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Abstract: This paper presents a hybrid-excited coaxial magnetic gear (HE-CMG) with direct current (DC) field excitation coils
(FECS). In the outer rotor, the north permanent magnets (PMs) are replaced with cylindrical iron poles, slotted to form a stator
slot-like structure with defined teeth, and DC FECs are wound around the teeth. A 2D finite element analysis (FEA) shows that
although torque is reduced compared to conventional CMGs, the design lowers PM usage and has the potential to match or ex-
ceed traditional torque transmission in future developments.

Keywords: consequent pole, magnetic gear, hybrid excitation, rare earth permanent magnet

Streszczenie: W niniejszym artykule przedstawiono hybrydowo-wzbudzong wspétosiowg przektadnie magnetyczng (HE-CMG)
7 cewkami wzbudzenia pola pradu statego (FEC). W wirniku zewnetrznym pétnocne magnesy trwate (PM) zostaty zastapione cy-
lindrycznymi, Zelaznymi biegunami, rowkowanymi w celu utworzenia struktury przypominajacej ztobek stojana z okreslonymi
zebami, a cewki wzbudzenia pola pradu statego (FEC) s nawiniete wokoét zebéw. Dwuwymiarowa analiza elementéw
skoriczonych (MES) pokazuje, ze pomimo mniejszego momentu obrotowego w poréwnaniu z konwencjonalnymi przektadniami
(MG, konstrukcja ta zmniejsza zuzycie magnesow trwatych i ma potencjat, aby doréwnac lub przewyiszy¢ tradycyjne przenosze-
nie momentu obrotowego w przysztych rozwigzaniach.

Stowa kluczowe: biegun nastepczy, przektadnia magnetyczna, wzbudzenie hybrydowe, magnes trwaty z metali ziem rzadkich

Introduction

As electrification accelerates across transportation,
robotics, and renewable energy systems, the need for
efficient, compact, and low-maintenance torque trans-
mission solutions becomes increasingly critical. Mag-
netic gears (MGs) have emerged as a promising al-
ternative to conventional mechanical gear systems,
offering contactless torque transmission with reduced
noise, zero lubrication requirements, and intrinsic
overload protection [1]. Among various MG topolo-
gies, coaxial magnetic gears (CMGs) are particularly
notable for their symmetrical design and high torque
density, wherein all the permanent magnets (PMs) ac-
tively contribute to torque generation [2]. However,

B e

CMGs heavily depend on rare earth permanent mag-
nets (REPMs), which, despite their superior magnetic
properties, present significant challenges in terms of
cost, sustainability, and supply chain risks [3].

A review of flux excitation methods in CMGs re-
veals three primary classifications, based on the flux
excitation sources employed in the inner and outer pole
pair rotors, as illustrated in Figure 1. The first category
comprises conventional CMG, which rely exclusively
on REPM materials, such as NdFeB, in inner and out-
er rotors [4-6]. The second category is electromagnetic
CMG, which replaces PMs with field windings in both
rotors [7,8]. The third category, hybrid-excited CMGs,
integrates the benefits of both PM and field winding
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excitation [9,10]. In this configuration, the inner ro-
tor utilizes REPMs, while the outer rotor incorporates
REPMs and field excitation windings. However, de-
spite these developments, the current body of designs
remains limited in quantity and diversity. Therefore,
pursuing new iterations of CMG configuration that fo-
cus on reducing PM volume, while offering a practi-
cal torque transmission system, presents a promising
research direction. The exploration of such innovative
designs is essential to minimize environmental impact
and advance sustainable technologies for future gen-
erations [11].

In this paper, a hybrid-excited consequent pole (CP)
coaxial magnetic gear (HE-CMGQG) featuring direct cur-
rent (DC) field excitation coils (FECs) wound within
the stator’s enclosed slots is proposed. By combining
excitation from both PMs and FECs, the proposed de-
sign effectively reduces the reliance on REPM, offering
practical torque transmission capabilities and a cost-ef-
fective solution for sustainable applications.

