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Abstract—This paper provides a thorough, parametric
comparison of axial and radial flux coaxial magnetic gears with
surface-mounted permanent magnets (PMs). While both
topologies share similar operating principles and can achieve
comparable shear stresses, they exhibit different scaling trends
with respect to key design parameters. Both topologies’
volumetric torque densities (VIDs) increase with the outer
radius, but the axial flux topology’s VTD increases with the
radius at a much faster rate than the radial flux topology’s VTD.
Another difference between the topologies involves their cross-
sectional scaling parameters. The stack length axially scales
radial flux gear cross-sections, and, as it increases, the impact of
end-effects decreases, which improves the performance. For
axial flux gears, the radii ratio scales the cross-section’s radial
width between different radii. This fundamentally changes
optimal parameter values and design performance tradeoffs.
Finally, axial flux rotors experience significant axial forces, but
the radial forces on radial flux rotors can be balanced out. Based
on these trends, radial flux gears are superior to axial flux gears
for most applications; however, axial flux gears have a significant
advantage when a large radius and a small axial length are
permissible or when mechanical power needs to be transmitted
across a flat barrier.

Index Terms—Axial flux, end-effects, finite element analysis,
gear ratio, magnetic gear, permanent magnet, radial flux, scaling,
shear stress, torque density.

1. INTRODUCTION

AGNETIC gears convert energy between low-speed,

high-torque rotation and high-speed, low-torque
rotation. Thus, like mechanical gears, magnetic gears allow a
relatively small, high-speed electric machine to connect to a
low-speed system. However, unlike mechanical gears,
magnetic gears transfer power using modulated magnetic
fields instead of direct contact between mechanical teeth. This
contactless operation provides numerous potential benefits,
such as improved reliability, reduced maintenance, reduced
acoustic noise, and physical isolation between shafts. Thus,
magnetic gears have generated significant interest over the
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past two decades [1]-[3] and have been proposed for numerous
applications, including wind [4] and wave [5], [6] energy
harvesting, traction [7], and ship propulsion [8].

Most of the existing magnetic gear literature focuses on the
radial flux coaxial magnetic gear [1]-[8], which is shown with
surface-mounted permanent magnets (PMs) in Fig. 1(a).
However, the axial dual of this topology, which is shown in
Fig. 1(b) has also received some attention [9]-[13]. Although
magnetic gears of either topology can be used as standalone
gears, several magnetically geared machine (MGM)
topologies integrate a radial or axial flux coaxial magnetic
gear with an electric machine to form a single compact device
[14]-[17]. Information about prototype designs and
experimental results can be found in [2], [5], [7], [15], [18]-
[20] for radial flux magnetic gears and MGMs and in [13],
[16], [17] for axial flux magnetic gears and MGMs. Coaxial
magnetic gears consist of two rotors with PMs (Rotors 1 and
3) and another rotor with magnetically soft poles called
modulators (Rotor 2). For both topologies, the number of
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Fig. 1. (a) Radial flux and (b) axial flux coaxial magnetic gears with surface-
mounted permanent magnets.



modulators (Q») should be the sum of the number of pole pairs
on Rotor 1 (P1) and Rotor 3 (P3) [1]-[6], [18], as shown in

Q2:P1+P3. (1)

While multiple operating modes are possible, the highest
gear ratio is achieved if the high pole count PM rotor (Rotor 3)
is held stationary. In this case, the gear ratio (G) is given by

o _0

G=2L=%22,
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which relates the steady state speeds of Rotor 1 (w;) and Rotor
2 (w>) [3], [4], [6], [18]. Throughout this study, Rotor 3 is
held stationary and Rotor 2 is used as the low speed rotor.

