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Comparison of Coaxial Magnetic Gears Using Rare
Earth and Nonrare Earth Permanent Magnets
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Abstract—Coaxial magnetic gears (CMGs) enable contactless
torque transmission, addressing the noise and maintenance draw-
backs of mechanical gears. However, the heavy reliance on rare
earth permanent magnets (PMs) presents a challenge owing to
their unstable supply and fluctuating costs. To mitigate dependence
on rare earth PMs, this study proposes and evaluates four CMG
configurations combining NdFeB and Ferrite. Each configuration
is optimized using two-dimensional finite element analysis (FEA),
with axial leakage considered by an equivalent magnetic circuit
model instead of three-dimensional (3D) FEA. The suitability of
bridge geometry for each PM combination is first assessed, re-
vealing that irrespective of the PM material, the inner bridge
provides superior torque density. Comparative analyses of the
electromagnetic performance and active material costs were then
conducted to evaluate the feasibility of each PM configuration. The
results indicate that the difference in residual flux density between
the inner and outer rotor PMs influences torque density, material
costs, peak-to-peak torque, and efficiency. This difference was also
observed in an appropriate gap between the active part and the end
cover, at which end cover loss becomes negligible. Ferrite-Nd CMG
showed the highest efficiency and lowest price among the combina-
tions of nonrare earth PMs. Finally, electromagnetic performance
comparisons of NdFeB-based and Ferrite-Nd CMGs using 3D FEA
and experimental validation show that while the Ferrite-Nd CMG
has a lower torque density than the NdFeB-based CMG, it offers
promising advantages in terms of reduced rare earth dependency,
negligible housing loss, and high efficiency.

Index Terms—Coaxial magnetic gear (CMG), NdFeB, Ferrite,
optimization, finite element analysis (FEA), housing loss.

I. INTRODUCTION

R ESEARCH has been actively conducted on coaxial mag-
netic gears (CMGs) that transmit power through noncon-

tact driving. CMGs offer numerous advantages, including low
noise, inherent overload protection, and elimination of tooth
wear, making them a promising alternative to mechanical gears.
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These benefits have spurred interest in CMGs for traction appli-
cations, such as electric vehicles and aircraft, as well as for power
generation applications [1], [2], [3]. However, CMGs require
substantial quantities of permanent magnet (PM) materials to
achieve torque levels comparable with those mechanical gears
[4]. Recent fluctuations in the supply and cost of rare earth PMs,
such as NdFeB and SmCo, have increased cost-related concerns,
hindering broader CMG adoption [5].

Various approaches have been proposed to reduce the reliance
on rare earth PMs. Aiso et al. introduced a reluctance-based
CMG that eliminates PMs in high-speed rotors, thereby de-
creasing the dependence on rare earth materials while enhancing
efficiency by avoiding PM eddy current loss in high-speed rotors
[6]. Khan et al. proposed a consequent pole transverse flux
CMG, that reduced PM usage and improved manufacturability
[7]. However, both the consequent pole and reluctance designs
require detailed analyses of vibration and noise characteristics
[8], [9]. Another strategy to minimize the reliance on rare earth
PMs is the use of nonrare earth PMs. Replacing rare earth
PMs with nonrare earth PMs can eliminate the dependence on
rare earth in CMG. Johnson et al. optimized surface-mounted
CMGs with NdFeB and Ferrite, respectively, and compared their
performance [10]. Park et al. compared CMGs using NdFeB and
Ferrite to analyze the effect of magnet conductivity on efficiency
and losses [11]. Most studies on CMGs using Ferrite have high
efficiency owing to the reduced PM eddy current loss and leak-
age flux. However, because Ferrite has a lower residual magnetic
flux density, CMGs with Ferrite require an increased volume
to achieve torque levels comparable to those of NdFeB-based
CMGs. Consequently, CMGs with Ferrite exhibit a lower torque
density and cost-effectiveness than their NdFeB counterparts.
Using both rare earth and nonrare earth PMs can alleviate the
low torque density problem, although it does not completely
eliminate the dependence on rare earth PMs. Uppalapati et al.
compared flux-focusing CMGs utilizing NdFeB, Ferrite, and
hybrid configurations, with NdFeB and Ferrite as the inner and
outer rotor PMs, respectively [12]. Al-Qarni et al. proposed a
flux-focusing CMG with NdFeB in the outer rotor and a blend
of NdFeB and Ferrite in the inner rotor PMs [13]. Although
flux-focusing designs can increase PM utilization, they typically
yield lower torque density than surface-mounted types for the
same PM volume [14]. In the flux-focusing configuration, with
NdFeB and Ferrite in the inner and outer rotor PMs, respectively,
the torque density improves compared to Ferrite-based CMGs
but remains lower than that in NdFeB-based CMGs, and the
efficiency is also reduced.
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Fig. 1. Configuration of CMG (6.67:1 gear ratio).