| Coaxial Magnetic Gear (CMG) |

I
{ 1 ]
Conventional Electromagnetic Hybrid-
CMG CMG Excited CMG

Inner Rotor
Flux Excitation

Inner Rotor ! Inner Rotor 1
Flux Excitation L Flux Excitation 1

1
Outer Rotor 1 Outer Rotor
| Flux Excitation 1 | Flux Excitation J

Outer Rotor
Flux Excitation

i_ | Rare-earth permanent magnet + Field windings

Fig. 1. Classification of CMG based on flux excitation method

Principle of Operation of CMG and
RPMG

Figure 2 illustrates the fundamental structure of
a CMG, which consists of three main elements: an
inner rotor featuring inner pole pairs (IPPs), an out-
er rotor with outer pole pairs (OPPs), and a magnetic
flux modulator ring (also known as the ferromagnetic
pole piece (FMP) ring or FMP rotor) positioned be-
tween the IPP rotor and OPP rotors. The core operat-
ing principle of CMGs relies on air-gap flux modula-
tion, where the interaction between permanent magnet
(PM) rotors and the stationary FMP rotor generates
space harmonics essential for effective torque trans-
mission. The condition required for optimal torque
transmission capability is expressed as:

(1) nS:pi+pu

where ng denotes the number of FMPs, p; and p,
represent the inner and outer PM pole pairs, respec-
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tively. CMGs allow independent rotation of all three
components, enabling various configurations depend-
ing on which element is stationary. This results in
three possible gear ratios, Gy, z,» g3 fOr torque multi-
plication applications:

) Gu=",Gp=2,Gy ="

Inner pole
pair rotor

Fig. 2. Conventional CMG

To maximize transmission ratio and the associat-
ed output torque, this study designates the IPP rotor
as the input rotor, and the FMP rotor as the output ro-
tor, while keeping the OPP rotor stationary. This con-
figuration is known as the rotating pole piece coaxi-
al magnetic gear (RPMG) [12]. According to equation
(2), this arrangement achieves a higher gear ratio than
the traditional CMG configuration with an equivalent
number of pole pairs.

Design and Configuration of CP-RPMG
and HE-CMG

Several key modifications are introduced to de-
velop a hybrid excited coaxial magnetic gear (HE-
CMQG) that reduces the volume of PMs while main-
taining practical torque multiplication capabilities.
First, the number of PMs in the OPP rotor of the
RPMG is halved by removing all radially magnet-
ized, outward-facing north-pole PMs. These re-
moved PMs are then replaced with cylindrical (non-
salient) iron poles, forming a consequent pole (CP)
structure in the OPP rotor. This design is called the
consequent pole rotating pole piece magnetic gear
(CP-RPMQG), as shown in Figure 3. This modifica-
tion initially reduces the effective number of OPPs,
leading to a lower total PM volume. However, it
also results in reduced torque transmission capa-
bility. For instance, a conventional RPMG config-
ures 5 IPPs, 7 OPPs and 12 FMPs. By removing
3.5 of north-facing OPPs, the number of OPPs re-
duces to 3.5, leaving only 8.5 FMPs and violating
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equation (1), thereby preventing maximum torque
transmission.

Nevertheless, in CP-RPMG, the remaining PMs
with identical magnetization directions are placed al-
ternately with the cylindrical iron poles. These iron
poles act as substitute magnetic poles, where adjacent
PMs induce magnetic flux in the iron poles, effectively
generating induced north poles. However, the result-
ing magnetic field strength is comparatively weaker
since these are not actual PMs. The CP-RPMG is fur-
ther developed into a hybrid-excited configuration by
integrating field excitation coils (FECs) into the cy-
lindrical iron poles to enhance the magnetic field of
these induced north poles. Hybrid-excited electrical
machines inspire this concept. In this hybrid excitation
magnetic gear configuration, PMs and electromagnets
are used to establish magnetic fields in the air gaps,
thus combining the advantages of permanent magnet
and electromagnetic gears [9,10,13].

Figure 4 presents the proposed HE-CMG topolo-
gy. In this design, the cylindrical iron poles from the
CP-RPMG are slotted to form closed stator-like slots
with defined teeth between them. These teeth serve
as the core for the FECs, which are wound concen-
trically to create electromagnets. The teeth are made
of steel sheet, the same material as the yoke, to con-
duct magnetic flux effectively, and the electromag-
nets are energized using a direct current (DC) source
to establish stronger north poles via current-induced
magnetization.