Although the fundamental operating principles of both
topologies are similar, there are some important design,
performance, and scaling differences. First, for radial flux
gears, the radial magnetic forces on each rotor can be canceled
out with symmetry [5], [21], [22]. Alternatively, in axial flux
gears, symmetry cancels out the off-axis torques, but there are
still unbalanced net axial magnetic forces on the rotors [17].
Second, the two topologies’ performances scale differently, as
summarized by [17] and in Table I (which is a simplistic but
useful idealistic analysis based on the assumption of a fixed
air gap shear stress, 6). Whereas the lever arm (the
perpendicular distance between the axis of rotation and the
location where the force is produced) is proportional to the
radius for both topologies, the air gap area of the radial flux
gear is approximately proportional to the product of its outer
radius (Ro.) and axial height (H), but the air gap area of the
axial flux gear is proportional to the outer radius squared.
Thus, the volumetric torque density (VTD), which is the Rotor
2 stall torque (t2) divided by the active volume, as given by

T

2
VTD TR H 3)
scales differently for the two topologies. The axial flux gear’s
VTD ideally grows linearly with the outer radius, but the
radial flux gear’s VTD is ideally invariant with outer radius.
Therefore, the axial flux gear favors a form factor with a large
outer radius and short axial height, but the radial flux gear’s
VTD is ideally much less dependent on form factor.

Although this qualitative finding is unsurprising given that
it is a generally accepted fact for other more conventional
axial and radial flux electric machines, it is also of limited
value without a more detailed numeric characterization of
these trends. However, to this point, only a single limited
direct comparison has been made between axial flux and radial
flux magnetic gears. Furthermore, because that study only
compares designs at a single outer radius and axial length, it
draws conclusions that contradict the aforementioned
theoretically predicted and conventionally accepted form
factor trends [23]. This study provides a thorough quantitative
comparison of radial flux and axial flux coaxial magnetic
gears with surface PMs by comparing optimal designs for
different operating points and performance metrics.
Additionally, this study evaluates and characterizes the scaling
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TABLEI
Comparison of Ideal Geometrical Scaling Trends for Radial
Flux and Axial Flux Magnetic Gears

Parameter Radial Flux Gear  Axial Flux Gear
Air Gap Area o< RourH o Rout®
Lever Arm < Rou € Rou
Torque o 6'Rou*H o 6"Rou’
Volume o Rou>H o Rou™H
VTD oo o 6'Rou/H

behaviors of both radial flux and axial flux coaxial magnetic
gears. As with any design study, the exact numerical results
presented in this paper depend on its assumptions, such as the
use of a fixed air gap regardless of the design’s radius or
topology, but, due to the breadth of the parametric designs
considered, the results still provide useful general indications
of the two topologies’ relative merits and design trend
differences, which can be used to draw general conclusions
and provide guidance at the outset of design specific studies.

II. DESIGN STUDY METHODOLOGY

To compare the two topologies, a broad parametric
simulation sweep was performed for both topologies using
nonlinear finite element analysis (FEA). Tables II-IV specify
the parametric design combinations considered in this study,
which were selected based on the results of past studies [17],
[24], [25] in order to include a reasonable range and resolution
of values for the most significant and interesting parameters.
Table II provides the common ranges of values considered for
each parameter used in both gear topologies, while Table III
provides the ranges considered for each parameter unique to
either of the two topologies. As in [17], [24], [25], a few
derived parameters were used to facilitate the parametric
sweep. First, Gy, represents the integer part of the gear ratio
and determines the Rotor 3 pole pair count, P;3, in terms of the
Rotor 1 pole pair count, P;, according to

for G,,
for G

Int

_ |Gy =D B +1
(G, =) P +2

-P, odd

P, .
3 - P, even

4)
This formula allows the gear ratio to be maintained near a
desired integer value as P; is varied, while simultaneously
achieving two objectives. First, (4) results in a relatively high
least common multiple between 2-P; and 0>, which keeps the
cogging torque relatively low. Second, (4) ensures that Q» is
even, which results in symmetry. For radial flux gears, this
symmetry ideally cancels out the net radial forces on each
rotor (assuming zero tolerances and no eccentricity). For axial
flux gears, the symmetry ideally cancels out the off-axis
torques on each rotor.

The second derived parameter, kpy, which is the magnet
thickness ratio, relates the thicknesses of the magnets on Rotor
1 (Tpur) and Rotor 3 (Tru3) according to

Tpmsz = ke * Tpumi. (%)

Because Rotor 3 has more poles than Rotor 1, Rotor 3
experiences more flux leakage between adjacent poles, so it is
generally optimal for the Rotor 1 magnets to be thicker than



the Rotor 3 magnets [25]. However, if the Rotor 1 magnets
are too much thicker, they may demagnetize the Rotor 3
magnets. Thus, kpy is varied between 0.5 and 0.75.

