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Chapter 1

Introduction to coaxial
magnetic gears (CMGs)

This chapter introduces the fundamental advantages of magnetic gears with respect
to their conventional mechanical counterparts. Particular attention is devoted to
coaxial magnetic gears (CMGs), whose operating principle and main characteristics
are presented.

The chapter subsequently provides an overview of the different CMG topologies
reported in the literature, highlighting how variations in structural features, such
as magnet arrangement, magnetization distribution, and flux-coupling direction,
influence the overall design and performance of the device.

Finally, several industrial applications of CMGs are reviewed, illustrating their
adoption in magnetic gearboxes, renewable energy conversion systems, and inte-
grated electromechanical drive solutions. These examples demonstrate the potential
of CMGs as a reliable and efficient alternative to traditional mechanical transmission
technologies.

1.1 Overview magnetic gears
The increasing demand for high-efficiency power transmission systems, together with
the technological progress achieved in the development of materials characterized
by high residual magnetization, has promoted the emergence of magnetic gears as
a valid alternative to conventional mechanical gear topologies.

Figure 1.1 illustrates several magnetic counterparts of traditional mechanical
transmission systems.

Magnetic gear solutions based on permanent magnets (PMs) enable contactless
torque transmission, thereby overcoming several limitations typically associated
with conventional mechanical gears. In particular, the absence of physical contact

1



Introduction to CMGs

between moving parts eliminates friction phenomena, which in mechanical systems
lead to progressive wear of the gear teeth and consequently reduce the capability
of transmitting forces and torque over time.

Furthermore, magnetic gears do not require lubrication systems, which are
conventionally adopted both to reduce friction and to provide thermal cooling of
the gears. Additional advantages include a significant reduction in mechanical
vibrations and acoustic noise during operation.

Magnetic gears also introduce intrinsic overload protection capabilities. When
the transmitted torque exceeds the maximum transmissible value, the magnetic
coupling is lost and the rotors simply slip relative to each other, avoiding mechanical
damage. Consequently, external torque-limiting devices are generally not required.

Figure 1.1: Magnetic alternatives of conventional mechanical gear topologies [1].

Although regarding torque transmission, magnetic gears generally exhibit a
lower torque density than their conventional mechanical counterparts, in regards of
planetary gears, a design of CMG offers comparable performance of its mechanical
counter parts that have been progressively integrated into transmission gearboxes
and PM electrical machines. Moreover, several hybrid configurations combining
magnetic gears and electrical machines have been proposed in literature to realize
high torque-density pseudo direct-drive systems [2].

By integrating the magnetic gear and the electrical machine within a single elec-
tromagnetic structure, these solutions can simultaneously provide speed reduction,
torque amplification, and electromechanical energy conversion, while maintaining
the inherent advantages of magnetic gear, such as reduced maintenance, improved
reliability, and overload protection [2].
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1.2 Types of CMGs
CMGs are composed of two concentric rotors carrying arrays of PMs and a magnetic
field modulator positioned between them [3], [4].

More specifically, assuming the outer rotor as the output member, the magnetic
field generated by the inner rotor is modulated by the ferromagnetic pole pieces of
the intermediate rotor. This modulation process enables the interaction between
the magnetic fields produced by the inner and outer rotors, thus allowing torque
transmission.

Examples of CMGs are reported in Figure 1.2.
Henceforth, the three main components of the magnetic gear will be identified

as follows:

• Inner rotor: Sun;

• Middle rotor: Carrier;

• Outer rotor: Ring.

The various coaxial magnetic gear topologies proposed in the literature can be
classified according to the following structural features:

1. Mounting arrangement of the PMs within the rotors;

2. Magnetic field distribution generated by the rotors (tangential or radial);

3. Magnetic coupling direction (radial-flux or axial-flux).

Figures 1.2a, 1.2b, 1.2c illustrates examples of the first two classification criteria.
These variations may also be adopted only on one rotor, providing significant
flexibility in the selection of the most suitable topology according to the required
operational performance. The PMs are represented using different colors (red and
blue), while the arrows inside them indicate the magnetization direction.

Considering first the mounting arrangement of the PMs, two main categories
can be identified:

• Surface-Mounted Permanent Magnets (surface magnets (SMs));

• Buried-Mounted Permanent Magnets (buried magnets (BMs)).

Rotors employing BMs provide improved mechanical robustness against centrifu-
gal forces generated at high rotational speeds and eliminate the need for adhesive
materials, which are typically required to bond the PMs to the rotor surfaces in
SMs configurations.

3
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(a) Inner rotor with Buried-Mounted
PMs, Outer rotor with Surface-Mounted
PMs.

(b) Inner rotor with Surface-Mounted
PMs, Outer rotor with Buried-Mounted
PMs.

(c) Both rotors with Buried-Mounted
PMs.

(d) All PMs with identical magnetiza-
tion direction.

Figure 1.2: Examples of CMG topologies.

Regarding the magnetic field distribution, BMs generally exhibit alternating
tangential magnetization directions. In contrast, SMs configurations allow a wider
range of magnetization arrangements, including:

• Alternating radial magnetization (Figures 1.2a, 1.2b, 1.2c);

• Uniform radial magnetization (Figure 1.2d);

• Halbach arrays (Figure 1.4).

4
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Figure 1.2d illustrates a CMG topology in which the PMs of both the Sun and
Ring rotors are characterized by the same magnetization direction. For this reason,
such a configuration is commonly referred to as a consequent-pole structure. In this
topology, the ferromagnetic iron pieces between PMs are exploited to provide the
magnetic flux path, allowing a reduction in the required volume of PMs without
compromising too much torque density [5]. Consequently, this structure can reduce
the amount of magnetic material and the overall manufacturing cost of the gear.

In the Halbach configuration, PMs with different magnetization directions are
arranged in order to maximize the magnetic flux density on the side facing the
ferromagnetic pole pieces while minimizing it on the opposite side. Figure 1.3
shows the magnetic field distribution of a Halbach array through a color map
representation. It can be clearly observed that the magnetic field is strongly
concentrated on one side of the array, whereas it becomes significantly weaker on
the opposite side.

Figure 1.3: Example of Halbach array.

Examples of Halbach array CMGs are reported in Figure 1.4.
Figure 1.4a presents a CMG configuration in which both rotors employ Halbach

arrays [6]. An example of a CMG combining unequal Halbach arrays with BMs,
shown in Figure 1.4b, is proposed in [7]. Another variant, reported in Figure
1.4c, combines unequal Halbach arrays with a non-uniform air-gap [8]. These
solutions enable an increase in the effective air-gap flux density and, consequently,
an improvement in torque density.

Returning to the general classification of CMGs, the last criterion concerns the
magnetic coupling direction, which can be either radial-flux or axial-flux. The
configurations discussed so far belong to the radial-flux category, where the magnetic
fields generated by the Sun and Ring rotors interact within a radial-tangential
plane.

Examples of axial-flux CMGs are instead shown in Figure 1.5. In this case,
the magnetic interaction between the Sun and Ring rotors occurs along the axial
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(a) Both rotors with Halbach
arrays [6].

(b) Sun with unequal Halbach
Array, Ring with BMs [7].

(c) Both rotors with Halbach array and
non-uniform air-gap [8].

Figure 1.4: Examples of variations of Halbach arrays.

direction, since the magnetic fields are coupled through facing axial surfaces.
Despite the difference in flux direction, the fundamental operating principle

of axial-flux CMGs remains identical to that of radial-flux configurations. Conse-
quently, several methodologies adopted to improve the operational performance of
radial-flux CMGs can also be applied to axial-flux solutions [1].

A quantitative comparison between radial-flux and axial-flux CMGs, based on
coupled 3D finite element method (FEM) simulations of magnetic field distribution
and mechanical motion, is presented in [9].

1.3 Examples of Industrial Applications

Examples of industrial applications of CMGs are presented in this section. In partic-
ular, applications concerning the replacement of conventional mechanical gearboxes,
wind energy conversion systems, and industrial robotic arms are discussed.
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Figure 1.5: Examples of solutions of CMGs with axial-flux [1].

1.3.1 Magnetic Gearbox
By connecting multiple CMGs in series, each characterized by different transmission
ratios, it is possible to realize a magnetic gearbox capable of replacing a conventional
mechanical gearbox in all applications where the transmission ratio between a
mechanical power source and a driven load must be modified [10].

Figure 1.6 shows the conceptual model of an equivalent six-speed magnetic
gearbox, which is also capable of integrating the functions of a clutch and a torque
limiter.

Depending on which component of the CMGs is displaced in order to achieve
the transmission ratio variation, three different configurations can be identified:

• Translating Carrier;

• Translating Ring;

• Translating Sun;

Considering first the configuration with a translating Carrier, shown in Figure
1.7a, the axial displacement of the Carrier enables the switching between different
CMGs. Since the number of ferromagnetic pole pieces remains constant for all the
magnetic gears, different transmission ratios are obtained by varying the number
of pole pairs of the Sun and Ring rotors.