As such, research on hybrid PM combinations is limited to
flux-focusing CMGs, and there are no cases yet of combining
nonrare earth PMs in the inner and rare earth PMs in the
outer. Moreover, while the performance of CMGs using a single
PM material has been analyzed, the characteristics that arise
when the residual magnetic flux densities differ, as in hybrid
PM combinations, have not been thoroughly investigated. This
study aims to address the limitations, reduce dependence on rare
earth materials, and explore CMG configurations with superior
performance. The contributions are as follows.
� Proposal of CMGs with reduced rare earth dependence:

Three surface-mounted CMG configurations using nonrare
earth PMs are proposed, and their performance is compared
with that of a rare earth-based CMG.

� Performance analysis of CMG according to the residual
flux density of inner and outer rotor PM: A detailed anal-
ysis was conducted to determine why performance varies
depending on the residual flux density of each rotor PM.

� Housing loss analysis of CMG: Analyzes the impact of
housing loss on CMG performance and presents the ap-
propriate gap between the active part and the end cover at
which the end cover loss becomes negligible.

In this paper, four different combinations of NdFeB and
Ferrite in the inner and outer rotors of surface-mounted CMGs
are presented and their performances are compared. In a previous
study presented at the 2023 IEEE Transportation Electrification
Conference and Expo, Asia-Pacific (ITEC Asia-Pacific), four
different surface-mounted CMGs with a 7:1 gear ratio were
compared [15]. The integer gear ratio of 7:1 resulted in high
peak-to-peak torque characteristics, which limited its usability
[16]. To address this issue, this study adopts a fractional gear
ratio.

The remainder of this paper is organized as follows. Section
II introduces the design conditions and methods of the model.
Section III evaluates whether inner, middle and outer bridges
are appropriate for different PM combinations. Section IV
discusses the distribution of electromagnetic performance and
cost-effectiveness for different PM combinations within a range
of design parameters. Section V conducts performance compar-
isons to validate the optimal design model with the housing.

TABLE I
PROPERTIES OF ACTIVE MATERIALS

Section VI, a prototype of the NdFeB-based CMG and a poten-
tial replacement PM combination are fabricated and validated to
compare their performance with that of three-dimensional (3D)
finite element analysis (FEA). Finally, Section VII concludes
the paper.

II. DESIGN REQUIREMENTS AND PROCESS

This study examines the surface-mounted PM CMG with a
6.67:1 gear ratio, as shown in Fig. 1. The use of a fractional gear
ratio primarily reduces the torque pulsation. The cogging factor,
determined by the combination of the number of pole pairs and
pole pieces (PPs), was calculated as follows [17]:

Cf =
2ppiNs

LCM(2ppi, Ns)
= GCD(2ppi, Ns). (1)

where Cf is the cogging factor, ppi is the number of inner
rotor PM pole pairs, Ns is the number of PPs, LCM is the
lowest common multiple, and GCD is the greatest common
divisor. The smaller the Cf , the lower the peak-to-peak torque
characteristics. When ppi = 3, Ns = 23 and ppo = 20, Gr,
represents the gear ratio, is 6.67 and Cf is 1, satisfying the low
peak-to-peak torque.

The PMs used in this design are NdFeB and Ferrite. NdFeB,
a rare earth PM, has a high residual magnetic flux density but is
costly. Conversely, Ferrite, a nonrare earth PM, has a compara-
tively low residual magnetic flux density and is more affordable.
Owing to the contrasting characteristics of NdFeB and Ferrite,
their combinations results in a variety of performance traits.
Table I lists the details of the active materials used in the design.
The possible NdFeB and Ferrite combinations are as follows:
� Nd-Nd CMG (Inner: NdFeB, Outer: NdFeB)
� Nd-Ferrite CMG (Inner: NdFeB, Outer: Ferrite)
� Ferrite-Nd CMG (Inner: Ferrite, Outer: NdFeB)
� Ferrite-Ferrite CMG (Inner: Ferrite, Outer: Ferrite)
The designs were based on the target specifications listed in

Table II . The CMGs in this paper were designed for use in
washing machines, intended to operate at a single speed and
torque. As the outer and inner diameters were fixed values, the
volumetric torque densities were determined according to the
stack length that satisfied target torque.

The design variables and the ranges of the design variables
are shown in Fig. 2 and Table III. The ranges of the design
variables were the same regardless of the PM combination, and
except for X5, the ranges were determined so that the optimal
point did not reach the minimum and maximum values of the
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TABLE II
TARGET SPECIFICATION

Fig. 2. Design variables of CMG.

TABLE III
RANGE OF DESIGN VARIABLES IN CMGS

design variables. Considering manufacturability, the minimum
value for X5 was set at 2.5 mm. At this stage, the lengths of both
the inner and outer airgaps were fixed at 0.8 mm, and the bridge
thickness was set at 0.5 mm. The bridge geometry was selected
by comparing the performance of the inner and outer bridges in
the subsequent section.

The two-dimensional (2D) FEA results differ from the 3D
FEA results owing to axial leakage flux [18]. However, because
3D FEA requires significantly more computational time than 2D
FEA, many studies have relied on 2D FEA while accounting for
discrepancies in the optimal design. In this optimization process,
the stack length for 3D FEA was estimated by calculating
the correlation coefficient between the 2D equivalent magnetic
circuit (EMC), which ignores the axial leakage flux, and the
3D EMC, which incorporates the axial leakage flux path. This
correlation coefficient was then used to adjust the stack length
[19].

