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ABSTRACT

Magnetic gears perform the gearing action by employing magnetic fields through a
non-contact operation that offers significant potential advantages, such as improved reli-
ability, reduced acoustic noise, and reduced maintenance requirements, over mechanical
gears due to eliminating teeth interlock for the power transfer. Utilizing magnetic gears
in high-speed applications has electromagnetic and mechanical challenges. This study in-
vestigates solutions, introduces new topologies with different magnet arrangements, and
compares various magnetic gear designs.

First, the coaxial reluctance magnetic gear (RMG) and the coaxial surface permanent
magnet gear (SPMGQG) topologies are optimized independently. Coaxial SPMGs are found
to achieve higher torque densities, better magnet utilization, higher efficiencies, and lower
torque ripples than optimal coaxial RMGs.

Second, this study introduces the radial flux reluctance cycloidal magnetic gear (Rel-
CyMQG) topology and its operating principles. The Rel CyMG replaces the PMs on the
inner rotor of a surface permanent magnet (SPM) cycloidal magnetic gear (CyMG) with
teeth and slots and requires half of the SPM CyMG’s outer rotor pole pair count to achieve
the same gear ratio. A genetic algorithm was used to optimize RelCyMGs, SPMCyMGs,
and SPM coaxial magnetic gears (CoMGs). This study demonstrates that SPMCyMGs
significantly outperform the other two topologies at higher gear ratios in terms of torque

density. However, RelCyMGs achieve higher torque densities than SPMCoMGs at higher
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gear ratios. RelCyMGs eliminate the required PM retention sleeve and potentially enable
smaller air gaps in the optimal designs.

Third, this research compares CyMG topologies with consequent pole (CP) rotors
against CyMGs with SPM rotors. CPCyMGs require less PM pieces than SPMCyMGs,
which may simplify manufacturing. The simulation results demonstrate that optimal CP-
CyMGs achieve lower torque density values than optimal SPMCyMGs. However, if using
a CP inner rotor eliminates the need for a PM retention sleeve and enables the use of a
smaller effective air gap, CPCyMGs can achieve higher torque densities at high gear ratios
than SPMCyMGs.

Last, a CPCyMG prototype is designed, optimized for cost objective, fabricated, and
tested to validate the accuracy of the model. Its experimentally measured slip torque

achieved a 95% match with the simulated slip torque.
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1. INTRODUCTION

Electrical machine’s size is determined by its torque rating. High-torque machines
have lower speed and higher volume and mass than the low-torque machines. The size of
high-torque machines is a drawback for applications with volume, mass, and cost objec-
tives optimization. Gearboxes are common solutions to couple a high-speed low-torque
electric machine to a low-speed high-torque shaft. Utilizing a geared system potentially
reduces the size, mass, and cost.

1.1 Mechanical Gears

Mechanical gears transfer the power between high-speed low-torque and low-speed
high-torque shafts and they are the most common gearboxes used in the industry. Main-
taining mechanical gears is essential as they require lubrication. Also, their acoustic noise
during operation is an issue due to their operating principles, where the mechanical contact

between interlocking teeth, as shown in Figure 1.1, results in power transfer.

Figure 1.1: A mechanical gearbox.



1.2 Magnetic Gears

Magnetic gears have been proposed as an alternative to mechanical gears because of
their non-contact operation’s benefits for a wide range of applications from wind [1] and
wave [2] energy collection, to electric vehicles [3], electric aviation [4], propulsion [5],
and space application [6]. Magnetic gears transfer torque between rotors and create the
gearing effect using the interaction of magnetic fields instead of mechanical contact which
offers a plethora of potential advantages including inherent overload protection, reduced
acoustic noise, and reduced maintenance requirements (no lubrication oil).

1.2.1 Coaxial Magnetic Gears

The most widely studied magnetic gear topology is the coaxial SPMG shown in Fig-
ures 1.2 and 1.3 [1,3-5,7-9]. Figure 1.2 is a radial flux coaxial SPMG and Figure 1.3 is
an axial flux coaxial SPMG.

The radial flux coaxial SPMG includes three rotors: the inner low pole count, high-
speed PM rotor (Rotor 1), the intermediate rotor consisting of ferromagnetic pieces (modu-
lators) separated by nonmagnetic slots (Rotor 2), and the outer high pole count, low-speed
PM rotor (Rotor 3). The operating principles of the coaxial SPMGs have been established
and presented in detail in [1,7, 10]. The MMF associated with the PMs on a rotor is
modulated by the air gap permeance function, which produces spatial harmonics similar
to those associated with the other rotor’s PMs. This enables the gearing behavior. Rotor
2 in a coaxial SPMG consists of (), pieces of ferromagnetic modulators that create the

permeance function required for the gearing effect.



Modulators (Rotor 2)

Low Pole Count Rotor
(Rotor 1)

High Pole Count Rotor
(Rotor 3)

Figure 1.2: Cross section of a radial flux coaxial SPMG.

High Pole
Count Rotor
(Rotor 3)

Modulators
(Rotor 2)

Low Pole
Count Rotor

(Rotor 1)

Back Irons

Permanent Magnets

Figure 1.3: Cross section of an axial flux coaxial SPMG.



Optimal operation requires the number of modulators ()5 to be equal to the sum of the
pole pairs on the inner rotor (P P;) and the pole pairs on the outer rotor (P Ps), as given by
(1.1). PP; must be chosen properly to avoid undesired torque ripples [1]. The gear ratio
depends on the operating mode, as defined in (1.2) and (1.3). The maximum gear ratio is
achieved if Rotor 1 operates as the high-speed rotor and Rotor 2 operates as the low-speed
rotor, while Rotor 3 is fixed. In this case, the gear ratio is given by (1.2), where w; and wy

are the steady-state speeds of Rotor 1 and Rotor 2, respectively.

GearRatiOcoaxialSPMG = % = % (12)
. w1 —PP3

G Rat coazxia = = 1.3

car Ratioconziaispya = 2= “pp (1.3)

1.2.2 Cycloidal Magnetic Gears

The coaxial SPMGs are proposed for low-speed, high-torque applications [1,2,9, 11,
12]. High gear ratios require more PMs and modulators, which presents magnetic and
manufacturing challenges, as discussed in [12]. However, cycloidal SPMGs, such as the
one shown in Figure 1.4, have received attention for high gear ratio applications [6,12—15].
This structure includes two rotors: the inner low pole count, rotating PM rotor (Rotor 1),
and the outer high pole count, stationary PM rotor (Rotor 2). A cycloidal SPMG does
not use modulators; therefore, it eliminates the highest piece count coaxial SPMG rotor.

In a cycloidal SPMG, the movement of Rotor 1 consists of two components, including a



rotation around its own center, and an orbital revolution around the center of Rotor 2 [12—
14]. Facilitating this complex motion pattern is the most significant structural challenge in

the design of a cycloidal SPMG.

High Pole Count B otor High Pole Count B otor
{Rotor 2) Eotor (1)

Figure 1.4: Cross section of a cycloidal SPMG.

Cycloidal SPMGs and coaxial SPMGs have significant differences, but both topologies
operate based on the same underlying principle. The operating principles of a cyloidal
SPMG in detail have been presented in existing literature [12-14]. A cycloidal SPMG
has a time-varying, non-uniform air gap that creates the permeance harmonics. The Rotor
2 pole pair count (PF%) is given by 1.4 that is one pole pair more than the Rotor 1 pole

pair count (P P;). The gear ratio for the stationary Rotor 2 configuration is given by (1.5),



where w,..; 1s the speed of Rotor 1’s rotation around its own axis and w,,;, is the speed of

the orbital revolution of Rotor 1 about the axis of Rotor 2, as explained in [13, 14].

PP, = PP, +1 (1.4)

Gear Ratiocycioidaisprvc = orb PP (L.5)

rot

1.3 High-speed Application Challenges !

Much of the existing magnetic gear literature focuses on low speed, high torque appli-
cations [1,2, 11]; however, magnetic gears have also been proposed for higher speed ap-
plications [16]. Unfortunately, higher speed operation presents some electromagnetic and
mechanical challenges for the conventional SPMGs. Electromagnetically, higher speed
rotation leads to higher frequency variation of the magnetic fields and higher eddy cur-
rent losses, especially in the PMs. This issue can be mitigated by axially segmenting the
magnets [17], which is analogous to laminating motor cores. However, this increases the
manufacturing complexity. High-speed operation also makes retaining the Rotor 1 PMs
more challenging. A sleeve around the PMs can hold them in place, but this increases the
effective air gap, which reduces the design’s torque, and can incur eddy current losses, if
the sleeve is electrically conductive [18]. Alternatively, the PMs could be embedded in
the Rotor 1 laminations to form an IPM rotor. However, thin bridges in laminations often

provide flux leakage paths, which reduce the air gap flux produced by the PMs [19]. Ad-

1© 2020 IEEE. Part of this chapter is reprinted with permission from S. Hasanpour, M. C. Gardner, M.
Johnson, and H. A. Toliyat, "Comparison of Reluctance and Surface Permanent Magnet Coaxial Magnetic
Gears," in Proc. IEEE Energy Convers. Congr. Expo., 2020, pp. 307-314.



ditionally, these thin bridges can experience large mechanical stresses at high speeds [19].

Reluctance topology in MGs has been offered as a solution to the problems of a coax-
1al SPMG in high-speed applications in the existing literature [20-24]. However, their
operating principles have not been established correctly and the conclusion is on better
performance of coaxial RMGs than coaxial SPMGs. These two topologies are indepen-
dently optimized in this study and compared [25]. Also, this study employs a reluctance
rotor in a CyMG and investigates the optimal designs’ performance in a broad range of
gear ratios. The operating principles of the Rel CyMG are established in this study for
the first time. Reluctance topologies have significantly lower performance compared to
SPM topologies, therefore, a CP rotor is proposed for a CyMG to improve its torque rating
while addressing the high-speed operating issues [26]. These topologies are optimized and

compared to the SPM CyMGs using multiple metrics.



2. MAGNETIC GEAR TOPOLOGIES FOR HIGH-SPEED APPLICATIONS

This study investigates three different topologies and compare them to the basic SP-
MGs, Figures 1.2 and 1.4. Two new topologies, Rel CyMGs and CP CyMGs, have been
introduced and analyzed in this thesis.

2.1 Coaxial Reluctance Magnetic Gear'

Coaxial RMGs, as shown in Figure 2.1, are an alternative to coaxial SPMGs at high-

speeds [20-25].

Modulators (Rotor 2)

Reluctance Rotor
(Rotor 1)

High Pole Count Rotor
(Rotor 3)

Figure 2.1: Cross section of a coaxial RMG. Reprinted with permission from [25].

'© 2020 IEEE. Part of this section is reprinted with permission from S. Hasanpour, M. C. Gardner, M.
Johnson, and H. A. Toliyat, "Comparison of Reluctance and Surface Permanent Magnet Coaxial Magnetic
Gears," in Proc. IEEE Energy Convers. Congr. Expo., 2020, pp. 307-314.



