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Abstract
The paper presents a comparison of known magnetic gear constructions in terms of torque density and
range of gear ratio. The theoretical bases, concept and the principle of operation of novel two-stage
magnetic precession gear have been provided. The advantage of proposed gear is ability to obtain
greater transmission ratios than currently known magnetic gears. Moreover, geometrical and
kinematical relations between particular components of proposed gear were determined and the
analyses of optimal gear ratio, which depends on the number of permanent magnets on the particular
gear wheels, have been performed. For detailed analysis of the proposed gear performance the
complex 3D FEM model of the precession transmission was created. Research was focused on
determining distribution of magnetic flux density in air gaps as well as calculation of the torque
waveforms acting on the output and input shafts as a function of the input shaft rotation angle.
Selected results of the simulations showing proper operation of the proposed precession transmission
system were presented and discussed.
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1. INTRODUCTION
Development of industrial engineering enforces inventing new machines of improved
properties as durability, efficiency and stiffness. One of the key components of machine drive
systems are gears, which are used to change the direction of a rotation, speed and torque. It is
well known that the mechanical gears suffer from some inherent problems such as contact
friction, tooth contact stress [1], noise, vibrations [2] and heat. In contrast, magnetic gears
(MG) offer many advantages. The contactless transmission of torque by means of magnetic
field provides physical isolation between the driver and the driven gear wheels [3, 4]. As a
result MG can be characterized by increased durability as well as reduction of vibration [5, 6]
and noise level [7]. Magnetic gears provide also the “natural” protection against overload
[8, 9]. Despite discussed advantages, the magnetic gears have received relatively little
attention mostly due to the poor torque density and relative complexity of the magnetic
circuits [5]. Ranges of gear ratio and torque density for selected types of MG (as shown in
Fig. 1) are summarized in Table I.
Table I: Comparison of exemplary magnetic gears [3, 6].
Type of magnetic gear
Worm gear
Bevel gear
External spur gear
Planetary gear
Coaxial gear with
ferromagnetic pole-pieces

https://doi.org/10.2507/IJSIMM18(4)487

Torque density
[Nm/dm3]
1–2
2–3
10 – 20
45 – 110
50 – 150

586

Range of gear ratio
1:4 – 1:80
1:1 – 1:5
1:1 – 1:20
1:3 – 1:20
1:4 – 1:10
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b)

d)

e)

c)

Figure 1: Magnetic gears: a) worm gear, b) bevel gear, c) spur gear, d) planetary gear, e) coaxial gear
with ferromagnetic pole-pieces.

The idea of magnetic gear appeared in the beginning of the 20th century. In 1901 C. G.
Armstrong described electromagnetic spur gear in the US patent [10]. Early magnetic gear
development was based only on its mechanical counterpart, mainly spur type and worm type
gear technologies. However, the first noteworthy concept of a MG was introduced in the late
1960s by T. B. Martin in the US Patent [11]. It consists of three concentric parts: an inner
magnet rotor, an outer magnet rotor and a ﬂux modulator between them. Further study on this
new MG topology was done by Laing and Ackermann [3]. Progress in developing highenergy product NdFeB permanent magnets and availability of advance methods and tools for
analysis and design of complex magnetic circuits led to the focus on magnetic gears in many
scientific teams over the world. The number of papers dedicated to magnetic gears has
increased exponentially over the last two decades [3, 5]. Currently, from the literature studies,
the highest reported torque density has the improved topologies of the coaxial magnetic gear
with ferromagnetic pole-pieces, proposed by Atallah and Howe in 2001 [4] (Fig. 1 e), in
which all the permanent magnets simultaneously contribute to torque transmission. Despite
high torque density, this design offers very low reduction ratio, though. Solution to this limit
could be concept of two-stage magnetic precession gear, proposed in this paper.