In other words, to address the torque reduction
due to the removal of 3.5 PM poles, the hybrid ex-
citation method reintroduces an equivalent number
of electromagnetic poles using FECs, thereby restor-
ing the 7 OPPs and fulfilling the required 12 FMPs in
the HE-CMG. Using electromagnetic poles formed
by FECs around the iron poles aims to intensify the
formation of stronger north poles, thereby enhanc-
ing the magnetic interaction and improving torque

OPP’s North
PM is
replaced with
cylindrical
(non-salient)
iron poles

Fig. 3. CP-RPMG
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Cylindrical
iron poles are
slotted and
placed with
DC FECs

Fig. 4. Proposed HE-CMG

transmission. However, the extent to which this hy-
brid excitation improves performance in this current
configuration remains a key focus of investigation
in this research. The conventional N-S-N-S PM ar-
rangement in the IPP rotor is retained. Meanwhile,
the excitation pattern in the OPP rotor (stator) is de-
fined as S-O-X-S-O-X-S, where S represents south-
pole PMs, O denotes current exiting the page, and X
represents current entering the page.

Each stator tooth is wound using a concentrated
winding, meaning a single coil is wrapped around
one tooth (O-X), thus forming a compact electro-
magnet to replace the removed PMs. Since the coil
span equals one slot pitch and does not overlap adja-
cent teeth, this configuration is referred to as a non-
overlapping or tooth-coil winding [14]. Concentrated
winding can reduce copper losses in permanent mag-
net machines [15]; however, this method introduc-
es more spatial harmonics than distributed windings
[16]. With concentrated winding, the winding resist-
ance is decreased, reducing copper losses, as the coil
ends can be manufactured shorter than those of dis-
tributed windings [17]. Moreover, it supports mod-
ular design, ease of manufacturing, and improved
maintenance access [18].

Methodology

Finite element analysis (FEA) is performed us-
ing JMAG Designer to evaluate the electromagnetic
performance of the RPMG and proposed HE-CMG
topology. All simulations are conducted in two-di-
mensional (2D) transient mode. The performance of
the proposed HE-CMG is compared against that of
the RPMG. Both models are designed with identi-
cal geometric and material properties to ensure a fair
and meaningful comparison, as outlined in Table 1.
In both configurations, the IPP rotor is mechanical-
ly coupled to the prime mover, functioning as the
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input, the FMP rotor acts as the output connected to
the load, and the OPP rotor remains stationary. Sur-
face-mounted arc-shaped PMs with radial magneti-
sation are employed in inner and outer rotor assem-
blies. The rotational speed condition of the IPP rotor
is set at 120 rpm, while the FMP rotor operates at

Table 1. Key design parameter of HE-CMG

Magnetic Gear Parameters RPMG HE-CMG
Shaft radius 34mm
Inner yoke radial length 29.5mm
Inner yoke outer radius 63.5mm
Inner PM radial length 5mm
IPP rotor outer radius 68.5mm
Inner air gap radial length Tmm
FMP radial length 10mm
Outer air gap radial length 0.5mm
Outer PM radial length 5mm
OPP rotor inner radius 85mm
Outer yoke radial length 10 mm
Overall MG radius 95 mm
Axial length 30mm
Number of IPP 5
Number of OPP 7
Number of FMP 12
Gear ratio 24
Speed of the IPP rotor 120 r/min
Speed of the FMP rotor 50 r/min
Inner yoke material NIPPON STEEL 35H270
Outer yoke material
FMP material
Grade of PM JSOL NdFeB (Reversible)
Remanence of PM 127
FECs material Copper
FEC's current density 0,5,10,15,20,25,30 A/mm?
Area per cylindrical iron pole before 185.13 mm?
slotted
Area per cylindrical iron pole after 118.48 mm?
slotted
Stator slot area 33.32 mm? per slot
Fill factor 0.50~0.80
Area for FECs per stator slot after 16.66 mm?~26.66 mm?
accounting for fill factor
Number of FEC turns 1
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50 rpm, rotates in the same direction, corresponding
to a transmission ratio of 2.4. The study investigates
the torque transmission characteristic by evaluating
dynamic torque performance through simulations
over one complete mechanical rotation and static
torque performance over one full electrical cycle.

Besides that, in the HE-CMG configuration,
FECs are energised using direct current (DC) sourc-
es with varying current densities up to 30 A/mm?.
Magnetic losses due to eddy currents in all compo-
nents are considered in the analysis except air gaps.
The thermal effects are excluded in this study, since
heat generation in winding is strongly related to the
current density [19]. As mentioned, the HE-CMG
stator adopts a concentrated winding layout, with
each FEC occupying a single stator tooth, resulting
in a coil span of one slot pitch. This approach mini-
mises the winding head length and simplifies manu-
facturing.

