS (Wind Energy Conversion
Systems) [2]. Torque transmission via a magnetic field provides
mechanical isolation and eliminates friction between cooperat-
ing moving parts. The absence of friction classifies the magnetic
gear as a maintenance-free design (the need for lubrication has
been eliminated), characterized by natural overload protection.
This property, resulting from the lack of connection of the trans-
ducer elements, protecting both the drive and the driven system,
is an additional advantage, significant in industrial applications
susceptible to frequent overloads [19–21].

Currently, available works mainly focus on the construction,
principle of operation, design modifications, motion properties,
optimization, or other often very detailed research aspects of
magnetic gearboxes, mentioning only the critical disadvantages
of mechanical gearboxes in general terms. The primary purpose
of this paper is to provide a detailed comparison of two con-
temporary competing converters, discussing the differences in
the design and principle of energy transformation, stress dis-
tribution, and sources of losses and efficiency. The paper also
includes a chapter that presents the results of the magnetic circuit
optimization, highlighting the potential of the MG. Can modern
magnetic gearboxes successfully compete with mechanical ones
regarding operational reliability and operating costs? This paper
is one of the few works highlighting essential aspects of both
technologies using a specific example.

The structure of the work is as follows: after a short descrip-
tion of the magnetic gear technology, models and prototypes of
the compared gears are discussed. Then, the key chapters of the
work present an analysis of load distribution and the influence
of temperature on torque and losses, and finally, measurements
of efficiency characteristics are made.

2. MAGNETIC GEARING CONCEPT

The basis of any magnetic gearbox operation is the magnetic
interactions between magnets, both the direct ones and the in-
teractions of harmonic fields modulated through ferromagnetic
elements [22]. The critical issue, however, is the size of the
area of these interactions and the number of magnets simulta-
neously involved in the energy transformation. For this reason,
some of the magnetic counterparts of mechanical gears do not
have application capabilities, but all of them guarantee overload
protection and physical separation in the drive system.

A planetary gearbox (PG), which features a compact design
and carries a relatively large load, was chosen for the anal-
ysis. Using three circulating wheels ensures that the load is
evenly distributed over the surfaces of the teeth in contact with
each other [23]. Figure 2a shows a schematic of the planetary

gearbox design. The magnetic equivalent of a mechanical plan-
etary gear is shown in Fig. 2b. The key components, the sun
wheel, planet wheel, and ring wheel, are equipped with perma-
nent magnets, achieving a relatively high torque density. Huang
published one of the first designs of such a gearbox, with per-
formance competitive with mechanical solutions, in 2008 [24].
Other teams researched magnetic planetary gearboxes, the re-
sults of which were presented in papers [2, 25, 26]. As simula-
tions have shown, the number of planets in a magnetic planetary
gearbox strongly affects the value of transmitted torque. Still, it
also forces the evaluation of magnetic couplings. Magnetic plan-
etary gear containing three, four, five, six and nine planets have
shown good properties, which have also been confirmed experi-
mentally. However, despite the many advantages, many compo-

(a)

(b)

Fig. 2. The key elements (1) sun gear, (2) planet gear, (3) ring gear, (4)
planet carrier in (a) mechanical, (b) magnetic gear case

2 Bull. Pol. Acad. Sci. Tech. Sci., vol. 72, no. 5, p. e150334, 2024



Theoretical and experimental comparison of gear systems: planetary mechanical transmission and coaxial magnetic gear

nents are troublesome, making it difficult to manufacture, apply,
and integrate into permanent magnet electric machines [27].

Magnetic planetary gearing has become competitive with me-
chanical gearing because it simultaneously engages more mag-
nets to work together. However, can it simultaneously use all
magnets while maintaining a relatively simple and robust de-
sign? Atallach’s work [19] on a new Coaxial Magnetic Gear
(CMG) topology, which allows all magnets to participate in
the torque transmission process simultaneously, proved to be
a breakthrough. The CMG (Fig. 3), which has no mechani-
cal counterpart, is built with concentrically seated inner (1)
and outer (3) rotors and a modulator/intermediate ring (2) –
which modulates the magnetic field. Many topologies of mag-
netic gearboxes using flux modulation have been proposed and
described in the literature, which differ in design parameters,
size and magnetization direction of permanent magnets, gear
ratio, etc. [4, 21, 28–31].

