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ABSTRACT: This paper presents an innovative magnetic gearbox with a three-rotor coaxial structure capable of providing a single input
and dual identical outputs. The low-speed rotor magnets of this gear are flux-focusing, while the high-speed rotors magnets are surface-
mounted. The performance of this gear was analyzed using finite element analysis. Initially, the gear with initial dimensions was modeled
and simulated in ANSYS/Maxwell software, and the results of static and time-dependent analyses were examined. Subsequently, a
parametric study of the gear was conducted to investigate the impact of geometric dimension variations on rotor torques and volumetric
torque density. The optimal dimensions for achieving the highest volumetric torque density were then selected. The gear was then
simulated with the final dimensions, demonstrating that this multi-rotor design is capable of achieving high torque densities (291.61Nm/L
in this gear). Following this, the proposed magnetic gear was compared with another gear of similar dimensions but with three flux-
focusing rotors. Additionally, the slicing method was employed for the high-speed rotors magnets to reduce cogging torque, and it was
shown that this method successfully reduces the cogging torque of the gear’s rotors.

1. INTRODUCTION

Magnetic gears, a concept dating back over a century,
have recently garnered significant attention due to ad-

vancements in magnet technology. These gears offer the
benefit of non-contact power transmission, eliminating the
need for lubrication and reducing maintenance requirements.
Additionally, they have inherent overload protection. While
the initial concept of magnetic power transmission emerged
in the early 1900s [1], practical realization of coaxial mag-
netic gears was limited by magnet technology until the ad-
vent of high-performance rare-earth magnets in recent decades.
Since 2001, with the introduction of a new type of coaxial
magnetic gear employing these powerful magnets, research in
this field has experienced substantial growth [2]. A diverse
range of magnetic gear designs have been proposed, including
radial-flux [3–7], axial-field [8–10], and cycloidal configura-
tions [11, 12]. Researchers have focused on optimizing the vol-
umetric and mass torque density of these gears [13–15].
Figure 1 [6] shows a flux-focusing magnetic gear. This gear

consists of two rotors with alternating north and south poles,
producing an axial magnetic flux. A ferromagnetic ring, acting
as a modulator, is placed between the rotors. Consider a high-
speed rotor with p1 pole pairs rotating at ω1 and a low-speed
rotor with p3 pole pairs operating at ω3, and a middle rotor
composed of n2 steel segments rotating at ω2. The number of
ferromagnetic steel segments in the middle rotor is determined
by

n2 = p1 + p3 (1)
The angular speed relationship among the three rotors can be
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expressed as [2].

ω1 =
n2

p1
ω2 −

p3
p1

ω3 (2)

The volumetric torque density of a rotary machine can be eval-
uated using the torque density metric, which is defined as

Td =
T

πr2od
(3)

where T denotes the peak torque of the low-speed rotor, ro the
outer radius, and d the stack length.
Figure 1(b) [8] illustrates an example of an axial-field mag-

netic gear with surface-mounted magnets. This type of gear
consists of two disk-shaped rotors with alternating north and
south poles, generating an axial flux. A ferromagnetic ring,
acting as a modulator, is positioned between the two rotors, cre-
ating a multi-layer configuration. It is worth noting that Equa-
tions (1) to (3) remain applicable to this axial-field magnetic
gear configuration as well.
The unique characteristics of magnetic gears make them suit-

able for various applications such as wind turbines [16], au-
tomotive powertrain systems [17], and other industries. De-
spite the rapid progress in magnetic gear technologies, most ex-
isting designs are limited to conventional single-input–single-
output configurations. This limitation restricts their adaptabil-
ity in complex systems requiring synchronized multi-output
or multi-input transmissions. In practical applications such as
electric vehicles or wind energy systems, having multiple out-
puts with identical torque and speed can significantly simplify
mechanical design and improve system integration. However,
the development of magnetic gears with more than two shafts
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FIGURE 1. (a) A flux-focusing magnetic gear (FFMG) with p1 = 8 pole-pairs on the inner high-speed rotor, n2 = 34 steel poles on the cage rotor
and p3 = 26 pole-pairs [6]. (b) An axial-field magnetic gear with p1 = 4 pole-pairs on the high-speed rotor, n2 = 27 ferromagnetic pole-pieces on
the modulator and p3 = 23 pole-pairs [8].
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FIGURE 2. The proposed single-input dual-output magnetic gearbox. (a) Exploded view. (b) The geometric parameters.