7
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Figure 1.6: Equivalent Magnetic Gearbox solution [10].

Conversely, if the different CMGs share the same Ring rotor, as shown in Figure
1.7b, the PMs mounted on the Ring remain unchanged, while the ferromagnetic pole
pieces of the Carriers and the PMs of the Sun rotors are modified. This configuration
may provide an economic advantage compared to the previous solution, since only
Sun rotors requires different PMs, whereas the variation of Carriers pole pieces
involves lower costs than PMs.

A similar consideration applies to the third configuration, presented in Figure
1.7c, where the role previously played by the Ring rotor is instead assigned to the
Sun rotor.

1.3.2 Wind Energy Harvesting
The application of CMGs has also attracted significant interest in the field of
renewable energy systems. Their compact structure enables the replacement of
conventional mechanical transmission systems employed for wind to electrical
energy conversion.

In conventional wind power systems, the mechanical energy produced by the
turbine is transferred through mechanical gear stages before being converted into
electrical energy by the generator. The integration of turbines, mechanical gear-
boxes, and generators generally leads to bulky structures with increased installation
volume, higher costs, and additional maintenance requirements.

Since the operational magnetic fields in CMGs are mainly distributed along
the radial direction, the addition of an inner stator allows the direct integration
of a PM electrical machine with the magnetic gear structure. By exploiting the
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(a) Translating Carrier. (b) Translating Ring.

(c) Translating Sun.

Figure 1.7: Alternative configurations for transmission ratio variation in magnetic
gearboxes [10].

double-rotor configuration and the coaxial magnetic gear principle, a PM generator
capable of directly harvesting wind energy without mechanical transmission stages
has been proposed in [11].

Figure 1.8 illustrates the structure of a CMG integrated with a three-phase
generator. The wind turbine is mechanically connected to the outer rotor, charac-
terized in this case by 17 pole pairs. Due to the low rotational speed imposed by
the wind turbine, the outer rotor acts as the low-speed input stage of the system.

The magnetic gear constitutes the core of the device: the magnetic field generated
by the outer rotor interacts with the 19 stationary ferromagnetic pole pieces, which
modulate the field and drive the inner rotor, characterized by 2 pole pairs, at a
significantly higher rotational speed and in the opposite direction.

The stator, carrying the three-phase windings, remains stationary. The magnetic
flux produced by the high-speed inner rotor links the stator windings and induces
the output voltage required for electrical power generation.
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Figure 1.8: PM generator for wind energy harvesting [11].

1.3.3 Industrial Robot Arm Application
To overcome the limitations associated with conventional motor-gearbox assemblies,
particularly the increase in installation volume and structural complexity, [12]
proposes a magnetic geared permanent magnet synchronous motor (MG-PMSM)
capable of achieving non-contact torque transmission through a single integrated
drive device, while simultaneously providing the functionality of a mechanical
reduction gear.

As shown in Figure 1.9, the MG-PMSM adopts a double-rotor structure com-
posed of an inner and an outer rotor arranged along the same axis. Since the two
rotors operate at different speeds and torque levels, the machine can be effectively
employed in industrial robotic arm systems.

In particular, the external rotor, characterized by high torque output capability,
can be directly connected to the robotic joint, thus simplifying the mechanical
structure of the actuator. Compared with conventional systems combining mechan-
ical gearboxes and electric motors, MG-PMSM solutions can provide significant
improvements in terms of energy efficiency, compactness, and maintainability.
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Figure 1.9: PMSM with conventional mechanical gearbox (left) and PMSM
coupled with CMG (right) [12].
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Chapter 2

Theory of CMG

This chapter presents the operating principles of a coaxial magnetic gear (CMG).
After introducing the mechanisms responsible for torque transmission and the role
of the ferromagnetic modulating elements, the analytical formulation of the device
is discussed.

The mathematical model of the CMG is derived through the subdomain ap-
proach, in which the gear is divided into different regions characterized by distinct
electromagnetic properties. The governing equations describing the magnetic field
distribution within each region are then introduced and combined to obtain the
overall analytical solution.

The chapter subsequently addresses the dynamic equations of the gear and
the relationship between transmitted torque and load angle. Based on these
formulations, the maximum transmissible torque is derived and discussed.

Finally, attention is focused on the loss mechanisms occurring in the permanent
magnets. In particular, eddy-current losses are analyzed and a mitigation strategy
based on magnet segmentation is presented. By dividing the permanent magnets
into electrically insulated volumes, the circulation of induced currents can be
significantly reduced, leading to lower power losses.

2.1 Reference systems
For the sake of clarity in the presentation of the concepts and in the description
of the proposed figures, two reference systems will be adopted throughout the
remainder of this work.

1. A Cartesian reference system (x, y, z) with origin located at the common
geometric center of the three rotors, which are concentric elements. The z-axis
coincides with the axis of rotation of the machine, while the x and y axes lie
in the transversal plane.

12
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2. A Cylindrical reference system (ρ, θ, z) defined with the same origin and
axial direction as the Cartesian system. The radial coordinate ρ is measured
from the rotation axis, the angular coordinate θ describes the circumferential
position, and the z coordinate corresponds to the axial direction.

Angular velocities are defined according to the right-hand rule: when the rotation
is counter-clockwise, as viewed from the positive z-axis, the angular velocity vector
(ω) is directed along +z and will be positive in sign (ω > 0).

x

y

z

(a)

ρ
θ

z

(b)

Figure 2.1: Cartesian and Cylindrical reference systems used in this work.

2.2 Torque Generation in Electrical Machines
In the absence of physical contact between components, the torque in a rotating
electrical machine is generated through the interaction between magnetic fields.

Figure 2.2a shows a simplified scheme of a two-pole machine. The north and
south poles of the inner rotor are attracted, respectively, by the south and north
poles of the outer rotor, resulting in a counter-clockwise torque.

If the two rotors have a different number of poles, no net torque is produced.
For instance, as shown in Figure 2.2b, if the inner rotor has four poles and the
outer rotor has two poles, two equal and opposite torques are generated, leading to
a zero net torque.

More specifically, considering the poles N1 and N2 of the inner rotor, N1 is
repelled by the north pole and attracted by the south pole of the outer rotor,
producing a counter-clockwise torque. Conversely, N2 is also repelled by the north
pole and attracted by the south pole, but due to its position, it generates a clockwise
torque.
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Air gap

Axis of
Stator Field

Axis of
Rotor Field

δ

S

N

N

S

(a) Stator and rotor with equal number of
poles.

Air gap

Axis of
Stator Field

N

S

N1 S1

S2 N2

Centre line
of
Rotor Poles

(b) Stator and rotor with different number
of poles.

Figure 2.2: Simplified machine schemes with different pole configurations [13].

A similar reasoning applies to the poles S1 and S2 of the inner rotor, resulting
in an equivalent condition and confirming that the net torque is zero.

In conclusion, in order to obtain a non-zero net torque in a given direction, the
two rotors must have the same number of poles.

2.3 Working Principle of CMG
Since the pole-pair numbers of the inner and outer rotors in CMGs are different,
the operating principle is based on the flux modulation effect produced by the
stationary ferromagnetic poles.

To better illustrate how the magnetic fields generated by the PM arrays of the
inner and outer rotors interact, a linear representation of the CMG is adopted, as
shown in Figure 2.3. This qualitative description is adapted from [13].

At the far left and far right, the PM arrays of the outer and inner rotors are
shown, respectively. The magnets are arranged with alternating north and south
magnetization directions. The black elements in the middle correspond to the
ferromagnetic poles, while the modulated magnetic flux is shown between them
and the inner rotor PMs.

For clarity, only the modulation of the magnetic field generated by the outer
rotor is considered, while it interacts with the magnetic field of the inner rotor.

In Figure 2.3a, the ferromagnetic pole pieces are aligned with the PMs of
the outer rotor characterized by a north-oriented magnetization. The effect is
highlighted by the modulated flux distribution shown in the Figure. On the right
side of the modulator, the magnetic flux exhibits the same orientation as that
generated by the aligned outer rotor PMs, indicating that the ferromagnetic pole
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pieces provide a low-reluctance path for the magnetic field.
In Figure 2.3b, the ferromagnetic poles are aligned with the PMs of the outer rotor

characterized by a south-oriented magnetization and consequently the modulated
flux will have again the same orientation.

In Figure 2.3c, the ferromagnetic poles are unevenly aligned with respect to the
PMs. Only the outermost PMs generate a modulated flux, creating one north and
one south modulated fluxes, while the central ferromagnetic pole pieces, facing
both north and south regions, do not contribute significantly to the flux.

The relative position between the outer rotor PMs and the ferromagnetic poles
determines the modulation of the magnetic field and, therefore, the interaction
between the two rotors.

2.4 Conventional Structure of CMG
The most common arrangement consists of mounting the PMs on the outer surface
of the Sun rotor and on the inner surface of the Ring rotor, while the iron poles
are inserted into the housings of the Carrier. This CMG topology (Figure 2.4) will
be referred to as SM-CMG in the following chapters.