Fig. 3. Coaxial magnetic gear

The CMG was chosen for comparison in the paper because
it has no mechanical counterpart and is easier to build than
a planetary gearbox. Moreover, adapting to a specific applica-
tion (e.g., modifying the modulator) is relatively easy while
showing some similarities with a planetary gearbox. While re-
viewing previously published works, no research results showed
such a comparison analysis of mechanical planetary gear and
CMG combination. In the next chapter, the authors will present
the analyzed gearbox variants in detail and make a comparison
highlighting the key parameters.

3. GEARS PHYSICAL SPECIFICATION AND
MODIFICATIONS

The main feature of each gearbox is its ratio; the gears selected
for analysis (PG and CMGs – Base model (BM), Model opti-
mization (Mo. 1)) have identical ratios (𝐺𝑟 = 4:1) and similar

geometric dimensions (Fig. 4). Also significant is the maximum
torque value with which the tested converter can be loaded and
the torque density 𝜌𝑚, defined as the ratio of the maximum
torque value (𝑇𝑚𝑎𝑥) to the volume of the converter (𝑉𝑝) (1). At
the same time, the volume of the transducer is usually taken as
the solid resulting from the functional cross-section (e.g., Fig. 2
or 3), ignoring assembly issues, which are dependent on the
application.

𝜌𝑚 =
𝑇max
𝑉𝑝

. (1)

Fig. 4. Compared gears: (a) CMG BM, (b) CMG Mo. 1, (c) PG

The magnetic gear, the base model in the presented work,
cannot fully compete with the mentioned PG due to its perfor-
mance. It was built to research effective methods of reducing
power losses. In this design, the yoke (Fig. 5) was made of a
sheet metal package, and the modulator similarly in the form of
pins connected by thin magnetic bridges, minimizing losses and
torque pulsations [21]. The torque density obtained in this design
is not at an impressive level, so to fully illustrate the potential
of this design, the authors in the following section proposed two
significant modifications to the magnetic circuit, significantly
affecting the value and shape of the torque characteristics of the
transducer.

Fig. 5. Modulator pole pieces connected by bridges

In designing the magnetic circuit, it was decided to reduce
the number of decision variables, as shown in Fig. 6. Keeping
the volume of the converter constant, mainly the geometry of
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the modulator (M400-50A sheet) and the dimensions of the N35
permanent magnets (NeFe35 – 𝐵𝑟 = 1250 mT, 𝐻𝑐 = 955 kA/m)
were modified. To ensure a gear ratio of 4:1 (for a locked mod-
ulator), it was decided to use two pole pairs for the high-speed
rotor (𝑝ℎ), eight pole pairs for the low-speed rotor (𝑝𝑙), and ten
modulator pole pieces (𝑛𝑠). In further consideration, this com-
bination (𝑝𝑙/𝑝ℎ/𝑛𝑠 ⇒ 2/8/10) is assumed to be constant. The
critical geometric parameter of any permanent magnet converter
is the thickness of the air gap. In the considered CMG, there are
two operating slots. Reducing the thickness of the two slots in-
creases torque values, but in extreme cases, it also causes design
problems. Both prototype modifications shown in Fig. 6b and
6c use air gaps reduced to 1 mm. A commercial computing en-
vironment was used in the simulations, allowing the calculation
of 2D and 3D field models.

Fig. 6. Geometric parameters of CMG: (a) Base model (𝐵𝑀), (b) Model
optimization 1 (𝑀𝑜. 1), (c) Model optimization 2 (𝑀𝑜. 2)

A significant disadvantage of electromechanical converters
containing high-energy permanent magnets is the tapping torque
and torque ripple. The first modification presented in the pa-
per (𝑀𝑜. 1) concerns the case in which the authors, using the
weighted objectives method in the optimization [32,33], focused

on modifying the shape of the modulator pole pieces without
changing the dimensions of the magnets (Fig. 6b). The cross-
section of the modulator pole pieces resembling a trapezoid is
due to the need to reduce harmful torque ripples. In the second
modification (𝑀𝑜. 2), the value of magnetic torque was maxi-
mized – it correlates with an apparent increase in the thickness of
permanent magnets (Fig. 6c). Detailed information on changes
in key geometric parameters is provided in Table 1.