L3D,predicted =
λ2

2D,EMC

λ2
3D,EMC

· L2D,FEA = k · L2D,FEA. (2)

where L3D,predicted is the predicted 3D FEA stack length,
λ3D,EMC is the magnetic flux calculated by the 3D EMC,
λ2D,EMC is the magnetic flux calculated by the 2D EMC,
L2D,FEA is the 2D FEA stack length, and k is the correlation
coefficient. By applying the factor k, the axial leakage flux can
be accounted for in 2D FEA, eliminating the need for 3D FEA.

In this study, the optimal design process follows the methodol-
ogy outlined in [20]. The objective function of the optimization

was to minimize the stack length and maximize efficiency, with
the experimental points uniformly distributed across the design
variable ranges specified in Table III. A kriging model was
created from 2D FEA data that accounted for the axial leakage
flux, and the optimal point was subsequently determined. A
schematic of the overall optimal design process is shown in
Fig. 3.

III. POSITION OF INTERCONNECTING BRIDGE

The bridge in the modulator is not desirable to increase torque
density because it causes a larger leakage flux [21]. However,
bridges are commonly used to enhance the manufacturability
and mechanical stiffness [22]. The number of poles affects the
amount of leakage flux. Therefore, the outer rotor side has a
larger leakage flux than the inner rotor. For this reason, the outer
bridge has more leakage flux than the inner bridge, which further
reduces the torque density [23], [24]. However, these previous
studies have primarily evaluated designs in which the inner and
outer rotor PMs are made of the same material, with only a
few research reports considering designs in which the materials
are different. Therefore, this section evaluates whether an inner,
middle, and outer bridge is more appropriate based on the PM
combination.

When NdFeB is used in the rotor near the bridge, the magnetic
flux passing through the PPs to the opposing rotor is dominant
because of the sufficiently high magneto-motive force (MMF).
The high MMF of the magnets near the bridge provides sufficient
flux to saturate the bridge and link to the other rotor, as illustrated
in Fig. 4(a) and (e). By contrast, when Ferrite was used in
the rotor, the amount of flux leakage through the bridge was
comparable to the flux passing through the other rotor through
the PPs, as shown in Fig. 4(b) and (f). In the middle bridge
configuration, as shown in Fig. 4(c) and (d), MMFs of both
the inner and outer rotors affect the bridge saturation and flux
leakage behavior. To verify the effect of leakage flux based on
bridge location, the torque reduction rates according to bridge
position were compared to the case without a bridge. Based
on the model with the median design parameters in Table III
: X1=7*, X2=8.75 mm, X3=2.75 mm, X4=4.25 mm, and
X5=3.75 mm, the torque reduction rates for the Nd–Nd CMGs
shown in Fig. 4(a), (c), and (e) are –0.21%, –2.74%, and –7.84%,
respectively. Similarly, the torque reduction rates for the Ferrite–
Ferrite CMGs shown in Fig. 4(b), (d), and (f) are –33.76%,
–41.53%, and –63.69%, respectively. This means that the ratio
of the flux leaking through the bridge to the flux linking to the
opposite rotor is small for Nd-Nd and large for Ferrite-Ferrite,
and it becomes larger from the inner bridge to the outer bridge.

The optimal bridge shape for each PM combination was
assessed by evaluating the stack length required to satisfy the
target specifications listed in Table II, within the design variable
range specified in Table III. Within the design variable range, a
total of 1120 experimental points were generated, consisting of
1064 points using the optimal latin hypercube design (OLHD)
and 56 points generated by the sequential minimum distance
design (SMDD), and the distribution of required stack lengths
according to bridge position to produce the same torque is
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Fig. 3. Optimal design process.

Fig. 4. Magnetic flux density distribution. (a) Nd-Nd CMG with inner bridge.
(b) Ferrite-Ferrite CMG with inner bridge. (c) Nd-Nd CMG with middle bridge.
(d) Ferrite-Ferrite with middle bridge. (e) Nd-Nd CMG with outer bridge. (f)
Ferrite-Ferrite with outer bridge.

shown in Fig. 5 as a box plot. Each box plot illustrates the
data distribution, where the box indicates the interquartile range
(IQR), the horizontal line denotes the median, the square marker
represents the mean, and the whiskers extend to the maximum
and minimum observations within 1.5 IQR. As can be seen
from the average required stack length distribution in Fig. 5,

Fig. 5. Box plot of stack length distributions at identical torque levels accord-
ing to bridge position. (a) Nd–Nd CMG. (b) Nd–Ferrite CMG. (c) Ferrite–Nd
CMG. (d) Ferrite–Ferrite CMG.

the torque density decreased as the bridge was positioned on the
outer side, regardless of the PM combination. It can be observed
that the torque density considerably decreases when PM with
lower MMF is placed closer to the bridge. As shown in Fig. 5(b)
and (d), when the outer rotor PM is made of Ferrite, the required
stack length for the outer bridge configuration increases by more
than 60% compared to the inner bridge configuration, leading to
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Fig. 6. Efficiency distribution by PM combination.

a noticeable reduction in torque density. In contrast, as shown in
Fig. 5(a) and (c), when NdFeB is used for the outer rotor PM, the
torque density reduction rate decreases to approximately 40%.
This is because, when PM with higher MMF is placed near the
bridge, it can sufficiently saturate the bridge and thereby mitigate
the influence of flux leakage. Therefore, in the case of the middle
bridge, since it is equally affected by both the inner and outer
PMs, the required stack length increases in proportion to the
total MMF.