The third derived parameter, kz, determines the radii ratio
of the axial flux gears according to

Riyn=keg* Rous, (6)

where R;, is the inner radius and Ro. is the outer radius. As
indicated in Table III, this relationship is only used for the
axial flux gears because the radii ratio for each radial flux gear
is determined by Ro. and the radial thicknesses of the radial
layers. Similarly, the axial height of each axial flux gear is
determined by the various axial layer axial thicknesses, instead
of an additional stack length parameter.

In addition to the parameters shown in Tables II and III,
Table IV summarizes the various P; values evaluated for each
Gin, Row, and topology combination to ensure that the optimal
P; value for each performance metric is within the range
considered for each scenario, without including unnecessary
sub-optimal cases. As Gy is increased, the ratio of P3 to P;
increases according to (4). Thus, for higher values of Gy, the
optimal P; values are lower to prevent excessively short Rotor
3 pole arcs, which result in high leakage flux between adjacent
poles. Similarly, larger Ro.. values increase the pole arcs for a
given pole count and lead to higher optimal P; values. Even
values of P; were excluded to reduce the case count.

Magnetic performance is generally optimized by simply
minimizing the air gap, so only a single air gap value was used
in this study. In practice, the minimum viable air gap (from a
mechanical design and manufacturing cost standpoint) should
generally be used; however, this value may change depending
on the outer radius and topology. Similarly, the results of past
studies [25], [26] consistently indicate that the magnetically
optimal modulator thicknesses tend to be smaller than the
minimum mechanically practical thicknesses, so only a single
modulator thickness was considered in this study. In practice,
the minimum mechanically acceptable modulator thickness
should generally be used in most designs. Furthermore, as
shown in Fig. 1, all PM tangential fill factors were set to 1,
and the modulator tangential fill factors were set to 0.5. More
information about the generally less complex effects of these
parameters can be found in [25]. Finally, some parameter
value combinations from Table II would result in radial flux
gears with negative inner radii, so these combinations were
discarded from the radial flux gear design set.

Each design case was simulated using nonlinear FEA. For
both the radial flux and axial flux designs, the PMs are made
of NdFeB N42 with a remanent flux density of 1.3 T, the back
irons are made of isotropic M47 magnetic steel, and the
modulators are made of a soft magnetic composite, Somaloy
700 3P. All 5928 of the radial flux designs were simulated
using 2D FEA, then 2481 of the best designs were simulated
at each of the 11 different stack lengths specified in Table III
using 3D FEA. All of the radial flux gear results presented in
the following sections are based on 3D FEA unless
specifically indicated otherwise. All 34,560 of the axial flux
designs were simulated using 3D FEA exclusively.
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TABLE II
Common Cross-Sectional Parameter Sweep Ranges
Parameter Values Units
Integer part of gear ratio (G.) 4,9, 16
Outer radius (Rou) 50, 75, 100, 150, 200 mm
Rotor 1 back iron thickness (731) 5, 10, 20 mm
Rotor 3 back iron thickness (753)
For T/ =5 mm 5 mm
For T =10 mm 5,10 mm
For T =20 mm 5,10, 20 mm
Rotor 1 PM thickness (Tran) 3,6,9,12,15 mm
PM thickness ratio (kpa) 0.5, 0.625,0.75
Air gap thicknesses (7.4¢) 1 mm
Modulator thickness (7zods) 10 mm
TABLE III

Topology Specific Parameter Sweep Ranges

Parameter Radial Flux Gear Axial Flux Gear Units
Radii ratio (kz) N/A 0.25,0.375, ..., 0.875
5,10, 15, 20, 25, 30,
Stack length (H) 40. 50, 60, 80, 100 N/A mm
TABLE IV
Rotor 1 Pole Pair Count (P;) Sweep Ranges
Rou G =4 Gmi=4 Gmi=9 Gmi=9 G =16 G =16
(mm) (Radial) (Axial) (Radial) (Axial) (Radial) (Axial)
50 3,5,7 3,5,7 3,5,7 3,5,7 3,5 3,5
75 3,5,7,9 3,5,7,9 3,5,7,9 3,57 3,5 3,5
100 3,5,...11 3,5,...11 3,5,...11 3,5,7,9 3,5 3,5
150 3,5,...19 3,5,...17 3,5,...13 3,5,...11 3,5,7 3,5,7
200 3,5,...23 3,5,...21 3,5,...15 3,5,...13 3,5,7,9 3,5,7,9