Table 1
Comparison of geometric parameters for CMG models

Parameters 𝐵𝑀 𝑀𝑜.1 𝑀𝑜.2

𝑔in [mm] 5 5 12

𝑔𝑠ℎ [mm] 10 12 8.1

𝑔out [mm] 5 5 8.4

𝑚𝑟 [mm] 0.5 0.5 0.5

𝛿in, 𝛿out [mm] 2 1 1

𝛽𝑖𝑛 [◦] 18 24 22.5

𝛽𝑜𝑢𝑡 [◦] 18 8 16.5

The results of the calculations are included in Table 2. The
best case (𝑀𝑜.2) shows a more than twofold increase in maxi-
mum torque value while reducing the pulsation value by more
than half. Since this gearbox also allows for a 5:1 ratio (for a
locked low-speed rotor), the maximum torque and density val-
ues obtained are even higher (marked “*”). Most importantly,
the modifications presented show the potential of this type of
converter, how relatively minor modifications in geometry or
material parameters result in significantly improved motion per-
formance of the converter, and its application attractiveness.
Each increase in the torque value also directly translates into the
force values within the cooperating elements; in the case of a
mechanical transmission, this applies to a small meshing area,
while in a coaxial magnetic transmission, it concerns the en-
tire modulator area. In the next chapter, the authors will present
research not yet published in the literature regarding selected
aspects of force analysis and load distribution for the considered
gear structures.

Table 2
Comparison of parameters for CMG models (the parameters for a gear

ratio 5:1 were marked with *)

Parameters 𝐵𝑀 𝑀𝑜. 1 𝑀𝑜. 2 𝑃𝐺

Max Torque
[N·m] 15.8/ 19.8* 20.7/25.9* 37.3/46.45* 40

Torque density
[(kN·m)/m3] 37.7/ 47.4* 48.8/ 60.8* 87.5/109.2* 363

Torque
ripple ratio

[%]

𝜖in 6.92 4.38 4.25 –

𝜖out 0.24 1.17 0.71 –

𝜖mod 1.35 0.81 0.55 –
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4. LOAD DISTRIBUTION

In the case of a traditional mechanical planetary gear, the force
is focused pointwise on the tooth surface during contact with the
second tooth. From the beginning of contact between the mating
teeth until the pitch point, the pressure force (𝐹𝑐) increases as the
friction increases. Then, it decreases, reaching 0 when the tooth
crosses the last characteristic point (End of contact). Before the
pitch point, torque is produced by a tangential force (𝐹𝜃 ) in
the direction opposite to the rotation of the drive wheel. The
resulting torque counteracts the rotation of the drive wheel,
forcing an increase in the torque needed to rotate the sprocket.
As a result, the pressure force increases. After exceeding the
pitch point, the tangential force takes the same direction as the
rotating drive wheel; therefore, less torque is needed to rotate the
wheel, and thus, the pressure force in the contact decreases [7].

The forces acting on the teeth (2)–(4) of both the solar gear
and the planetary gear retain the same value according to the
principle of action and reaction. The force between the contact-
ing teeth (𝐹𝑛_𝑆𝑃) develops perpendicular to the contact surfaces.
At the same time, the pressure angle (𝛼) characterizes the angle
between the tangential force (circumferential) responsible for
transmitting the load and the normal force (Fig. 7) [20,34]. This
normal force can be decomposed into a radial force (𝐹𝑟_𝑆𝑃) and a
tangential force (𝐹𝜃_𝑆𝑃), where the subscripts inform the reader
between which gears of the planetary gear the force analysis is
performed.

𝐹𝜃_𝑆𝑃 =
2𝑇𝑆
𝐷𝑆

, (2)

𝐹𝑟_𝑆𝑃 = 𝐹𝜃_𝑆𝑃 tan𝛼 , (3)

𝐹𝑛_𝑆𝑃 =
𝐹𝜃_𝑆𝑃

cos𝛼
. (4)

Fig. 7. Gear teeth in contact

Magnetic forces ( 𝑓mag) transmit torque in a magnetic gear, and
the most significant values are observed within the modulator.
The distribution of forces is described by the divergence of the
Maxwell stress tensor M in the environment – the air gap (5). We
obtain a specific force value by integrating it over the volume for
the selected element. Considering its particular shape (notched
ring, resembling a gear), it is impossible to directly determine

the local force acting on one section – the modulator pole piece
in analogy to the teeth of a mechanical gear. However, using
Gauss’s formula, which converts the volume integral into an
integral over a closed surface (6), it is possible to decompose
the resultant force into the scalar product of the tensor M and
the unit vector n – normal to the integration surface.