2. CONCEPT OF TWO-STAGE MAGNETIC PRECESSION GEAR
The concept of two-stage magnetic precession gear is presented in Fig. 2. The intermediate
ring is mounted with bearings to the input shaft at a specific precession angle υ. This angle in
mechanical precession gears is typically between 1.5° and 5° related to the main rotary axis of
the gear [12]. In case of the magnetic precession gears, because of different principle of
torque transmission, the precession angle can be greater than precession angle of typical
mechanical precession gears. In the magnetic precession gear the permanent magnets are
fixed on both sides of the intermediate ring. The intermediate ring performs the precession
movement which is caused by the rotation of the input shaft and interaction of the magnetic
field excited by the magnets fixed on the intermediate ring with the magnetic field excited by
the magnets located on the immovable ring as well as with the magnetic field produced by the
magnets fixed on the circumference of the output ring.
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Figure 2: Concept of magnetic precession gear:
a – input shaft, b – immovable ring,
c – intermediate ring, d – output ring
with output shaft

Figure 3: Kinematic scheme of the two-stage
magnetic precession gear

The number of magnets on the particular rings influences on the transmission ratio (the
kinematic scheme is shown in Fig. 3). The rotary speed of the output ring can be expressed by
following relation [12]:
𝑛2 = 𝑛1 ∙ (1 −

𝑁1 𝑁3
∙ )
𝑁2 𝑁4

(1)

where n1 is the input rotary speed, n2 is the output rotary speed and Ni is the number of
magnetic poles on the ith ring, which is equal to the number of neodymium magnets on the
ring.
1
The highest transmission ratio 𝑖𝑚𝑎𝑥 = 2 is possible to obtain when:
𝑁

𝑁1 = 𝑁 − 1;

𝑁2 = 𝑁;

𝑁3 = 𝑁 + 1;

𝑁4 = 𝑁

(2)

This type of gear allows obtaining the transmission ratio in the range of 1/80 to 1/10000.

3. GEOMETRICAL AND KINEMATICAL ANALYSIS OF TWO-STAGE
MAGNETIC PRECESSION GEAR
3.1 Geometric analysis
The symbols of geometrical dimensions of the two-stage precession gear are depicted in
Fig. 4. The biggest impact on the dimensions of the magnetic precession gear have precession
angle υ and transmission ratio (number of magnets on the circumferences of the rings N1 - N4).
The heights of gear components depend also on the predetermined radius R of the gear.
ℎ = ℎ1 + ℎ2 =

𝑅

(

𝑁3

tg(𝜐) 𝑁4

+

𝑁2
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ℎ
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2
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𝑟 = ∙ tg(𝜐) +

(7)

where d is width of the air gap, R is radius of the gear, H is height of the gear, r is radius of
the intermediate ring, h is height of the intermediate ring.
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Figure 4: Geometrical scheme of the two-stage magnetic precession gear.

3.2 Kinematic analysis
The input shaft as well as output ring perform the rotational movement about the Z axis of the
global fixed coordinate frame Sf, which is the main rotary axis of the gear. The precession
movement of intermediate ring is the combination of two motions. The first of them (ωin) is
the rotation about the main rotary axis of the gear in Sf coordinate frame. The second motion,
described by ωp, is the rotary motion about the zp axis of the intermediate ring fixed Sp
coordinate frame and is caused by the magnetic interaction with the permanent magnets
located on the immovable ring [13]. Both of the discussed movements of the intermediate ring
are shown in Fig. 5.

