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Force and Vibration Analysis of Magnetic Gears
C. J. Agenbach, D. N. J. Els, R.-J. Wang and S. Gerber

Abstract—In this paper the analysis of unbalanced magnetic
forces in magnetic gears are presented, based on which guide-
lines for identifying suitable pole-pairs and pole-pieces combina-
tions for magnetic gear design with minimum unbalanced force
are proposed. Furthermore, the vibration analysis is conducted
on two prototype magnetic gears to evaluate the impact of
unbalanced magnetic forces on their operational characteristics.
It clearly shows that magnetic gear designs without unbalanced
magnetic forces have less vibration and improved stability.

Index Terms—Flux modulation, force excitation frequency,
gears, magnetic devices, magnetic flux, magnetic forces, vibra-
tions, vibration measurement

I. INTRODUCTION

MECHANICAL gears have been widely used in a broad
spectrum of industries. In recent years, an attractive

new gear technology has come to the attention of researchers
and engineers, namely the magnetic gear (MG). The renewed
interest on MGs can be attributed to the increased availability
of high energy permanent magnetic (PM) material, and more
importantly the novel magnetic gear topologies [1]. The main
advantages of MGs are: (i) the ability to operate with little or
no lubrication, (ii) the built-in overload protection allowing
the components of the MG to merely slip when overloaded,
and (iii) the contact-less power transfer eliminating the fric-
tional loss due to meshing teeth in conventional gears. Some
comparative studies in literature [2], [3] show that magnetic
gears can be a potential alternative to certain mechanical gear
types.

A. Principles of Operation

The general layout of an MG can be seen in Fig. 1, which
consists of an inner PM carrier, ferromagnetic pole pieces and
an outer PM carrier. The ferromagnetic pole pieces (called a
flux modulator) are the key to the magnetic gearing effects
as they modulate the magnetic field thereby producing the
field space harmonics in each air-gap corresponding to the
adjacent PM pole-pairs. The number of ferromagnetic pole-
pieces, qm, and the number of PM pole-pairs on the inner
and outer PM carriers, pi and po respectively must satisfy

This project has received funding from the European Unions Horizon 2020
research and innovation programme under grant agreement No. 654443.

C. J. Agenbach and D. N. J. Els are with the Department of Mechanical
and Mechatronic Engineering, Stellenbosch University, Stellenbosch 7600,
South Africa (e-mail: 17098149@sun.ac.za; dnjels@sun.ac.za).

R.-J. Wang and S. Gerber are with the Department of Electrical and
Electronic Engineering, Stellenbosch University, Stellenbosch 7600, South
Africa (e-mail: rwang@sun.ac.za; sgerber@sun.ac.za)

the following relationship to work with these asynchronous
magnetic harmonics [4].

po = qm − pi (1)

Any two of the three concentric components can be used as
the input and output mechanical ports. Typical arrangements
are to keep either the outer PM carrier or the flux modulator
stationary. The resultant gear ratios are Gr = 1 + po/pi and
Gr = −po/pi, respectively. The negative sign in the latter
implies that the outer and the inner PM carriers rotate in an
opposite direction.

B. Unbalanced Magnetic Forces

Fractional gear ratios are usually preferred for MGs in
order to realize smooth torque transmission [5]. However, for
MGs with fractional gear ratios, there is often no magnetic
symmetry, which can lead to radially unbalanced magnetic
forces (UMF). As illustrated in Fig. 1, considering the
magnetic forces between the three concentric components of
an MG, a periodicity of at least two between the PM poles
and the modulator pole pieces is required to avoid unbalanced
radial forces [6], i.e.

fim = gcd (2pi, qm) ≥ 2 ; fom = gcd (2po, qm) ≥ 2 (2)

Although extensive research has been carried out on the
various design aspects of MGs, there is relatively little pub-
lished work on the UMFs and associated loss and vibration
issues of MGs. The aim of this study is to analyze the forces
and vibrations in MGs.
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Fig. 1. The general layout of an MG (with exaggerated air-gaps) showing
the magnetic forces.



II. FORCE ANALYSIS

A. Force Excitation Frequency

In an MG vibrations are generated by electromagnetic
forces acting on a corresponding rotating component [7].
Thus, for a rotating modulator the major force excitation
frequency is given by [8]:

fexcited, m = k qmfr,m (k = 1, 2, 3, ...) (3)

Similarly, the main force excitation frequency for the
inner PM carrier is:

fexcited, i = k pifr, i (k = 1, 2, 3, ...) (4)

where fr,m and fr, i are the rotational frequencies of the
modulator and inner PM carrier, respectively.