The designs are evaluated primarily based on three metrics:
volumetric torque density (VTD), PM gravimetric torque
density (PM GTD), and average air gap shear stress in the low
speed air gap between Rotor 2 and Rotor 3 (ors4g). VTD
normalizes the torque of the magnetic gear based on its size as
shown in (3). PM GTD is the Rotor 2 stall torque divided by
the total mass of the PMs in the gear, as given by

PM GTD =" (7)

m PM

where mpy is the total mass of the PMs in the gear. PM GTD
provides a normalized measure of how effectively each design
uses the magnet material, which is the dominant source of
active material cost in gears using NdFeB magnets [24].
Shear stress is a useful, but slightly more abstract, metric that
characterizes the average tangential (torque producing) force
per unit of air gap area yielded by a given design, without
considering the lever arm (radius) at which that force is
generated [27], [28]. This is useful for comparing the effects
of design parameters besides outer radius on the performances
of designs at different outer radius values. For radial flux
designs, o1s546,rad 1S given by

7

S E— {
27z-RZSAG-H ®

OLSAG,Rad =

where R;s4c is the radius of the low speed air gap and 13 is the



Rotor 3 stall torque. Similarly, for axial flux designs, 07546 4x
is given by

2}

€))

OLSAG Ax =

2 (R -R)

III. RESULTS

A. 2-D Cross-Sectional Design Parameters

Figs. 2 — 15 illustrate several important design trends based
on the parametric FEA simulation study results. In particular,
Figs. 3, 4, and 6 depict the variation of the maximum VTD
and PM GTD with some of the more impactful 2-D cross-
sectional design parameters, Tpy, P, and Gy, for the various
Rou value and topology combinations denoted in the legend in
Fig. 2. Fig. 3 shows the effects of varying the Rotor 1
permanent magnet (axial or radial) thickness on the maximum
achievable VID and PM GTD. The results in Fig. 3(a)
demonstrate that, for most radial flux gears, the VTID is
maximized by simply using the thickest magnets considered in

ROul =50 mm HOut= 100 mm HOut =200 mm
Axial 3D —— - g
Rad'al 3D ..... [ Aeor 0 e [

Fig. 2. Legend for Figs. 3, 4, and 6.
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Fig. 3. Variation of maximum (a) VTD and (b) PM GTD with the Rotor 1 PM

thickness for both axial flux gears and 50 mm stack length radial flux gears at
different outer radius values (both with G, = 4).
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Fig. 5. Variation of maximum average low speed air gap shear stress with
Rotor 1 PM thickness and pole pair count for (a) axial flux gears and (b) 50
mm stack length radial flux gears (both with a 200 mm outer radius and G, =
4). The dashed line indicates the optimal Rotor 1 pole pair count for each
Rotor 1 PM thickness.
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with Gy, at different outer radius values for both axial flux gears and 50 mm

stack length radial flux gears.

the study, which is consistent with findings from previous
studies [24], [25]. The lone exception to this trend in Fig. 3(a)
is the 50 mm outer radius design set, where the decreased
radial space limits the amount of magnet material that can be
used effectively. If even thicker magnets were considered in
this study, the finite radial space would eventually limit the
optimal magnet thicknesses for radial flux gears with larger
outer radii. When the available radial space is not an issue,
this trend occurs because increasing the radial thickness of the



magnets does not increase the volume of the radial flux gears
(for a fixed outer radius). However, because increasing the
magnet thickness increases the effective air gap, the torque
density returns diminish as magnet thickness continues to
increase. As a result, the axial flux gear’s behavior is more
complicated. Increasing the axial thickness of the magnets in
an axial flux gear is not a very effective means of increasing a
design’s torque rating, because it also increases the effective
air gap. Furthermore, increasing the axial thickness of the
magnets in the axial flux gear also increases the gear’s axial
height and overall volume; therefore, the VTD of the axial
flux gears is maximized by choosing the appropriate
intermediate PM thickness instead of simply using the largest
permissible value. Similarly, Fig. 3(b) reveals that the PM
GTD is maximized for each topology and outer radius
combination by choosing the minimum magnet thickness
considered in the study to minimize the effective air gap and
use the magnet material as effectively as possible. The
theoretically optimal magnet thicknesses for maximizing PM
GTD would likely be impractically thin for manufacturing and
handling.