The coaxial RMG replaces the Rotor 1 PMs with teeth, such that Rotor 1 can be formed
from a single stack of laminations, as shown in 2.1. Eliminating the Rotor 1 PMs simplifies
the mechanical challenges associated with rotating Rotor 1 at high speeds and eliminates
the Rotor 1 PM eddy current losses. Flux switching magnetic gears have also been pro-
posed for high-speed applications [23]. Flux switching magnetic gears are similar to coax-
ial RMGs but contain extra PMs in the spaces between the modulators, which increases
the manufacturing complexity. While previous papers have proposed coaxial RMGs and
evaluated a few designs [23,27-29], this research uses a significant parametric sweep to
characterize the capabilities of coaxial RMGs and compare optimal coaxial RMGs against
optimal coaxial SPMGs. This study also provides a more accurate description of coaxial

RMGs’ operating principles.

2.2 Reluctance Cycloidal Magnetic Gear

Operating at high gear ratios is electromagnetically and mechanically challenging for
both coaxial and cycloidal SPMGs. In the most common configuration for both topologies,
Rotor 1 accounts for the high-speed motion component. An SPM CyMG is the proposed
topology for high gear ratio applications and the PM pole counts on its Rotor 1 is one
lower than its maximum gear ratio. Therefore, the high PM counts on Rotor 1 has the
similar challenges as discussed earlier.

Figure 2.2 illustrates a Rel CyMG, which is a new magnetic gear topology. In a Rel

CyMG, the PMs on Rotor 1 of a SPM CyMG are replaced with teeth. This transformation



is similar to the conversion of a coaxial SPMG into a coaxial RMG [27] and [25].

High Pole Count Rotor Reluctance Rotor
(Rotor 3) (Rotor 1)

Figure 2.2: Cross section of a reluctance cycloidal magnetic gear.

Rel CyMGs address the mechanical challenges of high-speed Rotor 1 operation in
SPM CyMGs by replacing the Rotor 1 surface PMs with a reluctance structure. This gives
Rel CyMGs a more mechanically robust rotor (as they have no moving magnets), which
is potentially better suited for high-speed operation. However, as shown in [25], replacing
PMs in a gear with a reluctance structure yields lower torque density designs due to the
resulting decrease in flux density. This research introduces Rel CyMGs and their operating
principles and compares the performances of optimal Rel CyMGs, SPM CyMGs, and SPM

CoMGs.
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2.3 Consequent Pole Cycloidal Magnetic Gear >

Retaining the PMs on the inner rotor as it simultaneously orbits and rotates in a SPM
CyMG is a significant challenge. The inner rotor PMs can be retained with a sleeve, but
this increases the effective air gap between the rotors, which decreases the slip torque.
The CP topology is an alternative to the SPM topology; all of the PMs on a CP rotor are
magnetized in the same direction, and ferromagnetic teeth fill the spaces between PMs. A
CP CyMG is potentially more robust and can facilitate the use of a smaller air gap than a
SPM CyMG because the CP configuration’s PM slots can be designed to naturally retain
the PMs, thus eliminating the need for a sleeve around the inner rotor to keep the PMs in
place, as shown in Figure 2.3. Additionally, the CP topology may simplify assembly by
making it easier to position the PMs by providing slots for the PMs, even if the teeth are
not shaped to retain the PMs. The CP topology can further simplify assembly by reducing
the piece count, as PM pieces can be replaced with teeth that are part of a single piece
(likely a stack of steel laminations).

The CP topology has been employed in motors [30-32], MGM [33, 34], and coaxial
MG [35]. Additionally, other studies have proposed inserting PMs between the modula-
tors in a coaxial MG to create a consequent pole configuration on the modulator rotor to
increase the torque density [36-39]. However, these designs replace non-magnetic ma-

terial (the slots between modulators) with PMs, which is a different topology altogether.

2© 2021 IEEE. Part of this section is reprinted with permission from M. Johnson, S. Hasanpour, M.
C. Gardner, and H. A. Toliyat, "Analysis and benchmarking of radial flux cycloidal magnetic gears with
reduced permanent magnet piece count using consequent poles," in Proc. IEEE Energy Convers. Congr.
Expo., 2021, pp. 4334-4341.
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Past studies have anecdotally compared motor [32] or magnetically geared motor [34] de-
signs using CP configurations and claimed that the CP configuration improves the torque

density relative to the SPM configuration.

High Pole Count Rotor High Pole Count Rotor
{Fotor 2) Eotor (1)

Figure 2.3: Cross section of a consequent pole cycloidal magnetic gear. Reprinted with
permission from [26].

However, another study of electric machines claims that the CP configuration is dis-
advantageous [30]. These conclusions are contradictory, at least in part, due to the use
of anecdotal evidence based on a limited number of designs. However, utilizing the CP
configuration may affect the optimal design parameters; therefore, the CP and SPM de-
signs should be optimized individually for a fair comparison. This was done for CoMGs
with ferrite PMs in [35], which concluded that the CP topology with ferrite PMs achieved

12



better torque densities than the SPM topology with ferrite PMs. However, the CP topology
has not been evaluated for CyMGs. This study introduces CP CyMG and optimizes SPM

CyMGs and CP CyMGs for performance comparison.
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3.  OPERATING PRINCIPLES

3.1 Coaxial Reluctance Magnetic Gear '

The principle of operation in CoMGs is to modulate the magnetomotive force (MMF)
of magnets through the modulators and create a flux distribution in the air gap [16]. In
SPM CoMG:s, there are two sets of magnets, each creating its own MMF with its specific
frequency. However, there is only one set of magnets in coaxial RMGs that can create the
MMEF, which will be modulated once by the permeance distribution of Rotor 2 and once
by the permeance distribution of the Rotor 1 teeth.

The operating principles of coaxial RMGs are similar to those of coaxial SPMGs,
which moduate the MMF of magnets through the modulators and create a flux distribution
in the air gap [10]. However, there are a few key differences. First, instead of the MMF
distribution developed by the Rotor 1 PMs in a coaxial SPMG, the Rotor 1 teeth in a
coaxial RMG produce a permeance distribution. Equations (3.1) — (3.3) provide the Rotor
1 permeance (F;), Rotor 2 permeance (%), and Rotor 3 MMF (F3) functions of a coaxial
RMG with V; teeth on Rotor 1, ()5 modulators on Rotor 2, and P P5 pole pairs on Rotor
3. In these equations, Pj,o and Ps, represent the constant permeance components, P, ,;,
P,,;, and F3,;, represent the permeance and MMF spatial harmonic components, wy, wa,
and w3 represent the speeds of the three rotors, and 6, 659, and 63, represent the initial

positions of the rotors.

'© 2020 IEEE. Part of this section is reprinted with permission from S. Hasanpour, M. C. Gardner, M.
Johnson, and H. A. Toliyat, "Comparison of Reluctance and Surface Permanent Magnet Coaxial Magnetic
Gears," in Proc. IEEE Energy Convers. Congr. Expo., 2020, pp. 307-314.
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P1<0) :P1,0+ZP1,1COS(ZN1(9—wlt—el[])) (31)

=1

Py(0) = Pao+ Y Pa,jcos(jQa(6 — wat — b20)) (3.2)
Jj=1

F3(9) = Z Fg,kCOS(/{prg(e — (JJSt — 930)) (33)

k=1

The Rotor 3 PMs” MMF is modulated by the Rotor 2 modulators to produce the flux
distribution given by (3.4), where ¢5,3 ,o , 1S the set of flux spatial harmonics produced by
the interaction of P,o and F3,; and ¢s,3 ,; .k is the set of flux spatial harmonics produced
by the interaction of P,; and F3,;, as defined in (3.5) and (3.6). Similarly, the modulation
of the Rotor 3 MMF by the Rotor 1 teeth produces the flux distribution given by (3.7),
where ¢1,3 ,0 ,x 1S the set of flux spatial harmonics produced by the interaction of P, and
F3. and ¢1,3 ,; .1 1s the set of flux spatial harmonics produced by the interaction of P ,;

and F3,;, as defined in (3.8) and (3.9).

P2,3 (0) = F5(0)P2(0) = 02,3 ,0 . (0) + P23, .1 (0) (3.4)
G2,3 40k (0) = Z F3,1.Ps,0c0s(kPPs(0 — wst — 030)) (3.5)
k=1
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Gasrog i 0) = 30 S (P ) cos (kPP £ Q) (0

=1 k=1 (3.6)
(kP3W3 + ]szz) _ kP Ps030 & ]Q292,0))))
kP3 £ 7Q kPP3; £ jQs
P1,3(0) = F3(0)P1(0) = d1.3 0 1k (0) + d1,3 i 5 (0) 3.7
G130k (0) =D FapProcos(kPPs(6 — wst — f30)) (3.8)
=1
o, Py .
G152k (0) =) Z((T)cos((kag + Ny ) (0—
i=1 k=1 3.9

]{PPg(JJg + ilel) (kppgego + Z'N191,0
kPPs + 1N, kPP + 1N,

( )

The gearing action can be achieved by matching the pole counts and speeds of a term
from (3.6) with a term from (3.9). This yields the relationship between Ny, ()o, and PP;
given by (3.10), where k, and k;, are odd integers, and i and j are integers and can be
positive, 0, or negative. Then, the speed relationship is given by (3.11), where w;, ws, and
ws, are the speeds of Rotor 1, Rotor 2, and Rotor 3, respectively. Selecting k, =1, ky =1,
=-1,and i =1 yields (3.12) and (3.13). Then, the gear ratio is given by (3.14) if Rotor 2 is
stationary, with the negative sign denoting that Rotors 1 and 3 rotate in opposite directions,

or by (3.15) if Rotor 3 is stationary. For this study, Rotor 2 is held stationary and Rotor 3

16



is used as the low speed rotor, with the gear ratio given by (3.14).

(ko PP3 + jQo| = |kyPP3 + N, | (3.10)

kaPPgwg + jQQWQ . kaP3W3 + ilel

= 3.11
kaPP3+jQ2 kaP5+2N1 ( )
Q2 = N1 + 2PP3 (3.12)
QQows = Nywy + 2P Paws (3.13)
—2PP.
Gear Ratio = X — 3 (3.14)
w3 N1
GearRatio = had % (3.15)
%) N,

Previous papers, [20-24], attempted to derive the gear ratio by multiplying the Rotor
3 MMF by the Rotor 2 permeance function and, then, multiplying the resulting flux dis-
tribution by the permeance function of Rotor 1 [20] and [28]. While this yielded the same
gear ratio, it is not correct from a physics standpoint. Instead, the operation of the gear is
based on coupling a flux harmonic created by the modulation of the Rotor 3 PMs by the
Rotor 2 modulators, as defined in (3.6), to a flux harmonic created by the modulation of
the Rotor 3 PMs by the Rotor 1 teeth, as defined in (3.9), [25].

In order to illustrate this operating principle, a sample coaxial RMG with the following
teeth, modulator, and PM pole counts, N; = 4, Q, = 22, and PP; = 9 was simulated and
the results are shown in the following figures. Two scenarios were evaluated: the scenario

with Rotor 1 and Rotor 3 present without the Rotor 2 modulators and the scenario with

17



Rotor 2 and Rotor 3 present without the Rotor 1 teeth. Figure 3.1a shows the inner air
gap radial flux densities obtained for these two scenarios, and Figure 3.1b shows the nor-
malized FFT of the inner air gap radial flux densities. Both scenarios produce a large 9
harmonic component, which corresponds to the 9 pole pair counts on Rotor 3, PP;. The
13™ harmonic component corresponding to | PP; — Q, | or | PP; + N; |. In this case, it is

the interaction of these 13" harmonic components that produces the gearing behavior.
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Figure 3.1: (a) Distribution of radial flux density in the inner air gap and (b) normalized
FFT of the radial flux density in the inner air gap for the scenario 1 without Rotor 2
modulators and scenario 2 without Rotor 1 teeth in a coaxial reluctance magnetic gear.
Reprinted with permission from [25].

