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Abstract: This paper proposes modelling and optimization of a new reluctance axial flux magnetic gear (RAMG) with stationary
outer rotor and advantages of lower permanent magnet usage. Due to the less use of the PMs, this structure has a higher economic
interest, more reliability, and very simple and robust structure than its conventional ones. Gear ratio and operating principles are
extracted and verificated using 3-D finite element method (FEM) simulations. Finally, a parametric optimization is done based
on effective dimensions in design procedure with maximum torque density objective function. The magnetic flux distributions of
optimized RAMG are calculated by 3-D FEM, as well as static and dynamic magnetic torques are derived correspondingly.
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1.

Introduction
In low-speed industrial applications, an electrical machine with a mechanical gearbox is applied to save the total volume of
the system by extracting the desired torque based on the performance of the mechanical gear. The most common types of
mechanical gear is the spur gear, the worm gear, the rack pinion gear, the bevel gear, and the planetary gear. The torque density
and the gear ratio are used to evaluate the performance of the mechanical gears. In addition to the advantages of mechanical
gearbox, some problems such as: the need for lubrication, no overload protection, fracture and corrosion, noise, vibration and
mechanical losses, have led to tendencies towards new systems named magnetic gears (MGs). Many initial MG technologies
inspired by mechanical counterparts. Armstrong [1] and Faus [2] introduce MGs according to a mechanical spur gear. Tsurumoto
and Kikuchi presented a worm based [3] and spiral based MG topology [4]. A problem with these initial MG designs was that
only one to some magnets transferred torque at any given moment and this leads to a lower torque transfer. Today’s advanced
MGs in its general form benefit from two rotors of high-energy permanent magnets (PMs) and a middle ferromagnetic pole
pieces rotor named modulators [5, 6]. Magnetic flux produced by PMs modulated by ferromagnetic pole pieces to establish an
effective harmonic component with different rotational speed to rotate opposite rotor as a gear [4, 7, 8]. This topology offers
some advantages such as no contact, no wear and corrosion, no noise, no need for lubrication, and as well as inherent overload
protection [9, 10]. Novel MGs structure can compete with traditional mechanical types. In the last decade, various structures
have been introduced to increase torque density [11, 12], minimize cogging torque [13, 14], and reduce total cost [15, 16].
In [17], a general review of magnetic gears is presented, including a discussion of the most common and upcoming
topologies and a description of the working principle. A comparison of different topologies is carried out, in terms of gear ratio
and torque density. [18] presents a time-saving methodology for the design and sizing of the radial MG sets. A novel high
temperature superconducting bulks coaxial MG with an eccentric pole of inner rotor and Halbach arrays of outer rotor is proposed
in [19] to improve the high torque density of MG. [20] presents a novel design of rotor topology for a superconductive radial
flux magnetic gear to achieve sinusoidal air-gap flux density and lower cogging torque. The method is based on optimization of
buried magnet’s pole shape in a radial flux structure, modified by using pulse width modulation technique and variable air gap
length applying the supershape formula on the iron core of the inner rotor. [21] investigates the torque performances of magnetic
gear with different configurations of the modulating ring that are characterized by the shape of modulator, the position of
interconnecting bridge, and the ratio of pole arc to pole pitch. The torque density characteristics for an axial flux magnetic gear
using a flux-focusing topology is experimentally studied in [22]. A geometric parameter sweep analysis was utilized in order to
maximize both the calculated volumetric and mass torque density. Many commercially available mechanical gears can operate
with torque densities above 250 Nm/L, while for MG, the torque density is lower than 200Nm/L [23]. This means that further
improvements in the MG technology is still required.
Among the different structures of radial flux (coaxial) [24], linear [25], transverse flux [26], arcuate [27], and axial flux, the
axial flux (AFMG) structure has been more widely considered [28-30]. This is due to the isolation of the input and output shafts,
providing the possibility of oscillation of the axes relative to each other, and lower occupation of the axial space.
The magnets used in AFMGs can be in form of surface mounted or interior [31, 32]. The magnets in high speed rotor are
exposed to the impact of centrifugal force and scratch. In addition, the high cost ratio of PMs in total cost of MGs is one of the
fundamental challenges of conventional MGs [15, 16]. In this paper, a novel reluctance AFMG (RAMG) structure is introduced
(based on the concepts of reluctance machines) by removing PMs in high-speed rotor. PMs elimination in high speed rotor,
reduces the core loss and result in higher efficiency. The other PM rotor will keep stationary and gear ratio will be obtain through
the high speed reluctance rotor and the middle low speed modulator rotor. Fig 1, shows the exploded conceptual structure of a
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conventional and RAMG. In [33] a radial flux reluctance MG is introduced and compared with traditional coaxial MG in gear
ratio and torque transmission. A similar structure of reluctance MG is introduced in [34] using superconducting material in inner
and outer rotor of coaxial structure with a single middle PM rotor to achieve a higher torque density in exchange of more cost.
[35] presents a coaxial MG with reluctance outer rotor and stationary inner PM rotor. Parametric analysis and torque performance
results are extracted using 2-D finite element method (FEM) analysis.
2.