It is important to note that because magnetic gears have
large linear reluctances from the two air gaps and two sets of
PMs, their design often favors a higher degree of saturation
than typical electric machines, which have much smaller linear
reluctances. For some of the highest VID designs, flux
densities reached peak levels of almost 2.5 T in the Rotor 1
back iron, approximately 1.75 T in the modulators, and nearly
2.5 T in the Rotor 3 back iron. For some of the highest PM
GTD designs, flux densities reached peak levels of almost
1.75 T in the Rotor 1 back iron, approximately 1.15 T in the
modulators, and nearly 2.25 T in the Rotor 3 back iron.
Despite these high flux densities, magnetic gears can achieve
high efficiencies, especially under high torque, low speed
operating conditions [24]. While these high iron flux densities
do cause some core losses, the eddy current losses in the PMs
often account for the majority of the total losses in a magnetic
gear, especially as the operating speed increases [5], [24], and
laminated PMs can be used to improve the efficiency if
necessary.

Fig. 4 demonstrates that the Rotor 1 pole pair sweep ranges
summarized in Table IV contain the optimum values for both
VTD and PM GTD at each of the design scenarios indicated in
the legend in Fig. 2, except for the 50 mm outer radius
maximum VTD design set. The VTD for this design set
would be maximized by using a Rotor 1 pole pair count of less
than 3; however, as indicated in Table IV, Rotor 1 pole pair
counts below 3 were not considered in the study because they
generally lead to high torque ripple unless additional
measures, such as magnet skewing, are employed [4]. In
general, the results in Fig. 4 suggest the fairly obvious
conclusion that the larger outer radius designs favor higher
pole pair counts than the lower outer radius designs.

A comparison of the graphs in Fig. 4(a) and Fig. 4(b) also
indicates that the maximum PM GTD designs use higher
Rotor 1 pole pair counts than the maximum VTD designs.
This is because the thicker magnets used in the maximum
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VTD designs increase the effective air gaps, which results in
increased leakage flux between adjacent poles. This must be
counteracted by using lower pole pair counts to achieve larger
pole arcs [25]. Fig. 5 illustrates this principle by depicting the
impact of the Rotor 1 magnet thickness on the optimal Rotor 1
pole pair count that maximizes the average low speed air gap
shear stress (indicated by the dashed line) in axial flux gears
and 50 mm stack length radial flux gears with 200 mm outer
radii and G, = 4.

The results in Fig. 6 reveal that increasing the gear ratio
yields lower maximum VTDs and PM GTDs for both the axial
and radial flux topologies. This is primarily because the larger
gear ratio increases the disparity between the pole pair counts
on the different rotors, which makes it more difficult to
simultaneously optimize the pole pair counts on each rotor.
As illustrated by the curves in Figs. 6(b) and 6(d), higher gear
ratio designs favor lower Rotor 1 pole pair counts in order to
decrease the Rotor 3 pole pair and modulator counts and
decrease leakage flux in those regions; however, that leads to
decreased coenergy derivatives with respect to rotor positions.
Consequently, both VTD and PM GTD tend to decrease as the
gear ratio increases (within the evaluated range), and the
resulting optimums (maximum torque densities) depicted in
Fig. 6 represent compromises between these competing
influences at each design point.