Figure 3.2a illustrates the flux lines for the scenario without the Rotor 2 modulators that
represents a noticeable flux line count in the air gap resulted by leakage and elimination of
the modulators. Figure 3.2b illustrates the flux lines for the scenario without the Rotor 1

teeth, where the modulators provide a path from the flux created by the magnets to Rotor

1.
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Figure 3.2: Flux lines for a structure with (a) a structure with no modulators and (b) a
structure with no Rotor 1 teeth in a reluctance coaxial magnetic gear. Reprinted with
permission from [25].
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3.2 Reluctance Cycloidal Magnetic Gear

Rel CyMGs and SPM CyMGs have similar operating principles; however, a Rel CyMG’s
Rotor 1 teeth produce a permeance function instead of the MMF distribution produced by
a Rel CyMG’s Rotor 1 PMs. This is analogous to the replacement of an SPM CoMG’s
Rotor 1 PMs with teeth and slots to form a coaxial RMG [25]. The MMF produced by
a Rel CyMG’s Rotor 2 PMs is modulated once by the permeance function of the air gap
to produce the flux distribution given by (3.16). ¢ 4,2 .0, 1S the set of flux spatial har-
monics produced by the interaction of P4q,0 and Fy,k. ¢ag,2,j :x 1S the set of flux spatial
harmonics produced by the interaction of Ps¢,; and F5,;, , as defined in (3.18). Similarly,
the Rotor 1 teeth permeance modulates the Rotor 2 MMF to create the flux distribution
given by (3.19). ¢1,2,0 .« 1s the set of flux spatial harmonics produced by the interaction
of Pp,p and F5,. ¢1,2,i,k 1s the set of flux spatial harmonics produced by the interaction
of P,; and F5 ;. , as defined in (3.21). N; and PP, represent the Rel CyMG Rotor 1 teeth
and Rotor 2 PM pole pair counts. Paq,0 and P,y represent the air gap permeance and
Rotor 1 permeance constant components. P4c,;, P1,i , and F,;, represent the air gap per-
meance, Rotor 1 permeance, and Rotor 2 MMF spatial harmonic components. Wy, Wyot,
and w, represent the inner rotor orbital speed, inner rotor rotational speed, and outer rotor
rotational speed. 6,40, 0,010, and oo represent the initial angular positions of the inner

rotor orbital motion, inner rotor rotational motion, and outer rotor rotational motion.

Pac2 (0) = Fo(0)Pac(0) = dag,2.0 % (0) + dags2 i .1 (0) (3.16)
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dacr20k (0) = Y ((FonPacro)cos(kPPy(6 — wat — 020)))
k=1

o, FokPacy .
Pacs2 55k (0) = 2;((7)005(%13132 + j) (60—
]: =
(kPPQ(-UQ :l:ij'rb) N (kPPQGQO :l:jHOTbu(]))))
KPPy + KPP, + j

G1,2 (0) = Fo(0)P1(0) = b1,2.50 1k (0) + D152 i 5k (0)

oo

G120 5k (0) = Z((FQ,kPI,O)cos(k;PPQ(G — wat — 09))
k=1
e FQ)]CPl)Z
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(3.17)

(3.18)

(3.19)

(3.20)

(3.21)

The gearing action is achieved by selecting the teeth and PM pole pair counts to match
the pole count and speed of one harmonic in (3.18) with those of one harmonic in (3.21).
This yields the relationship between N; and PP,, Rel CyMG given by (3.22), where k,
and k; are odd integers, and 7 and j are integers and can be positive, 0, or negative. The
speed relationship given by (3.23). Selecting k, = 1, k, = -1, j = -1, and 7= = 1 yields
(3.24) and (3.25). The maximum achievable gear ratio is given by (3.26), when Rotor 2 is

stationary. The negative sign in (3.26) denotes that Rotor 1’s rotation about its own axis is



in the opposite direction of its orbital revolution around Rotor 2’s axis.

|k PPy + j| = |ko PPy + iV | (3.22)

kaPP2w2 +jwo7‘b o kaP2w2 + ’iNlWrot

kPP, +7j kPP +iN, (3-23)
2PP, = Ny +1 (3.24)

2P Pywy = N1wyor + Worp (3.25)
GearRatio = Z::: =-N (3.26)

The figures below demonstrate the operating principle of a Rel CyMG with N; =17 and
PP, =9, resulting in a gear ratio of 17:1. In order to illustrate this operating principle, two
scenarios were evaluated: the scenario with the Rotor 1 teeth present but no axis offset and
the scenario with an axis offset but no Rotor 1 teeth. Figure 3.3a shows the air gap radial
flux densities obtained for these two scenarios, and Figure 3.3b shows the normalized
FFTs of these air gap radial flux densities. Both scenarios produce a large 9" harmonic
component corresponding to PP, and also an 8" harmonic component corresponding to |

PP, —11lor| PP, + N, |. In this case, it is the interaction of these 8™ harmonic components
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that produces the gearing behavior.
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Figure 3.3: Air gap radial flux density (a) distribution and (b) FFT for a reluctance cy-
cloidal magnetic gear with N; = 17 and PP, = 9 with an axis offset but no Rotor 1 teeth
and with the Rotor 1 teeth present but a uniform air gap.
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Figure 3.4a illustrates the flux lines for the scenario with an axis offset but no Rotor 1
teeth. Figure 3.4b illustrates the flux lines for the scenario with the Rotor 1 teeth present
but no axis offset. Figure 3.4 represents the operating principle of Rel CyMG, where the
effective torque is produced in the thin air gap part of the gear that a significant portion of

the magnet fluxes close their path through Rotor 1.

Figure 3.4

25



Figure 3.4: Flux lines for a structure with (a) an axis offset but no Rotor 1 teeth and (b)
the Rotor 1 teeth present but no axis offset in a reluctance cycloidal magnetic gear.
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4. COMPARISON OF COAXIAL RELUCTANCE AND SURFACE PERMANENT
MAGNET MAGNETIC GEARS* !

The performance of optimal coaxial RMGs are compared to optimal coaxial SPMGs,
Figure 4.1. The operating principles of both topologies were illustrated in the previous
chapters. This chapter uses significant 2D and 3D parametric sweeps to characterize the

capabilities of coaxial RMGs and compare optimal coaxial RMGs against optimal coaxial

SPMGs.

(a) (b)

Figure 4.1: Cross-sections of (a) a coaxial SPMG and (b) a coaxial RMG. Reprinted with
permission from [25].

'© 2020 IEEE. Part of this chapter is reprinted with permission from S. Hasanpour, M. C. Gardner, M.
Johnson, and H. A. Toliyat, "Comparison of Reluctance and Surface Permanent Magnet Coaxial Magnetic
Gears," in Proc. IEEE Energy Convers. Congr. Expo., 2020, pp. 307-314.
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4.1 Design Study Methodology

Both the coaxial SPMG and the coaxial RMG topologies were evaluated using 2D
FEA simulations at the slip torque alignment. The ferromagnetic components (back irons,
Rotor 1 teeth, and modulators) are made of M47 steel (26 gauge), and NdFeB N42 is used

for the magnets. Table 4.1 shows the design parameter values evaluated for each topology.

Table 4.1: Design parameters sweep ranges for the coaxial RMG and the coaxial SPMG.

Reprinted with permission from [25].

Name | Description Values Units
Gt Integer part of the gear ratio 4,6, 10, 16

Rou: | Outer radius 100 mm
Tgrn | Rotor 1 back iron thickness 5, 10, 20 mm
Tgrs | Rotor 3 back iron thickness 5, 10, 20 mm
Taroas | Modulators thickness 5,10, 20 mm
Tpar1 | SPMG Rotor 1 PM thickness 3,6,9,12, 15 mm
kpu SPMG PM thickness ratio 0.5,0.75, 1

Try RMG Rotor 1 teeth thickness 3,6,9,12, 15 mm
Tpas | RMG Rotor 3 PM thickness 3,6,9,12, 15 mm
ary RMG teeth tangential fill factor | 0.35,0.4, ... 0.55
Qaods | Modulator tangential fill factor | 0.5

apy | PM tangential fill factor 1

Tac Air gap thickness 0.5 mm
Lstacr | Stack length 20, 30, 50, 70 mm
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Table 4.2 summarizes the values considered for the coaxial RMG tooth count and the
coaxial SPMG Rotor 1 pole pair count for each Gy, value without including unnecessary

suboptimal cases with high pole counts and high gear ratios.

Table 4.2: Rotor 1 tooth count for coaxial RMG and pole pair count for coaxial SPMG
sweep ranges. Reprinted with permission from [25].

Gy, | Coaxial RMG | Coaxial SPMG

4 3,4,... 10 3,4,... 18

6 3,4,...7 3,4,... 13

10 3,4,5,6 3,4,... 9

16 |3,4,5 3,4,5,6

Reference [24] optimizes the shape and skew of the coaxial RMG teeth to reduce
torque ripple; however, this study only evaluates arc-shaped modulators and magnets, as
the alterations in [24] do not significantly increase the designs’ slip torques. The different
torque densities evaluated in this study are VTD, the Rotor 3 slip torque divided by the
gear’s total active volume (4.1), ST, the Rotor 3 slip torque divided the gear’s total active

mass (4.2), and PM ST, the Rotor 3 slip torque divided by the gear’s total PM mass (4.3).

Tsli
VTD = P 4.1
ActiveVolume “.1
T
ST = ——=>P 4.2
ActiveMass (4.2)
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Tslip

PMST =
S ActivePM Mass

4.3)

After all designs specified in Tables 4.1 and 4.2 were evaluated using magnetostatic 2D
FEA, the optimal designs were evaluated using magnetostatic 3D FEA at the stack lengths
specified in Table 4.1 to investigate the end effect impacts on the torque. Additionally, 2D
transient FEA was used to evaluate the electromagnetic efficiencies of the optimal designs.
The gear ratio for both topologies is defined as the ratio of the Rotor 1 speed to the Rotor
3 speed with the modulators fixed, so (3.14) gives the gear ratio for coaxial RMGs. For
coaxial SPMGs, (1.3) gives the gear ratio.

The Rotor 3 PM pole pair counts are derived from the parameters in Table 4.1 using
(4.4) for coaxial SPMGs and (4.5) for coaxial RMGs to avoid integer gear ratios, which
tend to result in designs with large torque ripple [1,40,41]. Substituting the PP; coaxial spmG
of equation (4.4) into (1.1) gives an even number of modulators for any combination of PP,
and Gy,;, which ensures that the design has some symmetry. This symmetry cancels out
unbalanced magnetic forces on the rotors. However, based on (4.5) and (3.13), a coaxial

RMG design will only have symmetry if N; is even.