while maintaining performance symmetry remains largely un-
explored.
To address this gap, this study introduces a novel mag-

netic gear architecture featuring one low-speed input/output
shaft and two identical high-speed output/input shafts. Un-
like traditional designs, this configuration enables simultaneous
transmission of equal torque and speed to two separate shafts.
The proposed structure uniquely combines flux-focusing and
surface-mounted rotor technologies to leverage the advantages
of both, aiming to enhance torque density while maintaining
structural simplicity. Furthermore, a slicing technique is em-
ployed to reduce torque ripple, which is a critical performance
parameter in high-precision applications.
Section 2 of this paper introduces and describes the proposed

magnetic gear. The evaluation of this system using finite el-
ement analysis, the investigation of the impact of geometric
dimension variations on torque and volumetric torque density,
and the comparison with another model of the same dimensions
and application are performed in Section 3. Section 4 focuses
on reducing torque ripple using the slicing method. Section 5
presents the conclusions.

2. A SINGLE-INPUTDUAL-OUTPUTMAGNETICGEAR

A schematic diagram and exploded view of the proposed coax-
ial single-input, dual-output magnetic gear are presented in
Fig. 2(a). The low-speed rotor (LSR) utilizes azimuthally mag-
netized magnets, forcing axial flux through the steel poles,
while the high-speed rotor1 (HSR1) and high-speed rotor2
(HSR2) magnets are surface-mounted and axially magnetized
on the steel yokes. Fig. 2(b) illustrates the geometric parame-
ters of this magnetic gearbox. Additionally, the values of the
fixed geometric parameters of this magnetic gear (MG) and its
material properties are listed in Table 1. Table 2 presents the
sweep parameters and their initial and final values. The initial
geometric parameters were chosen based on commonly used di-
mensions in existing magnetic gear literature to form a feasible
baseline for further analysis. Furthermore, a pole combination
of p1 = p3 = 4, p2 = 21, and nC1 = nC2 = 25 was selected
to ensure a non-integer gear ratio for reducing the torque rip-
ple [16]. The LSR topology was chosen to be flux-focusing to
enable the multi-rotor structure of this gearbox. Furthermore,
to achieve a higher volumetric torque density (VTD), the LSR
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TABLE 1. Fixed geometric parameters and material properties.

Description Value Unit

High-speed rotors 1
Pole-pairs, p1 4 -

Magnet pole span, θm1 45 degree
Airgap, g 0.5 mm

Modulator 1 Steel poles, nC1 25 -
Airgap, g 0.5 mm

Low-speed rotor
Pole-pairs, p2 21 -

Steel pole span, θs2 4.28 degree
Airgap, g 0.5 mm

Modulator 2 Steel poles, nC2 25 -
Airgap, g 0.5 mm

High-speed rotors 2
Pole-pairs, p3 4 -

Magnet pole span, θm3 45 degree
Airgap, g 0.5 mm

Magnet Material (NdFeB 30) Remanence, Br 1.2 T
Relative Permeability, µr 1.05 -

Steel material (1018 steel) steel resistivity 14.2 µΩ-cm

TABLE 2. Initial, final, and geometric sweep parameters.

Description Initial value Final value Sweep values
HSR1, HSR2 back-iron axial lengths, ly1 = ly2 [mm] 7.5 8 [2, 3, . . . , 20]

HSR1, HSR2 PMs axial length, lm1 = lm2 [mm] 7.5 10 [2, 3, . . . , 20]

Modulators 1 and 2 axial lengths, ls1 = ls2 [mm] 10 7 [3, 4, . . . , 10]
Modulators 1 and 2 steel pole spans, θS1 = θS3 [degree] 7.2 7 [3, 4, . . . , 10]

LSR axial length, lLSR [mm] 30 20 [10, 20, . . . , 100]
Inner radius, ri [mm] 20 30 [10, 15, . . . , 55]

Outer radius, r0 [mm] 100 150 [50, 55, . . . , 170]

(the rotor with the greater number of pole pairs) was selected
as the flux-concentrating rotor [9], as, according to

