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Design and Realization of a Linear Magnetic Gear
Robert C. Holehouse, Kais Atallah, and Jiabin Wang

Department of Electronic and Electrical Engineering, The University of Sheffield, Sheffield S1 3JD, U.K.

This paper describes a 3.25:1 linear magnetic gear which has been designed and prototyped to meet the performance requirements of
an aerospace application. It has been shown that the force capability of the linear magnetic gear is very sensitive to the spacing between
the pole-piece rings and that a 5% reduction in the distance between pole pieces may result in a 30% decrease in force transmission
capability. It has also been shown that for a given output stroke requirement, in order to maximize volumetric force density, magnetic
designs with large airgap diameters and shorter high-speed armature axial lengths would be preferred.

Index Terms—Linear machine, linear magnetic gear, permanent magnets.

I. INTRODUCTION

T HE increasing demand for high force density linear ac-
tuators is currently being met almost exclusively by em-

ploying a hydraulic actuator or an electromechanical actuator
with a lead/ball/rollerscrew and nut to transform rotary motion
to linear motion. However, in addition to the poor hydraulic
power transmission density, the reliability and maintenance re-
quirements of both actuation systems as well the higher risk
of jamming of electromechanical actuators can be significant
issues.

Therefore, despite their relatively poor thrust force density,
linear electromagnetic actuators are increasingly being consid-
ered for applications spanning from industrial automation to au-
tomotive active suspension [1], [2]. An alternative approach to
increase the force transmission capability of electromagnetic ac-
tuators is to employ a linear magnetic gear with a linear brush-
less permanent-magnet machine [3], [4].

Further, since a linear magnetic gear exhibits inherent over-
load protection, viz. when the output armature is subjected to
a load force which is larger than the pull-out force, it will slip
harmlessly, thereby preventing physical damage to the magnetic
gear and the systems connected to it. This feature is very impor-
tant for aerospace applications.

The paper describes a 3.25:1 linear magnetic gear which has
been designed and prototyped to meet the performance require-
ments of an aerospace application. It has been shown that manu-
facturing tolerances can have a significant effect on transmitted
force capability.

II. FORCE DENSITY

The linear magnetic gear considered in this paper has the
same principle of operation as the rotary magnetic gear de-
scribed in [5]–[8]. It consists of three tubular armatures with the
outer and inner carrying arrays of permanent magnets having
different numbers of poles and the intermediate having a set of
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annular ferromagnetic pole pieces (Fig. 1), which modulate the
magnetic fields produced by the magnet arrays.

It may be shown [3] that when the outer permanent-magnet
armature is kept stationary, the gear ratio between high-speed
armature (inner permanent magnet armature) and pole-piece ar-
mature is given by

(1)

where is the number of active ferromagnetic pole pieces and
is the number of pole pairs on the high-speed armature.
In [3], it was shown that an active force density of 2 MN/m

could be achieved. However, unlike rotary magnetic gears, not
all magnetic components are simultaneously contributing to
force transmission, therefore, the magnetic volumetric force
density, where the volume encompassing all of the magnetic
components is considered, depends on the stroke and gear ratio.

If is the active force density, where only the volume
of the magnetic components active at any instant of time is con-
sidered, the transmitted force is given by

(2)

For a gear ratio , an output stroke and a high-speed ar-
mature of active length , the total length of the gear will be

(3)

and

(4)

resulting in a volumetric force density

(5)

Fig. 2 shows the variation of the gear force density with
the gear ratio. It can be seen that the highest force density is
achieved when the output stroke is significantly shorter than
the length of the high-speed armature. It can also be seen that
the force density decreases with an increasing gear ratio.

For many applications, with a specified output stroke and
force requirement, it is the overall system force density that is
of most interest (i.e., the combined density of the gear and the
high-speed low-force machine driving it). If a machine of force
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Fig. 1. Cross-sectional schematic of the prototype linear magnetic gear.

Fig. 2. Variation of gear force density with gear ratio.

Fig. 3. Variation of system force density with the gear ratio.