B. Maxwell Stress Tensor Method

The Maxwell stress tensor is often used to calculate
electric and magnetic forces on objects. For magnetostatic
forces, the total force on an object may be expressed in terms
of a volume integral of the force density as follows:

~F =

∫
V

~fdV (5)

where the force density ~f is defined in [9] as

~f =
1

µ
∇ · T (6)

The Maxwell stress tensor T is defined as
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Furthermore, from [9] if a linear media is considered with
a constitutive relation ~B = µ ~H , the components of T are
given as

[T] =
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By substituting (6) into (5), we have

~F =
1

µ

∫
V

∇ · TdV. (10)

From the divergence theorem, (10) can be written as a
surface integral as follows:

B2

B1

Fig. 2. Integration paths in the FE model of the MG.

~F =
1

µ

∮
S

T · n̂dS (11)

where µ is the permeability of the medium through which
the integration takes place, n̂ is the outward unit normal to
the bounding surface, and the integration is performed over
a surface S immediately surrounding the body. In principle,
S should be the surface of the body itself. It is common in
FE analysis to express these forces in cylindrical coordinates
[7], [10], as

Fr =
L

2µ0

∮
l

(B2
r −B2

t )dl (12)

Ft =
L

µ0

∮
l

BrBtdl (13)

where L is the stack length of the MG, Br and Bt are the
radial and tangential magnetic flux densities, respectively, and
µ0 is the magnetic permeability of the air-gap.

The calculation of the magnetic forces requires the knowl-
edge of the Maxwell stresses along the circumference of
each component. These stresses can be obtained from a
FEM simulation model. To compute the forces, the stresses
need to be integrated over a closed surface, which reduces
to a closed path in a 2D Cartesian problem. Since the
modulator experiences forces from both inner and outer PMs,
the resultant force acting on the modulator is of particular
interest for this study. As a result, the integration paths B1
and B2 (shown in Fig. 2) will be analyzed in detail. Fig. 3a
and 3b show the space distribution of radial and tangential
components of the stress along B1, respectively. Similarly,
Fig. 4 shows the radial and tangential stress components
along B2.

C. Force Integration

The resultant force in each air-gap contour was calculated
by applying the Maxwell stress tensor method as discussed
in section II-B, with a Python script and 4×104 sample
points. To calculate the resultant forces, the stress compo-
nents obtained in cylindrical coordinates can be transformed
to Cartesian coordinates using (14).



(a) (b)

Fig. 3. Force densities along B1: (a) Radial, (b) Tangential.

(a) (b)

Fig. 4. Force densities along B2: (a) Radial, (b) Tangential.

[
φx

φy

]
=

[
+cos θ − sin θ

+sin θ +cos θ

][
φt

φr

]
(14)

where φr and φt are the radial and tangential stress compo-
nents, respectively while φx and φy are the corresponding xy
stress components.

Then, by applying a transformation matrix the forces in
the x and y directions can be obtained. This was done for B1
and B2 and the sum of the resultant forces were determined
by adding the x and y forces, as given by (15) and (16),
respectively. Furthermore, the magnitude and angle of the
resultant force due to both air gaps were determined by
applying (17) and (18), respectively.

FTx = FxB1 + FxB2 (15)

FTy = FyB1 + FyB2 (16)

FR =
√
F 2
Tx + F 2

Ty (17)

θ = arctan 2(FTy, FTx). (18)

D. Unbalanced Magnetic Force Analysis

Using the method described in the previous section, the
unbalanced magnetic forces of MG designs with different
gear ratios can be evaluated. Considering the MG design
options for a gear ratio between 10:1 to 15:1, the calculated
UMFs for different combinations of (pi, po and qm) are
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Fig. 5. The radial forces and their directions in the inner air-gap, outer air-
gap and the resultant radial force on the modulator for: (a) the design with
(pi = 2, po = 23, qm = 25), (b) the design with (pi = 2, po = 25,
qm = 27).
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Fig. 6. The resultant radial force vectors at a number of inner rotor positions
for: (a) the design with (pi = 2, po = 23, qm = 25), (b) the design with
(pi = 2, po = 25, qm = 27).

summarized in Table I. Figs. 5a and 5b show the radial forces
and their directions in the inner air-gap, outer air-gap and the
resultant radial force (on the modulator) for two design cases.
The resultant force vectors (magnitude and angle) at a number
of inner rotor positions for each design are plotted in Figs. 6a
and 6b, respectively. By comparing these two figures, it can
be seen that the the magnitude of the resultant forces are also
related to gear ratios.