The structural analysis and the magnetic loss analysis presented in the following
chapter are carried out considering this kinematic configuration:

• The Sun is connected to a high-speed shaft and is therefore referred to as the
high-speed rotor;

• The Ring is connected to a low-speed shaft and is therefore referred to as the
low-speed rotor;

• The Carrier is stationary.

2.5 Physical Quantities Used
In this section the main physical quantities used throughout the following chapters
are introduced, namely the magnetic flux density B, the magnetic field H, the
magnetization M, the magnetic vector potential A, the electric field E, the electric
scalar potential V , and the current density J.

As shown in Figure 2.4 the magnetization vector is directed along the radial
direction:

M = Meρ = ±Br

µ0
eρ. (2.1)

where Br is the magnitude of the residual flux density of the PMs.
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Figure 2.3: Linear model of CMG in different configurations [13].

The magnetic flux density can be expressed in terms of the magnetic vector
potential as

B = ∇ × A. (2.2)

Moreover, the magnetic flux density, the magnetic field, and the magnetization
are related by

B = µmH + µ0M. (2.3)

µm = µ0µm,rel. (2.4)

16



Theory of CMG

Sun PM

Sun iron yoke

Carrier frame

Ferromagnetic pole

Ring PM

Ring iron yoke

Figure 2.4: SM-CMG structure.

where µm is the magnetic permeability of the PMs and µ0 is the permeability of
free space. The quantity µm,rel denotes the relative magnetic permeability of the
PMs, which relates the two parameters according to Equation (2.4).

The electric field and the electric scalar potential V are related by

E = −∇V. (2.5)

Current density vector and electric field are related by:

J = σE. (2.6)

Known also as Ohm’s Law in local form. Where σ is the electrical conductivity.

2.6 Analytical Model
A qualitative description of the operating principle of CMGs was briefly introduced
in Section 2.3. In this section, the principle of operation is explained in greater
detail.

The first step consists in analytically describing the magnetic field produced
by the arrays of PMs mounted on the Sun and Ring rotors. For this purpose, the
magnetic flux density vector B will be considered.

This analysis leads to the introduction of the concept of space harmonics of the
magnetic flux density. Subsequently, it will be shown how the modulation of these
space harmonics, by the ferromagnetic poles of the Carrier, allows the magnetic
interaction between the two rotors and therefore the transmission of torque.
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2.6.1 Governing Equation
Following the derivation presented in [14], the governing equation is obtained by
combining the Equations (2.2) and (2.6) with the following subset of Maxwell’s
equations:

∇ × H = J (2.7)

∇ × E = −∂B
∂t

(2.8)

∇ · B = 0 (2.9)

Equations (2.7) to (2.9) represent, respectively, Ampère’s law in magnetostatic
form, Faraday’s law of electromagnetic induction, and Gauss’s law for magnetism,
all expressed in their local differential form.

By combining Equations (2.5) and (2.8), the electric field can be expressed as

E = −∂A
∂t

− ∇V (2.10)

Using Equations (2.2), (2.6), and (2.10), the current density becomes:

J = −σ∂A
∂t

− σ∇V (2.11)

The first term on the right-hand side represents the internally generated eddy
current density, while the second term corresponds to the externally impressed
source current density [15].

Then, by substituting Equations (2.2), (2.3), and (2.11) into Equation (2.7), the
following formulation in terms of the magnetic vector potential is obtained:

∇ × (∇ × A) = −σµm
∂A
∂t

− σµm∇V + µ0∇ × M (2.12)

Finally using Equation (2.2) it is possible to evaluate B.

2.6.2 Subdomain Model
The adopted solution strategy for Equation (2.12) consists in first evaluating the
magnetic vector potential A in the space between the Sun and the Ring rotors.
This region is divided into several subdomains, as illustrated in Figure 2.5.

Regions I and V correspond to the volumes occupied by the PMs. Regions
II, III, and IV represent respectively the inner air-gap, the carrier frame (region
without ferromagnetic poles), and the outer air-gap.
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Figure 2.5: Scheme of CMG divided in subdomains.

The analytical modelling of CMGs based on the subdomain approach has been
extensively investigated in the literature, as reported for instance in [16] and [17]. In
[5], the same subdomain method is applied to a consequent-pole rotor configuration
of a SM-CMG.

In order to simplify the analytical formulation, the following assumptions are
introduced:

• The magnetic permeability of the ferromagnetic material is assumed to be
infinite µF e = ∞ (the magnetic field in the iron vanishes);

• Axial end effects of the magnetic field are neglected;

• The relative magnetic permeability of the PMs is assumed to be µm,rel ≈ 1;

• The considered field quantities have the following non-zero components:

A = [0,0, Az], J = [0,0, Jz], M = [Mρ,0,0], B = [Bρ, Bθ,0].

In the present analysis, a magneto-static approximation is adopted. Under
this assumption, the time derivative term ∂A/∂t vanishes and the electric scalar
potential gradient term ∇V can be neglected as no external current sources are
present. Consequently, Equation (2.12) reduces to:

∇ × (∇ × A) = µ0∇ × M. (2.13)

Furthermore, by adopting the Coulomb gauge condition ∇ · A = 0, the vector
identity

∇ × (∇ × A) = ∇(∇ · A) − ∇2A (2.14)

simplifies to:
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∇ × (∇ × A) = −∇2A. (2.15)

With these assumptions, the governing equation takes two different forms
depending on the region under consideration:

∇2Ai = 0 i = II, III, IV (2.16)

∇2Ai = −µ0∇ × M i = I, V (2.17)

The difference in the right-hand side of these two equations is due to the
presence of permanent magnets in regions I and V, which act as magnetic sources
through their magnetization M. Equation (2.16) represents Laplace’s equation,
which applies to the non-magnetized regions (II, III, IV), while Equation (2.17)
corresponds to Poisson’s equation in the magnetized regions (I, V).

In order to derive an analytical solution of Equations (2.16) and (2.17) the
cylindrical reference system introduced in Section 2.1 is adopted. The magnetic
vector potential is therefore expressed in two-dimensional polar coordinates as
A(ρ, θ) [5].

The Equations (2.16) and (2.17) then can be written as:

∇2A(ρ, θ) = ∂2A

∂ρ2 + 1
ρ

∂A

∂ρ
+ 1
ρ2
∂2A

∂θ2 = 0 (2.18)

∇2A(ρ, θ) = ∂2A

∂ρ2 + 1
ρ

∂A

∂ρ
+ 1
ρ2
∂2A

∂θ2 = µ0

ρ

A
∂Mρ

∂θ
−Mθ

B
(2.19)

Where in Equation (2.19) the magnetization vector M is represented by its
radial (Mρ) and tangential (Mθ) components.

2.6.3 Example of Solution: Magnetic Field Distribution in
Regions I, II

Within each subdomain, the governing partial differential equations Equations
(2.18 and 2.19) are solved by means of the separation of variables technique.

Only the solutions for the magnetic vector potential in selected regions are
reported. In particular, the focus is placed on the PMs region of the Sun (Region
I) and on the air-gap between the Sun and Carrier (Region II).

Following the formulation proposed in [16], the general solution for the z-
component of the magnetic vector potential in Region I and II is expressed as an
infinite Fourier series composed of spatial harmonics:

20



Theory of CMG



AI(r, θ) =
∞Ø

n=1

1
AI,nr

n +BI,nr
−n +WI,n(r) cos(nψi)

2
cos(nθ)

+
∞Ø

n=1

1
CI,nr

n +DI,nr
−n +WI,n(r) sin(nψi)

2
sin(nθ)

AII(r, θ) =
∞Ø

n=1

1
AII,nr

n +BII,nr
−n
2

cos(nθ)

+
∞Ø

n=1

1
CII,nr

n +DII,nr
−n
2

sin(nθ)

(2.20)

where WI,n(r) coefficient is defined as:

WI,n(r) =


4Brpir/(π(1 − n2)) if n = jpi, j = 1, 3, 5, . . .
2Brr ln r/π else if n = pi = 1
0 otherwise (2.21)

In both Equations in (2.20) the coefficients AI/II,n, BI/II,n, CI/II,n, DI/II,n are
determined by enforcing boundary conditions, specifically the continuity of the
tangential magnetic field and the normal flux density at the interfaces between
adjacent subdomains.

In Equation (2.21) Br is the residual flux of PMs of the Sun and pi is the pole-
pairs number of the Sun; ϕi and ϕo are respectively the initial angles of the inner
rotor and outer rotor; β is the angle of the slot between modulation pole-pieces. In
both the above equations n is the order of the Fourier’s series.

Once the potentials AI/II is established, the radial and tangential components
of the magnetic flux density vector B are derived using the curl operator (2.2) in
polar coordinates:

BI/II
r = 1

r

∂AI/II
z

∂θ
; B

I/II
θ = −∂AI/II

z

∂r
(2.22)

The analytical solutions derived in (2.22) are validated by means of a FEM
model. Figure 2.6 shows the radial and tangential components of the magnetic flux
density in the inner air-gap between the sun and the carrier rotors.