In conclusion, the inner bridge configuration consistently
achieved higher torque density than the outer bridge because
the bridge is located on the inner rotor side, which has a smaller
number of poles. Notably, certain PM combinations exhibited
a sharp decline in performance with the outer bridge owing to
increased leakage flux when Ferrite was used near the bridge.
Because this study aims to maximize the torque density, only
the inner bridge configuration will be considered in subsequent
sections.

IV. COMPARISON OF PM COMBINATIONS

The difference in MMF between the inner and outer rotor PMs
influences both the magnetic flux density and modulation effect.
This section analyzes how these differences affect the perfor-
mance characteristics. The performance of various PM material
combinations across different geometries, based on the design
parameter ranges in Table III, were compared. As in Section III,
a total of 1120 experimental points were generated for each PM
combination, consisting of 1064 points by the OLHD and 56
points by the SMDD. The analyzed performances included the
stack length, efficiency, peak-to-peak torque, housing loss as a
function of axial leakage flux, and active material cost.

A. Stack Length and Efficiency

With the outer and inner diameters fixed, the stack length was
determined to satisfy the driving conditions of Table II, which
are 2.52Nm and 333.33 rpm for the inner rotor. The distribution
of the stack length and efficiency by PM combination is shown
in Fig. 6, considering the iron loss and PM eddy current loss.
(In this paper, PM eddy current loss is defined as not included

Fig. 7. Loss of CMG by PM combination according to rotation speed of outer
rotor. (a) Iron loss. (b) Iron and PM eddy current loss.

in iron loss.) As shown in Fig. 6, the torque density is observed
to be proportional to the product of the residual magnetic flux
densities of the inner and outer rotor PMs. This relationship can
be explained from the torque equation of the magnetic gear. The
torque of the magnetic gear can be calculated from the Maxwell
stress tensor as follows :

T =
Lstkr

2

μ0

∫ 2π

0
Br(r, θ)Bθ(r, θ) dθ (3)

Tavg=
Lstkr

2

μ0

∫ 2π

0

[
Bir(r, θ)Boθ(r, θ)+Bor(r, θ)Biθ(r, θ)

]
dθ

(4)

where T is the torque of the CMG, Tavg is the average torque of
the CMG, Lstk is the stack length of the CMG, r is the radius of
the airgap, Br and Bθ are the radial and tangential magnetic flux
density of the airgap, Bir and Biθ are the radial and tangential
magnetic flux densities in the airgap produced by the inner
rotor PM, Bor and Boθ are the radial and tangential magnetic
flux densities in the airgap produced by the outer rotor PM.
When the spatial harmonics of the radial and tangential magnetic
flux densities in the airgap of the magnetic gear are identical,
the components with the same time harmonics contribute to
the average torque, while those with different time harmonics
contribute to the peak-to-peak torque. In the CMG, the inner
and outer rotor PMs have identical time harmonics when their
spatial harmonics coincide. Therefore, as expressed in (4), the
component contributing to the average torque is proportional to
the product of the residual flux densities of the inner and outer
rotor PMs.

It can be seen that Ferrite-Nd CMG shows the highest effi-
ciency distribution, followed by Nd-Nd and Nd-Ferrite combi-
nations, and Nd-Ferrite CMG shows the lowest efficiency dis-
tribution. Notably, unlike previous studies, NdFeB-based CMG
shows similar efficiency to Ferrite-based CMG. This is because
the results were obtained under low-speed conditions. Unlike
NdFeB, Ferrite has a large electrical resistivity, so there is small
PM eddy current loss, which is why Ferrite CMGs are said to
be more efficient than Nd CMGs in the high speed region [11].
Fig. 7 shows the loss according to the rotation speed of the
outer rotor based on the median design parameter model used in
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Fig. 8. Outer core iron loss distribution separated by FPM. (a) Due to inner
rotor PMs. (b) Due to outer rotor PMs.