CLSR =
8lLSRP2

π (ro + ri)
(4)

in a flux-focusing configuration a greater number of pole pairs
increases the flux concentration ratio and leads to an increase
in the focused flux within the air gaps, consequently increasing
the torque. In the above equation, CLSR represents the con-
centration ratio of LSR, and for this design it is calculated to be
20.05.
Since the objective of this paper is to present a design for a

magnetic gear with similar dual outputs/inputs, its high-speed
rotors share identical geometric parameters, as its modulators
do. Furthermore, in LSR, θm2 = θs2 is chosen. It should
be noted that the torque and speed of the rotors in the pro-
posed magnetic gearbox are load-dependent. It means that
when the gearbox operates as a single-input, dual-output de-
vice, the torques on the two outputs will not necessarily be the
same, except in the case where the loads placed on the two out-
put rotors are also identical. While the steady-state speeds of

the two outputs will be the same, as long as there is no slipping,
the torques may differ if there is an angular shift between the
two output rotors. Additionally, it is worth noting that during
transient events, the speeds of the two outputs may differ. This
transient difference in speeds can create a angular shift between
the two output rotors.
According to Equation (2), for the two rotors to operate with

equal torque and speed, the two modulator rotors must be sta-
tionary. Therefore, the gear ratios of LSR to HSR1 and HSR2
are given by

Gr1 = −p2
p1

(5)

Gr2 = −p2
p3

(6)

where Gr1 and Gr2 represent the gear ratios of the first and
second high-speed rotors, respectively. Since the numbers of
pole pairs in these two rotors are equal, their gear ratios are
also identical and equal to 5.25 : 1.
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FIGURE 3. Configuration of the proposed magnetic gearbox. (a) Cross-sectional view. (b) Exploded view.

A 3D model of the coaxial multi-rotor magnetic gear was
created using SolidWorks software. Fig. 3(a) shows a cross-
sectional view of this magnetic gear. The exploded view of this
gearbox, along with its various components, is shown and listed
in Fig. 3(b) and Table 3.

TABLE 3. Proposed multi-rotor magnetic gearbox parts.

No. of part Part name No. of part Part name
1 HSR1 6 HSR2
2 HSR1 shaft 7 HSR2 shaft
3 Bearings 8 Cap attached to LSR
4 Modulators 9 LSR shaft
5 LSR 10 Gearbox housing

3. EVALUATION BY FE

3.1. Study of the Proposed MG with Initial Parameters
This magnetic gearbox was analyzed using the finite element
(FE) method in ANSYS/Maxwell software, with all analyses
performed in 3D. The gearbox was initially simulated with the
initial geometric parameters listed in Table 2 under static solver
conditions. In this study, the mesh was manually configured
in the Maxwell 3D simulation environment to maintain a bal-
ance between computational time and simulation accuracy. The
mesh size was selected such that it is not too fine which would
significantly increase simulation time nor too coarse which
could reduce the accuracy of the results. A representative im-
age of the applied mesh is shown in Fig. 4.
The boundary condition applied was the standard insulating

type, which is commonly used in 3D electromagnetic simula-
tions. This setting isolates the simulation domain from external
fields, ensuring that the calculations are confined to the region
of interest.
While a detailed mesh independence verification was not

performed due to the limited scope of this study, the simula-
tion settings were chosen in accordance with established prac-

FIGURE 4. Meshing structure of the proposed magnetic gear model.

tices to ensure reliable and stable results. A full independence
verification is considered for future work.
Figure 5 shows the torque of the various rotors as a func-

tion of LSR’s mechanical angle. The maximum torque of LSR
in this simulation was calculated to be 508.31Nm, and the
maximum torques of HSR1 and HSR2 were calculated to be
50.49Nm and 50.19Nm, respectively. The maximum torques
on the first and second cage rotors were also found to be
302.12Nm and 307.12Nm, respectively. Additionally, VTD
of the gearbox with these initial parameters was calculated to
be 197.31Nm/L. Note that since the two high-speed rotors are
identical and the two modulators also identical, the torque of
each of the two rotors is approximately equal. Therefore, in
Fig. 5, the blue and red curves (HSR1, HSR2) almost overlap,
and the purple and green curves (modulator 1, modulator 2) also
overlap.
Figure 6 illustrates the time-dependent behavior of the gear-

box’s torques with the initial geometric parameters. In this
simulation, the modulators were considered stationary, and the
LSR was rotated at 200 rpm, while both HSR1 and HSR2 were
rotated at 1050 rpm in the opposite direction to the LSR. The
average torque of LSR was 324.86Nm with a torque ripple
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FIGURE 5. Torque on rotors and modulators with initial parameters. FIGURE 6. Time-domain torque with initial parameters when LSR ro-
tates at 200 rpm, and HSR1 and HSR2 rotate at 1050 rpm.