Figure 5: Intermediate ring rotations and coordinate relations.
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The rotational movement of the intermediate ring can be expressed by following formula
[13]:
̂ + 𝜔𝑝 ∙ k̂
𝜴 = 𝜔𝑖𝑛 ∙ K

(8)

where 𝜴 is the angular velocity of intermediate ring, ωin is theangular speed of the input shaft
around the Z axis of Sf frame, ωp is the angular speed of the intermediate ring around its own
̂ is the unit vector in Z direction of Sf
axis, k̂ is the unit vector in zp direction of Sp frame, K
frame.
The following equation describes the angular speed of the intermediate ring about the
zp axis:
𝑁1
𝜔𝑝 = (−𝜔𝑖𝑛 ) ∙ ( )
𝑁2

(9)

̂ from Sf to the Sp frame allows expressing the total angular velocity
Transforming 𝜔𝑖𝑛 ∙ K
of the intermediate ring in Sp coordinate frame:
𝜴 = {0

−𝜔𝑖𝑛 sin(𝜐) 𝜔𝑖𝑛 (cos(𝜐) −

𝑁1
)}
𝑁2

(10)

4. FINITE ELEMENT ANALYSIS OF TWO-STAGE MAGNETIC
PRECESSION GEAR PERFORMANCE
Transmitted torque is one of major functional parameters of a magnetic gear mechanism.
Therefore, this is an essential task to complete design of magnetic gear is to develop precise
mathematical model allowing to determine transmitted torque value. In general, the torque of
MG can be calculated on the basis of magnetic field distribution inside the air gaps between
movable elements of the MG.
There are various techniques to determine the magnetic field distribution in magnetic
transducers. In general, the two main approaches can be distinguished including analytical
and numerical methods [14-18]. The analytical methods are based on simplified mathematical
description of system components forming so called magnetic equivalent circuits (MEC).
Such circuit models, especially when their lumped parameters are verified or identified by
means of experiment or measurements of existing device are very useful in system level
analysis, like performance studies on different load conditions, etc. [19]. Usually, the
complexity and number of equations needed to be solved is not high, making such approaches
computationally effective. For determining the magnetic field distribution and calculating the
transmitted torque of MG the analytical technique based on current sheet model (CSM) of
permanent magnet is often proposed [14, 15]. Application of MEC and CSM allows for
determination of the magnetic flux density within the air gap between movable elements of
the MG. The magnetomotive force (MMF) of each permanent magnet is replaced by a series
of infinitesimal current sheets situated along the magnet height. Despite short computation
time, suitability of this method for MG design purposes is rather limited due to high number
of assumptions needed to be taken and complexity of model formulation. Limited usefulness
of analytical methods for MG design purposes is especially apparent for MG of sophisticated
geometries and kinematics. Therefore for determining the magnetic field distribution in the
proposed precession magnetic gear the Finite Element Method (FEM) has been applied. The
classical formulation of magnetostatic 3D problem has been employed. The magnetostatic
field solution verifies the following two Maxwell's equations:
∇×𝑯=𝒋

(11)

∇∙𝑩=0

(12)
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with respect to the constitutive (material) relationship:
𝑩 = μ0 μ𝑟 𝑯 + μ0 𝑴p

(13)

where H is the magnetic field strength vector, j is the conduction current density vector,
B is the magnetic flux density vector, Mp is the permanent magnet magnetization vector, μ0 is
magnetic permeability of the vacuum, μ𝑟 is relative magnetic permeability of the medium.

Figure 6: Geometry of developed 3D FEM model.

The detailed analysis of proposed precession magnetic gear have been carried out by
employing numerical field model developed in professional FEM package, Ansys Maxwell
3D. In the employed package to formulate the matrix equations of FEM the magnetic scalar
potential is used. To handle with the nonlinearity of the ferromagnetic materials the classic
Newton-Raphson iterative algorithm with user-controlled accuracy is applied.
The geometry of the developed model has been shown in Fig. 6. The geometry consist of
96 rectangular NdFeB magnets of N33 grade fixed on three ferromagnetic yokes made of
steel 1010 type. The gear ratio equals 1/144. Permanent magnet properties as well as BH
curve of applied ferromagnetic material have been shown in Fig. 7 b and 7 a respectively.
a)

b)

B[T]

H [kA/m]

B[T]

H [kA/m]

Figure 7: B-H curve of: a) applied ferromagnetic core material, b) N33 grade NdFeB magnet [20].