Based on the MG designs presented in Table I a few
interesting observations can be made:

• Designs with fim = fom = 2 have negligible UMFs
while the designs with fim = fom = 1 are prone to
large UMFs;

• Since fim or fom is equivalent to the cogging factor
[6], fim = fom = 2 should be a good trade-off between
UMFs and torque quality;

• MG designs free from UMFs can also be realized for
fractional gear ratios. However, these designs are usually
associated with higher pole-pairs counts, which implies
higher electrical frequency and electromagnetic loss for
the same mechanical speed.

From this analysis the importance of judicious selection of
pole-pairs/pole-pieces combinations is clearly shown.



TABLE I
MG DESIGN OPTIONS FOR GEAR RATIOS BETWEEN 10:1 AND 15:1

pi po qm Gr UMF [N] fim fom

... ... ... ... ... ... ...
1 9 10 10 7 2 2
1 11 12 12 16 2 2
1 13 14 14 9 2 2
2 20 22 11 4 2 2
2 24 26 13 10 2 2
2 28 30 15 12 2 2
3 31 34 11.33 10 2 2
3 35 38 12.66 34 2 2
3 37 40 13.33 2 2 2
3 41 44 14.66 8 2 2
4 42 46 11.5 7 2 2
4 46 50 12.5 8 2 2
4 50 54 13.5 8 2 2
4 54 58 14.5 8 2 2
... ... ... ... ... ... ...
1 10 11 11 185 1 1
1 12 13 13 335 1 1
1 14 15 15 385 1 1
2 19 21 10.5 100 1 1
2 21 23 11.5 77 1 1
2 23 25 12.5 200 1 1
2 25 27 13.5 80 1 1
... ... ... ... ... ... ...

(a) (b)

Fig. 7. The resultant radial forces on the modulator for: (a) prototype I, (b)
prototype II.

III. EXPERIMENTAL INVESTIGATION

To experimentally evaluate the UMFs and their impact
on the MGs, two MG prototypes have been developed in the
laboratory. Their respective design parameters are given in
Table II. Figs. 7a and 7b show the resultant radial forces (on
the modulator) for these two design cases. Prototype I [12]
has a fractional gear ratio and an UMF in the region of 160 N
while prototype II has an integer gear ratio and is free from
UMF.

A. MG Prototype with UMFs

The basic experimental set-up for the first MG prototype
is shown in Fig. 9, in which a variable-speed drive (VSD) as
the prime mover and a second geared VSD induction motor
drive running in regenerative mode as the load. The MG un-
der test is connected between the two torque sensors. During
the test, it was observed that there existed an eccentricity in

TABLE II
DESIGN PARAMETERS OF MG PROTOTYPES

Parameter Prototype I Prototype II

HS number of pole pairs 4 2
LS number of steel segments 15 22
PM carrier number of pole pairs 11 20
Gear outer radius [mm] 81.5 106
PM carrier yoke thickness [mm] 5.5 9
PM carrier magnet thickness [mm] 6 5
Modulator (LS) thickness [mm] 9 10
HS magnet thickness [mm] 6 10
HS yoke thickness [mm] 20 24
Modulator inner width [% pitch] 0.57 0.73
Modulator outer width [% pitch] 0.46 0.3
Modulator bridge thickness [mm] 0.65 0.35
Outer air-gap width [mm] 1.0 1.0
Inner air-gap width [mm] 1.0 1.0
PM carrier magnets volume [% area] 0.90 0.878
HS magnets volume [ratio of area] 0.90 0.865
Stack length [mm] 100 60
(fim ; fom) (1 ; 1) (2 ; 2)
UMF [N] 160 4
Gear ratio 3.75:1 11:1
Peak torque [Nm] 254 254
Efficiency (rated) 94% 95%

Fig. 8. Exploded view of prototype I.

the rotation of the low-speed rotor (modulator), which may
be attributed to the large UMF.

A vibration analysis for prototype I was done at 600 rpm
input speed and rated power of 2.2 kW. The accelerometers
were mounted as shown in Fig. 9. A frequency sweep
measurement from 5Hz to 5 kHz was done to determine
the excited frequency range, and it was observed that the
most dominant frequencies were below 100Hz. Thus, the
frequency range was set to 100Hz, and a sampling frequency
of 200Hz to avoid aliasing from occurring. A spectrogram
of the MG is displayed in Fig. 10, which shows the integrity
and quality of the measurement is constant over the entire
reading. Fig. 11 shows a power spectral density (PSD) for
the same signal.