It can be observed that, for both components, the FEM results closely overlap
with the analytical solutions.
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(a) Inner air-gap radial flux density. (b) Inner air-gap tangential flux density.

Figure 2.6: FEM vs. analytical solutions for magnetic flux distribution [16].

2.7 Condition for Torque Transmission
Let ps and pr denote the number of pole pairs of either the inner rotor or the outer
rotor, and ns the number of ferromagnetic pole pieces in the carrier. The number
of pole pairs associated with the resulting harmonics is given by:

pm,k = |mp+ kns|
m = 1, 3, 5, . . . ,∞

k = 0,±1,±2,±3, . . . ,±∞
(2.23)

It is important to notice that the velocity of rotation of the harmonics is different
from the rotational velocity of the rotor that generated them. This is caused by
the presence of the iron poles ns so it must be k /= 0. As a consequence, in order
to transmit torque from Sun to Ring at different speed, the number of PMs pole
pairs of the Ring must be equal to the number of pole pairs of a space harmonics
generated from the Sun. For both rotors the largest of these harmonics that they
interact with is with m = 1, k = −1 [3].

Figures 2.7 and 2.8 show the spectra of the spatial harmonics of the radial
component of the magnetic flux density in the outer and inner air-gaps, respectively.

The example considered refers to a CMG with ps = 4, pr = 22, and ns = 26. It
can be observed from Figure 2.7 that the dominant space harmonic generated by
the Sun (excluding the k = 0 component) in the outer air-gap adjacent to the Ring
corresponds to m = 1, k = −1, yielding p1,−1 = 22 = pr.

Similarly, from Figure 2.8, the dominant space harmonic generated by the Ring
in the inner air-gap adjacent to the Sun is associated with m = 1, k = −1, yielding
p1,−1 = 4 = ps.

This demonstrates that the modulation effect enables each rotor to interact with
the magnetic field produced by the other. In general, by applying Equation (2.23)
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Figure 2.7: Space harmonic of radial flux density generated by the sun acting in
the outer air-gap [3].

Figure 2.8: Space harmonic of radial flux density generated by the ring acting in
the inner air-gap [3].

to both rotors, the following relationships are obtained:

pr = |ps − ns|
(m = 1, k = −1)

(2.24)

ps = |pr − ns|
(m = 1, k = −1)

(2.25)

Equation (2.24) indicates that, among the harmonics generated by the Sun, the
dominant one interacting with the Ring (i.e., present in the outer air-gap) has a
number of pole pairs equal to the number of pole pairs of the Ring.

Conversely, Equation (2.25) shows that the dominant harmonic generated by
the Ring and interacting with the Sun (i.e., present in the inner air-gap) has a
number of pole pairs equal to number of pole pairs of the Sun.

Solving Equations (2.24), (2.25) with the conditions 0 < pr < ns and 0 < ps < ns

the condition for torque transmission in a CMG is given by:
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pr + ps = ns (2.26)

2.8 Dynamic Equations
In reference to [18], the equations of motion of the CMG can be derived by
considering the free-body diagrams of its individual components. Figure 2.9 shows
the free-body diagram of the entire CMG. The external torques (Ts, Tc, Tr) are
assumed to be in the same direction of the corresponding angular velocities of the
rotors, here denoted as ϑ̇s, ϑ̇c, and ϑ̇r.

x

y

z

Ts

Jsϑ̈s

ϑs, ϑ̇s, ϑ̈s

Tc, Tr

ϑc, ϑ̇c, ϑ̈c

ϑr, ϑ̇r, ϑ̈r

Jcϑ̈c

Jrϑ̈r

Figure 2.9: Free-body diagram of the CMG [18].

By separating the global free-body diagram into three distinct diagrams, each
corresponding to one rotor (see Figure 2.4), the equations of motion can be written
as: 

Jsϑ̈s = Ts − TMGsc

Jcϑ̈c = Tc + TMGsc + TMGcr

Jrϑ̈r = Tr − TMGcr

(2.27)

These equations can be rearranged in matrix form as:Js 0 0
0 Jc 0
0 0 Jr



ϑ̈s

ϑ̈c

ϑ̈r

 =


Ts

Tc

Tr

+


−TMGsc

TMGsc + TMGcr

−TMGcr

 (2.28)
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The terms Ts, Tc, and Tr represent the external torques acting on the sun,
carrier, and ring, respectively. The angular position, velocity, and acceleration of
each rotor are denoted by ϑ, ϑ̇, and ϑ̈.

The torques TMGsc and TMGcr represent the magnetic torques generated by the
interaction of the magnetic flux between the Sun and Carrier, and between the
Carrier and Ring, respectively. Finally, the parameters Js, Jc, and Jr denote the
moments of inertia of the three rotors.

Considering the configuration described in Section 2.4, where the Carrier is
assumed to be stationary, Ts can be interpreted as the input torque provided by a
driving motor, while Tr represents the load torque applied to the Ring.

x

y

z

Ts

TMGsc Jsϑ̈s

ϑs, ϑ̇s, ϑ̈s

x

y

z

Tc

TMGsc

TMGcr Jcϑ̈c

ϑc, ϑ̇c, ϑ̈c

x

y

z

Tr

TMGcr Jrϑ̈r

ϑr, ϑ̇r, ϑ̈r

Figure 2.10: Free body diagram of Sun (left), Carrier (middle) and Ring (right)
rotors [18].

2.8.1 Gear Ratio Definition

The similarities between mechanical and magnetic gears extend beyond the nomen-
clature of their components (e.g., Sun and Ring rotors) and can also be observed
in the definition of the gear ratio.

As previously discussed, torque transmission in CMGs does not occur through
mechanical contact between teeth, but rather through the interaction of magnetic
fluxes.

Defining the angular velocities as ωs, ωc, and ωr, and considering the case of
a stationary Carrier (ωc = 0), the gear ratio can be expressed using the Willis
equation [19] as:
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
τs,rmag = ωs − ωc

ωr − ωc

= ωs

ωr

= −pr

ps

< 0

τs,rmech
= ωs − ωc

ωr − ωc

= ωs

ωr

= Zp

Zs

· Zr

Zp

= −Zr

Zs

< 0
(2.29)

where τs,rmag denotes the gear ratio of the CMG, while τs,rmech
represents the

gear ratio of a mechanical planetary gear.
As introduced in Section 2.7, ps and pr denote the number of pole pairs of

the Sun and Ring rotors, respectively. In contrast, the mechanical counterpart is
characterized by the number of teeth of the Sun, Planets, and Ring gears, denoted
as Zs, Zp, and Zr.

Figure 2.11: Exploded view of the SM-CMG and corresponding elements of a
mechanical planetary gear [10].

In a mechanical planetary gear, the planet gears are responsible for transmitting
torque from the Sun to the Ring. In a CMG, this role is fulfilled by the Carrier and
its ferromagnetic pole pieces, which, through the flux modulation effect described
in Section 2.7, enable torque transmission between the rotors.

2.8.2 Torque-Angle Characteristic
Assuming a fixed Carrier and neglecting both losses and cogging torque, the torque
Tm transmitted by the CMG (evaluated at the Ring rotor) can be expressed as [20]:

Tm = TM sin θe, (2.30)

where TM denotes the maximum transmissible torque at the Ring, and θe is the
load angle, defined as

θe = psθs + prθr − nsθc. (2.31)
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Under normal operating conditions, the transmitted torque Tm remains below
the limit torque TM , corresponding to |θe| < π

2 . When this condition is violated,
i.e., when Tm > TM , magnetic synchronization is lost due to the misalignment of
the magnetic fields. As a consequence, a slipping condition occurs between the
interacting rotors, and the Ring rotor motion becomes dependent on the external
load characteristics.

In order to determine the limit torque of a CMG as a function of the load angle,
a numerical approach can be adopted as proposed in [21]. In this method, one of
the two moving rotors (e.g., the outer rotor) is kept fixed, while the inner rotor is
incrementally rotated. At each angular position, the torque is evaluated using the
Maxwell stress tensor formulation [22].

The electromagnetic torque (EMT) acting on the inner and outer air-gaps can
be expressed as:

Ti = lρ2
i

µ0

Ú 2π

0
Bρi

(ρi, θ)Bθi
(ρi, θ) dθ (2.32)

To = lρ2
o

µ0

Ú 2π

0
Bρo(ρo, θ)Bθo(ρo, θ) dθ (2.33)

The parameter l denotes the axial length of the PMs, while ρi and ρo are the
radii of the circular integration paths corresponding to the inner and outer air-gaps.
The quantities Bρ(ρ, θ) and Bθ(ρ, θ) denote the radial and tangential components
of the magnetic flux density evaluated along these paths.

The results obtained from FEM simulations can be post-processed to evaluate
the torque as a function of the relative angular displacement between the rotors. A
typical torque–angle characteristic is shown in Figure 2.12, from which the limit
torque and the stable operating region can be identified.