B. 3-D Scaling Design Parameters

Figs. 8-10 depict the variation of the design quality metrics
with the outer radius, stack length, and radii ratio for each of
the various Gy, value and topology combinations denoted in
the legend in Fig. 7. Fig. 8 shows how the maximum torque
density values scale with the gear’s outer radius, which is one
of the most noteworthy differences between the axial flux and
radial flux topologies.  As predicted by the analysis
summarized in Table I, the VTD of the axial flux gears grows
almost linearly with the outer radius. On the other hand, while
Table I suggests that the VID of radial flux gears is ideally
invariant with the outer radius, the results in Fig. 8(a)
demonstrate that it actually increases at a diminishingly
sublinear rate with the outer radius (due to several
considerations not accounted for in Table I). One basic major
factor causing this growth is that the ratio of the air gap radius
to the outer radius increases as the outer radius increases.
Another important consideration for both radial flux and axial
flux gears is that higher outer radius designs favor larger pole
counts, as previously indicated in Fig. 4, which means that
there is finer resolution (on a percent change basis) for better
optimization between consecutive discrete pole pair count
values. Furthermore, as previously noted, the lowest pole pair
count considered, 3, is sub-optimal for maximizing VTD at an
outer radius of 50 mm. Regardless, axial flux magnetic gears
are able to achieve significantly higher VTDs than radial flux
gears at relatively larger outer radii but achieve lower VIDs
than radial flux gears at lower outer radii. However, the PM
GTDs tend to scale approximately linearly with outer radius
for each topology. Since the PM mass is approximately
proportional to the air gap area, this is consistent with



behavior predicted by the analysis in Table 1. Additionally,
Fig. 8 reinforces the observation that the designs with larger
gear ratios tend to perform worse (within the evaluated range
of gear ratios).

Fig. 8 also shows that the 3D FEA predicts a lower torque
for the radial flux designs than the 2D FEA, which is due to
the magnetic gears’ end-effects [29]. Fig. 9 compares the
difference between the 2D FEA results and the 3D FEA
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Fig. 7. Legend for Figs. 8-10.
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results at different stack lengths, outer radii, and gear ratios,
which leads to a few conclusions. First, the relative impact of
the end-effects decreases as the stack length increases, with
the 2D FEA VTD and PM GTD representing the ideal limits
for the 3D FEA results as the stack length is increased
indefinitely. This means that, for a given outer radius, designs
with higher torque ratings (and, thus, longer stack lengths) will
tend to have higher VIDs and PM GTDs than designs with
lower torque ratings. Second, the end-effects tend to have a
more significant impact on the maximum VTD designs than
on the maximum PM GTD designs. This is likely due to the
aforementioned facts that the maximum VTD designs have
much thicker magnets, which increases both the effective air
gap and the impact of the escaping flux, and lower pole pair
counts, which leads to longer flux paths and more axially
escaping leakage flux [29]. Finally, the stack length has a
much stronger influence on the impact of end-effects than the
outer radius (assuming that the other parameters, such as pole
counts are optimized independently for each radius).

The impact of the radii ratio on an axial flux gear’s
performance, which is depicted in Fig. 10, is more complex
than the impact of the stack length on a radial flux gear’s
performance. Fig. 10 illustrates that relatively low radii ratios
produce higher VTDs, whereas relatively high radii ratios
produce higher PM GTDs, especially at larger outer radii.
Reducing the radii ratio increases the portion of the total
volume of the gear that is being used to produce torque.
However, Fig. 10 shows that the VTD returns diminish as the
radii ratio is reduced. There are a few reasons for this. First,
as the radii ratio is reduced, the increase in the active air gap
area diminishes, because the new active material is added at a
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Fig. 11. Magnetic flux densities (a) 1 mm axially beyond the stack of the
radial flux design with the highest VTD and (b) 1 mm radially inside the inner
radius and 1 mm radially outside the outer radius of the axial flux design with
the highest VTD.

diminishingly smaller radius (assuming a fixed outer radius).
Additionally, because the added material is placed at a lower
radius, it has a smaller lever arm. Finally, a single P; value is
only optimal for a small range of radii. Thus, a single P; value
cannot be simultaneously optimal at the gear’s outer and inner
radii. As the radii ratio decreases, the degree of this sub-
optimality increases. For these reasons, the maximum PM
GTD designs tend to have higher radii ratios to optimize the
use of the PM material. Nonetheless, the PM GTD is not
simply maximized by raising the radii ratio to unity because
the impact of end-effects (radial leakage flux) increases as the
radii ratio increases and the active material becomes radially
thinner. However, as illustrated by Figs. 10(c) and 10(d), the
radii ratio that maximizes PM GTD increases slightly as the
outer radius increases.