Section III. Fig. 7(a) illustrates only the iron loss, and Fig. 7(b)
shows the sum of the iron loss and the PM eddy current loss.
(The PMs used are electrically insulated between segments, and
their resistivities are listed in Table I.) The difference between
Fig. 7(a) and (b) increases as the PM combination uses more Nd.
As a result, when only iron loss is considered, the loss of Nd-Nd
CMG is smaller than that of Ferrite-Ferrite CMG. However,
when PM eddy current loss is additionally considered, the loss
of Nd-Nd CMG is larger than that of Ferrite-Ferrite CMG. Based
on the outer rotor speed, the difference in loss between these two
combinations in Fig. 7(b) is less than 5% at 50 rpm, but it differs
significantly by more than 20% at 300 rpm or higher. To reduce
the PM eddy current loss, increasing the axial segmentation
of the Nd makes the loss behavior in Fig. 7(b) approach that
of Fig. 7(a), and the most significant effect is observed in the
Nd–Nd configuration. The Nd-Ferrite combination shows a high
loss even though its influence on PM eddy current is reduced like
Ferrite-Nd CMG. This is due to the high iron loss characteristics,
which originate from the high residual magnetic flux density of
the inner rotor PM and the stack length of the Nd-Ferrite CMG.
Most iron losses occurred in the modulator and outer core. At
this time, the time-varying magnetic flux density of the outer
rotor PMs hardly appears in the outer core. Therefore, the iron
losses in the outer core primarily resulted from the time-varying
modulated magnetic flux density of the inner rotor PMs. The
effect of each PM on the outer core iron loss was analyzed by
frozen permeability method (FPM), which allows the model to
reflect the permeability in the presence of inner and outer rotor
PMs. Fig. 8 shows the distribution of iron loss separated by
the inner and outer rotor PMs, using the FPM for an Nd-Nd
CMG model with the median design parameter model used
in Section III. On average, when using the same PM, such as
Nd-Nd and Ferrite-Ferrite CMGs, approximately 90% of the
outer core iron loss was caused by the inner rotor PMs. For the

Fig. 9. Peak-to-peak torque distribution by PM combination. (a) Inner rotor.
(b) Outer rotor.

Ferrite-Nd CMG, in which the inner rotor PMs had a smaller
residual flux density than the outer rotor PMs, 81% of the iron
loss was caused by the inner rotor PMs. For the Nd-Ferrite CMG,
in which the inner rotor PMs had a larger residual flux density
than the outer rotor PMs, 99% was caused by the inner rotor
PMs. This implies that the residual magnetic flux density of the
inner rotor PMs is proportional to the outer core iron loss. These
analysis results explain why Nd-Ferrite CMG shows the lowest
efficiency and Ferrite-Nd CMG shows the highest efficiency in
Fig. 6 and Fig. 7.

B. Peak-to-Peak Torque

Since the torque of CMG changes over time, it has a maxi-
mum value and a minimum value, and the difference between
them is defined as the peak-to-peak torque. Fig. 9 illustrates
the peak-to-peak torque distributions of the inner and outer
rotors. This distribution indicates that the Nd-Ferrite CMG has a
relatively high peak-to-peak torque on the inner rotor side, while
the Ferrite-Nd CMG exhibits a higher peak-to-peak torque on
the outer rotor side. Unlike the average torque obtained from
(4), where both the spatial and time harmonics of the radial and
tangential magnetic flux densities in the airgap are identical, the
peak-to-peak torque occurs when the spatial harmonics coincide,
but the time harmonics differ. Therefore, among the components
in (3), the interaction between the inner rotor PMs or between the
outer rotor PMs generates the peak-to-peak torque component.
According to [25], the peak-to-peak torque of the inner rotor is
given by :

nU = (k1 − k2)Ns = (m1 +m2)ppi. (5)

Tpp,in =
Lstkr

2

μ0

∫ 2π

0

[
Bir(r, θ)Biθ(r, θ)

]
dθ

=
Lstkr

2

4

∞∑
n=1

[
(λak1_inBrm1_in − λbk1_inBθm1_in)

× (λak2_inBrm2_in + λbk2_inBθm2_in)

× sin(nU(ωit+ θin))
]
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Fig. 10. Coefficient k distribution by PM combination.

≈ Lstkr
2

4

∞∑
n=1

[
(λak1_inBrm1_in)× (λak2_inBrm2_in)

× sin(nU(ωit+ θin))
]

∝ Br_inLstkr
2. (6)

where k1 and k2 are the spatial order of PPs relative specific
permeance, m1, and m2 are odd and denote the spatial order of
the PM field, U is the LCM of Ns and 2ppi, n is the any natural
number, Tpp,in is the peak-to-peak torque of the inner rotor,
λak1_in, λak2_in, λbk1_in, and λbk2_in are the Fourier coefficients
of inner airgap relative specific permeance, Brm1_in, Brm2_in,
Bθm1_in, and Bθm2_in are the Fourier coefficients of the radial
and the tangential components of the magnetic flux density by
the inner rotor PM at inner airgap, ωi is the rotation speed of
the inner rotor, t is the time, θin is the mechanical angle of
the inner rotor, Br_in is the radial magnetic flux density of the
inner rotor PM. When (5) is satisfied, the peak-to-peak torque is
defined as in (6). Assuming that the saturation effect is ignored,
the magnetic flux density of the radial component was larger
than that of the tangential component at the same m1 or m2, and
the magnetic flux density was proportional to the residual flux
density of the PM. Consequently, the inner side peak-to-peak
torque was proportional to the product of the stack length and the
magnetic flux density of the inner rotor PM. When producing the
same torque, the Nd-Ferrite CMG exhibited a larger inner rotor
peak-to-peak torque than that of the Ferrite-Nd CMG. Similarly,
when the residual flux densities of the inner and outer rotor PMs
that produce the same torque were different, the residual flux
density of the outer rotor PMs was inversely proportional to the
peak-to-peak torque of the outer rotor.