Since the rotation frequency of LS rotor is 2.67 Hz at
160 rpm, the electromagnetic force frequencies are multiples
of 40 Hz based on (3) [11]. The peaks from Fig. 11 can be
identified from Table III, where the most dominant frequency
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Fig. 9. Testing layout of prototype I, where 1- Geared induction motor, 2-
Lorenz torque sensor, 3- Piezoelectric accelerometer, 4- Magnetic gear, 5-
geared induction motor.

Fig. 10. Spectrogram of prototype I at rated conditions.

is the electromagnetic force frequency responsible for radial
deformation at 40Hz, and amplitude of 0.7m2/s3, while the
rotor operating frequency cannot be seen.

Fig. 12 shows a series of the PSD plots at a constant
torque as a function of frequency for different operating
speeds, in which frequency is given on the x-axis, speed is
given on the y-axis, and the PSD amplitude is shown on the z-
axis. As the speed was increased the amplitude also increased
and the most dominant frequency for all the measurements
was found to be the MG pole frequency. It increased linearly
with the speed from a frequency of 19.54Hz at 80 rpm to a
frequency of 39.06Hz at 160 rpm. It can also be seen that at

TABLE III
FREQUENCIES TO TAKE NOTE OF AT RATED CONDITIONS.

Label Description Value Unit

- Rotor operating frequency 10 Hz
1 LS radial force frequency 40 Hz
2 Motor frequency 50 Hz
3 2nd Harmonic of LS radial force frequency 80 Hz

1

2

3

Fig. 11. PSD of prototype I at rated conditions.

Fig. 12. PSD plots of prototype I at rated torque with varying speed.

the speeds 120 rpm and 140 rpm the system goes through a
resonance at a frequency 85.80Hz and 97.66Hz, respectively.

Fig. 13 shows a series of the PSD plots at constant speeds
as a function of frequency for different torque values. It can
be clearly seen that the amplitude of the vibration relates
more to the operating speed and generally does not vary
much with the load torque. Also, for a speed of 140 rpm,
the system experienced higher frequencies at approximately
97Hz. Therefore, this can be considered to be the natural
frequency of the system.

B. MG Prototype without UMFs

Fig. 14 shows the exploded view of the prototype II
design layout. A schematic of the test set-up configuration
is given in Fig. 15. Prototype II was loaded with a custom
designed fan (as a possible application for the MG).

A vibration analysis for prototype II was performed at
1500 rpm output speed and rated power of 2.2 kW. The PSD
at rated speed is given in Fig. 17, and gives the amplitude of
the frequencies in m2/s3. The labels in Fig. 17 correspond to
the measured values given in Table IV, while the calculated
values were obtained as discussed previously. A spectrogram
for rated output speed is given in Fig. 16 and clearly shows
the excited frequencies presented in Table IV.
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Fig. 13. PSD plots of prototype I at constant speeds with varying torque: (a) 80 RPM (b) 120 RPM (c) 140 RPM.

Fig. 14. Exploded view of prototype II showing the assemblies.

Fig. 15. Schematic of the test set-up for prototype II.

Thus, measured values compare well to the calculated
values, where the dominant frequency 1 relates to the
operating speed of the output shaft, while 2 is the excited
frequency of the MG, and 3 is the HS bearing frequency.
Furthermore, peak 4 is the frequency of the drive and peak
5 is the vane passing frequency of the fan. The excited

frequency of the MG 2 relating to the transmission forces
was three times lower than the speed frequency 1 . This
implies that the vibrations relating to the transfer forces were
reduced for the prototype II.

Fig. 16. Spectogram of prototype II at rated conditions.

1

2

3

4
5

Fig. 17. PSD of prototype II at rated conditions.



TABLE IV
FREQUENCIES FOR PROTOTYPE II AT RATED CONDITIONS.

Label Description Calculated [Hz] Measured [Hz]

1 Output speed 25 25
2 LS radial force frequency 50 48
3 HS bearing 82 75
4 Servo drive frequency 100 100
5 Fan vane frequency 150 150

IV. CONCLUSION

From these case studies it was showed that UMF can be
problematic if not supported properly. Thus, it was decided
to reduce UMF as far as possible in the design of prototype
II with the aid of Table I. A vibrational analysis revealed the
dominant frequency to be the operating speed of the output
shaft for prototype II, while the amplitude of the excited
frequency, relating to the transmission forces, of the MG was
three times lower than the running speed. On the other hand,
prototype I had a dominant frequency while the transmission
forces and the operating speed could not be seen due to the
dominance of the transmission forces. Thus, by comparison,
the overall vibration RMS levels in prototype II were greatly
reduced and the MG was stable during operation.
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