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Abstract—Magnetic gears (MG) are an important development
to improve on the disadvantages of their mechanical counter-
parts. MGs have multiple topologies with each finding their
suitable application. The triply excited magnetic gear (TEMG)
is one such topology with interesting possibilities. This topology
has an extra set of permanent magnets (PMs) in between the
ferromagnetic modulators in addition to the PMs located in
the inner and outer rotor. The TEMG topology has multiple
variations with respect to PM placements; the torque production
in three such variations is studied and compared with the con-
ventional coaxial MG (CCMG). Different geometric parameters
are varied and the various topologies are optimized for maximum
volumetric torque density (VID) and permanent magnet specific
torque (PM ST). The torque generated by these optimized models
is compared, using the finite-element method (FEM), to verify
the advantages and disadvantages of the TEMG topologies.
The torque production due to the PMs located in between the
modulators is minimal compared to the torque produced due
to the PMs present in the other two rotors. Thus, the CCMG
generally outperforms the TEMG topologies.

Index Terms—coaxial magnetic gear, triply excited magnetic
gear, modulators, permanent magnets, volumetric torque density

I. INTRODUCTION

Mechanical gears have been an integral part of transmission
systems for centuries; however, they face mechanical wear
and tear, which reduces their reliability. Magnetic gears (MGs)
avoid the pitfalls of mechanical gears by removing the physical
contact between the teeth and thereby converting low-speed,
high-torque rotation to high-speed, low-torque rotation or vice
versa more efficiently [1]. Thus, maintenance requirements
may be greatly reduced. With the advent of rare earth per-
manent magnets, the torque density of MGs has increased
drastically [2], [3], leading to a recent surge in interest. Due
to their potential reliability benefits [4], [5], MGs are being
widely studied for aerospace applications [6]-[9], traction
and propulsion applications [10]-[12], and wave [13]-[15]and
wind energy applications [16], [17].

Like mechanical gears, there are many topologies of MGs
that have different advantages suitable for different applica-
tions [18], [19]. The radial flux conventional coaxial magnetic
gear (CCMG), which is illustrated in Fig. 1, has received the
most attention due to the fact that it shows great prospects for
high torque densities [20], [2], [4]. In the CCMG, there are
three rotors, Rotor 1, Rotor 2, and Rotor 3. Rotor 1 and Rotor
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Fig. 1. Conventional coaxial gear (Air gap is exaggerated)

3 have permanent magnets (PMs). Rotor 2 has ferromagnetic
modulators, which modulate the flux from the PMs.

The coaxial gear operates using different numbers of pole
pairs in Rotor 1 (P;) and Rotor 3 (P3). The modulator
produces the spatial flux harmonics from the magnetic fields
produced from the other two rotors. The spatial flux harmonics
interact with each other to produce the gearing action. The
magnetomotive forces (MMFs) generated by the PMs in Rotor
1 and Rotor 3 are given by (1) and (2) [21], [22], where F}
and F3 are the MMFs generated by the PMs in Rotor 1 and
Rotor 3, respectively, Iy, and Fs3, are the Fourier series
magnitudes, w; and ws are the angular velocities of Rotors 1
and 3, respectively, 6 is the angular position in the air gap,
and ¢, and ¢3 are the initial angular positions of Rotors 1 and
3, respectively.
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Eqn. (3) gives the permeance function of the modulators in
Rotor 2, where I'y is the average value, I'j; is the permeance
harmonic component, O, is the number of modulator pieces
in Rotor 2, wy is the angular velocity of Rotor 2 and ¢, is the
initial angular position of Rotor 2 [21].
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The product of the permenance function and the MMF
function gives the spatial flux distribution. The spatial flux
distributions for Rotor 1 and Rotor 3 are given in (4) and (5),
respectively [21].
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The gearing action is achieved by matching the speed and
harmonic number of a harmonic from (4) with a harmonic
from (5). When mis 1 and k is 0 in (4) and n is 1 and k is -1
in (5), (6) gives the relationship between the pole pair counts
and the modulator count to match the harmonic numbers [2].
The — sign is not used in (6) because the modulators should
not be tangentially wider than the PMs to avoid excessive flux
leakage [23]. With the + sign in (6), (7) gives the gear ratio
with Rotor 3 fixed [23], [24]. This relationship causes the m
=1 and k = 0 harmonic in (4) and n = 1 and k = -1 harmonic
in (5) to travel at the same speeds.