C. Housing Loss as a Function of Axial Leakage Flux

Fig. 10 shows the coefficient k calculated in (2). As the k
coefficient increased, a larger axial leakage flux occurred. As the
end effect of the axial leakage flux diminished with increasing
stack length, the distribution of k was inversely proportional to
the stack length [26]. In addition, the slope of the k distribution
with respect to the stack length became steeper as the residual

Fig. 11. Appropriate distance between the active part and the end cover to
neglect end cover loss. (a) Absolute distance gk . (b) Relative distance rL
distribution by PM combination.

flux density Bresidual, increased. Axial leakage flux induced eddy
current loss when housing was present along its path. As shown
in Fig. 11(a), the minimum gap gk between the active part and
the end cover at which the end cover loss is negligible (less
than 0.5W) under the housing material of this paper, AL6061,
and the shape conditions was calculated. In order to express gk
relatively according to the stack length, the value obtained by
dividing gk by the stack length is defined as rL, and rL according
to k is shown in Fig. 11(b). As shown in Fig. 11(b), it can be
confirmed that rL is proportional to k. Although the slopes of
the relationship between k and rL are similar, the intercept of
rL varies depending on the PM combination. This is because
end cover loss is influenced not only by axial leakage flux but
also partly by radial leakage flux. As a result, the rL intercept
increases in proportion to the degree of magnetic saturation in
the outer core. For the Nd-Nd CMG, both the high value of k
and the severe saturation of the outer core result in a required
rL that exceeds the stack length. In other words, to make the
end cover loss negligible in this case, a housing height nearly
twice the stack length would be necessary, which significantly
lowers the torque density when the housing volume is included.
Among the PM combinations using Ferrite, Nd-Ferrite, which
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Fig. 12. Active material cost distribution by PM combination.

has a high outer core saturation, has a relatively high rL intercept.
However, Ferrite-Nd and Ferrite-Ferrite CMGs have low k and
rL intercepts, which are advantageous for housing loss.

D. Active Material Cost

Fig. 12 illustrates the cost analysis for each material combi-
nation, considering only the price of active materials without
accounting for manufacturing cost variations. The cost anal-
ysis was based on the unit prices provided in Table I. When
NdFeB was replaced with Ferrite, the price per unit volume
decreased. However, the overall material cost increased with the
stack length. Consequently, the material costs for Nd-Ferrite and
Ferrite-Ferrite CMGs are actually higher than those for Nd-Nd
CMGs. Conversely, the cost distribution for Ferrite-Nd CMGs
remained comparable to that of Nd-Nd CMGs. As shown in
Table III, to maximize the torque density, the inner rotor PM
was thicker than that of the outer rotor PMs. This configuration
makes Ferrite-Nd CMGs cost-effective by using Ferrite in areas
with a larger PM volume and NdFeB in areas with a smaller
PM volume. Furthermore, regardless of the PM combination,
the cost is proportional to the stack length. Therefore, when the
stack length is reduced, the cost is also reduced, so the cost is
not considered separately in the optimization objective function
in the next section.

V. OPTIMAL DESIGN MODELS

To derive the optimal design model for each PM combination
and to compare their performances, an optimization process was
conducted. The overall optimal design process is illustrated in
Fig. 3. As in the previous section, a total of 1120 experimental
points (1064 by OLHD and 56 by SMDD) were generated for
each PM combination within the design variable ranges listed
in Table III. A kriging surrogate model was created based on
the results of the experimental points presented in Section IV.
To evaluate the accuracy of the surrogate model, the dataset was
divided into five folds for cross-validation, and the normalized
root mean square error (NRMSE) was assessed by sequentially
using each fold as the test data. As a result, the NRMSE values for
stack length and efficiency were 1.10% and 1.59% for the Nd–Nd

Fig. 13. Pareto Frontier. (a) Nd-Nd, (b) Nd-Ferrite, (c) Ferrite-Nd, and
(d) Ferrite-Ferrite CMG.

Fig. 14. 2D configurations of optimized CMG. (a) Nd-Nd, (b) Nd-Ferrite, (c)
Ferrite-Nd, and (d) Ferrite-Ferrite CMG.

CMG, 0.99% and 1.33% for the Nd–Ferrite CMG, 1.11% and
1.20% for the Ferrite–Nd CMG, and 1.02% and 0.96% for the
Ferrite–Ferrite CMG, respectively, confirming the high accuracy
of the surrogate model. Subsequently, the design model with
the minimum stack length and maximum efficiency (η) was
optimized in the surrogate model through sequential quadratic
programming. Fig. 13 shows the Pareto Frontier, optimum point,
and the performance distribution of the experimental points.
It can be observed that the Pareto Frontier appears slightly
non-smooth in some cases. This is because, within the outer
and inner diameter constraints specified in Table II, there was a
limitation in increasing the upper bounds of the design variables
in order to ensure a manufacturable inner rotor core thickness
and to maintain consistent design variable ranges across all PM
combinations. The optimized 2D configurations for each PM
combinations are shown in Fig. 14. The optimization design
parameters are listed in Table IV. For optimized models, eddy
current loss in the mechanical part caused by leakage flux was
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TABLE IV
DESIGN VARIABLES OF OPTIMAL DESIGNS. MINIMIZE f = L3D,PREDICTED − η