G[ntppl + 1, for (GInt +1)PP10dd
PPS,coa;L’ialSPMG = (44)

GruPP + 2, for (Gyy +1)PPeven

0.5(G[ntN1 + 1), for GImN]Odd
PPS,coa;rialRMG - (45)

0.5(GruN1 4+ 2), for G Njeven
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The PM thickness ratio (kpy,) relates the thickness of the magnets on Rotor 3 (Tpy;3)
to the thickness of the magnets on Rotor 1, (7py;) for coaxial SPMGs according to (4.6).
Rotor 1 has fewer poles than Rotor 3, so the optimal designs have thicker magnets on
Rotor 1 [40,42]; however, if the Rotor 1 magnets are too much thicker than the Rotor 3
magnets, then the Rotor 3 magnets may be demagnetized. Thus, kpy, is varied between 0.5

and 1.

TPM3 = kPMTPMl (46)
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4.2 Results

Figure 4.2 illustrates that coaxial SPMGs outperform coaxial RMGs in terms of VTD,
ST, and PM ST. While the coaxial RMG is expected to achieve lower VTD and ST than
the coaxial SPMG, the reduced PM ST contradicts the assertions of a previous paper [43].
Even though the coaxial RMG has no PMs on Rotor 1, the associated reduction in torque
outweighs the reduction in PM mass, so coaxial RMGs actually use PM material less
effectively than coaxial SPMGs. Thus, a coaxial RMG can require at least 3 times as
much PM material to get the same torque as a coaxial SPMG design based on Figure
4.2c, which implies the higher cost of coaxial RMGs than coaxial SPMGs, as long as the
magnet cost rate is significantly greater than that of the steel, used for back irons, teeth,

and modulators.
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Figure 4.2: Impact of gear ratio on the achievable (a) VTD, (b) ST, and (c) PM ST for
coaxial RMGs and coaxial SPMGs based on 2D simulations. Reprinted with permission
from [25].

Figure 4.3 shows that, similarly to coaxial SPMG designs, coaxial RMG designs with

larger gear ratios are optimized with fewer Rotor 1 teeth. However, for a given gear ratio,
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the optimal coaxial RMG Rotor 1 teeth count is much lower than the optimal coaxial
SPMG Rotor 1 pole pair count, which means that the optimal Rotor 3 pole pair and Rotor
2 modulator counts for a given gear ratio will also be lower for a coaxial RMG than for a
coaxial SPMG. For a coaxial SPMG, increasing the gear ratio tends to reduce the optimal
PP, and increase the optimal PP;, coaxial SPMG, resulting in PM pole counts that are
farther from the optimal values that would be selected for a similar design with a 1:1
gear ratio. However, the coaxial RMG has only one set of magnets to be optimized for any
certain gear ratio, avoiding the conflict between the optimal values of PP; and PP;, coaxial
SPMG that reduces the torque densities of SPMGs with higher gear ratio. Therefore, the
optimal PP; value for a coaxial RMG can be maintained by reducing N; as the gear ratio
increases. However, reducing N; to a value of 1 or 2 results in an integer gear ratio, which
can produce excessive torque ripples [1], so these designs were not simulated, even though
they might produce the optimal PM STs for coaxial RMGs with larger gear ratios at this

outer radius.
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Figure 4.3: Impact of (a) coaxial RMG Rotor 1 teeth count and (b) coaxial SPMG Rotor
1 pole pair count on the achievable PM ST of designs with Gy, based on 2D simulations.
Reprinted with permission from [25].
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A previous paper suggested that the elimination of the PM eddy currents from Rotor 1

may make a coaxial RMG more efficient than a coaxial SPMG [27]. This is not generally

accurate, as demonstrated by Figure 4.4, which illustrates the Pareto optimal fronts of the

coaxial RMGs and coaxial SPMGs that maximize full load electromagnetic efficiency and

PM ST with Rotor 3 speeds of 100, 1000, and 5000 rpm. At each speed, the optimal coax-

1al SPMG designs are significantly more efficient than the optimal coaxial RMG designs.

Of course, the losses in either type of gear could be reduced by segmenting the PMs or by

using a less lossy grade of steel. These changes might affect coaxial RMGs and coaxial

SPMGs differently, due to different loss distributions. Nonetheless, the coaxial RMG’s

efficiency is limited by the fact that it requires significantly more steel and PM material to

achieve the same torque as an optimal coaxial SPMG.
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Figure 4.4: Pareto optimal fronts maximizing PM ST and full load electromagnetic ef-
ficiency at Rotor 3 speeds of (a) 100 rpm, (b) 1000 rpm, and (c) 5000 rpm for coaxial
RMGs and coaxial SPMGs with different gear ratios based on 2D simulations. Reprinted
with permission from [25].

Figure 4.5 shows how the losses in both topologies correspond to the change of Rotor
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3 speed in the most efficient designs that were simulated. The loss per unit parameter has
been defined as the ratio of the losses to the output power. As the speed increases, both
gears experience higher losses, but the loss distribution is different. While the presence of
the Rotor 1 PMs in coaxial SPMGs does result in an additional source of losses, the overall
efficiencies of the coaxial SPMGs are higher than those of the coaxial RMGs because the
coaxial SPMGs can produce significantly more torque with the same amount of active

material.
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Figure 4.5: Corresponding loss amplitude for the designs with maximum efficiency at
Rotor 3 speeds of (a) 100 rpm, (b) 1000 rpm, and (c) 5000 rpm, for coaxial RMGs and
coaxial SPMGs with different gear ratios, based on 2D simulations. Reprinted with per-
mission from [25].

The PMs experience eddy current losses, which increase quadratically with the speed.
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The core losses in the back irons, modulators, and Rotor 1 teeth have two components,
eddy current losses and hysteresis losses, which are proportional to the square of the fre-
quency and to the frequency itself, respectively. Since the coaxial RMG has no Rotor 1
PMs, the most efficient coaxial RMG design experiences a lower percentage of its losses
as PM losses than the optimal coaxial SPMG design. However, the coaxial RMG tends to
suffer significantly larger per unit core losses because it requires significantly more core
material to produce the same torque as a coaxial SPMG. Thus, even at a Rotor 3 speed
of 5000 rpm, the most efficient coaxial RMG is still less efficient than the most efficient
coaxial SPMG.

While [27] compares two non-optimized designs and concludes that the torque ripple
in the coaxial RMG is higher than it is in the coaxial SPMG, the choice of an integer
gear ratio results in very large torque ripples, which may not be representative of designs
with non-integer gear ratios. To determine whether this is the case for optimized designs,
the torque ripple is evaluated for the coaxial RMG and coaxial SPMG designs with the
maximum VTD or PM ST for G;,, = 4, using 2D FEA. Rotor 2 is fixed, and Rotors 1 and
3 are rotated at the maximum torque orientation according to the gear ratio. Figure 4.6
shows the torque on both rotors and reveals that the torque ripple on Rotor 1 tends to be
much larger than the torque ripple on Rotor 3, even though the average torque on Rotor 1
is much lower than the average Rotor 3 torque, as found in [41]. Additionally, the optimal
coaxial RMG designs have much more significant torque ripples than the optimal coaxial

SPMG designs.
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Figure 4.6: Rotor 1 and Rotor 3 torque ripple characteristic for continuous operation at
the maximum torque orientation of (a) the coaxial RMG with maximum VTD, (b) the
coaxial SPMG with maximum VTD, (¢) the coaxial RMG with maximum PM ST, and

(d) the coaxial SPMG with maximum PM ST based on 2D simulations. Reprinted with
permission from [25].
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Figure 4.7 illustrates the corresponding torque ripple percentages for the coaxial RMG
and SPMG designs with the maximum PM ST in Figure 4.3. The torque ripple percentage
is defined as the ratio of the peak-to-peak torque ripple of each rotor to its average torque.
For both topologies, the torque ripple tends to decrease as the number of Rotor 1 pole
pairs or teeth increases. In a design with a fixed gear ratio, as the Rotor 1 pole count or
teeth count increases, O, and P; will also increase, so there will be lower torque ripple
percentages due to the higher values of the LCM of the pole counts of the two rotating
rotors [1]. Thus, one reason that the coaxial RMG designs of Figure 4.6 have higher
torque ripples than the coaxial SPMG designs is that the optimal coaxial RMG Rotor 1

tooth counts tend to be lower than the optimal coaxial SPMG Rotor 1 pole pair counts.
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Figure 4.7: Corresponding Rotor 1 torque ripple percentages for the coaxial (a) RMG
and (b) SPMG designs with maximum PM ST and corresponding Rotor 3 torque ripple
percentages for the same coaxial (c) RMG and (d) SPMG designs based on 2D simulations.
Reprinted with permission from [25].

In Figures 4.7a and 4.7c, the coaxial RMG designs with even Rotor 1 tooth counts
exhibit significantly larger torque ripples than the designs with odd tooth counts. Based
on (3.12) and (4.5), these designs with even Rotor 1 tooth counts have symmetry, while
the designs with odd tooth counts do not have symmetry. Designs with symmetry tend to
experience larger torque ripple percentages [1]. For both topologies, lower gear ratios tend
to produce higher torque ripple percentages for a fixed Rotor 1 tooth count or pole count
due to the lower LCM of the pole counts [1]. As the gear ratio or the pole counts increase,
both topologies tend to exhibit very small torque ripples.

Comparing Figures 4.7b and 4.7d with Figures 4.7a and 4.7c reveals that, for both
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topologies at any gear ratio, Rotor 3 exhibits a much smaller torque ripple percentage than
Rotor 1 because of higher pole counts and larger average torques. In both topologies, the
Rotor 3 torque ripple percentage becomes negligible as the gear ratio or Rotor 1 teeth or
pole count is increased.

The opposing sets of magnets facing each other in coaxial SPMGs produce signifi-
cant axially escaping flux, which reduces the torque [44]. Thus, since coaxial RMGs only
have a single set of PMs, coaxial RMGs might experience less of a reduction in torque
than coaxial SPMGs when simulated in 3D. To investigate this hypothesis, a subset of
the designs with maximum PM ST and minimum torque ripple for both topologies were
simulated as 3D models. The stack length was varied from 20 to 70 mm, according to
Table 4.1. Figure 4.8 shows the designs with maximum PM ST and their correspond-
ing ratio of 3D torque over 2D torque for different gear ratios and stack lengths. Figures
4.8a and 4.8b indicate that higher PM ST is obtained in designs with lower gear ratios.
Comparing Figures 4.8c and 4.8d disproves the hypothesis that the coaxial RMGs may
suffer significantly less end effects than coaxial SPMGs with the same gear ratios and
stack lengths. For the designs with a stack length of 20 mm, the coaxial RMG torque
predicted by the 3D model is less than 75 of the 2D model prediction, while most of the
coaxial SPMGs experience less than a 20 reduction when the 3D model is used. The
optimal coaxial RMG design for any gear ratio has fewer Rotor 3 pole pairs than the
optimal coaxial SPMG design. The lower the pole count, the further the flux must travel

to close its path, which results in more torque reduction in 3D. However, due to the coaxial
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Figure 4.8: Variation of the maximum achievable PM ST based on 3D simulations for
coaxial (a) RMGs and (b) SPMGs and the corresponding ratio of 3D simulation torque
to 2D simulation torque for these coaxial (c) RMGs and (d) SPMGs. Reprinted with

permission from [25].
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RMGs’ lower VTDs, they may require longer stack lengths than coaxial SPMGs to achieve
a target torque for a fixed outer diameter; in this case, the longer stack length required by
a coaxial RMG would make its end effects less significant.