®𝑓mag = ∇ ·M, (5)

®𝐹mag =

∰
𝑉

(𝜈0∇ ·M) d𝑉 = 𝜈0

∯
𝑆

M ·nd𝑆, (6)

where 𝜈0 is reluctivity of vacuum.
The resultant force acting on the selected pole of the modu-

lator (𝑃𝑖) can be determined by summing the component forces
associated with each of the six walls (7) shown in Figure 8. Ver-
ification can be carried out based on a comparison of the torque
acting on the modulator, calculated in accordance with eq. (8)
with measurements [35].

®𝐹𝑃𝑖
=

6∑︁
𝑗=1

®𝐹𝑗𝑃𝑖
, (7)

𝑇mod =

(
𝑛𝑠∑︁
𝑖=1

𝐹𝜗𝑃𝑖

)
𝑟mod , (8)

where 𝑟mod is the modulator guiding ray.

Fig. 8. Local forces on individual walls of pole piece 𝑃3

A graphical interpretation of the variability of the radial and
tangential force components for the sun gear of the planetary
gear, based on equations (2-4), is presented in Fig. 9, limited
to two operating states – at no-load and at load 𝑇𝑙 of 12 Nm.
Due to the number of planets, each tooth of the sun gear, during
its complete revolution, transmits the entire torque three times.
The highest observed force value exceeds 400 N and concerns
the tangential component for the load 𝑇𝑙 , while in the no-load
condition, it is approximately ten times smaller. The radial force
component in both cases is three times smaller and does not
exceed 150 N.

Analogous considerations were carried out for three variants
of the concentric magnetic transmission, including working idle
and under load𝑇𝑙 . At the no load, the amplitude of the tangential
components for the 𝑀𝑜. 1 and 𝑀𝑜. 2 variants is comparable to
that of the planetary gear. At the same time, the base model is
four times lower (Fig. 11a). Due to the magnetic symmetry of
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(a)

(b)

Fig. 9. Tangential and radial force components acting on the tooth of
the sun gear of the planetary gear (a) at no load, (b) at a load of 𝑇𝑙

the transducers, the radial components completely cancel each
other. However, when viewed locally, permanent magnets cause
significant radial tensions within the individual poles of the
modulator, in extreme cases with an amplitude as much as ten
times higher (Fig. 11b).

Fig. 10. Flux density lines and local forces on the walls of the CMG at
no load

As all poles of the modulator are involved in the torque trans-
fer, the values of the tangential components, just like at no load,
are much smaller than in a mechanical planetary gear (Fig. 11c).
The radial component of the force acting on the selected pole
in all three variants is still relatively high, and its average value

(a)

(b)

(c)

(d)

Fig. 11. Variability of tangential and radial force components acting on
the selected modulator pole-piece for three CMG variants (𝐵𝑀 , 𝑀𝑜. 1,

𝑀𝑜. 2) (a), (b) at no load, (c), (d) at a load of 𝑇𝑙
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is close to the value in the idle state (Fig. 11d). However, from
a global perspective, the transducer is balanced, and the radial
tensions cancel out – this applies to all gear designs with integer
ratio and magnetic symmetry. Figure 10 shows the distribution
of the magnetic field lines in the base model and the distribution
of local forces acting on the modulator in the base model (𝐵𝑀)
at no load.

Excluding friction is a key issue due to the quality of the trans-
ducer operation. Replacing a mechanical gear with a magnetic
one can significantly reduce harmful vibrations and noise in the
drive system. However, local magnetic interactions with a large
amplitude of changes may also be a source of problems. An-
other important aspect related to energy transformation, present
in both mechanical and magnetic transducers, is energy loss.
Therefore, in the next chapter, the authors will address the issue
of analyzing losses occurring in both types of gears that are
considered in operation.