of 7.69%. Furthermore, the average torques of HSR1 and
HSR2 were calculated to be −31.79Nm and −32.32Nm, re-
spectively, with torque ripples of 17.52% and 16.27%.
Due to the limited number of simulation steps and mesh res-

olution in both static and transient analyses, slight differences
between the torques of HSR1 and HSR2 were observed, which
are within acceptable numerical error. Additionally, the simu-
lation was performed under no-load and lossless conditions, un-
der which the input and output powers should ideally be equal.
The observed very slight power mismatch in the transient state
can be attributed to numerical approximations andmodeling as-
sumptions.
Figure 7 illustrates the magnetic flux density distribution in

key components of the proposed axial-flux magnetic gear. In
(a), the surface-mounted magnets on the high-speed rotors gen-
erate alternating axial flux, with localized saturation near the
magnet edges. In (b), the modulators exhibit strong flux con-
centrations around the ferromagnetic segments, indicating ef-

(c)

(a) (b)

FIGURE 7. Flux density distribution in (a) HSR1 and HSR2, (b) mod-
ulators, and (c) LSR.

fective field modulation. In (c), the LSR demonstrates a flux-
focusing behavior, with dense flux paths concentrated along
the pole edges and back iron. These distributions confirm ef-
ficient magnetic coupling and validate the gear’s flux-focusing
and modulation mechanisms.

3.2. Parametric Study of the Proposed MG

A parametric study was conducted to investigate the impact of
geometric dimension variations listed in Table 2 on the torques
and VTD of the proposed magnetic gearbox. Each parame-
ter listed in Table 2 was optimized independently by varying it
while keeping all other parameters fixed at their initial values.
Consequently, no physical crossover or overlap occurred in the
model during any stage of the parametric analysis. Fig. 8 illus-
trates the effect of variations in the axial length of the HSR1
magnets on LSR torque and the gearbox VTD, while keep-
ing all other geometric parameters constant. It can be seen
that the maximum VTD, which is 204.32Nm/L, occurs when
lm1 = 10mm, and the maximum LSR torque, equivalent to
564.5Nm, is achieved when lm1 = 16mm. As shown in Fig. 9,
similar to HSR1, the best axial length of HSR2magnet for max-
imum VTD (205.21Nm/L) and maximum torque (565.48Nm)
are 10mm and 16mm, respectively.

FIGURE 8. Torque and VTD with respect to changes in HSR1 magnets
axial length, lm1.
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FIGURE 9. Torque and VTD with respect to changes in HSR2 magnets
axial length, lm2.

FIGURE 10. Torque and VTD with respect to changes in HSR1 iron-
back axial length, ly1.

The impact of variations in the axial length of the yoke of
the first and second high-speed rotors on LSR torque and VTD,
while keeping other geometric parameters constant, is shown
in Figs. 10 and 11, respectively. As observed, the maximum
VTDof the gearbox is achievedwhen both ly1

and ly2
are 8mm.

This axial length results in a maximum VTD of 202.40Nm/L
for HSR1 and 201.55Nm/L for HSR2. Furthermore, the op-
timal value of this parameter for maximizing the LSR torque
is 12mm for both rotors, which yields a maximum torque of
543.21Nm for HSR1 and 539.44Nm for HSR2.
Figure 12 illustrates the effect of LSR’s axial length on its

torque and gearbox VTD. The maximum VTD, with a value of
217.33Nm/L, is achieved at an axial length of 20mm, while the
maximum LSR torque occurs at an axial length of 70mm.
Figure 13 demonstrates that the trends in VTD and torque

variations with respect to changes in the inner radius follow
a similar pattern, as the inner radius does not affect the VTD
according to Equation (3). The peak VTD (206.72Nm/L) and
LSR torque (532.54Nm) are achieved when ri = 30mm. The
appearance of the double peaks in torque and VTD is likely due
to nonlinear variations caused by changes in ri, as observed in
simulations within the range of 10 cm to 30 cm. This behavior
may result from complex interactions among magnetic fluxes,
the geometry of permanent magnets, and other design factors.