Operation principle of RAMGs
Sections of different rotor are shown in Fig. 2. According to the general parameters in Fig. 2 and computing magneto motive
force (MMF) distribution and reluctance distribution of different rotors, magnetic field distribution and gear ratio of the RAMG
can be extracted. In Fig. 2, the magnetic field is arising from stationary PM rotor and provides desired MMF. Based on the PM’s
pole pitch, the distribution of MMF can be expressed in terms of Equation 1:
(1)
Fs  Fs1 cos(nm )
where Fs1 is the amplitude of MMF, nm is the pole pairs of the stationary rotor, and α is the mechanical angle.
By rotating middle modulator rotor, the reluctance of the magnetic path will change. According to the structure of modulator
low speed rotor, the permeance distribution can be expressed in terms of Equation 2:
(2)
 m  m0  m1 cos( ps  psr t  ps m0 )
where, m 0 and m1 are mean and amplitude of modulator permeance, respectively. ps, r and  m0 are the number of modulators,
angular speed and initial angle of low speed modulator rotor, respectively.
The high speed rotor will be rotated by the reluctance changing. Similarly, the distribution of the permeance of this rotor can
also be expressed by Equation 3:
(3)
 r  r 0  r1 cos(nr  nrmt  nr r 0 )
where, r 0 and r1 are mean and amplitude of high speed permeance, respectively. nr,  m ,  r 0 are the number of reluctance
teeth, angular speed, and initial angle of high speed rotor, respectively.
Magnetic flux, produces by the magnets and passes from variable reluctance space of the middle rotor and reluctance rotor,
can be expressed as Equation 4:
 ( , t )

 Fs  m  r
 Fs1m 0 r 0 cos(nm )

 0.5 Fs1m 0 r1 cos((nr  nm )  nr  m t  nr  r 0 )  cos((nr  nm )  nr  m t  nr  r 0 )

(4)

 0.5 Fs1m1r 0 cos((p s  nm )  p s r t  Ps m 0 )  cos((p s  nm )  p s r t  Ps m 0 )
 0.25 Fs1m1r1 cos((p s  nr  nm )  ( p s r  nr  m )t  ( p s m 0  nr  r 0 ))

 cos((p s  nr  nm )  ( p s r  nr  m )t  ( p s m 0  nr  r 0 ))
 cos((p s  nr  nm )  ( p s r  nr  m )t  ( p s m 0  nr  r 0 ))



 cos((p s  nr  nm )  ( p s r  nr  m )t  ( p s m 0  nr  r 0 ))

Based on the above-mentioned relationship, the main harmonics can be determined in order to create the effective gear ratio
and torque transmission. The 8th and 9th sentences of Equation 4 are the magnetic flux components modulated by modulators.
The condition of pole pairs to obtain the gear ratio between the high speed rotor and the low speed rotor which can rotate the
output rotor in a different speed than the input rotor is true in these sentences ( nm  0, nm  ps  nr  nm ). Hence, the angular speed
of magnetic flux density will be equal to: psr  nrm . Due to the lack of permanent magnets in the high speed and low speed
rotors, the angular speed of magnetic flux density in the high speed rotor and low speed rotor are zero. Hence gear ratio can be
calculated by Equation 5:

p
(5)
0  p s  r  nr  m  Gr  m   s
r
nr
Thus, it can be concluded that the relation between the number of poles, modulators and reluctance teeth must be equal to
Equation 6:
(6)
2nm  Ps  nr
The positive or negative sign will be selected, according to the coupled harmonic. Due to the high harmonic number and
variation in magnetic flux, it is expected that the transmitted torque have high fluctuations.
3.