5. LOSS ANALYSIS AND EXPERIMENTAL RESEARCH

Among the many essential properties that characterize modern
electromechanical and mechanical converters, the key one, for
obvious reasons, is efficiency in energy conversion. This is re-
lated to the continuing rise in fuel and energy prices, as well
as sustainability and reduction of the environmental impact of
fossil fuels. Also key is the size and weight of the converter and,
shown in Table 2, the maximum torque and, consequently, the
torque density [2].

The authors used measurement stations that were appropri-
ately prepared to conduct experimental research. A stepper mo-
tor was used to measure the static torque as a function of the
rotation angle of the internal rotor (Fig. 12). For efficiency mea-
surements, the station was equipped with a servo drive and a
powder brake to determine the characteristics of the transducers
for various loads and precise regulation of the rotational speed.

Fig. 12. Measuring station

Calculations were made for a condition classified as a short
circuit when the external rotor and modulator are blocked to de-
termine the characteristics of the static torque and its maximum
value. In this case, one of the characteristics of magnetic torque

transformation is revealed. Non-destructive measurement veri-
fication on the real object is possible only for a magnetic gear
since exceeding the maximum torque acting on the converter
will not cause damage to the structural components, as in the
case of a mechanical planetary gearbox. The results of the calcu-
lations obtained from the simulation of the CMG gearbox were
compared with the measurements carried out on the test bench,
summarized in Fig. 13.

Fig. 13. Comparison of magnetic torque characteristics for CMG BM

The operation of the mechanical transmission is influenced
by many physical phenomena that affect energy dissipation and
deteriorate the condition and operational properties of the trans-
ducer. The main power losses occurring in the analyzed plan-
etary gear are of mechanical origin and are caused by friction
occurring in lubricated tribological nodes and bearings. These
losses depend on the load and increase with the torque transmit-
ted by the transducer [36]. In addition, in a mechanical gearbox,
there is a group of non-load-dependent mechanical losses result-
ing from the rotation of its components. The primary sources
of losses resulting from the rotation of elements in a plane-
tary gearbox are viscous drag associated with rotating elements
(gears, bearings), pumping of a mixture of grease and air from
the space between interlocking teeth (Fig. 14b), and friction-
induced losses in bearings. Centrifugal forces of the rotating
components cause losses in the bearings of a planetary gear-
box [36] and, like losses arising in the gap (windage losses),
increase with increasing speed [37].

Each satellite of the planetary gear under consideration is sub-
ject to load-dependent and load-independent (viscous) losses.
The satellite rotation also causes a centrifugal force that acts
on each planetary wheel. These forces cause a load-dependent
frictional drag on each satellite, which directly increases the
power loss in the converter. The results obtained for the tested
𝑃𝐺, shown in Fig. 14a, confirm this trend. The transducer was
loaded with a torque (𝑇𝑙) of 1, 7, and 12 Nm, and the measure-
ments were carried out for the rotational speed range from 0 to
500 rpm on the output shaft (low-speed side) at room tempera-
ture (24◦C).

The losses in passive magnetic gears are caused by mech-
anisms similar to those of any machine containing permanent
magnets, excluding only the losses associated with the winding.
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(a)

(b)

Fig. 14. The PG (a) power as a function of speed for selected loads, (b)
disassembled components

Thus, in the overall balance, it is necessary to distinguish be-
tween losses of mechanical origin related to friction in bearings,
air gaps, and losses of magnetic origin (𝑃Fe) [21]. The identi-
fication of losses of magnetic origin was based on the analysis
of measurement data, taking into account the binary nature of
these losses (9), which depend on the rotational speed, where
𝑘ℎ i 𝑘𝑤 is the hysteresis coefficient and eddy current coefficient,
respectively.

𝑃Fe = 𝑘ℎ𝜔+ 𝑘𝑤𝜔2 . (9)

In a magnetic gearbox, due to the magnetic couplings that
occur between the rotors and the stator, it is impossible to
make measurements at no load independently for mechanical
and magnetic losses. To determine the losses arising in the bear-
ings of the tested structure, the gearbox was decomposed into
its components and separate measurements were made. Due to
the gearbox low operating speeds and the rotor smooth-walled
structure, friction losses in the gaps can be ignored. A detailed
analysis of the loss decomposition is presented in the paper [21].