© 2018 IEEE

While the radial flux gear experiences end-effects near its
axial top and bottom, as illustrated by the flux plot in Fig.
11(a), the axial flux gear experiences end-effects near its
radial inner and radial outer surfaces, as illustrated by the flux
plot in Fig. 11(b). In both topologies, the flux densities
outside the gear tend to be highest in areas axially or radially
beyond the modulators at angular positions where the PMs on
Rotor 1 and Rotor 3 are magnetized in the opposite directions.

Changing the radial flux gear stack length scales the 2-D r-0
cross-section along the axial dimension. This has minimal
impact on the optimal parameter values, except for a minor
change in the optimal magnet thicknesses when optimizing for
some metrics [25]. However, changing the axial flux gear
radii ratio scales the 2-D 8-z cross-section along the radial
dimension, which has a more significant impact on the optimal
parameter values because it fundamentally impacts the flux
path lengths. Fig. 12 illustrates the impact of the radii ratio on
the optimal Rotor 1 pole pair counts (indicated by the dashed
line) for axial flux designs with an outer radius of 200 mm and
G = 4. As indicated by Fig. 12, the optimal pole counts tend
to decrease as the radii ratio decreases (for a fixed outer
radius) because the effective average radius of the air gap
decreases, which makes lower pole counts more optimal (as
previously shown in Fig. 4). Similar trends are present for
other outer radius and gear ratio combinations, but they are
less pronounced because lower outer radii or higher gear ratios
tend to already favor lower Rotor 1 pole pair counts.
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Fig. 12. Variation of maximum (a) VTD and (b) PM GTD with radii ratio and
Rotor 1 pole pair count for axial flux gears (with a 200 mm outer radius and
G = 4). The dashed line indicates the optimal Rotor 1 pole pair count for
each radii ratio.
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Fig. 13. Variation of maximum average low speed air gap shear stress for (a)
radial flux gears and (b) axial flux gears (both with G, = 4).



Fig. 13 illustrates the maximum average shear stress in the
low speed air gaps for both radial and axial flux designs with
G = 4. Fig. 13(a) shows that, for radial flux designs, shear
stress increases with both stack length and outer radius. As
the stack length increases, the impact of end-effects becomes
less significant, resulting in higher average shear stress. The
increase in shear stress with outer radius contributes to the
sublinear increase in VTD with outer radius previously shown
for radial flux gears in Fig. 8(a). For axial flux gears, Fig.
13(b) shows that shear stress increases with outer radius but is
maximized at an intermediate radii ratio slightly below 0.5. If
the radii ratio is too low, the best P; value will be suboptimal
for a significant portion of the air gap area, but, if the radii
ratio is too high, the impact of end effects on the stall torque
will be very significant. For both topologies, the shear stress
tends to increase with the outer radius because, as previously
noted, the designs can use more optimal pole counts at higher
outer radii. Fig. 13 also shows that both topologies are able to
achieve approximately the same shear stresses.

C. Torques and Forces

Fig. 14 shows the Rotor 2 stall torques for the design points
used to create Fig. 13. For both topologies, shear stress tends
to increase with outer radius, but the Rotor 2 stall torque tends
to increase even faster with outer radius. Thus, the achievable
shear stress tends to increase as the torque rating increases, but
with diminishing returns. For the radial flux gears, a similar
trend is present as stack length increases. Thus, based on Figs.
8-14, applications requiring larger torques will be able to
achieve higher shear stresses, VIDs, and PM GTDs than
applications where the rated torque is much smaller.