The split-open stator view of RPMG, CP-RPMG,
and the proposed HE-CMG, and the corresponding
equivalent electrical circuit modelled in JMAG for
each FEC for HE-CMG are illustrated in Figures 5
and 6, respectively. A DC source is selected for ex-
citation due to its ability to provide a stable and con-
tinuous magnetic field. The FEC excitation in rotor

Coill Coil2 Coil3 Coil4 Coil5 Coil6 Coil7 |

|00 s [focdl s Jody) s [mdd] s Jdocd) s Jodd s [dodd] s |

L Coil1 ) Coil4 0 Coil 7

Coil2 5 Coils

B - Coil3 s -+ Coil6 -

Fig. 6. Circuit representation of each concentrated winding coil in JMAG
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demands brushes and slip rings to supply DC exci-
tation, because of that, the hybrid excited machines
with FEC excitation in stator are more attractive [20],
eliminating the need for rotating electrical contacts.
This choice enhances system reliability and simpli-
fies practical implementation.

Estimation of Current Density for
Field Excitation Coils (FECs)

To determine the required number of FEC turns,
the current density, J, is defined as the current per unit
cross-sectional area of the conductor:

3) =3

where [ is the total current flowing through the con-
ductor and A is the cross-sectional area of the conduc-
tor carrying the current. In electrical machines, how-
ever, the conductors are distributed within the slots.
Therefore, slot-specific parameters, including the slot
area, A, number of turns, N . and the slot filling
factor, k;;, must be considered.

The total current flowing through the excitation
windings slot, [, ¢, depends on the number of turns
per slot, N, and the DC excitation current, I, . sup-
plied to each turn:

(4) Islot, DC = ]vturn.vla, DC

Since not all of the slot area is occupied by the con-
ductor due to insulation and mechanical constraints,
the effective copper area, A is defined as:

copper

(5 ) A = kﬁHA

copper slot

By substituting (4) and (5) into equation (3), the
current density of the FECs becomes:

Liwoe — Numl

(6) JD' pe A:‘n[;j:‘ B k/mAvI:C
A key design consideration in this study is the
excitation coil configuration for the FECs. Unlike
standard electrical wiring, motor windings can sus-
tain significantly higher current densities due to better
thermal management and compact slot design. In this
topology, each stator slot has an area of 33.32 mm?.
With a fill factor between 0.50 and 0.80, the effec-
tive copper area per slot ranges from 16.66 mm?to
26.66 mm?. To achieve a current density of 30 A/mm?,
the corresponding excitation current per slot is ap-
proximately 500 A, which excites 500 Ampere-Turns
(A-t) per coil when using a single turn. However, in
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practical implementation, using a single large con-
ductor may not be feasible due to the limited axial
length of the machine, which restricts the ability to
bend thick conductors. In such cases, the same am-
pere-turns can be achieved using a smaller wire with
more turns, enabling flexibility in coil placement. To
investigate the theoretical performance limits of the
HE-CMG, the simulation considers current densi-
ties ranging from 0 A/mm? to 30 A/mm?, based on
achievable motor winding practices.

Parametric Torque Analysis with DC
FECs

To investigate the influence of stator DC FECs
on torque performance, a parametric analysis was
conducted by varying the excitation current density
from 0 to 30 A/mm?. This evaluation aims to deter-
mine whether the hybrid excitation configuration in
the proposed HE-CMG enhances the average torque
output in response to increased excitation levels.
Figures 7 and 8 present the average output and in-
put torque simulation results under different excita-
tion current densities. The findings indicate a consist-
ent output and input torque increase as the excitation
current density rises. Specifically, without excita-
tion current (0 A/mm?), the average output and in-
put torque are 59.19 Nm and 26.34 Nm, respective-
ly. At the maximum excitation level of 30 A/mm?,
the average output and input torque increase to
67.09 Nm and 29.57 Nm, respectively. These results
demonstrate the effectiveness of the hybrid excita-
tion system. Applying a 30 A/mm? excitation cur-
rent yields a 13.35 % improvement in output torque
and a 12.26 % increase in input torque compared to
the baseline (0 A/mm?). This validates the contribu-
tion of the stator DC FECs in enhancing the magnetic
gear’s torque transmission capability.