The efficiency of mechanical and magnetic gears is strongly
influenced by temperature. For components subject to lubri-
cation, adequate reheating reduces the lubricant viscosity and

improves operating conditions. However, a too-high temperature
adversely affects the lubricating properties, friction processes,
and wear of gear components. The properties of permanent
magnets are mainly related to temperature, so knowledge of
the temperature of components under operating conditions is
essential for optimal gearbox design.

Magnetic gears are particularly susceptible to high temper-
atures. The change in the critical parameter of any perma-
nent magnet – the remanence induction – is described by the
reversible temperature coefficients of induction provided as
0.12%/◦C. This coefficient indicates the percentage change in
remanence induction per degree Celsius within the temperature
range of 20◦C to 80◦C. The transducers described in this article
are designed to work as structural components of a manipulator
in conditions where the operating temperature does not exceed
50◦C. However, available papers assume the operation of mag-
netic gearboxes in environments where the operating tempera-
ture is in the range of 150◦C [38, 39]. These articles account
for the potential for applying magnetic gears in diverse/difficult
operating conditions. The torque variation as a function of CMG
temperature is shown in Fig. 15 in the form of ranges for three

(a)

(b)

Fig. 15. Angular variation of CMGs torque on (a) high-speed rotor,
(b) low-speed rotor, as a function of high-speed rotor rotation angle,

for temperatures of 20–50◦C
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models of the CMG converter. The range limits are highlighted
in blue at 20◦C and red at 50◦C. An increase in temperature in
the magnetic transducers decreases the achievable torque on its
components by about 0.4% for each degree Celsius.

As part of the tests, the gears were placed in a special heat-
ing chamber, where the tested transducers were heated to a
preset temperature (Fig. 12). Thermocouples, in combination
with a dedicated measurement, control, and data acquisition
system, were used to control the temperature and reach the set
steady state in the CMG. Losses of mechanical origin in the
given temperature range decrease in the compared transmitters
with increasing temperature (Fig. 16). The main reason for this
phenomenon is a decrease in the viscosity of the lubricating
medium. This applies to the lubricant in the PG and the lu-
bricating medium in the bearings in both gear cases. For the
magnetic gearbox, an increase in temperature also contributes
to a reduction in the value of the cogging torque. In a well-
designed magnetic gearbox, losses of electromagnetic origin
can be practically eliminated. Only the necessary mounting and
centering elements remain – the bearings.

Fig. 16. No load losses for the compared transducers as a function of
speed at different temperatures

The most critical parameter of both gears is, of course, the effi-
ciency characteristics. The series of measurements made it pos-
sible to plot efficiency characteristics for converters preheated to
30◦C (Fig. 17a, 17b). Both the load torque and the speed deter-
mine the operating point. The higher value and faster-growing
efficiency characteristics of CMG guarantee better operating
conditions and efficient energy conversion over a broader range
of loads.

6. CONCLUSIONS

Scientific work directly comparing gears derived from two sep-
arate technologies are rare. The combination of CMG, which
does not have an equivalent in the form of a mechanical trans-
mission, with PG is not accidental. Based on a specific example,
the work showed that it is possible to reduce the relatively high
point stresses in the PG meshing area from over 400 N almost
three times and distribute them evenly around the entire circum-
ference of the CMG. This positively affects the whole machine
system, relieving the bearings and reducing vibrations and the
risk of secondary damage. Temperature is an often overlooked
issue in magnetic gear technology. This work also objectively
shows the negative effect of lowering the torque break threshold
for the CMG with an increase in temperature of 0.4% for each
degree Celsius. The operating temperature is essential for both
transducers; it is the reason for limiting the losses related to the
viscosity of the lubricant (also in the bearings), but in the case of
CMG, it must be taken into account when selecting the class of
permanent magnets. Despite significant progress in research on
non-contact energy transformation, CMG is still characterized
by a significantly lower torque density value, so optimization is
the key. As shown in Table 2, however, it is possible to improve
the critical parameters of CMG and come closer to the possibil-
ities offered by PG. In the last part of the work, comparing both
gears on the basis of efficiency characteristics measurements
showed that CMG is a much more advantageous solution in a
wide range of loads. The efficiency of the magnetic gear in the

(a) (b)

Fig. 17. Efficiency characteristics for (a) PG and (b) CMG BM
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range of small loads that do not exceed 20% of the rated torque
is more than 15% higher, and the final efficiency reaches an
impressive 97% for a low-power converter.
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