Figures 4.2 and 4.3 also indicate that the coaxial RMG experiences a slightly smaller
reduction in performance than the coaxial SPMG as the gear ratio increases, at least in the
range where the optimal coaxial RMG Rotor 1 teeth count was simulated. Thus, especially
at large radii, the coaxial RMG might become a more reasonable option for situations
requiring a very large gear ratio in a single stage. Therefore, to obtain the results shown
in Figure 4.9, the gear ratio of 30 was added and the outer radius was increased to 300
mm. Figure 4.9 shows that the coaxial RMG’s PM ST varies less with gear ratio than
the coaxial SPMG’s PM ST. As the integer portion of the gear ratio increases from 4 to
30, the achievable PM ST decreases by approximately 8 for the coaxial RMG and 36
for the coaxial SPMG. The semi-constant performance of coaxial RMGs for any gear
ratio might be interesting for specific applications. However, even at the gear ratio of
approximately 30, the coaxial SPMG can still achieve significantly higher torque densities

than the coaxial RMG.
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Figure 4.9: Impact of gear ratio on PM ST at a 300mm outer radius based on 2D simula-
tions. Reprinted with permission from [25].
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4.3 Conclusion

The coaxial RMG topology replaces the magnets on the high-speed rotor with a reluc-
tance structure. The operating principle of a coaxial RMG is similar to that of a coaxial
SPMG, and its governing equations are derived in this study. The performance capabil-
ities of the coaxial RMG and SPMG topologies are compared. An extensive parametric
evaluation was used to independently optimize the coaxial RMG and SPMG topologies
for maximum VTD, PM ST, and ST based on 2D and 3D FEA simulations. It is shown
that the magnet utilization of an optimized coaxial RMG is significantly less than that of
an optimized coaxial SPMG, so the coaxial RMG may use on the order of 3 times as much
magnet material to achieve a target torque. Also, due to its low torque density, a coaxial
RMG may require about 5 times as much active volume as a coaxial SPMG to achieve
the same torque. Furthermore, the efficiency comparison for the optimal designs of both
topologies shows that the coaxial SPMGs outperform the coaxial RMGs across a wide
range of speeds. The magnet utilization and efficiency results disagree with the proposed
benefits of coaxial RMGs for high speeds touted based on comparisons of nonoptimized
designs in other papers. The coaxial RMGs remove a set of magnets, but their inabil-
ity to achieve a comparable torque density to coaxial SPMGs makes them require thicker
magnets or a longer stack length. The transient simulations show that removing the mag-
nets from the high-speed rotor does not improve the efficiency because the coaxial RMGs
require more core material to provide a desired torque.

Additionally, the torque ripples of both structures are shown for the optimal VTD and

49



PM ST designs. The optimal coaxial RMG designs tend to have lower Rotor 1 teeth
counts compared to the Rotor 1 pole counts of the optimal coaxial SPMGs. Thus, the
coaxial RMGs have fewer poles on Rotor 3, which reduces the LCM of the pole counts and
produces higher torque ripples on the rotors. Additionally, the lower pole counts of coaxial
RMGs produces longer flux paths. Thus, even though coaxial RMGs lack the opposing
sets of magnets, which produce axially escaping flux, coaxial RMGs suffer comparable
torque reductions from end effects as coaxial SPMGs with similar diameters and stack
lengths.

Simulations also revealed that the torque densities of coaxial RMGs vary less with gear
ratio than those of coaxial SPMGs. Nonetheless, even at a gear ratio of 30 and a large outer
radius, coaxial SPMGs were still able to achieve a better magnet utilization than coaxial
RMGs.

Based on the results, it is evident that the coaxial SPMG topology can outperform the
coaxial RMG topology in terms of torque density, efficiency, and torque ripple. Although
the coaxial SPMG has magnets on the high-speed rotor, which incur eddy current losses
and result in potential mechanical challenges at high speeds, the coaxial SPMG can pro-
vide a target torque in a smaller volume and a lighter mass with a more efficient design,
which also uses the magnets more effectively. Thus, coaxial RMGs may only be suit-
able for applications where environmental or mechanical constraints prohibit the use of

magnets on the high-speed rotor.
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5. CYCLOIDAL RELUCTANCE MAGNETIC GEARS FOR HIGH GEAR RATIO
APPLICATIONS

This study compares the performances of optimal SPM CoMGs, SPM CyMGs, and Rel
CyMGs as shown in Figure 5.1, across a range of gear ratios using a GA and parametric

2D FEA simulations.

Figure 5.1
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Figure 5.1: Cross-sections of (a) an SPM CoMG, (b) a SPM CyMG, and (c) a Rel CyMG
for gear ratios of 17.5:1, 17:1, and 17:1, respectively.
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5.1 Design Study Methodology

A GA was used to independently optimize SPM CoMGs, SPM CyMGs, and Rel
CyMGs for ST and PM ST across gear ratios ranging from approximately 5:1 to 51:1,
considering odd gear ratios to obtain feasible Rotor 2 pole pair counts in Rel CyMGs. In
each optimization, the GA used 2D FEA to optimize a population of approximately 1000
designs over 100 generations with the objective of maximizing ST and PM ST across this
range of gear ratios. The minimum air gap was fixed at 1 mm; however, the Rel CyMG
designs were also optimized using a 0.75 mm minimum air gap because Rel CyMGs do
not have any PMs on Rotor 1, thus they do not require a PM retention sleeve on Rotor
1, which might enable the use of a smaller effective air gap. Table 5.1 summarizes these
different scenarios. A broad range of values was considered for each design parameter as
listed in Table 5.2. NdFeB N45 UH was used for the PMs and Hiperco 50 was used for
the back irons, modulators, and teeth.

The gear ratio in SPM CoMG topologies is defined as the ratio of the Rotor 1 speed
to the Rotor 2 speed with the Rotor 3 fixed, given by (1.2). The PM pole pair count
on Rotor 1 of SPM CoMGs was considered to vary in the range of 3 to 15. To avoid
integer gear ratios, which results in designs with significant torque ripple [3,40,41], the
PM pole pair counts on Rotor 3 were derived using (4.4). All the considered designs
have some symmetry, which cancels out unbalanced magnetic forces on the rotors, since
utilizing equations (1.1) and (4.4) ensure an even number of modulators for any design

combination. CoMGs with only 1 or 2 pole pairs with Rotor 1 were not included because
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they could not simultaneously achieve non-integer gear ratios and symmetry.

Table 5.1: Legend for Different Design Configurations Characterized in Figures 5.2 and
53

TIL L — -

Rel CyMG Rel CyMG SPM CyMG SPM CoMG
Air Gap (mm) 0.75 1 1 1

Table 5.2: GA Parameter Value Ranges.

Name Description Values Units
Grnt SPM CoMG integer part of the gear ratio 5,7,..51
G Rel CyMG and SPM CyMG gear ratio 5,7,..51
Rous Outer radius 100 mm
Tarm Inner rotor back iron radial thickness 2-15 mm
Tparm | SPM CyMG and SPM CoMG inner rotor PM radial thickness 3-20 mm
Trum Rel CyMG inner rotor teeth radial thickness 3-20 mm
QPM,In SPM CyMG and SPM CoMG inner rotor PM tangential fill factor | 0.1 — 1
QTH In SPM CyMG and SPM CoMG inner rotor PM tangential fill factor | 0.1 — 1
Tors Rel CyMG and SPM CyMG Acxis offset 0.5-20 | mm
T riods SPM CoMG modulators radial thickness 3-20 mm
afods,in | SPM CoMG modulators tangential fill factor 07-1.3
Tparou | Outer rotor PM radial thickness 3-20 mm
apyoue | Outer rotor PM tangential fill factor 0.01-1
Tpgrouw | Outer back iron radial thickness 2-15 mm
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5.2 Results

Figure 5.2 illustrates that an SPM CoMG can achieve higher ST and PM ST than an
SPM CyMG or a Rel CyMG at low gear ratios; however, as the gear ratio increases, the
maximum achievable ST and PM ST decrease for the SPM CoMG and increase for the
SPM CyMG and Rel CyMG. The higher achieved PM STs at high gear ratios by SPM
CyMGs demonstrate their lower cost as they use the magnets more effectively. SPM
CoMGs perform better at lower gear ratios because their pole pair counts can be opti-
mized based on the selected (approximate) gear ratio and lower gear ratios result in more
similar pole counts on both rotors. More similar pole counts enable better simultaneous
optimization of both rotors. However, the performance of an SPM CoMG decreases as the
gear ratio increases because larger gear ratios result in increasingly dissimilar pole counts
on both rotors, which leads to increasingly suboptimal pole counts on both rotors. The op-
timal SPM CoMG Rotor 1 pole count decreases to mitigate the extent to which the Rotor
3 pole count exceeds its optimal value as the gear ratio increases. This decreasing optimal
Rotor 1 pole pair count (combined with the fact that pole pair count is a discrete value) re-
sults in the jagged portion of the optimal SPM CoMG Rotor 3 pole pair count curve in the
low gear ratio region of Figure 5.3a. Once the optimal Rotor 1 pole pair count decreases
to the minimum considered value, which is typically greater than 1 [45] (in this study it is
3), the optimal Rotor 3 pole pair count increases linearly with gear ratio to extremely high

and suboptimal values, as shown in Figure 5.3a.
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Figure 5.2: Impact of gear ratio on the achievable (a) ST and (b) PM ST of SPM CoMGs,
SPM CyMGs, and Rel CyMGs.
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Figure 5.3: Outer rotor PM (a) pole pair counts and (b) inner arc lengths for the maximum
ST designs in Fig. 3(a). (c) Variation of maximum ST with gear ratio and axis offset for
Rel CyMG designs with a 1 mm air gap. The black line indicates the optimal axis offset
for each gear ratio.

Alternatively, in a SPM CyMG or a Rel CyMG, P; spycymc or N; is equivalent to
the gear ratio, as indicated by (1.5) and (3.26), so these parameters cannot be optimized
at a given gear ratio and increase linearly with gear ratio, as indicated in Figure 5.3a.
Consequently, at a given radius and air gap, there is a nontrivial optimal P; spycymc and
N1 value (gear ratio) for SPM CyMGs and Rel CyMGs, respectively. As the gear ratio
increases, the SPM CyMG quickly begins to achieve higher ST and PM ST than the SPM
CoMG. Although the Rel CyMG never achieves a higher ST or PM ST than the SPM
CyMGQ, it also does eventually achieve a higher ST and PM ST than the SPM CoMG at
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higher gear ratios. The optimal gear ratios for the SPM CyMG and the Rel CyMG and
the gear ratios at which they begin to outperform the SPM CoMG depend on other design
constraints such as the radius and the air gap. The Rel CyMG designs with 0.75 mm air
gaps slightly outperform the Rel CyMG designs with 1 mm air gaps, but the smaller air
gap does not help enough to overcome the decrease in ST and PM ST caused by removing
the Rotor 1 PMs.