TABLE V
ELECTROMAGNETIC PERFORMANCE OF OPTIMAL DESIGNS

considered. Apart from the active part, the non-magnetic me-
chanical components that could potentially cause eddy current
losses include the housing and the PPs cover, which connects
and fixes the pole pieces to the housing. In this study, AL6061
aluminum alloy was used for the housing, and SUS304 stainless
steel was used for the PPs cover. Although SUS304 has an
electrical resistivity approximately 20 times higher than that of
AL6061, it has a density nearly three times greater and is more
expensive. Therefore, AL6061 was selected for the housing to
minimize weight and cost, while SUS304 was chosen for the
PPs cover to suppress eddy current losses. As a result, the eddy
current losses generated in the PPs cover were negligible and
thus excluded from the loss analysis. Therefore, only the housing
loss was considered for the eddy current loss of the mechanical
part, and in order to analyze the aspect under the same housing
conditions, the outer and inner diameters of the housing, as
well as the axial length and thickness far from the active part,
were consistent across all material combinations. The distance
between the active part and the end cover is 12 mm, which may
be greater or less than the appropriate rL in Fig. 11(b) for each
PM combination, but was selected to evaluate the performance of
each PM combination under the same conditions. Under these
conditions, the optimally designed models were compared in
terms of electromagnetic performance and cost-effectiveness to
identify the configuration with the best Ferrite usability.

A. Electromagnetic Performance

The electromagnetic performance of the optimal design mod-
els, evaluated using 3D FEA, are summarized in Table V. The
results were almost identical with the performance prediction
values from the surrogate model shown in Fig. 13, with an
error of less than 5%. The stack length varied with the residual
flux density of the PMs. The efficiency η, calculated based on
the losses in Fig. 15, was provided for the optimized models
both with and without the housing loss WH . The efficiency,
without considering the housing loss trends shown in Fig. 15,
were consistent with those in Fig. 6. The PM eddy current

Fig. 15. Loss components of optimal model.

Fig. 16. Housing loss distribution of (a) Nd-Nd, (b) Nd-Ferrite, (c) Ferrite-Nd,
and (d) Ferrite-Ferrite CMG.

losses remained negligible at the evaluated speed conditions.
However, as illustrated in Fig. 16, the housing loss significantly
affected the efficiency of combinations using NdFeB in the
inner rotor PM, given the specified housing configuration. It
was because the appropriate gap between the active part and
the end cover calculated in Fig. 11(b) was not satisfied. The
value of the distance between the active part and the end cover
of the optimized model divided by the stack length is 0.73 for
Nd-Nd, 0.29 for Nd-Ferrite, 0.26 for Ferrite-Nd, and 0.11 for
Ferrite-Ferrite. Optimized Ferrite-Nd and Ferrite-Ferrite CMG
have k of 1.10 and 1.04, respectively, referring to Fig. 11(b),
which can sufficiently ignore end cover loss. However, Nd-Nd
and Nd-Ferrite CMGs have k of 1.24 and 1.10, respectively,
which require larger rL in the corresponding PM combination.
To reduce the housing loss while retaining housing specifica-
tions, either X2 would need to be reduced or X5 increased,
both of which would lower the torque density. Under the given
conditions, the optimal design of the Ferrite-Nd model achieved
the highest efficiency, followed by the Ferrite-Ferrite model, in
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Fig. 17. Active material cost calculation of optimal designs.

contrast to Fig. 6, which considered the iron and PM eddy current
loss.

Finally, the peak-to-peak torque was higher for the rotor using
NdFeB when NdFeB and Ferrite were used together, which was
consistent with the results observed in the 2D FEA.

B. Cost Effectiveness

A comparison of prices at the maximum torque density and
efficiency, as shown in Fig. 11, confirms that the Ferrite-Nd
model was similar in cost to the Nd-Nd model. Supporting
this observation, the active material cost analysis of the optimal
design models is shown in Fig. 17. Among the designs using Fer-
rite, the Ferrite-Nd model was the most cost-effective. Given the
rising cost of rare earth materials, the Ferrite-Nd model remains a
competitive option that reduces the rare earth dependency while
maintaining comparable costs.

VI. EXPERIMENTAL VALIDATION

In the previous section, the electromagnetic performance and
active material costs of optimized models for each PM material
combination were compared. Overall, the Ferrite-Nd model
demonstrated superior performance among the configurations
using Ferrite. Therefore, in this section, the conventional Nd-Nd
model and a newly proposed PM combination, the Ferrite-Nd
model, were fabricated and tested. Prior to fabrication, high-
speed structural analysis and high-temperature demagnetization
analysis were conducted on the models. Structural analysis
confirmed that sufficient rigidity was satisfied under the test
load conditions, and irreversible demagnetization appeared at
around 70 degrees for Nd-Nd CMG and around 110 degrees
for Ferrite-Nd CMG. Demagnetization mostly occurs in the
outer rotor PM. Therefore, Ferrite-Nd CMG showed favorable
results in demagnetization characteristics because the MMF of
the inner rotor PM was small. Fig. 18 shows prototypes of the
optimized models along with their lengths and weights. Total
length represents the length including the housing, stack length
represents the length of the active part excluding the housing,
and total mass represents the weight of the prototype. (Total
length does not include shaft length.) The housings of the two
prototype CMGs are designed with the same thickness and
distance from the active part (12 mm on one side in the axial
direction and 5.5 mm on one side in the radial direction), so
that the height and radius increase due to the housing are the
same. Fig. 19 depicts the experimental setup. In this set of

Fig. 18. Prototype of CMG.