Modelling and parametric optimization of RAMG
In order to optimal design of RAMG in finite element software, the various dimensions of the gear are optimized according
to Figs. 2 and 3. The purpose of optimization is to maximize the torque density transmission in this structure and taking into
account the design constraints.
3-D FEM simulation predicts the best results in terms of mesh balancing reliability, speed, quality, size, and design
characteristics. Flux density distribution and static torque calculations are performed by steady 3-D FEM simulations while
cogging torque calculations are performed by transient 3-D FEM. The nonlinear discretised governing equations that model MG
performance are solved at each time step using a Newton-Raphson iteration (tolerance 10-3, relaxation factor 0.15) with a
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Multifrontal Massively Parallel Sparse Direct Solver (MUMPS) for the linear sub-system at each iteration (precision for scaling
10-3). To produce the optimal mesh, an adaptive mesh refinement is performed in critical regions using an iterative procedure.
The mesh is refined (20 times leading to reduction in energy error from 37.8% in first pass to 0.0312% in last pass) in areas of
highest error density. When changes in selected parameters (percentage of energy error) are less than 0.1%, the mesh refinement
terminates. The optimization takes about 57 hour by a core i7-8700 6-core processor and 64GB RAM. All simulations are done
around pull out torque (maximum static torque) point.
Optimization results of different parameters are shown in Table 1, based on maximum torque density objective function.
These results are derived using 3-D FEM modelling and constraints considered in Table 1. In this process, the inner and outer
radius, air gaps, number of poles, and gear ratio are considered constant.
According to Table 1, the gear ratio will be +1:5. Increasing the thickness of the PMs, increases the MMF, and on the other
hand, increases the reluctance of magnetic path, so the optimal thickness is obtained 9mm according to Table 1. The reluctance
of teeth and modulators thickness not only effects on total reluctance but also can cause leakage flux and weak magnetic coupling.
So the optimum length of 11mm and 8mm is obtained for teeth and modulators, respectively. Core length depends on saturation
level of core due to the flux density of PMs. According to the results of the optimization, output performances of RAMG can be
extracted. The paths of magnetic potential lines and magnetic field path in different regions of optimal RAMG are shown in Fig.
4.
Axial component of magnetic field distribution in middle height and radius of high and low speed air gaps are shown in Fig.
5. Proximity to the source of MMF in high speed air gap, increases the amplitude of this component. As can be seen in Fig. 6,
the amplitude of magnetic field distribution in different regions show some hot spots of about 2.3 T in sharp points in some
moments.
According to the above structure and dimensions of RAMG, the static and dynamic torque in high and low speed rotors can
be calculated by 3-D FEM analysis as Figs. 7 and 8, respectively. In static analysis, the reluctance rotor rotated about 90
mechanical degree and two other rotors are kept stationary. Calculated static torque is equal to 1.5 Nm and 7.5 Nm for high
speed and low speed rotors, respectively. Maximum static torque occurs in initial zero mechanical degree. Thus, the initial
mechanical angle for dynamic simulations will be set in maximum point of static torque, named pull out torque. In dynamic
simulation, the high speed reluctance rotor and low speed modulator rotors are rotated in same directions according to the gear
ratio. So the average torque of about 1.5Nm and 7.5Nm and cogging torque of about 4.3Nm and 1.7Nm for high speed and low
speed rotors can be obtain, respectively. As can be seen, the dynamic torque has a considerable pulsation and cogging torque.
That’s because the gear ratio is an integer number, so all the teeth meets the edge of modulators and PMs at the same times and
reluctance changes directly effects on torque transmission. Results of optimal RAMG and initial RAMG are presented in Table
2.
4.

Conclusion
In this paper a novel RAMG is introduced. This model exhibits superior advantages than the conventional axial flux MGs,
especially in reducing PMs consuming and ease of construction. The same treatment of analytical analysis and 3-D FEM in gear
ratio shows the high precision of proposed model. The 3-D FEM was applied to investigate the effects of different rotor
dimensions on the torque density. It has been concluded that the optimal dimensions of RAMG lead to torque density of about
11.07 kNm/m3.
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Fig. 3. Optimization parameters in different layers of RAMG
Table 1. Optimal design parameters of RAMG
Design Parameter
Number of high speed rotor teeth
Number of stationary rotor pole pairs
Number of low speed modulators
Air gap length
Outer radius
Inner radius

Initial
Value
4

Optimal
value
4

8

8

Material

variable

-

nr
nm
ps

20

20

-

lgl,lgh
Ro
Ri

1mm

1mm

70mm

70mm

15mm

15mm

NdFeB-35

2mm≤hpl≤10mm

4mm

9 mm

Axial length of stationary core

NGO-M400-50A5

3mm≤hcl≤8mm

4mm

6 mm

Axial length of modulators

NGO-M400-50A5

8 mm

NGO-M400-50A5

5mm

11 mm

Axial length of high speed core

NGO-M400-50A5

2m≤hms≤10mm
2mm≤hth≤15mm
5mm≤hch≤10mm
0.25≤αpl/αl≤0.5
0.25≤αth/αh≤0.5
0.25≤αms/αs≤0.5
Br

5mm

Axial length of reluctance teeth

5mm

8 mm

0.4

0.5

0.3

0.5

0.5

0.5

1.2T

1.2T

Axial length of PMs

Pole arc to pole pitch ratio of PMs

-

Teeth arc to teeth pitch ratio

-

Slot opening of modulators
Remanence of PMs

Fig. 4. Flux lines path in RAMG

Fig. 5. Axial flux density distribution in high and low speed air gaps of optimal RAMG
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(a)

(b)

(c)

Fig. 6. Flux density magnitude distribution in different rotors of optimal RAMG (a) stationary PM rotor (b) low speed modulator rotor (c)
high speed reluctance rotor

Fig. 7. Static torque of high and low speed rotor in optimal RAMG

Fig. 8. Dynamic torque of high and low speed rotor in optimal RAMG
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Table 2. Output performances of optimal RAMG and initial RAMG
Output Parameter
High speed static Torque
Low speed static Torque
Dynamic cogging torque (high speed)
Dynamic cogging torque (low speed)
Torque Density

Initial
RAMG

Optimal
RAMG

0.74 Nm
3.73 Nm
3.08Nm
1.03 Nm
9.6 kNm/m3

1.5 Nm
7.5 Nm
4.3 Nm
1.7 Nm
11.07 kNm/m3
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