P+ Py = Qs 6)
_wi @
Gr= = F (7

To illustrate these harmonics, finite element analysis (FEA)
is used to evaluate the radial flux density in the air gaps
for the design in Fig. 1, which has P, = 3, O, = 16, and
P3; = 13. All analyses were made using Ansys Maxwell 2D
magnetostatic simulations. Even though 2D simulations tend
to overpredict the torque when compared to 3D simulations
[25], the analysis results generally follow the same trends [26].
Figs. 2 and 3 show the harmonic flux densities generated by
the PMs in Rotors 1 and 3, respectively, where AG1 is the
inner air gap and AG2 is the outer air gap. Fig. 2 shows
significant harmonics with spatial frequencies of 3, 9, 13,
15, and 19. The fundamental spatial frequency due to Rotor
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Fig. 2. Harmonic analysis of flux density generated by Rotor 1 PMs in the

absence of Rotor 3 PMs (CCMG)
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Fig. 3. Harmonic analysis of flux density generated by Rotor 3 PMs in the
absence of Rotor 1 PMs (CCMG)

1is 3 (m =1, k = 0 in (4)). This is modulated to spatial
frequencies of 13 (m =1, k = -1) and 19 (m = 1, k = 1).
Additionally, odd harmonics of the fundamental are 9 (m
=3, k=0)and 15 (m = 5, k = 0). Similarly, the spatial
frequencies of ®3 can be obtained from (5) and include 3
m=1Lk=-1),13m=1%k=0),and 19 n=1, k = -
2). The triply excited magnetic gear (TEMG) topology has
been proposed in [27] and [28], which claimed that it achieved
better torque density than the CCMG. However, [27] and [28]
fail to describe the operating principle by which the TEMG
is able to produce extra torque. Additionally, the comparisons
made in [27] and [28] are between non-optimized designs.
This paper evaluates the different TEMG topologies in [27]
and [28]. Section 2 explains the torque generation principle.
Section 3 describes the parametric sweep comparison between
the topologies. Section 4 provides the results and an analysis of
the torque contribution of the different PMs in each topology.
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Fig. 4. TEMG Model 1 (Air gap is exaggerated)
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Fig. 5. TEMG Model 2 (Air gap is exaggerated)

II. TORQUE GENERATION IN TEMG

There are a few variations of TEMG topologies (Figs. 4 -
6), which differ from the CCMG in two major ways. First,
PMs are placed between the modulators of Rotor 2. Second,
the surface permanent magnet arrangement is replaced with a
consequent pole arrangement on Rotor 1 (Fig. 6) or Rotor
3 (Fig. 5) or both (Fig. 4). The ferromagnetic portions of
the consequent pole arrangements in Rotors 1 and 3 create
permeance functions that modulate the flux from the Rotor 2
PMs. This modulation allows flux harmonics from the Rotor
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Fig. 7. Harmonic analysis of flux density generated by rotor 1 PMs in the
absence of rotor 2 PMs and rotor 3 PMs (TEMG Model 1)

2 PMs to interact with flux harmonics from the Rotor 1 or
Rotor 3 PMs, which can generate additional torque.

Fig. 4 shows that TEMG Model 1 has consequent pole
arrangements in all three rotors. This allows for modulation by
the Rotor 1 and Rotor 3 teeth, in addition to the Rotor 2 modu-
lators. This means that there will two new permeance functions
similar to (3) but with fundamental spatial frequencies of P;
and Pj instead of Q5. The design shown in Fig. 4 is evaluated
using FEA to illustrate the additional spatial harmonics due
to the Rotor 2 PMs and the permeance functions from Rotors
1 and 3. This design has P; = 3, Oy = 16, and P3 = 13,
satisfying (6). The harmonic components of the air gap radial
flux density produced by each set of PMs are shown in Figs. 7
- 9.