FIGURE 11. Torque and VTD with respect to changes in HSR2 iron-
back axial length, ly2.

FIGURE 12. Torque and VTD with respect to changes in LSR axial
length, lLSR.

As illustrated in Fig. 14, the relationship between the outer
radius and the torque is approximately linear and increasing.
However, the VTD starts to plateau beyond ro = 150mm. The
maximum torque density of 259.21Nm/L is achieved at ro =
150mm,while the torque continues to increasewith larger outer
radii, reaching 1892.3Nm at ro = 170mm. Since the objective
of the optimization is to maximize the VTD, an outer radius of
150mm has been selected for the final optimized model.
Figure 15 examines the effect of variations in the axial length

and the bar span of themodulators onVTD, while keeping other
parameters constant. The maximum VTD occurs when ls1 =
7mm and ls2 = 7mm and θS1 = 7 degrees and θS3 = 7 de-
grees. Selecting these values results in a VTD of 217.57Nm/L
for the first modulator and 214.02Nm/L for the second modu-
lator.

3.3. Study of Proposed MG with Final Parametes
Following the parametric study of this gearbox, the optimal
dimensions of the sweep parameters for achieving maximum
VTDwere selected. These final geometric parameters are listed
in Table 2. Using these dimensions, further static and tran-
sient simulations were performed for comparison with the ini-
tial model. Fig. 16 illustrates the torque of the rotors and sta-
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FIGURE 13. Torque and VTD with respect to inner radius, ri. FIGURE 14. Torque and VTD with respect to outer radius, ro.

(a) (b)

FIGURE 15. The impact of variations in axial length ls1, ls2, and steel pole span θS1, θS3 on VTD for (a) modulator 1, and (b) modulator 2.

FIGURE 16. Torque on rotors and modulators with final geometric pa-
rameters.

FIGURE 17. Time-domain torque with final geometric parameters when
LSR rotates at 200 rpm and HSR1 and HSR2 rotate at 1050 rpm.

tionarymodulators as a function of the LSR’smechanical angle.
The maximum torque of the LSR is 1484.34Nm, and the peak
torques of HSR1 and HSR2 are 145.17Nm and 140.82Nm,
respectively. Additionally, the maximum torques of the first
and second modulators are 827.06Nm and 828.22Nm, respec-
tively. Furthermore, the VTD of this gearbox with these dimen-
sions is 291.61Nm/L, which is a significant value.

Figure 17 illustrates the rotor torques of this gearbox in a
transient analysis. Similar to the simulation with the initial di-
mensions, LSR rotates at 200 rpm, and HSR1 and HSR2 ro-
tate at 1050 rpm, each in the opposite direction of the LSR.
The average torques of LSR, HSR1, and HSR2 were calcu-
lated to be 744.33Nm, −70.91Nm, and −78.19Nm, respec-
tively. Furthermore, the torque ripple for LSR is 13.99%, and
for HSR1 and HSR2, it is 29.53% and 29.28%, respectively.
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It is worth mentioning that, under optimized conditions, the
torque of HSR1 becomes slightly greater than that of HSR2,
unlike in the initial design where they were nearly equal. This
shift may be related to the significant changes introduced by
geometry optimization, although a more detailed investigation
would be needed to fully explain this behavior. Furthermore,
the slight increase in torque ripple after optimization is mainly
attributed to the higher torque and torque density achieved
through changes in key dimensions and enhancedmagnetic flux
interactions. Compared to themodel with the initial parameters,
these dimensions provide significantly larger torques and VTD,
but also increase the torque ripple. These results demonstrate
the potential of this gearbox to achieve high VTD’s.

3.4. Comparison of the Proposed MG with the Same MG but a
Different Design
In this subsection, the proposed magnetic gearbox with the
initial design parameters is compared with another topology
based on a different rotor configuration but the same appli-
cation. For a fair comparison, the two designs share iden-
tical volumetric dimensions, pole pair numbers, and gear ra-
tios. The aim of this comparison is to evaluate the effective-
ness of the proposed structure, which uses a hybrid configu-
ration (flux-focusing in LSR and surface-mounted in HSRs),
against a fully flux-focusing design where all three rotors are
flux-focusing magnetized. This specific topology was selected
because, as demonstrated in previous studies such as [9], fully
flux-focusing configurations often deliver higher torque trans-
mission in conventional two-rotor magnetic gears. However,
this study investigates a more complex structure with three ro-
tors, and the proposed hybrid design achieves superior perfor-
mance in both torque/VTD and torque ripple reduction. It is im-
portant to emphasize that the fully flux-focusing model is not
optimized and has the same geometric parameters as the ini-
tial design of the proposed gearbox to ensure a fair one-to-one
comparison.
Figure 18 illustrates the magnetic gear with two identical