2.9 Magnets Losses in CMGs
The operational efficiency of CMGs is significantly influenced by the dissipation
of energy within their active components. As investigated in [23], magnetic losses
in these structures arise from the complex relative motion between PMs and
ferromagnetic modulator poles. These losses are primarily categorized into hysteresis
and eddy currents losses. Eddy currents are closed-loop electric currents induced
within conductive materials due to time-varying magnetic fields or relative motion
between a conductor and a magnetic field source.

According to Faraday’s law of induction (2.8), a variation of magnetic flux
density through a conductive region generates an electromotive force that drives
circulating currents inside the material. By Lenz’s law, the magnetic field produced
by these currents opposes the variation of magnetic flux that generated them.
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Figure 2.12: Torque as a function of the load angle [21].

Within a CMG, the relative motion between the rotating PMs and the ferromag-
netic pole pieces continuously modifies the magnetic field distribution inside the
magnets. Consequently, local variations of magnetic flux density induce circulating
currents inside the conductive volume of the PMs. These currents form conductive
loops whose magnitude depends on the magnetic field strength, the variation rate
of the magnetic flux, the conductive path area, and the electrical conductivity of
the material.

The fundamental mechanism of eddy currents dissipation is governed by the J
term introduced in Equation (2.11). In a conductive medium with volume V , the
instantaneous power loss Peddy is defined by the volume integral of the local power
density, corresponding to the scalar product between the current density J and the
electric field E:

Peddy =
Ú

V
(J · E) dV (2.34)

Assuming the material to be isotropic and characterized by a constant electrical
conductivity σ, Ohm’s law in its local form (2.6) can be applied. The total eddy
current losses can therefore be rewritten as:

Peddy =
Ú

V

|J|2

σ
dV (2.35)

This expression represents the standard formulation adopted in FEM post-
processing for the evaluation of eddy current losses in conductive components.
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2.9.1 Computational Methods and Mitigation through Seg-
mentation

The accurate estimation of these losses is computationally demanding due to
the high-frequency harmonics generated by the magnetic flux modulation process.
According to [24], although two-dimensional and three-dimensional FEM simulations
remain the benchmark in terms of accuracy, hybrid approaches combining analytical
formulations with numerical methods are increasingly adopted in order to improve
computational efficiency.

To reduce losses, structural modifications such as magnet segmentation are
commonly introduced. The underlying principle, described in [25], consists in
increasing the equivalent electrical resistance of the eddy current paths by subdivid-
ing the PMs into smaller insulated segments. This strategy reduces the available
conductive loop area, thereby significantly limiting the magnitude of the induced
current density J and, consequently, the associated losses.

However, the effectiveness of segmentation strongly depends on the harmonic
content of the machine and on the geometrical arrangement of the magnetic
structure. An improper segmentation strategy may lead to unexpected increases in
losses or to additional manufacturing complexity.
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Model CMG with BM

This chapter provides a detailed description of the geometry modelling procedure
implemented in SIMULIA Opera 3D Modeller for the electromagnetic simulations
carried out in this work.

Two different configurations are investigated. The first one considers non-
segmented PMs, while the second adopts segmented PMs, including both axial
segmentation of the Sun rotor magnets and radial segmentation of the Ring rotor
magnets.

The final part of the chapter is dedicated to the simulation settings and numerical
procedures adopted in the FEM analyses. Two different simulation are considered:
the first is aimed at determining the maximum transmissible torque of the proposed
magnetic gear, whereas the second focuses on the evaluation of eddy-current losses
within the PMs during operation.

3.1 Structure of BM-CMG

One drawback of the surface-mounted configuration is related to the mechanical
retention of the PMs. In high-speed applications, the magnets mounted on the
Sun rotor are subjected to significant centrifugal forces. Consequently,mechanical
solutions, such as adhesive bonding or mechanical fastening elements, are typically
required to ensure the structural integrity of the assembly.

In order to overcome these limitations as explained in Section 1.2, the alternative
configuration named BM-CMG is considered in this work.

The operating principle remains unchanged, as described in Chapter 2: the
main space harmonic of magnetic flux density generated by the sun is modulated
through the iron poles of the carrier. It then interacts with the the main space
harmonic of magnetic flux density of the ring to produce torque transfer.
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3.2 Model description
In Table 3.1 are listed the parameters used to model the geometry in SIMULIA
Opera 3D Modeller.

Parameter Symbol Value Unit
sun pole-pairs pS 4 -
ring pole-pairs pR 19 -
carrier iron pairs ns 23 -
gear ratio τ -4.75 -
sun inner radius R1 40 mm
sun outer radius R2 60 mm
carrier inner radius R3 61 mm
carrier outer radius R4 71 mm
ring inner radius R5 72 mm
ring outer radius R6 90 mm
gear axial length h 30 mm
inner gap g1 1.0 mm
outer gap g2 1.0 mm
sun magnets inner wedge factor αS 1.4 -
sun magnets outer wedge factor βS 1.1 -
ring magnets inner wedge factor αR 1.0 -
ring magnets outer wedge factor βR 1.0 -

Table 3.1: Parameters of BM-CMG model.

Figure 3.1 shows the final geometry of the inner rotor. The PMs (white blocks)
are surrounded by ferromagnetic yokes (grey regions).

The parameter Hmag is the average thickness of the permanent magnets calcu-
lated as:

Hmag = (Rint +Rext)/2 · ∆θ/3; (3.1)

∆θ = 2 · π/(2 · p); (3.2)

where ∆θ is the angular amplitude calculated for both rotors using the different
pole-pairs (ps or pr) value assigned to them. The α and β factors correspond to
the inner and outer wedge factors of the PM.

A similar approach is adopted to model the outer rotor, using the corresponding
geometric parameters, in particular the wedge factors reported in Table 3.1.
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iron

iron

B

A

∆θ

Rsunmin Rsunmax

Hmag

α ·Hmag

β ·Hmag

Figure 3.1: Inner rotor geometry in the BM-CMG model.

In this configuration, the magnetization direction is tangential. Along the cir-
cumference of each rotor, the magnets are arranged with alternating magnetization
directions.

Figure 3.2 illustrates the complete model, where the magnetization vectors of
each magnet are explicitly shown.

Sun Yoke

Sun Magnet

Carrier Pole

Structural Support

Ring Yoke

Ring Magnet

Figure 3.2: Model structure of BM-CMG.

The model was first built and simulated using non-segmented PMs. It was then
modified to include both radial and tangential segmentations.
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3.2.1 FEM model with non-segmented magnets
The model was developed using the script editor available in SIMULIA Opera 3D
Modeller. The resulting FEM model consists of 501547 elements.

Figure 3.3 shows a frontal view of the complete geometry. For clarity, the air-gap
regions and the Carrier frame have been hidden in order to better highlight the
main components of the BM-CMG model.

Figure 3.3: FEM model of BM-CMG without segmentation.

According to the software documentation, in order to perform transient electro-
magnetic simulations with moving parts, the air-gap regions between static and
rotating components must be divided into three subregions. Figure 3.4 illustrates
an example of this decomposition for the gap between the Sun and the Carrier.

The two outer subregions are assigned to the adjacent moving and stationary
domains, respectively, while the central region represents the actual interface used
by the solver to handle the relative motion between parts.

Figure 3.4: Air-gap between Sun (bottom) and Carrier (above) rotors.

To limit the total number of elements in the model, a structured mesh based
on hexahedral or prismatic elements (HEX/PRISM) was adopted in the air-gap
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regions, instead of a tetrahedral mesh. This choice is motivated by both accuracy
and computational efficiency.

In particular, prismatic elements are aligned along the thickness of the air-gap
and are therefore more effective in capturing the magnetic flux density gradients
with a reduced number of elements. In contrast, tetrahedral elements have arbi-
trary orientation, requiring a significantly larger number of elements to achieve
comparable accuracy.

Moreover, since Opera performs a surface remeshing at each time step in transient
simulations with motion, the use of prismatic elements leads to a faster remeshing
process due to their simpler topology.

3.2.2 FEM model with segmented magnets
In this section, the model with segmented magnets is presented. The modelling
approach described in the previous subsection remains applicable, and the same
assumptions are retained.

The only difference between the two configurations lies in the segmentation of
the PMs of both rotors.

To implement these segmentations, a thin insulating layer of thickness ad =
0.1mm was inserted between the magnet components. The magnetization direction
of each individual segment remains unchanged: M = Meθ.

In Table 3.2 are listed the parameters used to model the segmentation of the
magnets.

Parameter Symbol Value Unit
insulating layer thickness ad 0.1 mm
mag. sun axial segmentation axSUN 5 -
mag. sun radial segmentation rdSUN 1 -
mag. ring axial segmentation axRING 1 -
mag. ring. radial segmentation rdRING 3 -

Table 3.2: Parameters for segmented magnets in BM-CMG model.