Figures 5.3a and 5.3b show the corresponding outer rotor PM pole pair counts and
PM arc lengths for the optimal designs in Figure 5.2a. Because P; sppycomc Was restricted
to values of 3 or higher in order to eliminate torque ripple issues [45], the SPM CoMG
designs have significantly higher outer rotor PM counts than the cycloidal designs. As the
gear ratio increases, all three topologies eventually experience a decrease in ST and PM
ST once their outer rotor pole arcs become sub-optimally small and experience excessive
leakage flux. Also, extremely small PMs are prone to breaking during assembly. Figure
5.3c shows the optimal Rel CyMG axis offset between Rotors 1 and 2 corresponding to
the maximum ST designs shown in Figure 5.2a. The pole pair counts increase with the
gear ratio. Assuming a fixed outer radius, this means that the PMs have to be tangentially
thinner. Consequently, the optimal axis offset decreases as the gear ratio increases, to
create a smaller average effective air gap and reduce the increase in leakage flux per pole
caused by smaller pole arcs. As the gear ratio of a SPM CoMG increases, its ST and
PM ST decrease dramatically, which is quite different than those of SPM CyMGs and Rel

CyMGs. Therefore, the following studies only consider SPM CyMGs and Rel CyMGs
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with the parameter ranges mentioned in Table 5.2. Additionally, Rel CyMGs with 1 mm
air gap were not considered for the comparisons below because the smaller air gap enabled
the Rel CyMGs to achieve slightly higher torque densities.

Previous literature illustrated advantages of employing Halbach arrays in magnetic
gears, such as increasing torque density [46—-50], efficiency [47], and reducing torque rip-
ple [47-50]. Therefore, a GA was used to maximize the ST and PM ST of SPM CyMGs
and Rel CyMGs utilizing a Halbach array with two pieces per pole over the same range
of gear ratios and parameter values as presented in Table 5.2. Also, since Halbach arrays
achieve higher torque densities without back irons [49], air core (0 mm back irons thick-
ness) designs were considered in addition to the back iron thicknesses in Table 5.2. Table

5.3 presents the different scenarios for Figures 5.4, 5.5, and 5.6.

Table 5.3: Legend for Different Design Configurations Characterized in Figures 5.4-5.6.

Rel CyMG SPM CyMG
(0.75 mm air gap) (1 mm air gap)
Conventional PMs
Halbach Array PMs — —

Figure 5.4 shows the maximum ST and PM ST values achieved for each different
scenario across the range of considered gear ratios. Using Halbach arrays improves the
achievable ST in both topologies, shown in Figure 5.4a, since this PM arrangement favors
air core designs to minimize the total weight of a design. The flux path in a topology with
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a Halbach array and an air core passes through the tangentially magnetized PMs instead
of the back iron. Therefore, the PMs tend to be thicker in designs with Halbach arrays
to facilitate this flux path [51], which results in lower PM STs as shown in Figure 5.4b.
However, as the gear ratio and, thus, the pole counts increase, the optimal designs require
thinner back irons. Similarly, in designs with high gear ratios and Halbach arrays, thinner
tangentially magnetized PMs are able to facilitate the flux paths. These thinner PMs are

optimal for maximizing PM ST.
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Figure 5.4: Impact of gear ratio and Halbach array utilization on the achievable (a) ST and
(b) PM ST of SPM CyMGs and Rel CyMGs.

Figure 5.5 illustrates the corresponding torque ripple percentage, the ratio of the peak-
to-peak low-speed shaft torque ripple to the average low-speed shaft torque, for the max-
imum ST and PM ST designs shown in Figure 5.4. Figures 5.5a and 5.5b show that the
torque ripple decreases at higher gear ratios for both topologies due to having more PMs
involved in torque production. Also, at the higher gear ratios, the higher STs mean that
a shorter stack length is required to provide the target torque, which reduces the torque
ripple presented in the gear. The maximum PM ST designs exhibit higher torque ripples
than the maximum ST designs, especially at lower gear ratios, due to the smaller effective

air gap resulting from the thinner PMs in the maximum PM ST designs. These thinner ef-
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fective air gaps do not filter out the higher order harmonics, which cause the torque ripple,

as effectively.
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Figure 5.5
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Figure 5.5: Rotor 1 torque ripple characteristic at the maximum torque orientation of SPM
CyMGs and Rel CyMGs with maximum (a) ST and (b) PM ST.

Figure 5.6 demonstrates eccentric magnetic force on Rotor 1, which is in the direction
of the minimum air gap, ofthe SPM CyMG and Rel CyMG with the maximum ST and PM
ST shown in Figure 5.4. The values for force in Figures 5.6a and 5.6b are normalized by
each design’s maximum value. The eccentric forces in a Rel CyMG with maximum ST
are positive values for any electromagnetic angle. Rel CyMGs eliminate PMs on Rotor
1; this eliminates any repulsive forces between Rotors 1 and 2. Therefore, Rel CyMGs
experience positive forces in the direction of the minimum air gap as the ferromagnetic
teeth are attracted to the PMs on Rotor 2. Also, the eccentric force waveforms for Rel

CyMG:s in Figure 5.6 peak twice in one electromagnetic cycle because the ferromagnetic
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teeth are attracted to the PMs regardless of the polarity of PMs. The offset in the maximum
values of eccentric force between SPM CyMGs and Rel CyMGs shows that the largest
eccentric forces in Rel CyMGs occur when the teeth near the minimum air gap are aligned
with the center of a Rotor 2 PM. The non-zero eccentric force in the maximum PM ST
Rel CyMG at its maximum torque angle (45°electromagnetic angle) might be a potential
advantage for Rel CyMGs as it helps to balance the pin reaction forces, which are in the
direction of the maximum air gap [6]. The net forces on Rotor 1 increase the bearing loads
[6,15,51,52]; therefore, reducing these forces can improve the reliability and efficiency of

CyMGs, where friction losses in the bearings significantly reduce efficiency.
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Figure 5.6: The normalized magnetic eccentric force exerted on the inner rotor as a func-
tion of torque angle for the SPM CyMG and Rel CyMG designs with the maximum (a)
STs and (b) PM STs.
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5.3 Conclusion

This study introduces the Rel CyMG topology and its operating principles. A GA
was used to parametrically optimize SPM CoMGs, SPM CyMGs, and Rel CyMGs for
maximum ST and PM ST based on 2D FEA simulations over a broad range of parameter
value ranges, as summarized in Table 5.2. The simulation results reveal the following

conclusions.

* Optimal SPM CyMGs significantly outperform the other two topologies at higher

gear ratios in terms of ST and PM ST.

* Rel CyMGs outperform SPM CoMGs at higher gear ratios.

* Rel CyMGs require half the outer rotor PM pole pair count of SPM CyMGs to

achieve a given gear ratio, which simplifies assembly.

* The PMs on the outer rotor of Rel CyMGs are wider than those of SPM CyMGs
for the same gear ratio and radius, which can be an advantage in the manufacturing

process, especially for high-gear ratio designs.

* Rel CyMGs achieve poor specific torques; however, they may be more mechanically

robust because all the PMs are stationary.

* Halbach arrays reduce the overall active weight of SPM and Rel CyMGs required to

achieve a target torque.
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* However, Halbach arrays reduce the PM ST for both SPM and Rel CyMG designs,

except at very high gear ratios.

* The optimal SPM CyMGs experience less torque ripple than the optimal Rel CyMGs.

* The eccentric forces on the inner rotor of a Rel CyMG corresponding to the maxi-
mum ST are positive over the full 360°electromagnetic angle as the reluctance rotor

is always attracted to the outer rotor with PMs in the direction of the minimum air

gap.

* The non-zero eccentric forces at the maximum torque angle in the Rel CyMG de-
signs reflect a potential advantage to balance the pin reaction forces, which are a

challenge in CyMG designs.

68



6. ANALYSIS AND BENCHMARKING OF RADIAL FLUX CYCLOIDAL
MAGNETIC GEARS WITH REDUCED PERMANENT MAGNET PIECE
COUNT USING CONSEQUENT POLES* !

This study focuses on optimizing and comparing the performances of cycloidal MGs
with the different rotor combinations, as shown in Figure 6.1 and listed in Table 6.1. The
CP and SPM cycloidal MGs with NdFeB PMs were optimized and compared across a
broad range of gear ratios using a GA and 2D FEA. Then, 3D FEA is used to evaluate the

end effects of the optimal designs.

(a) (b)

Figure 6.1

1© 2021 IEEE. Part of this chapter is reprinted with permission from M. Johnson, S. Hasanpour, M.
C. Gardner, and H. A. Toliyat, "Analysis and benchmarking of radial flux cycloidal magnetic gears with
reduced permanent magnet piece count using consequent poles," in Proc. IEEE Energy Convers. Congr.
Expo., 2021, pp. 4334-4341.
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(c) (d)

Figure 6.1: Cross-sections of (a) an SPM-SPM cycloidal MG, (b) a CP-SPM cycloidal MG
with the inner rotor teeth shaped to retain the PMs, (c) a CP-SPM cycloidal MG with the
inner rotor teeth not shaped to retain the PMs, and (d) a CP-CP cycloidal MG. Reprinted
with permission from [26].

6.1 Design Study Methodology

The SPM-SPM cycloidal MG with SPM inner rotor and SPM outer rotor, CP-SPM
cycloidal MG with CP inner rotor and SPM outer rotor, and CP-CP cycloidal MG with
CP inner rotor and CP outer rotor, shown in Figure 6.1, were optimized to independently
maximize PM ST and VTD across gear ratios ranging from 30:1 to 80:1 using a GA with
2D FEA. For each optimization, the GA used 100 generations with approximately 1000
individuals in each generation. For a CP inner rotor, the PM grip is defined as half of the
difference obtained by subtracting the length of the chord connecting a PM's outer corners

from the length of the chord connecting its inner corners. The teeth in a CP inner rotor
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with a positive PM grip, such as the design illustrated in Figure 6.1b, can retain the inner
rotor PMs, which eliminates the need for a sleeve and may simplify the assembly. A CP
inner rotor with a negative PM grip, such as the design depicted in Figure 6.1c, does not
offer any inherent PM retention benefits. For the CP-SPM and CP-CP topologies, two

different inner rotor conditions were evaluated and optimized:

1. A 0.25 mm inner rotor PM grip with a 0.75 mm magnetic air gap (no PM retention

sleeve present)

2. An unconstrained inner rotor PM grip with a 1 mm magnetic air gap (including a

PM retention sleeve)

Table 6.1 summarizes these different scenarios. Table 6.2 lists the parameters consid-

ered in this study and their respective ranges.

Table 6.1: Legend for Different Design Configurations Characterized in the following
Figures. Reprinted with permission from [26].

SPM-SPM | CP-SPM | CP-SPM | CP-CP | CP-CP

Air Gap (mm) 1 0.75 1 0.75 1

Inner Rotor PM Grip (mm) | N/A 0.25 Any 0.25 Any
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Table 6.2: GA Parameter Value Ranges. Reprinted with permission from [26].

Name Description Values Units
P, Inner pole pair count 30-80

Rout Outer radius 100 mm
Tgr.n Inner back iron radial thickness | 0,2 -5 mm
Tram Inner PM radial thickness 2-20 mm
QPM,In,In Inner rotor PM inner pitch 0.05-0.95
apm,m,out | Inner rotor PM outer pitch 0.05-0.95

Tors Axis offset 0.5-10 mm
Trr,out Outer PM radial thickness 2-20 mm
approut,in | Outer rotor PM inner pitch 0.05-0.95
apirout,out | Outer rotor PM outer pitch 0.05-0.95
Tarout Outer back iron radial thickness | 0,2 -5 mm

There are a few considerations for the range of parameters in Table 6.2:

* As very thin back irons would be difficult to fabricate, only air cores (0 mm thick-

ness) and back irons thicker than 2 mm were considered.