Electromagnetic Torque
Characteristics

The measurement of electromagnetic torque in
CMG is fundamental for evaluating performance met-
rics, optimizing design, assessing load capacity, ana-
lyzing efficiency, understanding dynamic behavior,
performing comparative studies, and ensuring long-
term reliability. Accurate torque estimation is critical
to ensure the MG operates effectively under its intend-
ed application conditions.

The electromagnetic torque on both input and out-
put rotors can be evaluated using the Maxwell stress
tensor method, which is widely recognized for its
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accuracy in finite element-based torque evaluation.
The electromagnetic torque, Ty,, is given by:

Ly o 2
(7) Tpyy = — f R,*B, Bydb
HyJo

where L, is the axial length of the CMG, |, is the
vacuum permeability, R, is the effective radius within
the air gap, B, and B, are the radial and tangential com-
ponents of the magnetic flux density, respectively [21].

Figure 9 illustrates the steady-state torque versus
angle characteristics, showing the torque variations
experienced by both the input and output rotors. The
results reveal that the proposed HE-CMG generates
a torque waveform similar to an RPMG. The average
output torque for the RPMG and HE-CMG is 97.03
Nm and 67.09 Nm, respectively, while the average in-
put torque is 41.85 Nm and 29.57 Nm. These values
indicate a reduction of 30.86 % in output torque and
29.34% in input torque for the HE-CMG compared to
RPMG, attributed to the design trade-offs introduced
by hybrid excitation. Additionally, Figure 9 also shows
the presence of torque ripple in both input and output
torque profiles for both gear models.
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N
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N
o

5 Almm?
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2 56
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25 A/mm
—— 30 Amm?
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Fig. 7. Torque curve for the output rotor for the proposed HE-CMG un-
der different current densities
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Fig. 8. Torque curve for the input rotor for the proposed HE-CMG un-
der different current densities
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Static Torque Evaluation

Static torque measurement is essential for deter-
mining the maximum load a magnetic gear can with-
stand before slippage or failure occurs. This param-
eter is a critical performance index for evaluating
a CMG's load-handling capability and overall robust-
ness, particularly under startup and heavy-load con-
ditions. In static torque simulations, one rotor, typi-
cally the low-speed rotor connected to the load, is
held stationary, while the high-speed rotor, attached
to the prime mover, is rotated. This study evaluated
static torque by fixing the FMP rotor and rotating the
IPP rotor at a speed of 120 r/min.

Figure 10 presents the static torque profiles of the
proposed HE-CMG and RPMG across one electri-
cal cycle. The torque waveform exhibits a sinusoi-
dal pattern, consistent with a transmission ratio of
2.4, and closely mirrors the characteristics observed
in the RPMG. The variation in torque as a function
of electrical angle follows a typical sine wave trend,
with the peak torque occurring at an electrical angle
0f 90°, indicating the maximum static torque point of
the system. This peak value provides critical infor-
mation for validating the gear’s rated torque trans-
mission capability.

120 T T T
100 TRARAAAAAAANAAASASEAASAERARANERARAANY
80 1 1
ISt e RS S AU
S
£40
g == RPMG output torque
E’ 20 = RPMG input torque
o —— HE-CMG output torque
= 0 -——— HE-CMG output torque
-20
-40
-60 T T T
0 90 180 270 360

Mechanical angle (8)

Fig. 9. Dynamic torque-mechanical angle waveforms

The input static torque (from the IPP rotor) for the
RPMG and HE-CMG is 41.05 Nm and 30.97 Nm, re-
spectively, corresponding to a reduction of 24.56 %
in the HE-CMG. Similarly, the output static torque
(from the FMP rotor) is 93.98 Nm for the RPMG
and 67.22 Nm for the HE-CMG, reflecting a 28.47%
decrease.

Torque Transmission Efficiency
Torque transmission efficiency is a critical metric
for assessing the effectiveness of MG systems in con-
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verting input into usable output torque. It is calculated
based on the ratio of output to input mechanical pow-
er, P and P; where mechanical power is the product
of the torque and angular speed. Since the torque val-
ues are captured in transient mode, integral averaging
ensures accuracy. The torque efficiency is defined as:

(8) Gy = 2 X100% = 222 x100%

where t,and t, are the input and output torques, re-
spectively, and o, and o are the angular speeds of the
input and output rotors, respectively.