Figures 3.5a and 3.5b show the segmentation (highlighted in orange) of the Sun
and Ring PMs, respectively, as defined by the parameters reported in Table 3.2.

The choice of the directions of segmentations will be justified in the next chapter
(Section 4.2), based on the analysis of the current density distributions within the
PM arrays of both rotors.

The developed model is characterized by a total number of 668623 finite elements.
Compared to the FEM model with non-segmented PMs, 167076 additional elements
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(a) Segmented PM of the Sun rotor. (b) Segmented PM of the Ring rotor.

Figure 3.5: Segmentation of PMs of both rotors.

are introduced due to the final volume mesh for the intermediate insulating layers
adopted in the segmented configuration.

3.2.3 Material properties
With regard to the material properties, the values reported in Table 3.3 have been
adopted in accordance with the assumptions introduced in Section 2.6.2.

In particular, the lamination of the yokes (for both rotors) and the ferromagnetic
poles of the carrier are modelled by imposing zero electrical conductivity, i.e.
σy,ip = 0 S/m, in order to neglect eddy current effects in these components.

The PMs, on the other hand, are assigned an electrical conductivity of σm =
0.65 · 106 S/m, allowing the evaluation of eddy currents losses within them.

Concerning the magnetic properties, the relative permeabilities are defined
consistently with the analytical model. In particular, the ferromagnetic regions
are assumed to have very high permeability (µy,ip,rel = 1 · 106), approximating the
condition µF e → ∞, while the permanent magnets are modelled with µm,rel = 1.

The material labelled as "Air" was adopted to model the surrounding region
of the device, the air-gaps between the different components, and the insulating
layers introduced between the segmented PMs in the corresponding FEM model.
The same material was also assigned to the carrier frame in order to electrically
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and magnetically isolate the ferromagnetic pole pieces from each other.
Finally the magnitude of the residual flux density of the PMs is set to Br = 1.2 T.

Material electrical conductivity rel. magnetic permeability
Iron σy,ip = 0S/m µy,ip,rel = 1 · 106;
NdFeB σm = 0.65 · 106 S/m µm,rel = 1
Air σair = 0S/m µair = 1

Table 3.3: Material properties of the BM-CMG model.

3.3 Simulation Setups
Two different simulation setups were adopted in order to evaluate the maximum
transmissible torque of the model and the eddy currents losses within the PMs.

In both cases, steady-state transient electromagnetic simulations were performed
by imposing the angular velocities of the model components (Sun, Ring, and
Carrier). This approach, particularly relevant for the evaluation of eddy currents
losses, avoids the need to model the mechanical transient behavior associated with
rotor inertia, thus allowing a direct assessment of electromagnetic quantities under
steady operating conditions.

3.3.1 Maximum Torque Transmissible
The adopted approach follows the procedure described in Section 2.8.2.

The angular velocity of the Ring rotor was set to zero, while the Carrier was
assumed to be stationary.

The imposed kinematics consists of a 90◦ rotation of the Sun rotor at a constant
rotational frequency of fs = 15000 rpm. The corresponding angular velocity is:

ωs = 2π · fs

60 = 1570.80 rad/s (3.3)

Since the Sun rotor is characterized by ps = 4 pole pairs, a mechanical rotation
of 90◦ is sufficient to capture the complete torque-angle characteristic, as the torque
profile is periodic with a period equal to 360◦/ps = 90◦.

In order to obtain a sufficiently dense sampling of the torque-angle curve, the
simulation was discretized into 90 steps, corresponding to an angular increment of
1◦ per time step. The resulting time step tstep is given by:

tstep = trev · 1
360 = 1.11 · 10−5 s (3.4)
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where trev is the duration of one complete revolution of the Sun rotor at the
imposed rotational speed:

trev = 60
fs

= 4 · 10−3 s (3.5)

3.3.2 Eddy Currents on PMs
For the evaluation of eddy currents losses, the kinematics of the magnetic gear
were defined by imposing again ωs of Equation (3.3) to the Sun rotor. Using the
gear transmission ratio τ , the angular velocity of the Ring rotor is obtained as:

τ = −pr

ps

= −4.75

ωr = ωs

τ
= −330.70 rad/s

(3.6)

Using the reference system introduced in section 2.1, the Sun during the simula-
tion will rotate in a counter-clock wise direction while the Ring rotor will rotate in
a clock-wise direction.

The electromagnetic field and the induced current density distributions were
computed over one full revolution of the Sun rotor trev. Simulating one complete
revolution is sufficient to evaluate the average power dissipation by averaging the
instantaneous losses over the considered time steps.

The simulation was discretized into 72 time steps, corresponding to an angular
increment of 5◦ of Sun rotation. The resulting time step is:

tstep = trev · 5
360 = 5.56 · 10−5 s (3.7)

This level of discretization represents a compromise between computational time
and accuracy. It ensures an adequate resolution of the interaction between the PMs
and the ferromagnetic pole pieces of the Carrier, while keeping the simulation time
within reasonable limits. A smaller time step would further improve the accuracy,
at the expense of a significantly increased computational time.
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Chapter 4

Simulation Results

This chapter presents the results obtained from the numerical simulations and is
divided into two main sections. The first section is devoted to the configuration
with non-segmented PMs and includes the evaluation of the maximum transmis-
sible torque of the coaxial magnetic gear. The second section focuses on the
segmented PMs configuration and highlights the effects of magnet segmentation on
the electromagnetic behavior of the device.

The magnetic field distribution is investigated both within the two air-gaps
and inside the PMs of the Sun and Ring rotors. Furthermore, the collected data
are post-processed in the cylindrical reference system introduced in Section 2.1,
allowing the magnetic flux density vector to be decomposed into its radial and
tangential components. This approach provides a more detailed understanding of
the field distribution and its temporal evolution during operation.

Regarding the eddy currents analysis, the current density distribution within the
PMs is first examined in order to identify the regions where the induced currents
are mainly concentrated. Based on these observations, the temporal evolution of
the current density is evaluated at representative locations on the magnet surfaces,
corresponding to the areas of greatest interest for the characterization of the eddy
currents phenomena.

4.1 Non-Segmented Magnets Configuration

Here the results concerning the simulation of BM-CMG without segmentation of
PMs are discussed. The interaction between the magnetic field of the PMs of both
rotors with the iron poles of the Carrier is described using some time steps of the
simulation.
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4.1.1 Magnetic Field Distributions
The global magnetic field distribution is shown in Figure 4.1. The figure reports the
magnetic flux density vector field B evaluated on the plane z = 0, corresponding
to the middle of the axial length of the CMG.

The outlines highlighted in the figure identify the PMs of the Sun and Ring
rotors, as well as the ferromagnetic pole pieces of the Carrier located between them.

Figure 4.1: Magnetic flux density distribution evaluated at z = 0.

In order to provide a more detailed visualization of the magnetic field distribution,
a magnified view is reported in Figure 4.2. The purple arrows indicate the direction
of the magnetic flux density vector throughout the components of the CMG, while
their magnitude is proportional to the intensity of the vector field B.

It can be clearly observed that the ferromagnetic pole pieces magnetically couple
the PMs of the Sun and Ring rotors having opposite magnetization directions M.

Moreover, it can be noticed that the PMs of the Ring rotor do not exhibit the
same flux density magnitude B, as indicated by the non-uniform lengths of the
purple arrows within them. In contrast, the PMs of the Sun rotor show arrows
of comparable magnitude, indicating a more uniform flux density distribution. A
detailed discussion of this phenomenon is provided in Section 4.1.2.

Both figures refer to the same simulation instant (t = 3.33 · 10−4 s).
Now considering air-gaps, their magnetic field distribution is analysed in terms of

the magnitude of B and its decomposition into the radial and tangential components,
Bρ and Bθ, respectively, according to the cylindrical reference system introduced
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Figure 4.2: Zoomed view of the magnetic flux density vector field at z = 0.

in Section 2.1.
The magnetic field quantities were evaluated at a point located at the middle of

each air-gap, over and under an iron pole of the Carrier as indicated by the orange
markers in Figure 4.3.

Figure 4.3: Evaluation points adopted for the magnetic field analysis in the
air-gaps.

The magnetic flux density distributions in the air-gap between the Sun and
Carrier rotors are reported in Figures 4.4a, 4.4b, and 4.4c.

It can be observed that the radial component Bρ is approximately one order
of magnitude larger than the tangential component Bθ. As a consequence, the
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variations in the magnitude of the magnetic flux density are mainly governed by
the radial component. This indicates that the magnetic field distribution within
the inner air-gap is predominantly radial.

The magnetic flux density distributions in the air-gap between the Ring and
Carrier rotors are shown in Figures 4.4d, 4.4e, and 4.4f.

The radial and tangential components exhibit the same order of magnitude as
observed in the inner air-gap. Therefore, the magnetic field distribution in the
outer air-gap can be considered again to vary significantly in the radial direction.