* For most optimizations; for some PM ST optimizations, the PM thickness was con-
strained to 2 — 10 mm because it was clear that the optimal PM thicknesses were

much smaller than 10 mm.

* For CP rotors; SPM rotors were constrained to have normalized pitches in the range

of 0.125 t0 0.5.
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* For CP rotors with arbitrary PM grip; for SPM rotors, each PM has the same inner

and outer pitch.
» All PM pitch values are normalized pitches based on the definition given in (6.1).

For CP rotors using the arbitrary grip scenario, the PMs’ normalized inner and outer
pitches were allowed to vary independently. The normalized PM pitch (apy) is defined as

the ratio of the PM arc length to the arc length of one pole pair, as given by

PM ArcLength

- 6.1
PolePairArcLength ©.1

appm

For CP inner rotors using the fixed 0.25 mm PM grip, the normalized inner PM pitch
was allowed to vary, while the normalized outer PM pitch was set to achieve the 0.25 mm
PM grip. The normalized pitch of the PMs on an SPM rotor was allowed vary between
0.125 and 0.5 (half of a pole pair arc). All designs were simulated using NdFeB N52H for

the PMs and M15 (29 gauge) for the back irons and CP teeth.
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6.2 Results

Figures 6.2a and 6.2b show the maximum VTD and PM ST values achieved for each
of the different design configuration scenarios across the range of considered gear ratios.
As illustrated in Figures 6.2a and 6.2b, at lower gear ratios, the optimal SPM-SPM cy-
cloidal MGs perform better than the CP-SPM and CP-CP cycloidal MGs in terms of both
VTD and PM ST. However, at higher gear ratios, the CP-SPM and CP-CP scenarios with
thinner air gaps achieve higher PM STs, as shown in Figure 6.2b. Within the considered
gear ratio range the CP-SPM and CP-CP cycloidal MGs never match the SPM-SPM cy-
cloidal MGs in terms of VTD, but the CP-SPM cycloidal MGs do get very close at the
very high gear ratios, as shown to the right of Figure 6.2a, and would likely surpass the
SPM-SPM cycloidal MGs in terms of VTD if even higher gear ratios were considered.
However, because the CP rotor configuration replaces NdFeB PMs with soft magnetic
material, it is not surprising that the CP-SPM and CP-CP topologies do not yield higher
VTDs than the SPM-SPM topology. Thus, these results indicate that the CP-SPM and CP-
CP topologies are more appropriate for applications where particularly large gear ratios
are required or reducing the cost is more important than reducing the volume. Figure 6.2c
depicts the corresponding VTD values for the designs with the maximum PM ST values,
which are shown in 6.2b. Relative to the SPM-SPM topology, using the CP-SPM topology
to increase the PM ST at high gear ratios does result in a lower VTD, but this penalty is

less than 15%.
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Figure 6.2: The maximum (a) VTDs and (b) PM STs achieved for each GA optimization
scenario across a range of gear ratios. The (c) VIDs of the designs achieving the maximum
PM STs and (d) the PM pole counts required to achieve a range of gear ratios for each of
the different topologies. Reprinted with permission from [26].

Based on (1.5), a higher gear ratio requires a higher PM pole pair count, which makes

76



the pole arcs of the PM pieces shorter and increases the tangential leakage flux. A CP rotor
replaces half of the PMs on an SPM rotor with ferromagnetic teeth and, consequently, only
uses half as many PM poles as the SPM rotor. Figure 6.2d compares the number of PM
poles required for each topology to achieve the various gear ratios. This demonstrates
one of the main advantages of using CP rotors. Relative to the SPM-SPM topology, the
CP-SPM topology requires almost 25% fewer PM poles, and the CP-CP topology only
requires half as many PM poles as the SPM-SPM topology. This reduction in piece count,
along with the PM insertion slots created by the CP teeth, can potentially reduce assembly
costs.

In addition to reducing the piece count, replacing half of the PM poles on a rotor
with ferromagnetic teeth also allows the arc lengths of the remaining PMs on a CP rotor
to be increased beyond half of the pole pair arc length with a corresponding decrease in
teeth arc lengths. On the other hand, it is not possible to increase the arc lengths of all
of the PMs on an SPM rotor beyond half of the pole pair arc length. Figure 6.3a shows
the corresponding normalized PM pitches at the outer radius of the inner rotor for the
maximum PM ST designs. The CP-SPM and CP-CP cycloidal MGs with the maximum
PM ST values favor normalized PM pitches larger than 0.5, indicating that the PMs are
wider than the teeth. Consequently, the PM arc lengths of the optimal CP cycloidal MGs
are longer than those of the optimal SPM cycloidal MGs at the same gear ratio, as shown
in Figure 6.3b. The CP rotor’s ability to facilitate the use of larger magnet pieces may

help with manufacturing considerations, especially at high gear ratios, where the PMs
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can become extremely small. Note that, as illustrated in Figures 6.1b and 6.1c, the PM
pitch can be different at the inner and outer edges of a CP cycloidal MG’s inner rotor
PMs. The CP-SPM and CP-CP designs using the arbitrary PM grip scenario converge
to designs with significantly negative grips, as shown in Figure 6.3c. Thus, the positive
PM grip constraints are magnetically suboptimal. However, the smaller magnetic air gap
resulting from the elimination of the PM retention sleeve (which is enabled by positive
PM grips) allows these designs to outperform the negative PM grip designs with larger air
gaps, especially at larger gear ratios. Figure 6.3d shows the corresponding PM arc lengths
at the inner radius of the outer rotor PMs. As on the inner rotor, using a CP outer rotor
results in larger optimal PM arc lengths, which can simplify manufacturing, particularly

at high gear ratios.
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Figure 6.3: The corresponding (a) inner rotor PM normalized outer pitch, (b) inner rotor
PM outer are length, (c) inner rotor PM grip, and (d) outer rotor PM inner arc length for the
designs with the maximum PM ST values given in Figure 6.2b. Reprinted with permission

from [26].

Figure 6.4 displays the cross sections of the optimal designs with maximum VTD for
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each topology, corresponding to the results in Figure 6.2a. Similarly, Figure 6.5 depicts
the cross sections of the maximum PM ST designs, corresponding to the results in Figure
6.2b. Comparing the maximum PM ST designs reveals that the PM pieces on the CP rotors
are wider than those on the SPM rotors. The ability of CP rotors to use wider PM pieces at
a given gear ratio and achieve smaller air gaps result in a higher optimum gear ratio with
respect to maximizing PM ST, as compared to SPM rotors. Figure 6.4 demonstrates that
optimization of a topology for VTD leads to designs with thicker PMs, especially on the
inner rotor. Utilizing thicker PMs on the outer rotor decreases the air gap radius (assuming
a fixed outer radius), which reduces its slip torque. Thus, there is a tradeoff between the
increased flux density benefits of increasing the thickness of the outer rotor PMs and the
deleterious consequences of the associated reduction in the air gap radius. Increasing the
thickness of the PMs on the inner rotor does not reduce the air gap radius (assuming a

fixed outer radius).
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Figure 6.4: Cross-sectional portions of (a) the SPM-SPM cycloidal MG, (b) the CP-SPM
cycloidal MG with a 0.25 mm inner rotor PM grip, (c) the CP-SPM cycloidal MG with an
arbitrary inner rotor PM grip, (d) the CP-CP cycloidal MG with a 0.25 mm inner rotor PM
grip, and (e) the CP-CP cycloidal MG with an arbitrary inner rotor PM grip that achieve
the maximum VTD. Reprinted with permission from [26].

Figure 6.5: Cross-sectional portions of (a) the SPM-SPM cycloidal MG, (b) the CP-SPM
cycloidal MG with a 0.25 mm inner rotor PM grip, (c) the CP-SPM cycloidal MG with an
arbitrary inner rotor PM grip, (d) the CP-CP cycloidal MG with a 0.25 mm inner rotor PM
grip, and (e) the CP-CP cycloidal MG with an arbitrary inner rotor PM grip that achieve
the maximum PM ST. Reprinted with permission from [26].
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The magnetic forces acting on the inner rotor are also key aspects of the design [6, 15,
51,52]. These forces increase the load upon the bearing between the high-speed shaft and
the inner rotor [6], reducing its expected lifetime and increasing losses. As the electro-
magnetic losses in CyMGs are relatively small [6], [53], the friction losses tend to be the
dominant source of losses [6]. Consequently, these forces can have a large impact on ef-
ficiency. Figures 6.6 and 6.7 show the normalized torques and magnetic forces exerted on
the inner rotor as a function of the torque angle (the difference in the electromagnetic an-
gles of the rotors where the air gap is smallest) for the designs with the highest VTDs and
PM STs for each topology. For comparison purposes, each torque or force versus torque
angle curve for a given design in Figures 6.6 and 6.7 is normalized by its own maximum

value and not by the overall maximum value in the graph.
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Figure 6.6: The normalized magnetic (a) torque, (b) eccentric force, and (c) perpendical
force exerted on the inner rotor as a function of torque angle for the cycloidal MG designs
with the highest VTDs for each topology. Reprinted with permission from [26].
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Figure 6.7: The normalized magnetic a) torque, (b) eccentric force, and (c) perpendical
force exerted on the inner rotor as a function of torque angle for the cycloidal MG designs
with the highest PM STs for each topology. Reprinted with permission from [26].

The eccentric forces shown in Figures 6.6b and 6.7b are the magnetic forces in the
direction of the axis offset. The perpendicular forces shown in Figures 6.6¢ and 6.7c are
the magnetic forces in the direction perpendicular to the axis offset. The torques shown in
Figures 6.6a and 6.7a are approximately sinusoidal, although the torques of the maximum
VTD designs with CP rotors tend to be slightly less sinusoidal than those of the other
designs. The eccentric forces are also sinusoidal with a maximum at the zero torque angle.
However, the eccentric forces have a non-zero average with respect to torque angle, and
the average eccentric forces of the designs with CP rotors are larger than those of the
SPM-SPM designs. This means that the designs with CP rotors have a larger eccentric
force at high loads. This is noteworthy because this eccentric force could be used to
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partially mitigate the pin reaction forces [6]. The perpendicular forces shown in Figures
6.6c and 6.7c are responsible for generating the torques, and have a similar profile to the
torques shown in Figures 6.6a and 6.7a. Figures 6.8 and 6.9 compare the no load eccentric
forces and peak load perpendicular forces for each of the maximum VTD and PM ST
designs characterized in Figures 6.2a and 6.2b, each scaled to the stack length required
to produce a 100 N-m slip torque, based on 2D FEA. For the same slip torque, both the
perpendicular and eccentric forces of the optimal designs tend to decrease slightly as the
gear ratio increases. The perpendicular forces at the maximum torque angle are relatively
consistent across all topologies. However, the CP-CP topology has larger eccentric forces

at no load than the other topologies.
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Figure 6.8: Inner rotor (a) No load eccentric forces and (b) peak load perpendicular forces
for the cycloidal MG designs with the highest VTDs for each topology at each gear ratio
(corresponding to the designs characterized in Figure 6.2a). Reprinted with permission
from [26].
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Figure 6.9: Inner rotor (a) No load eccentric forces and (b) peak load perpendicular forces
for the cycloidal MG designs with the highest PM STs for each topology at each gear ratio
(corresponding to the designs characterized in Figure 6.2b). Reprinted with permission
from [26].
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Another important consideration is end effects. It is well established that end effects
are often very significant for coaxial magnetic gears [54]. However, end effects can also
be significant for cycloidal MGs [55]. While the previous results are based on 2D FEA,
Figure 6.10 shows the significance of the end effects for the optimal VID and PM ST
designs depicted in Figures 6.2a and 6.2b at a 25 mm stack length, based on 3D FEA. The
maximum VTD designs tend to suffer more significant end effects than the maximum PM
ST designs. Additionally, the CP-CP designs tend to suffer more significant end effects
than the CP-SPM and SPM-SPM designs, and the SPM-SPM designs tend to experience

less significant end effects than the CP-CP and CP-SPM designs.
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Figure 6.10: Significance of 3D effects on slip torque for (a) the maximum VTD de-
signs and (b) the maximum PM ST designs of each topology at a stack length of 25 mm.
Reprinted with permission from [26].