output shafts, where all three rotors are flux-focusing magne-
tized. Fig. 19 shows the static torque of the rotors and mod-
ulators of this gearbox as a function of the LSR’s mechani-
cal angle. According to the figure, the maximum torques of
LSR, HSR1, HSR2, and the first and second modulators are
394.36Nm, 35.01Nm, 36.27Nm, 232.37Nm, and 231.76Nm,

: Magnetization 
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FIGURE 18. A single-input dual-output magnetic gearbox having the
three rotors flux-focusing magnetized.

FIGURE 19. Static torque on rotors and modulators.

respectively. The VTD of this gearbox was calculated to be
153.08Nm/L, which is 22.41% lower than that of the surface-
mounted model analyzed in Section 3.1.
Figure 20 illustrates the time-dependent torques of the ro-

tors of this gearbox under the same conditions as the proposed
model. The average torques of LSR, HSR1, and HSR2 are
231.77Nm, −22.77Nm, and −23.22Nm, respectively, which
are lower than those of the proposed model. Furthermore, the
torque ripples of these rotors were calculated to be 11.06%,
18.86%, and 20.52%, respectively, which are higher than the
torque ripples of the rotors in the proposed model with the ini-
tial geometric dimensions discussed in Subsection 3.1.

4. COGGING TORQUE REDUCTION

4.1. Cogging Torque Minimization Method
In a magnetic gear, cogging torque results from the interaction
between the permanent magnets of the rotors and the iron struc-
ture of the modulators, and it is equivalent to torque ripple [19].
Zhu and Howe introduced cogging factor [18] while investigat-
ing how pole and slot combinations in electrical machines affect
cogging torque. This factor can be calculated as

Cf =
p ∗ nc

LCM (p, nc)
(7)

where LCM is the least common multiple, p the number of
pole-pairs, and nc the number of pole-pieces. For the proposed
magnetic gearbox, this factor is 1, which is a proper value.
However, in the MG with initial parameters, there is still a cog-
ging torque of 7.69%, 17.52%, and 16.27% in LSR, HSR1, and
HSR2, respectively.
In this section, the slicing method will be employed to re-

duce the cogging torque of this gearbox with initial parameters.
To reduce cogging torque, the magnetic gear’s rotors are seg-
mented into n slices. Each slice is then angularly shifted by
a specific angle α. For instance, in Fig. 21 (n = 3), the sec-
ond slice is rotated by α relative to the first and the third by 2α
relative to the first. This misalignment ensures that the d-axis
of each slice’s magnets aligns with pole pieces at distinct po-
sitions. Consequently, the overall cogging torque is the vector
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FIGURE 20. Time-domain torque when LSR rotates at 200 rpm and
HSR1 and HSR2 rotate at 1050 rpm.

FIGURE 21. HSR1 and HSR2 magnets sliced in three segments.

(b) (c)

(d) (e) (f)

(h)(g) (i)

(a)

FIGURE 22. Slicing models employed to HSR1 and HSR2 of the proposed magnetic gearbox. (a) n = 2. (b) n = 3. (c) n = 4. (d) n = 5. (e)
n = 6. (f) n = 7. (g) n = 8. (h) n = 9. (i) n = 10.

sum of the individual slice torques, leading to a reduced mag-
nitude [20]. The cogging torque period θ in mechanical degree
is defined as [21]

θ =
360◦

LCM (p, nC)
(8)

according to Equation (8), the cogging torque period for LSR is
0.342◦, and for the high-speed rotors, it is 1.8◦. Since the value
is lower in LSR, it has a smaller impact on the cogging torque
than high-speed rotors. Therefore, the slicing method will only
be applied to high-speed rotors in this case. For n number of
slices, each slice should be rotated by α, where α = θ

n , n > 1.