The Rotor 1 PMs interact with the Rotor 2 modulators and
Rotor 3 teeth to produce the harmonics illustrated in Fig. 7.
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Fig. 8. Harmonic analysis of flux density generated by rotor 3 PMs in the
absence of rotor 1 PMs and rotor 2 PMs (TEMG Model 1)

The harmonic components with spatial frequencies of 3, 6, 9,
and 12 result from the fundamental MMF produced by the
Rotor 1 PMs and its harmonics interacting with the average
permeance. Note that unlike the surface permanent magnet
arrangement, the consequent pole arrangement can produce
even harmonics of the fundamental. The Rotor 1 PMs interact
with the 13 Rotor 3 teeth to generate spatial frequencies of 10
and 16. The harmonic with the spatial frequency of 16 will
interact with the fundamental of Rotor 2 to produce torque.
The Rotor 1 PMs interact with the 16 Rotor 2 modulators to
generate spatial frequencies of 13 and 19. The harmonic with
the spatial frequency of 13 will interact with the fundamental
of Rotor 3.

The Rotor 3 PMs interact with the Rotor 2 modulators and
Rotor 1 teeth to produce the harmonics illustrated in Fig. 8.
The Rotor 3 PMs interact with the 3 Rotor 1 teeth to generate
spatial frequencies of 10 and 16. The harmonic with the spatial
frequency of 16 will interact with the fundamental of Rotor
2 to produce torque. The Rotor 3 PMs interact with the 16
Rotor 2 modulators to generate spatial frequencies of 3 and
29. The harmonic with the spatial frequency of 3 will interact
with the fundamental of Rotor 1. The spatial frequencies of
6 and 19 stem from the interaction of the second harmonic
components in the MMF or the permeance functions.

The Rotor 2 PMs interact with the Rotor 3 teeth and Rotor
1 teeth to produce the harmonics illustrated in Fig. 9. The
Rotor 2 PMs interact with the 3 Rotor 1 teeth to generate
spatial frequencies of 13 and 19. The harmonic with the spatial
frequency of 13 will interact with the fundamental of Rotor 3
to produce torque. The Rotor 2 PMs also interact with the 13
Rotor 3 teeth to generate spatial frequencies of 3 and 29. The
harmonic with the spatial frequency of 3 will interact with the
fundamental of Rotor 1.

Even though the Rotor 2 PMs produce harmonics that
can generate additional torque, Figs. 7 and 8 show that the
magnitudes of the fundamental flux density from Rotor 1 and
Rotor 3 PMs are lower than the flux densities obtained from
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Fig. 9. Harmonic analysis of flux density generated by rotor 2 PMs in the
absence of rotor 1 PMs and rotor 3 PMs (TEMG Model 1)

TABLE I
FUNDAMENTAL FREQUENCIES FOR DIFFERENT TOPOLOGIES

MMF | Modulating Spatial CCMG TEMG TEMG TEMG
Rotor Rotor Frequency Model 1 | Model 2 | Model 3

1 2 Q2- P =Ps X X X X

1 3 P1 + P3 = Q2 X X

2 1 Q2-P1=P; X X

2 3 Q2-P3=P; X X

3 1 P+ P3=Q2 X X

3 2 Q2 - P3 =P X X X X

the CCMG (Figs. 2 and 3), due to the replacement of the
surface permanent magnet arrangement with the consequent
pole arrangement. Thus, these additional torque-producing har-
monics may come at the cost of reduced torque generation by
the main torque-producing harmonics of the CCMG. TEMG
Model 2 and TEMG Model 3 are similar to TEMG Model 1
but have a surface permanent magnet arrangement on either
Rotor 1 or Rotor 3. Thus, flux can only be modulated by two
of the rotors. Table I shows the torque-producing harmonics
in each of the models.

III. PARAMETRIC SWEEP STUDY

The previous section shows that the TEMG has additional
torque producing harmonics, but the air gap flux density mag-
nitude is reduced by the use of consequent pole arrangements
on Rotor 1 and Rotor 3. Each topology was parametrically
swept over the parameter values shown in Table II to obtain
a fair basis of comparison. In Table II, the a:b:c notation
indicates that the parameter was swept from a to ¢ in steps
of b. Each design case was evaluated using Ansys Maxwell
2D magnetostatic simulations. M19 steel was used for fer-
romagnetic components, and NdFeB N50H was used for all
PMs, which are discrete, radially magnetized, and arc shaped.
The operational temperature for the magnets was assumed to
be around 20 °C. The goal here is for each model to have
maximum volumetric torque density (VTD) and permanent
magnet specific torque (PM ST) which are defined in (8) and