The considered system consists of two air gaps involved for torque transmission. Due to
different rotation axis the torque calculation have been performed on three geometries as
illustrated in Fig. 8.
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a)

b)
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Figure 8: Geometry assignment for torque calculation: a) output ring, b) input shaft and intermediate
ring, c) base plate – fixed.

The considered domain has been subdivided into about 897 000 tetrahedral elements.
Applied 3D FE mesh has been shown in Fig. 9. To increase readability, the mesh of the air
region has not been plotted.

Figure 9: Applied 3D FE mesh.

One of the weak points of MG when comparing to traditional gears is low mechanical
stiffness [5]. It can be easily explained by understating the similarities of MG torque
transmission to operation of traditional synchronous machines. For example, focusing on the
output ring torque (see geometry assignment shown in Fig. 8) and neglecting the base plate
torque it can be seen that the output torque value will depend on angle between intermediate
ring magnets and output shaft magnets. Of course this relation is bidirectional, which means
that the angle between input and output shafts will depend on the load torque value as well.
This angle can be interpreted as an internal load angle in synchronous machines. Taking the
number of magnets on each disc as a pole number and neglecting the reluctance torque the
relation between torque and load angle will be close to sinusoidal. Such torque versus angle
dependencies will occur between all movable parts of the studied MG and renders the
simulation of magnetic field inside studied MG more complex. In general case the angular
positions of input shaft and output shafts as well as base plate should be determined solving
the mechanical equilibrium equations for given value of input shaft speed and load torque
value. Implementation of such approach together with calculation of magnetic field
distribution in complex 3D system by means of FEM will lead to not acceptable from
592
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practical point of view computation time. In presented studies the simplified and effective
approach has been proposed in which the MG torque is determined by means of FEA for
different positions of the input shaft assuming that the proposed gear kinematic will be as
derived theoretically, see Eqs. (8) to (10), and the load angle will be equal to about electrical
80 degrees.

Figure 10: Distribution of magnetic field lines for chosen values of driving shaft angular position.

The exemplary magnetic flux distributions for selected values of driving input shaft
position have been shown in Fig. 10, while determined magnetic flux density distributions (z
component) along the circumference of the air gap between intermediate and output rings for
two values of output shaft angular position has been shown in Fig. 11 a. It can be noted that
magnetic flux density is on acceptable level not causing the saturation of the ferromagnetic
yokes. Calculated input and output shaft torque waveforms have been shown in Fig. 11 b. It
can be observed that average values (against input shaft angle) of both input and output shaft
torques are non-zero. That proves correctness of developed model and derived theoretical
analyses on proposed gear kinematics. Nevertheless, the slight torque fluctuations can be
observed – it is known issue in magnetic gears.
a)

b)
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Figure 11: Magnetic flux density distribution (z component) along the circumference of the air gap
between intermediate and output rings for two values of output shaft angular position (a);
and calculated input and output torque waveforms (b).
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5. CONCLUSION
Proposed novel design of two-stage precession magnetic gear cannot compete with their
improved topologies of the coaxial magnetic gears with ferromagnetic pole-pieces, proposed
by Atallah and Howe in 2001, in terms of transmitted torque density. However, its range of
transmission ratio is hard to reach by any other currently known magnetic gear. Geometric
and kinematic analysis allowed creating FEM model of the gear. Studying determined torque
waveforms, it was observed that average values (against input shaft angle) of both input and
output shaft torques are non-zero. It proves correctness of developed model and derived
theoretical analyses on proposed gear kinematics. Nevertheless, the slight input and output
torque fluctuations can be observed – it is known issue in magnetic gears and mitigation of
this problem is the scope of design optimization calculations not reported in here.
On the base of FEM model results, experimental work will be made. A prototype will be
built and investigated, which will enable to validate the model as well as check the efficiency.
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