4.2. Simulations and Results
As illustrated in Fig. 22, different models with different num-
bers of slices were investigated for this purpose. Each of these
models was analyzed respectively using finite element analy-
sis (FEA) with the same time domain. Table 4 lists the val-
ues of angular rotation α required for both high-speed rotors
in each sliced model, where n = 1 indicates the original, un-
sliced configuration. Fig. 23 provides a comparative analysis

of the average torque and cogging torque values between the
original and proposed models. As observed in Figs. 23(a) and
23(b), LSR average torque has increased, and its torque ripple
has decreased. Although the slicing method was only applied
to HSR1 and HSR2, the reduction in cogging torque for LSR
is less significant than HSR1 and HSR2. Figs. 23(c) and 23(e),
as well as 23(d) and 23(f), demonstrate that this method has a
minimal impact on the high-speed rotor torques but success-
fully reduces their cogging torques.
In order to find the optimal rotor slicing configuration, a fac-

torβ was introduced. This factor can be as an objective function

TABLE 4. The value of Slicing angles on the magnets of HSR1 and
HSR2.

No. of
slices n

α (deg) No. of
slices n

α (deg)
HSR1, HSR2 HSR1, HSR2

1 - 6 0.3
2 0.9 7 0.25
3 0.6 8 0.22
4 0.45 9 0.2
5 0.36 10 0.18
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(a) (b)

(c) (d)

 

(e) (f)

FIGURE 23. Comparison of torque values and torque ripple percentages of all models. (a) LSR torque. (b) LSR torque ripple percentage. (c) HSR1
torque. (d) HSR1 torque ripple percentage. (e) HSR2 torque. (f) HSR2 torque ripple percentage.

(a) (b)
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(c)

FIGURE 24. Average torque to cogging torque ratio of the (a) LSR, (b) HSR1, and (c) HSR2.

of maximum average torque and minimum cogging torque, and
is defined by

β =
Tavg

Tcog
(9)

A higher value of β indicates a lower cogging torque. Fig. 24
illustrates the relationship between β and the number of rotor
slices n for each of the three rotors. The results demonstrate the
effectiveness of the slicing method in enhancing the magnetic
gearbox’s performance. Specifically, Fig. 24(a) shows an opti-
mal β value at n = 4 for LSR, whereas Figs. 24(b) and 24(c)
show optimal points at n = 7 for HSR1 and HSR2.

5. CONCLUSION
In this paper, a novel coaxial magnetic gear featuring a single
input and two identical outputs is introduced and comprehen-
sively analyzed. It is the first time that such a configuration
has been proposed, addressing the need for dual-output mag-
netic transmission in compact systems. The design and anal-
ysis were carried out using 3D finite element simulations in
ANSYS/Maxwell. Initially, with the preliminary geometric di-
mensions, the gear exhibited a volumetric torque density (VTD)
of 197.31Nm/L, and the maximum torque of the low-speed ro-
tor reached 508.41Nm. Following a parametric study and ge-
ometric optimization, the final design achieved a significantly
enhanced VTD of 291.61Nm/L, which is remarkably high for
a magnetic gear. Based on the transient (time-dependent) sim-
ulation, the low-speed rotor generated an average torque of
744.33Nm with a 13.99% cogging torque, while the two high-
speed rotors produced −70.91Nm and −78.19Nm average
torques, with torque ripples of 29.53% and 29.28%, respec-
tively. The gearbox was also compared with another topology
where all three rotors were flux-focusing magnetized, showing
that the proposed structure delivered higher torque density and
lower torque ripple under identical conditions. Furthermore,
rotor slicing was applied to reduce cogging torque, confirming
its effectiveness. The proposed magnetic gearbox, due to its
high VTD capability, can be utilized in various applications.
One of the primary applications can be in wind power genera-
tion systems, where the gear can drive two parallel generators
from a single turbine, increasing power generation capacity and
ensuring continuous operation even if one generator fails, or, it

can operate as a dual-input single-output magnetic gear, com-
bining the torque from two sets of wind turbine blades and de-
livering it to a single generator. Another application is in elec-
tric vehicles (EVs), where the gear can distribute power from a
single motor to both the front and rear axles, enhancing vehicle
stability and energy efficiency. Future research can focus on
the fabrication of a prototype model, experimental validation
in real-world applications, and dynamic analysis of the gear’s
behavior under varying conditions such as acceleration, decel-
eration, and load disturbances.
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