TABLE II
PARAMETERS CONSIDERED FOR THE PARAMETRIC SWEEP
Parameter | Description Value Unit
P Rotor 1 PM pole pairs 4:2:12
Gint Integer part of gear ratio 48,16
Rout Outer radius 100 mm
Ter1 Rotor 1 back iron thickness 10 mm
Tpar Rotor 1 PM thickness 5,7.5,10 mm
ThMods Rotor 2 thickness 5,7.5,10 mm
Tac Air gap thickness 1 mm
Kpyis Rotors 3 and 1 PM thickness ratio | 0.5,0.75,1
TBrs Rotor 3 back iron thickness 10 mm
Modsg¢ ¢ Modulators tangential fill factor 0.4:0.05:0.6
PM1gy Rotor 1 PMs fill factor 0.4:0.1:0.8
PM3¢y Rotor 3 PMs fill factor 0.4:0.1:0.8
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Fig. 10. Pareto front for VID vs PM ST for G = 4

(9), respectively [29].

Rotor 2 slip torque

VTD = ®)

active volume

Rotor 2 slip torque
total PM mass

PM ST = ©))

From (10) P; is calculated with G;,; and P;, where %
denotes the modulus operation [24], [26]. This yields a non-
integer gear ratio, which reduces the torque ripple relative to
an integer gear ratio, and a design with symmetry, which
mitigates unbalanced magnetic forces. Eq. (11) defines the
Rotor 3 PM thickness (T'pjs3) in terms of K pys13 and Tras
[24], [26]. PM1y; and PM3yy are only applied to rotors
with consequent poles, but 100% fill factors are assumed for
rotors with surface permanent magnets.

Py = (Py(Gips — 1)) + 1+ (P1Gint)%2)  (10)

(1)

Tpys = KpaizTpa
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Fig. 12. Pareto front for VID vs PM ST for G, = 16

IV. QUANTITATIVE TORQUE COMPARISON

All 4 models are simulated with the parameters listed in
Table II and the VID and PM ST are calculated for each
design. Using these data the Pareto fronts for the VITD and
the PM ST are plotted for each model for each G;,,;. Figs. 10,
11, and 12 show the Pareto fronts for G;,,; values of 4, 8, and
16, respectively.

The extremities of each front provide the maximum VTD
and the maximum PM ST. Figs. 10, 11, and 12 show that the
CCMG generally outperforms the TEMG models, although
when the gear ratio is 8, the maximum VTD generated by
TEMG Model 2 is slightly higher than that of the CCMG.
Among the TEMG models, TEMG Model 3 provides the



TABLE III

TORQUE DUE TO DIFFERENT PMS FOR MAXIMUM VTD DESIGNS

TABLE IV

TORQUE DUE TO DIFFERENT PMS FOR MAXIMUM PM ST DESIGNS

All PM2 & PM1 & PM1 & All PM2 & PM1 & PM1 &
magnets PM3 PM2 PM3 magnets PM3 PM2 PM3
Gr=4 Gr=4
764 Nm 581 Nm
CCMG 764 Nm N/A N/A (100%) CCMG 581 Nm N/A N/A (100%)
TEMG 635 Nm 57 Nm 215 Nm 488 Nm TEMG 499 Nm 31 Nm 155 Nm 374 Nm
Model 1 (9.0%) (33.90%) (76.9%) Model 1 (6.2%) (31.1%) (74.9%)
TEMG 634 Nm 0 Nm 226 Nm 580 Nm TEMG 568 Nm 0 Nm 174 Nm 473 Nm
Model 2 (0%) (33.0%) (84.80%) Model 2 (0%) (30.6%) (83.30%)
TEMG 604 Nm 47 Nm 0 Nm 585 Nm TEMG 441 Nm 17 Nm 0 Nm 432 Nm
Model 3 (7.80%) (0%) (96.90%) Model 3 (3.90%) (0%) (98.0%)
Gr=28 Gr =38
616 Nm 482 Nm
CCMG 616 Nm N/A N/A (100%) CCMG 482 Nm N/A N/A (100%)
TEMG 527 Nm 32 Nm 256 Nm 363 Nm TEMG 341 Nm 20 Nm 110 Nm 206 Nm
Model 1 (6.10%) | (48.60%) | (68.90%) Model 1 (5.90%) | (32.30%) | (60.40%)
TEMG 508 Nm 0 Nm 244 Nm 459 Nm TEMG 485 Nm 0 Nm 189 Nm 348 Nm
Model 2 (0%) (40.80%) | (76.80%) Model 2 (0%) (39.0%) (71.80%)
TEMG 463 Nm 19 Nm 0 Nm 446 Nm TEMG 277 Nm 16 Nm 0 Nm 267 Nm
Model 3 (4.10%) (0%) (96.30%) Model 3 (5.80%) (0%) (96.40%)
Gr=16 Gr=16
448 Nm 375 Nm
CCMG 448 Nm N/A N/A (100%) CCMG 375 Nm N/A N/A (100%)
TEMG 367 Nm 1 Nm 191 Nm 263 Nm TEMG 302 Nm 5 Nm 133 Nm 186 Nm
Model 1 (0.30%) (52%) (71.70%) Model 1 (1.70%) (44%) (61.60%)
TEMG 429 Nm 0 Nm 199 Nm 315 Nm TEMG 375 Nm 0 Nm 175 Nm 257 Nm
Model 2 (0%) (46.40%) | (73.40%) Model 2 (0%) (46.7%) (68.50%)
TEMG 326 Nm 1 Nm 0 Nm 324 Nm TEMG 234 Nm 3 Nm 0 Nm 230 Nm
Model 3 (0.30%) (0%) (99.40%) Model 3 (1.30%) (0%) (98.30%)