4.1.2 Local Field Analysis in Magnets
The evaluation of the magnetic field distribution within the PMs of both the Sun
and Ring rotors was carried out by considering one representative PM for each
rotor and plotting, as in the previous section, the magnitude of B together with its
decomposition into the radial and tangential components, Bρ and Bθ, respectively.
The reported graphs describe the time evolution of these quantities evaluated at
the centre of mass of the selected PMs.

Starting from the PM of the inner rotor, Figure 4.5a shows the magnetic field
distribution over its surface. The evolution of B, Bρ, and Bθ is reported in Figures
4.5b, 4.5c, and 4.5d.

Considering that ωs is directed along the positive z axis, the Sun rotor rotates
counter clockwise. The magnetization vector M associated with the considered
PM (represented by the purple arrows in the figure) is oriented opposite to the
rotation direction of the rotor. This behavior is confirmed by the results reported
in Figures 4.5d and 4.5c: the tangential component Bθ is negative, while the radial
component Bρ remains almost negligible.

The three graphs do not show any substantial variation in the magnetic field
values, apart from small oscillations. It can therefore be concluded that the
magnetic field distribution within the PMs of the Sun rotor remains substantially
unchanged throughout the entire simulation.

Shifting the attention to a PM of the outer rotor, Figure 4.6a shows the magnetic
field distribution over its surface. Following the same approach adopted for the
Sun rotor, Figures 4.6b, 4.6c, and 4.6d report the time evolution of the magnetic
field and of its components evaluated at the centre of mass of the selected Ring
rotor PM.

Considering that ωr is directed along the negative z axis, the Ring rotor rotates
clockwise, i.e. opposite to the Sun rotor. The magnetization vector M associated
with the considered PM is again oriented opposite to the rotation direction of the
rotor. This is confirmed by the results shown in Figures 4.6d and 4.6c, where Bθ

assumes positive values while Bρ remains close to zero.
In contrast with the behavior observed for the PM of the inner rotor, and
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(b) Radial component - Inner Air-Gap.
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(c) Tangential component - Inner Air-Gap.
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(d) Magnitude - Outer Air-Gap.
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(e) Radial component - Outer Air-Gap.
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(f) Tangential component - Outer Air-Gap.

Figure 4.4: Magnetic flux density analysis as a function of time for the inner and
outer air-gaps.
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(a) Magnetic field distribution - Sun PM
at tstep = 1.11 · 10−4 s.
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(b) Magnitude of the magnetic flux density
- Sun PM.
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(c) Radial component of the magnetic flux
density - Sun PM.
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(d) Tangential component of the magnetic
flux density - Sun PM.

Figure 4.5: Magnetic field distribution on the surface of a PM of the Sun rotor
and the Magnetic flux density analysis as a function of time in its centre of mass.
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(a) Magnetic field distribution - Ring PM
at tstep = 1.11 · 10−4 s.
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(c) Radial component of the magnetic flux
density - Ring PM.
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(d) Tangential component of the magnetic
flux density - Ring PM.

Figure 4.6: Magnetic field distribution on the surface of a PM of the Ring rotor
and the Magnetic flux density analysis as a function of time in its centre of mass.

consistently with the observations previously discussed in Section 4.1.1, Figure
4.6b shows that the magnetic field inside the Ring rotor PM is not constant but
oscillates with variations of approximately 0.3 T.

4.1.3 Maximum transmissible torque of the model
Following the strategy described in Section 3.3.1, the EMT acting on both rotors
was evaluated as a function of the angular position of the Sun rotor θsun. The
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obtained results are reported in Figure 4.7a.
It can be observed that the simulation starts from a condition close to the

maximum transmissible torque. Both torque curves exhibit a periodic behavior
with a period of approximately 90◦ (about 1.57 rad), consistently with the periodicity
imposed by the ps = 4 pole-pair configuration of the Sun rotor.
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Figure 4.7: Torque-angle characteristic and instantaneous gear ratio of the
analyzed CMG.

The torque amplitudes obtained for the Ring rotor are significantly higher
than those associated with the Sun rotor, consistently with the magnetic gear
transmission ratio. Figure 4.7b reports the instantaneous gear ratio evaluated
during the simulation. Although the ratio exhibits noticeable oscillations, its
average value remains very close to the theoretical transmission ratio of the magnetic
gear.

Furthermore, the instantaneous evaluation of the transmission ratio is strongly
affected by numerical discretization errors associated with the transient FEM
solution.

Nevertheless, the mean value of the obtained ratio is equal to approximately 4.70,
which is in very good agreement with the theoretical transmission ratio τ = 4.75,
thus confirming the correct operation of the proposed CMG model.

4.1.4 Eddy Current Distribution in PMs
The distribution of eddy currents within the same representative PMs selected for
the inner and outer rotors is presented in this section.

Starting from the PM of the Sun rotor, Figure 4.8a shows the surface distribution
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of the current density vector J. The purple arrows indicate the direction of the
induced currents, while their dimensions are proportional to the magnitude of J.

(a) Current density distribution - Sun PM
at tstep = 9.44 · 10−4 s.

(b) Measurement points adopted for the
evaluation of J in the Sun PM.
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Figure 4.8: Eddy currents distribution of a PM of the Sun rotor and the current
density analysis as a function of time.

It can be clearly observed that the induced currents within the Sun PM are
mainly concentrated on the upper surface facing the Carrier and its ferromagnetic
pole pieces. Consequently, the eddy currents are predominantly distributed over
an axial-tangential plane (θ − z plane).

Moreover, the current distribution does not form a single closed loop over
the entire upper surface. Instead, two localized loops with opposite circulation
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directions can be identified, as visible in Figure 4.8a.
Considering the observed current distribution, the magnitude of J was evaluated

at two different locations within the Sun PM. Figure 4.8b illustrates the adopted
measurement points: the first one is located on the right axial edge of the upper
surface, while the second one is positioned inside the PM volume.

The temporal evolution of the current density magnitude at these locations is
reported in Figures 4.8c and 4.8d. The blue curve in the former one shows that
the magnitude of J inside the magnet remains almost negligible throughout the
simulation, confirming that the eddy currents are mainly confined near the upper
surface.

Furthermore, Figure 4.8d shows that the axial component Jz evaluated at the
right axial edge periodically changes sign, with an oscillatory behavior occurring
approximately every three time steps. In particular, the time steps from 18 to 21
are highlighted in the figure, together with the corresponding values reported in
the lower-right corner of the graph. It can be observed that the negative peak
reached at time step 18 evolves toward the negative peak at time step 21, with a
current reversal occurring at time step 19 and 20.

This behavior is directly related to the presence of ns = 23 ferromagnetic pole
pieces in the Carrier, which are spatially distributed with an angular pitch of 15.65◦.
Since each simulation time step corresponds to a mechanical rotation of 5◦ of the
Sun rotor (Section 3.3.2), the inversion of the surface current direction within the
Sun PM is expected to occur approximately every three time steps.

Proceeding with the analysis of the PM belonging to the Ring rotor, Figure
4.9a shows the surface distribution of the current density vector J. The purple
arrows indicate the direction of the induced currents, while their dimensions are
proportional to the magnitude of J.

The induced currents within the Ring PM are mainly distributed along the
radial and axial surfaces of the magnet. The surfaces are identified according to
the direction of their normal vectors. In Figure 4.9a, one of the axial surfaces is
visible in the foreground, while one of the radial surfaces can be observed on the
upper side of the PM.

Unlike the case of the Sun rotor PMs, where two current loops were observed, the
Ring PM exhibits a single current loop distributed over the four external surfaces
of the PM.

Figure 4.6 previously showed that the tangential component Bθ undergoes signif-
icant oscillations within the Ring PM. By considering the current loop distribution
shown in Figure 4.9a, it can be concluded that these eddy currents directly con-
tribute to such oscillations, since the magnetic field generated by the induced
currents is mainly oriented along the tangential direction, as the internal magnetic
field of the PM.

The magnitude of J was evaluated at two different locations within the Ring PM.
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(a) Current density distribution - Ring PM
at tstep = 9.44 · 10−4 s.

(b) Measurement points adopted for the
evaluation of J in the Ring PM.
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Figure 4.9: Eddy currents distribution of a PM of the Ring rotor and the current
density analysis as a function of time.
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Figure 4.9b illustrates the adopted measurement points: the first one is located at
the middle of the front axial surface, while the second one is positioned inside the
volume of the PM.

The temporal evolution of the current density magnitude at these locations
is reported in Figures 4.9c and 4.9d. The blue curve in the former one shows
that the magnitude of J inside the magnet remains almost negligible throughout
the simulation, confirming that the eddy currents are mainly confined to the four
external surfaces previously described.

Furthermore, Figure 4.9d shows that the radial component Jρ, evaluated at the
front axial surface, periodically changes sign, with an oscillatory behavior occurring
approximately every 15 time steps. In particular, the time steps from 10 to 25
are highlighted in the figure, together with the corresponding values reported in
the lower-right corner of the graph. It can be observed that the positive peak
reached at time step 10 evolves toward another positive peak at time step 25, while
a current reversal occurs around time step 15.