6.3 Conclusion

This study uses 2D FEA simulations to compare CyMGs with different combinations
of SPM rotors and CP rotors, as summarized in Table 6.1. A basic analysis of the different
topologies along with a review of the simulation results supports the following general

conclusions within the evaluated design space:

* Cycloidal MGs with CP rotors require less PM pieces than cycloidal MGs with SPM

rotors, which may simplify manufacturing.

* Cycloidal MGs with CP rotors require less PM pieces than cycloidal MGs with SPM

rotors, which may simplify manufacturing.

* Cycloidal MGs with CP rotors provide inherent PM insertion slots, which may sim-
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plify manufacturing relative to cycloidal MGs with SPM rotors.

Cycloidal MGs with CP rotors achieve lower VTD values than cycloidal MGs with

SPM rotors.

Cycloidal MGs with CP rotors can use PMs with wider arc lengths than cycloidal
MGs with SPM rotors. The use of wider PMs provides some potential practical
manufacturing advantages and results in cycloidal MGs with CP rotors exhibiting
a higher optimum gear ratio for maximizing PM ST than cycloidal MGs with SPM

rotors.

Cycloidal MGs with CP inner rotors can be designed to inherently retain the PMs,
thus potentially eliminating the need for a PM retention sleeve and enabling the use

of a smaller effective air gap.

If using a CP inner rotor eliminates the need for a PM retention sleeve and enables
the use of a smaller effective air gap, cycloidal MGs with CP inner rotors can achieve

higher PM STs than cycloidal MGs with SPM inner rotors at higher gear ratios.

Optimized cycloidal MGs with CP rotors do not necessarily achieve higher PM STs
than optimized cycloidal MGs with SPM rotors if they use the same air gap, except
possibly at gear ratios beyond the range evaluated in this study and much higher

than the optimal gear ratios.

Cycloidal MGs with CP rotors experience slightly higher eccentric magnetic forces
at no load than cycloidal MGs with SPM rotors.
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* Cycloidal MGs with CP rotors experience higher eccentric magnetic forces at full

load than cycloidal MGs with SPM rotors.

* Cycloidal MGs with CP rotors and SPM rotors experience very similar perpendicu-

lar magnetic forces.

* CP-CP cycloidal MGs optimized with 2D FEA exhibit a larger slip torque reduc-
tion when evaluated with 3D FEA due to end effects than CP-SPM and SPM-SPM

cycloidal MGs optimized with 2D FEA.
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7. PROTOTYPE CONSEQUENT POLE CYCLOIDAL MAGNETIC GEAR

The previous section introduces CP CyMGs and illustrates the potential performance
of CyMGs with reduced PM piece counts using CP topology. In this section, a prototype is
designed, fabricated, and tested to validate the FEA model of the CP CyMG and compare
it with the SPM CyMG. A prototype was fabricated to validate the FEA models for the
CP CyMG. The prototype utilized the existing structural parts and the outer rotor of a
20:1 SPM CyMG prototype in addition to off-the-shelf PMs to facilitate rapid and reduced
cost fabrication. Therefore, minimizing the fabrication time and cost were prioritized
over maximizing the torque of the CP CyMG prototype. Table 7.1summarizes the final
prototype design details for the SPM CyMG and the CP CyMG. NdFeB N52 H was used
for the PMs and M15 steel was used for the back irons in the SPM CyMG. The CP CyMG
prototype shared the outer rotor of the SPM CyMG prototype; however, the PMs and the

back iron of the inner rotor were made from NdFeB N50 and 1018 mild steel, respectively.
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Table 7.1: PROTOTYPES ACTIVE DESIGN PARAMETER VALUES.

Parameter SPM CyMG | CP CyMG
Inner rotor pole pair count 20

Outer rotor pole pair count 21

Outer diameter 81 mm
Outer rotor back iron radial 2.5 mm
Outer rotor PM thickness 2.5 mm
Outer rotor PM outer edge width 4.6 mm
Outer rotor axial length 11.26 mm
Minimum effective air gap thickness 1.5 mm

Axis offset 1.5 mm
Inner rotor PM thickness 2.5 mm 2 mm
Inner rotor PM inner edge width 3.7 mm 6 mm
Inner rotor back iron radial 2.5 mm 3 mm
Inner rotor axial length 11.26 mm 10 mm

Figures 7.1a and 7.1b show the inner rotors of the cycloidal SPMG and the cycloidal
CPMGQG, respectively. Both rotors are part of cycloidal MGs with gear ratio 20:1. The CP
rotor has fewer PM piece counts than the SPM rotor, which allows the PMs be wider and

makes the assembly process easier.
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(b)
Figure 7.1: Inner rotor of the (a) SPM CyMG and (b) CP CyMG prototypes.
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The inner rotor PMs, Figure 7.2a, were inserted into the CP back iron, Figure 7.2b,
and fixed using epoxy to ensure a safe operation at high speeds. PMs are magnetized in
one direction and they are assembled on the back iron with their North pole facing the air

gap. Figure 7.3 presents the inner and the outer rotors of the CP CyMG prototype.

()

Figure 7.2
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(b)
Figure 7.2: The (a) PMs and (b) back iron of the inner rotor in the CP CyMG prototype.

98



Figure 7.3
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(b)

Figure 7.3: The (a) inner rotor and (b) outer rotor of the CP CyMG prototype with a penny
provided for a size reference.

Figure 7.4a shows the assembled prototype. The inner rotor was placed inside the outer
rotor with certain considerations. The test bed of the CP CyMG prototype is shown in
Figure 7.4b, where two torque meters are used to measure the torque on the shafts. Also,
a handle was used to fix the high-speed rotor for the slip torque measurement. Figure

7.4b shows a handle on the left side of gear that was used as the torque arm to ease the
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experiment procedure. The low-speed rotor was turned to measure the stall torque.

Figure 7.4
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Figure 7.4: (a) The assembled structure, and (b) test bed of the CP CyMG prototype with
gear ratio 20:1.

Table 7.2 presents the experimental torque measurements of the SPM CyMG and the
CP CyMG. Table 7.2 demonstrates a good agreement between the simulated and the mea-

sured slip torques of the CP CyMG.

Table 7.2: EXPERIMENTALLY MEASURED SLIP TORQUE.

SPM CyMG CP CyMG

Measurement 3D FEA | Experiment 3D FEA | Experiment

Slip Torque 5.36 Nm | 5.10 Nm 3.548 Nm | 3.365 Nm

Specific Torque 9.75 (Nm/kg) 6.45 (Nm/kg)
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8. CONCLUSION

This work has compared several different topologies of magnetic gears with different
permanent magnet arrangements for high-speed applications and evaluated them in differ-
ent metrics. Two new topologies have been introduced and their operating principles have
been provided, reluctance cycloidal magnetic gear (Rel CyMG) and consequent pole cy-
cloidal magnetic gear (CP CyMG). Additionally, the design and fabrication of a CP CyMG
have been described and its experimental test results provided.

High-speed applications have electromagnetic and mechanical challenges such as higher
eddy current losses at higher speed rotations and permanent magnet (PM) retention chal-
lenges like an increased effective air gap that results in torque reduction, respectively.
Coaxial reluctance magnetic gears (Coaxial RMGs) are alternative solutions, which elim-
inate the PMs on the high-speed rotor. This research proposes utilizing a reluctance rotor
in the cycloidal magnetic gears (CyMGs). Also, rotors with consequent pole PMs reduce
the magnet reduction and can potentially address some mechanical challenges; therefore,
they have been introduced as the inner rotor of the CyMGs as well.

First, an independent optimization on the coaxial RMG and the coaxial surface perma-
nent magnet gear (SPMGQG) topologies has been provided for comparing the performance of
these topologies in several different metrics such as volumetric torque density (VTD), spe-
cific torque (ST), PM specific torque (PM ST). There were significant differences between

the achieved torque densities of coaxial RMGs and coaxial SPMGs. Coaxial SPMGs uti-
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lize more PMs and they have higher torque densities. Although coaxial RMGs eliminate
PMs on the inner rotor, comparing PM STs for these topologies illustrate a better PM
utilization in coaxial SPMGs. Also, the coaxial RMGs have lower efficiencies than the
coaxial SPMGs in multiple speeds considered for the simulations. The simulation results
were contrary to the results of nonoptimized comparisons in previous papers. Also, the
operating principles of coaxial RMGs were established in a correct format as the existing
literature didn’t derive correct equations.

Second, ST and PM ST comparison between the optimized Rel CyMGs, SPM CyMGs,
and SPM CoMGs shows the better performance of SPM CyMGs at higher gear ratios and
SPM CoMGs at lower gear ratios. However, the PM count in the Rel CyMG is about
half of the PM count in SPM CyMGs. Therefore, the wider PMs make the manufacturing
process easier. Also, the impact of Halbach arrays in SPM CyMGs and Rel CyMGs was
evaluated, which verified higher achievable torque densities in both topologies.

Third, introduces a new variation of the CyMG which uses a CP inner rotor. This
topology facilitates the use of fewer and wider PMs on the inner rotor, which may help
with manufacturing considerations for this rotor. A CP rotor also may provide inherent
PM retention, which can eliminate the need for a PM retention sleeve and enable a smaller
effective air gap. A GA and 2D FEA were used to parametrically optimize CP and SPM
CyMGs by independently maximizing their PM ST and VTD. The results reveal that CP
designs with positive PM grips and smaller air gaps (due to the inherent PM retention)

can achieve higher PM STs at the higher gear ratios in the study. However, the results
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also indicate that optimum CP designs generally achieve lower VTD values than optimum
SPM designs. The studies on eccentric forces show that CP CyMGs have higher magnetic
forces than SPM CyMGs at no load and full load. Also, the 3D end effects in SPM CyMGs
were lower than different CP rotor combinations in CyMGs.

Finally, a CP CyMG prototype was design, fabricated, and tested to validate the models
and explore the challenges. The prototype was optimized for cost and time rather than
torque density. Therefore, the structure and outer rotor of an SPM CyMG were used in
addition to off-the-shelf PMs. The prototype showed good agreement with the simulation
results regarding its slip torque, which was measured to be 3.365 Nm in the experiment

and 3.548 Nm in 3D FEA simulations.
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