The results reveal that the RPMG and the proposed
HE-CMG models achieve high transmission efficien-
cies above 90 %, validating their practical utility in
mechanical power transmission applications.

Torque Density

Torque density, T}, is a key parameter used to as-
sess the compactness and torque capability of an MG.
It is defined as the ratio between the maximum static
electromagnetic torque at the output rotor and the total
volume of the MG:

\,
s

) T, =

=~
Q

M

where T,  is the maximum static electromagnetic
torque and V, is the total volume of the gear.

The torque densities for the RPMG and HE-CMG
are 144.36 kNm/m?® and 103.26 kNm/m?, respective-
ly, indicating a performance trade-off in favour of re-
duced PM usage in the HE-CMG.

Torque to Excitation Material Mass
Ratio

While torque density is widely used for evaluating
MG performance, it includes structural components
such as shafts, bearings, and yokes, potentially dis-
torting the assessment of magnetic material efficiency
[22]. A more precise indicator is the torque to PM ra-
tio, Ty, which also can be called as excitation torque
density, T, which isolates the torque contribution
from the excitation source material alone:

(10) T = 32

where My, is the total mass of the PMs or can
be any other excitation material used. This metric pro-
vides a clearer view of the performance effectiveness
per unit mass of magnetic material, aiding in material
optimization efforts.
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Fig. 10. Static torque-electrical angle waveforms

Overall Performance Comparison

Table 2 compares the electromagnetic and struc-
tural performance metrics of the RPMG and the pro-
posed HE-CMG. The HE-CMG demonstrates no-
table material efficiency by reducing the PM mass
from 1.05 kg in the RPMG to 0.758 kg, supple-
mented by only 0.125 kg of copper for excitation.
Despite a 28.47 % reduction in output torque, the
HE-CMG maintains a high excitation torque den-
sity (76.13 Nm/kg) with only a 14.94 % drop com-
pared to the RPMG (89.5 Nm/kg). Moreover, both
gear models achieve transmission efficiencies above
94 %, highlighting their suitability for practical ap-
plications. The HE-CMG’s design showcases a bal-
anced trade-off between torque performance and ma-
terial efficiency, making it a strong candidate for
future sustainable transmission systems.

Conclusion

The paper presents the design and two-dimension-
al finite element analysis (2D FEA) of a HE-CMG
featuring DC-excited FECs wound within the closed
stator slot. The design process was thoroughly de-
tailed, including key parameters, geometrical dimen-
sions, and material selections. Parametric simulations
were conducted with excitation current densities up to
30 A/mm?, identifying this value as optimal for max-
imizing torque transmission. When compared with
RPMG, the HE-CMG exhibits a reduced output of
67.22 Nm versus 93.98 Nm. However, the excitation
torque density only decreases marginally by 14.94 %
(from 89.5 Nm/kg to 76.13 Nm/kg), demonstrating the
effectiveness of hybrid excitation in maintaining high
torque performance.
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Table 2. Key design parameter comparison between RPMG and HE-
CMG

Parameter RPMG HE-CMG
PM volume (m?) 1.40x10+ 1.01x10+
Copper volume (m?) 1.40x10°
PM weight (kg) 1.05 0.758
Copper weight (kg) - 0.125
MG volume (m?) 6.51x10+
Outer torque (Nm) 93.98 67.22
Torque density, T (kNm/m?) 144.36 103.26
Excitation torque density, T, (Nm/kg) 89.50 76.13
Transmission efficiency (%) 96.60 94.54

Notably, the HE-CMG achieves this performance
using significantly less PM material, 0.292 kg less,
by supplementing with 0.125 kg of copper windings.
This reduction indicates a more material-efficient de-

sign while maintaining acceptable performance lev-
els. Overall, the HE-CMG offers a promising balance
between torque density, excitation torque density, and
material usage, suggesting strong potential for prac-
tical applications where cost, sustainability, and rare-
earth material constraints are concerns. Future work
may focus on enhancing performance through FEC
slot geometry optimization, alternative winding con-
figurations, and structural refinements. These im-
provements could further elevate the performance and
functional competitiveness of the HE-CMG for ad-
vanced electric drive and magnetic gear applications.
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