TABLE I
LEADING DIMENSIONS OF THE MAGNETIC GEAR

Fig. 4. Radial flux density in the airgap adjacent to the stationary armature
due to high-speed armature magnets. (a) Flux density waveform. (b) Harmonic
spectrum with pole pieces.

density is employed to drive the magnetic gear, its volume
will be given by

(6)

resulting in a total volume

(7)

and a force density

(8)
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Fig. 5. Radial flux density in the airgap adjacent to the high-speed armature
due to stationary armature magnets. (a) Flux density waveform. (b) Harmonic
spectrum with pole pieces.

Fig. 3 shows the force density of a system comprising a linear
magnetic gear coupled to a naturally cooled PM linear machine
(force density 300 kN/m ). It can be seen that the system force
density is again highest when the required output stroke is sig-
nificantly shorter than the active length of the high-speed arma-
ture. It can also be seen that for any ratio of output stroke to
active length, a gear ratio exists for which an optimum system
density exists.

III. SIMULATION STUDIES

Finite-element analysis has been employed for the design and
analysis of the gear, whose leading dimensions are given in
Table I.

Figs. 4 and 5 show the radial flux density in the airgaps ad-
jacent to the high-speed and stationary armatures, respectively,
and their associated space harmonic spectra. It can be seen that
the introduction of the ferromagnetic pole pieces results in an
asynchronous harmonic having the same number of poles as the
permanent magnets of the other armature.

When the diameter of the airgap adjacent to the stationary
armature and the volume of the permanent magnets are fixed,
Fig. 6 shows the effect of the radial thickness of the pole pieces
on the transmitted force. It is seen there that an optimum thick-
ness exists for which the transmitted force is maximum.

IV. DEMONSTRATOR MAGNETIC GEAR

The linear magnetic gear, whose leading dimensions are
given in Table I, has been constructed. A cross-sectional

Fig. 6. Variation in force capability with pole-piece radial thickness.

Fig. 7. Schematic of magnetic gear (a close-up view).

Fig. 8. Pole-piece armature with an integrated high-speed armature.

schematic is shown in Fig. 1, and a more enlarged section
is shown in Fig. 7. Fig. 8 shows the assembled pole-piece
armature while Fig. 9 shows the linear magnetic gear on the
test bed.

Fig. 10 compares the measured and predicted variations of
the transmitted force on the pole-piece armature with the posi-
tion when the high-speed armature is kept stationary. It can be
seen that the measured force is markedly lower than was pre-
dicted. This may be attributed to the mechanical construction of
the pole-piece armature, where spacing between the pole-piece
rings is maintained by polymer spacer rings (Figs. 7 and 8),
whose axial dimensions could have exhibited large reductions
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Fig. 9. Magnetic gear on the test bed.

Fig. 10. Variation of measured and predicted force on the pole-piece armature
with position. (Locked high-speed armature).

Fig. 11. Variation of transmitted force with the change of axial distance be-
tween the pole-piece rings.

when subjected to large and repeated compressive stresses ap-
plied by the tie-rods and the assembly nut. In order to illustrate
the sensitivity of the transmitted force to manufacturing toler-
ances, Fig. 11 shows the variation of the transmitted force with

the relative change of the dimensions of the spacers from the
design value. It can be seen that a 5% reduction in the axial di-
mension of the spacers results in a 30% reduction in the trans-
mitted force capability.

It may be worth noting that the spacers employed in this gear
have a very low compressive modulus; therefore, a 5% reduction
in axial dimensions is highly probable due to the high levels of
force employed to compress the pole-piece armature in order to
ensure mechanical stiffness.

V. CONCLUSION

A linear magnetic gear has been presented, and predicted and
measured transmitted forces have been compared. It has been
shown that the spacing between the pole-piece rings has a sig-
nificant effect on the transmitted force, in that a 5% reduction in
the axial dimensions of spacers can result in a 30% reduction in
the force transmission. It has also been shown that a high force
density of a system comprising a linear machine and magnetic
gear can be achieved.
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