Another major difference between radial flux and axial flux
gears is the magnetic forces upon the rotors. While symmetry
can ideally be used to cancel out the net radial magnetic forces
on a radial flux gear rotor, each rotor in an axial flux gear will
still experience unbalanced net axial magnetic forces. Fig. 15
illustrates the corresponding axial magnetic forces on Rotor 1
and Rotor 3 for each of the axial flux gear design points used
to create Fig. 13(b). The axial magnetic forces shown in Fig.
15 are those at the stall torque points (orientations). While the
stall torque points are not necessarily the maximum axial force
points, they do give an indication of the axial forces
experienced by the rotors in the different designs [17]. A
comparison of Figs. 14(b) and 15 indicates that the designs
with higher torques generally experience larger axial forces.
However, the axial forces grow faster than the stall torque as
the radii ratio decreases because, unlike the stall torque, the
axial force created by a differential area of the air gap is
independent of the lever arm of that differential area. Thus,
the same stall torque can often be achieved with smaller axial
forces by increasing both the outer radius and the radii ratio.
While not shown in Fig. 15, the net axial force on Rotor 2 in a
given design is simply the algebraic difference between the
axial forces on Rotor 1 and Rotor 3 (in accordance with
Newton’s 3™ law). This means that the net axial force on
Rotor 2 is generally much smaller than the net axial forces on
Rotor 1 and Rotor 3.
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Fig. 14. Rotor 2 stall torques corresponding to (a) the radial flux gear design
points in Fig. 13(a) and (b) the axial flux gear design points in Fig. 13(b).
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Fig. 15. (a) Rotor 1 and (b) Rotor 3 axial magnetic forces corresponding to
the stall torque alignments of the axial flux gear design points in Fig. 13(b).

IV. CONCLUSION

Radial flux and axial flux coaxial magnetic gears both
provide gearing action without mechanical contact between
rotors. Additionally, there are some significant similarities
between their performances. Both topologies achieve higher
VTDs and PM GTDs at higher torques and lower gear ratios
(within the range of gear ratios evaluated). Also, the two
topologies can achieve similar air gap shear stresses.
However, there are some key performance differences.

First, while the achievable VTDs of both topologies tend to
increase with outer radius, the achievable VTDs of axial flux
gears grow faster than those of radial flux gears. Thus, the
axial flux gear favors large outer radii with small axial lengths.
However, the PM GTDs of the two topologies tend to increase
at similar rates as the outer radius increases.

Furthermore, the impact of end-effects on the two
topologies is different. For radial flux gears, the axial end-
effects become less significant as the stack length increases,
which raises both VID and PM GTD, as well as torque. For
axial flux gears, shear stress is maximized with an
intermediate radii ratio, but VTD is maximized with a lower
radii ratio. On the other hand, PM GTD is maximized at a
higher radii ratio.

Finally, whereas the net radial magnetic forces on each
rotor of a radial flux gear can ideally be eliminated, the net
axial forces on the rotors of an axial flux gear cannot be
eliminated. This presents a significant challenge for the
construction of axial flux gears.



While the conclusions presented above will generally hold
true, it is important to recognize that the exact numbers and
the extent of the trends presented in this study depend on the
assumptions made in setting up the simulations, as is the case
for all design studies. First, all of the results presented in this
paper are based on the assumption of equal 1 mm air gaps for
both the axial flux and radial flux gears. In practice, the
unbalanced axial forces on the rotors in axial flux gears may
necessitate the use of larger air gaps in this topology, which
would shift the results in favor of radial flux gears. On the
other hand, radial flux gears may require a larger effective
inner air gap to accommodate a retention sleeve for the Rotor
1 PMs, especially if the gear is designed for high Rotor 1
speeds. However, to retain the Rotor 1 PMs in axial flux
gears, a ring or lip can be placed radially beyond these PMs,
which does not contribute to the effective air gap.
Furthermore, this study maintained a constant air gap size (1
mm) regardless of other design settings. In practice, the air
gap will likely need to increase as the outer radius increases,
which would reduce (but not eliminate) the VITD and PM
GTD gains achieved by going to a larger outer radius. The
exact scaling of this air gap increase will depend on design
specific mechanical and manufacturing considerations.
Additionally, the simulation models employed in this study
used a soft magnetic composite for the modulators in both
topologies, and switching to traditional laminated steel
modulators could slightly raise the torque ratings of the best
designs due to its higher saturation flux density. However,
while laminated steel modulators are perfectly feasible for
radial flux gears, they are less practical for axial flux gears.
Thus, if axial flux gears are constructed using soft magnetic
composite modulators and radial flux gears are constructed
using laminated steel modulators, this would also shift the
findings a little further in favor of radial flux gears. Even if
these factors are not considered, based on the results of this
study, radial flux gears will likely be superior to axial flux
gears in most applications due to their simpler construction
and higher performance at most physical form factors.
However, axial flux gears have a significant potential
advantage in applications where a large outer radius and a
small axial length are permissible or where mechanical power
needs to be transmitted across a flat barrier.
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