As previously discussed for the Sun rotor PM, this behavior is correlated with
the interaction between the magnets and the ferromagnetic pole pieces of the
Carrier. Considering that the Ring rotor rotates with angular velocity ωr, the
angular displacement performed during each simulation time step is:

|θr| = ωr · tstep · 180
π

= 1.05◦ (4.1)

As said before the Carrier pole pieces are spaced by 15.65◦ and the radial current
density component completes one full oscillation cycle after approximately:

|θr| · 15 = 15.75◦ (4.2)

which is consistent with the periodicity observed in Figure 4.9d.

4.1.5 Eddy Currents Losses in PMs
The eddy currents losses were evaluated according to the procedure described in
Section 2.9. For each simulation time step, the integral in Equation 2.35 was
computed by considering as integration domain the total volume occupied by the
PMs of each rotor.

Figure 4.10 reports the instantaneous eddy currents power losses Peddy evaluated
over the 72 simulation time steps for both the Sun and Ring rotors.

It can be observed that the eddy currents losses are mainly concentrated within
the PMs of the Ring rotor, while the contribution associated with the Sun rotor
remains significantly lower throughout the simulation.

This behavior is directly related to the different magnetic field conditions
experienced by the two sets of PMs. As discussed in Section 4.1.2, the magnetic
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Figure 4.10: Instantaneous eddy currents losses evaluated within the PMs volumes
of the two rotors.

field inside the Sun PMs remains almost constant during the entire simulation,
with negligible variations in both magnitude and direction. Consequently, only
limited time-varying magnetic flux is present within the conductive magnet volume,
resulting in relatively small induced current densities.

Conversely, the PMs of the Ring rotor are subjected to significant oscillations of
the magnetic field, particularly in the tangential component Bθ. These variations
are caused by the modulation effect introduced by the ferromagnetic pole pieces of
the Carrier rotor, which periodically alter the magnetic flux distribution seen by
the outer PMs during operation.

Therefore, the higher losses observed in the Ring rotor can be attributed to the
stronger time-varying magnetic field components acting inside its PMs.

Considering the average losses evaluated for both rotors, the total eddy currents
losses associated with the configuration adopting non-segmented PMs can be
estimated as:

Peddy = 76.07 + 740.40 = 816.47 W (4.3)

4.2 Segmented magnets configuration
This section presents the results obtained for the model with segmented PMs. The
same candidate PMs previously selected for the non-segmented configuration were
adopted for the analysis presented here.

In order to allow a direct comparison between the two configurations, the same

50



Simulation Results

measurement points introduced in Section 4.1.1 and Section 4.1.2 were used for the
evaluation of the magnetic field distributions within the two air-gaps and inside
the PMs of both rotors. Similarly, the same points defined in Section 4.1.4 were
adopted for the analysis of the eddy currents distributions within the Sun and Ring
PMs.

4.2.1 Magnetic Field Analysis in Air-Gaps and PMs

The magnetic flux density distribution remains substantially unchanged in the
configuration adopting segmented PMs. Figure 4.11 reports the temporal evolution
of the radial and tangential components, Bρ and Bθ, respectively, for both air gaps.
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Figure 4.11: Magnetic flux density analysis as a function of time for the inner
and outer air-gaps.
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A similar consideration can be made for the magnetic field distribution within the
PMs of both rotors. The same qualitative behavior observed for the non-segmented
configuration is maintained also in the segmented case.

In particular, the magnetic field distribution within the PMs of the Sun ro-
tor remains substantially unchanged throughout the entire simulation, with only
negligible local variations.

Conversely, the magnetic field inside the PMs of the Ring rotor is still charac-
terized by an oscillatory behavior, with variations of approximately 0.3 T, similarly
to what was previously observed in the non-segmented configuration.

In Figure 4.12 are depicted the component Bθ for both PMs.
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Figure 4.12: Magnetic flux density analysis as a function of time in both PMs.

4.2.2 Eddy Currents Distributions in PMs
As discussed in Section 4.1.4, the eddy currents loops within the PMs of the Sun
rotor mainly develop over axial-tangential planes. Consequently, the most effective
way to interrupt the currents paths is to segment the magnets along their axial
direction.

Conversely, the eddy currents loops observed within the PMs of the Ring rotor
mainly develop over planes whose normal direction is tangential. Therefore, in this
case, the most effective mitigation strategy consists in segmenting the magnets
along their radial direction.

For convenience, the segmentation parameters already introduced in Table 3.2
are reported below:

• Sun magnets axial segmentation: axSUN = 5
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• Ring magnets radial segmentation: rdRING = 3

Starting from the PM of the Sun rotor, Figure 4.13a reports the results obtained
from the simulations adopting the segmented configuration.

Each segment of the PM exhibits two opposite eddy currents loops. Similarly
to the non-segmented case, the interaction with the ferromagnetic pole pieces of
the Carrier rotor produces the same oscillatory behavior of the induced currents
previously observed.

Figure 4.13c shows that the periodic oscillations described for Figure 4.8d remain
substantially unchanged also in the segmented configuration.

However, segmentation produces a significant reduction in the magnitude of
the induced currents density J. In particular, the peak value decreases from
8.04 A/mm2 in the non-segmented configuration (Figure 4.8c) to 4.75 A/mm2 in
the segmented case (Figure 4.13b).

This reduction can be explained by considering that the segmentation interrupts
the conductive paths available for the circulation of eddy currents. By dividing
the PM into smaller insulated volumes, the effective area enclosed by each current
loop is reduced, leading to a corresponding reduction in the magnetic flux linked
by the loop according to Faraday’s law.

Following with the PM of the Ring rotor, Figure 4.14a reports the results
obtained from the simulations adopting the segmented configuration.

Each segment of the Ring PM exhibits one eddy current loop distributed along
the radial and axial surfaces of the magnet. Compared to the non-segmented
configuration, the currents paths are now confined within smaller conductive
regions due to the radial segmentation.

Although the positive peaks shown in Figure 4.14c occur at different time steps
with respect to the non-segmented case reported in Figure 4.9d, the same oscillatory
behavior of the induced currents is still observed. In particular, the periodicity of
15 time steps remains substantially unchanged.

Also in the case of the Ring PM, segmentation produces a significant reduction
in the magnitude of the induced current density J. In particular, the peak value
decreases from 5.52 A/mm2 in the non-segmented configuration (Figure 4.9c) to
1.72 A/mm2 in the segmented configuration (Figure 4.14b).

4.2.3 Eddy Current Loss Reduction Analysis

With the same approach used in Section 4.1.5, here the eddy currents losses were
evaluated for the segmented PM case.

Figure 4.15 reports the instantaneous eddy currents power losses Peddy evaluated
over the 72 simulation time steps for both the Sun and Ring rotors.
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(a) Current density distribution - Sun PM
at tstep = 9.44 · 10−4 s.
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Figure 4.13: Eddy currents distribution of a PM of the Sun rotor and the current
density analysis as a function of time.

Considering the average losses evaluated for both rotors, the total eddy currents
losses associated with the configuration adopting non-segmented PMs can be
estimated as:

Peddy = 34.18 + 138.09 = 172.27 W (4.4)
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(a) Current density distribution - Ring PM
at tstep = 9.44 · 10−4 s.

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Time [s] ×10 3

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8

m
od

ul
e 

J [
A/

m
m

2 ]

Max:   1.7201 A/mm2

Min:   0.0471 A/mm2

Average:   0.0273 A/mm2

axial surface PM
inside the PM

(b) Magnitude of the Current density -
Ring PM.

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Time [s] ×10 3

1.6

1.2

0.8

0.4

0.0

0.4

0.8

1.2

ra
di

al
 c

om
po

ne
nt

 J
 [A

/m
m

2 ]

Max:   1.3129 A/mm2

Min:  -1.7191 A/mm2
TS9

TS15

TS24

TS9 Jz=1.312
TS15 Jz=-1.719
TS24 Jz=1.286

(c) Radial component of the Current den-
sity - Ring PM.

Figure 4.14: Eddy currents distribution of a PM of the Ring rotor and the current
density analysis as a function of time.
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Figure 4.15: Instantaneous eddy current losses evaluated within the PMs volumes
of the two rotors.
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Conclusions

The analysis of the eddy currents distributions revealed that the largest share of the
losses is concentrated within the PMs of the Ring rotor. Consequently, particular
attention should be devoted to the mitigation of losses in the outer rotor magnets.
Although only rdRING = 3 segments were adopted, a substantial reduction in
the eddy-current losses was achieved, confirming that the selected segmentation
direction successfully interrupts the dominant current paths responsible for power
dissipation.

Overall, the results indicate that an appropriate segmentation of the Ring rotor
magnets can significantly improve the efficiency of the CMG without apprecia-
bly affecting its magnetic field distribution and torque transmission capability.
Therefore, magnet segmentation represents an effective design solution for reducing
eddy-currents losses in high-speed BM-CMG
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