worst performance. Ref. [27] provides anecdotal evidence for
TEMG Model 2 providing better performance than the CCMG,
which contradicts the trend from the parametric sweep. This
discrepancy can be attributed to the [27] comparing non-
optimized models.

As these results showing that the CCMG generally outper-
forms the TEMG models were unexpected, the torque produc-
tion due to different sets of magnet interaction is evaluated to
further understand the torque contribution of the modulator
PMs. Two sets of magnets are required to generate torque.
By removing one set of PMs from one rotor, the contribution
of the remaining set of PMs to the total torque generation
can be determined for the TEMG models. Since the CCMG
has only two sets of PMs, removing either set of PMs will
result in zero torque production. Tables III and IV gives the
torque generated by each model at different gear ratios for the
maximum VTD and PM ST versions. The stack length of the
gear is assumed to be 100 mm. The numbers in parentheses
indicate the percentage of the torque relative to when all sets
of PMs are present.

For each of the topologies, Tables III and IV show that the
interaction producing the largest torque is between the PM1s
and PM3s. For the TEMG models, this torque is less than the
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CCMG because the TEMG models employ consequent pole
arrangements on Rotors 1 or 3 to modulate the flux generated
by the PM2s. As illustrated in Figs. 2, 3, 7 and 8, replacing
surface permanent magnet arrangements with consequent pole
arrangements reduces the fundamental flux density magnitudes
produced by the PM1s and PM3s in their respective air gaps.
Even though the interaction between the PM2s and the other
PMs generates additional torque, the total torque generated by
the TEMG models is generally less than the CCMG. Due to the
high pole count of the PM2s and their small size compared to
the other PMs, they produce a considerable amount of leakage
flux. This leakage flux does not contribute to torque production
but does contribute to saturation. The torque produced by the
interaction of the PM3s and the PM2s is particularly small
due to their high pole counts, especially at higher gear ratios.
Thus, TEMG Model 3 achieves the worst performance.

V. CONCLUSION

The triply excited magnetic gear model does not provide
any improvement over the conventional magnetic gear model
when the comparison is made based on optimized designs.
The key takeaways from this study are as follow:

- The TEMG models generate more flux density harmonics
than the CCMG model, as shown in Figs. 2, 3, and 7 - 9.



Some of these harmonics contribute to additional useful torque
production, but others may only contribute to torque ripple,
saturation, and losses.

- The conventional topology generally provides better results
in terms of the VID and PM ST.

- The modulator permanent magnet’s contributions to the
torque production are much smaller than the torque produced
by the interaction of the PMs present in Rotors 1 and 3.

- For the TEMG topology, at least one of the rotors should
have a consequent pole structure to have torque generation;
this reduces the torque produced by the interaction of the PMs
present in Rotors 1 and 3.

- The consequent pole structure on Rotor 3 is less detrimental
than the consequent pole structure on Rotor 1.

Even though the torque generation is better with the con-
sequent pole structure on Rotor 3, using consequent poles
on Rotor 1 may provide mechanical advantages in terms of
holding the PMs in position during high-speed operation.
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