Fig. 19. Experiment setup.

TABLE VI
EXPERIMENTAL DATA OF PROTOTYPES

experiments, Fig. 20 and 21 show the torque and speed results
for the prototype Nd-Nd and Ferrite-Nd models, respectively.
Table VI summarizes the results. To conduct the test under
conditions matching the simulation, the inner rotor was driven
at 2.50 Nm and 333.33 rpm. Under these inner rotor driving
conditions , the outer rotors were all driven at 50 rpm according
to the gear ratio. However, the torque ratio decreased from
6.67 due to losses. Fig. 22 compares the loss components and
efficiency between the 3D FEA and experimental results. The
predicted mechanical loss was calculated by subtracting the
housing, PM eddy current, and iron losses from the experimental
total loss WExperiment. As previously shown, the iron and PM
eddy current losses of the prototype Nd-Nd and Ferrite-Nd
CMGs were comparable, while housing losses accounted for
a substantial efficiency difference. These experimental findings
agree with the efficiency values listed in Table V.
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Fig. 20. Experimental data of prototype Nd-Nd CMG. (a) Torque data.
(b) Speed data.

The efficiency difference between Nd-Nd CMG and Ferrite-
Nd CMG also affected the torque density. As shown in Fig. 18,
the stack length and the total length including the housing are
about 2.8 times and 1.46 times larger for the Ferrite-Nd model,
respectively. However, due to the decrease in outer rotor torque
of Nd-Nd CMG caused by the low efficiency, the specific torque
in Table VI is 1.36 times and the volumetric torque density
(VTD) is 1.24 times, which is a small difference compared to
the increase in length. Specific torque was calculated by dividing
the total mass from the outer rotor average torque, and the VTD
was calculated from the following formula, reflecting the volume
including the housing.

VTD =
Outer rotor average torque

π × (Outer radius)2 × (Total length)
(7)

Differences between the peak-to-peak torque in the experi-
ment and simulation were observed. Unlike in the simulation, the
CMG did not operate in isolation during the experiment and was
influenced by the operating system. Because the peak-to-peak
torque of the CMG was significantly smaller than that of the drive
motor, the torque ripple for both prototypes were measured at
similar levels.

Although it is difficult to verify the peak-to-peak torque
difference, it can be experimentally proven that the efficiencies
of the fabricated Nd-Nd and Ferrite-Nd CMGs differed owing
to housing loss.

Fig. 21. Experimental data of prototype Ferrite-Nd CMG. (a) Torque data.
(b) Speed data.

Fig. 22. Comparison of 3D FEA and experiment of loss components and
efficiency.

VII. CONCLUSION

In this study, CMGs with four different PM combinations
were proposed and evaluated. Each combination was designed
through an optimal design process utilizing an EMC equiva-
lent to 3D analysis. First, the optimal bridge shape for each
PM combination was analyzed, revealing that the inner bridge
consistently achieved higher torque density regardless of the
PM combination. Next, the usability of Ferrite was assessed
by examining the performance distribution across experimental
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points. The simulation results indicated that differences in the
MMF between the inner and outer rotor PMs led to variations in
the torque density, active material cost, iron loss, peak-to-peak
torque, and leakage flux. The key findings include the following:
(1) Torque is proportional to the product of the residual flux
densities of the inner and outer PMs, respectively. (2) Through
the FPM, it was validated that an increase in the MMF of the inner
rotor PM resulted in a higher iron loss. (3) When the PM mate-
rials of the inner and outer rotors differ, the peak-to-peak torque
was higher for rotors with higher residual flux densities. (4) The
gap between the active part and the end cover was calculated to
be at a level where the end cover loss is negligible according to
k for each PM combination. In the case of Nd-based CMG, the
leakage flux is large, so a larger relative gap is required than that
of CMG using Ferrite. Overall, the Ferrite-Nd CMG emerged
as the most promising material combination using nonrare earth
PM. Finally, prototypes of the optimized Nd-Nd and Ferrite-Nd
CMGs were fabricated and tested. Unlike the Ferrite-Nd model,
the Nd-Nd CMG exhibited a notable housing loss. To mitigate
housing losses, the design must either be adjusted to reduce
leakage, which may occur at the expense of torque density, or
the housing size must be increased both axially and radially.

The Ferrite-Nd combination showed high efficiency com-
pared to Nd-Nd CMG, and the price difference is not large.
Considering the increase in inactive housing volume required
to reduce housing loss and the rising cost of rare earth PMs,
Ferrite-Nd CMG presents a promising alternative to replace
existing CMGs.
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