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Abstract—This paper presents a literature overview of
different linear motor topologies utilizing a passive sec-
ondary that can be considered for long stroke applications.
Based on this review the Linear Flux-switching Machine
is selected for further investigation: the disadvantages and
the possible solutions proposed in literature are discussed.
Furthermore, Finite Element Method models are created
of the Linear Flux-switching Machine, together with the
enhancements, for validation purposes. Based on the sim-
ulation results, it is concluded that the improvements of
the Linear Flux-switching Machine reduce the force ripple
by 77.9 % and the attraction force by 91.6 %. Finally,
a performance comparison is made with a Linear Per-
manent Magnet Synchronous Machine utilizing an active
secondary, which is selected as benchmark topology. The
comparison demonstrates that the Linear Flux-switching
Machine provides a cost-efficient alternative for long stroke
applications where the design volume is not restricted.

Keywords—Linear Synchronous Machine; Linear Flux-
switching Machine; Finite Element Analysis.

I. INTRODUCTION

To keep up with the considerable population growth,
smarter, faster and more efficient solutions are required
for applications in the mobility and transportation sec-
tors. The use of linear drives could well be one of those
solutions. For example, the application of linear motors
in railway or metro applications allows for stronger
climbing ability, faster dynamic response, lower cost of
maintenance (due to the simpler structure) and lower
pollution compared to their rotational counterparts [1]-
[8]. Furthermore, the use of linear actuators over mechan-
ically belt-driven topologies could greatly enhance the
thoughput of storage or airport transportation lines. Also,
considering linear drives in elevator systems enable larger
travel distances, increased capacity, more degrees of
freedom and less space occupation due to the elimination
of the required machine room, as well as the limiting
mechanical cables, compared to the conventional elevator
[9]-[19].

For all of the aforementioned linear motion sys-
tems the application of the Linear Permanent Magnet
Synchronous Machine (LPMSM) is dominant, because
of the high force densities this topology can produce.
Unfortunately, this motor requires an active secondary,
consisting of copper coils or rare-earth material magnets,
which results in an expensive track for long stroke
applications [6]. A possible solution to reduce costs is
to utilize a segmented structure for the active secondary,
as proposed in [16] and [20]. Nevertheless, compared to
linear drives with a passive secondary, the LPMSM with
a segmented stator is still very costly, while the use of
linear machines with passive secondaries is not widely
explored yet for long stroke applications.

This paper provides an overview of different lin-
ear motor topologies without an active secondary that
can be considered for long stroke applications. Further-
more, their advantages, disadvantages and the possible
solutions are discussed. Next, one of these machine
topologies is studied more closely in this paper, namely
the Linear Flux-switching Machine (LFSM), and its
performance is compared to the benchmark LPMSM
structure to prove the utility of linear machines with
passive secondaries in various long stroke applications.
Finite Element Method (FEM) models are explained
for the LPMSM and the LFSM, which are used for
comparison and to validate the enhancements proposed in
the literature. The paper will conclude with a discussion
of the corresponding simulation results.

II. TOPOLOGY OVERVIEW AND SELECTION

First, a literature overview of the prior conducted re-
search regarding linear machine topologies with passive
secondaries is provided.

A. Topology overview

One of the most matured linear machine topologies
utilizing a passive secondary is the Linear Induction
Machine (LIM) [21]. Currently, LIMs are operational
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in more than 20 commercial metro lines [8] and uti-
lized in ropeless lifting applications in the form of a
vehicle stereo garage [12]. Fig. 1 provides a schematic
of a double-layer single-sided LIM. The LIM features
a simple structure, resulting in low manufacturing and
maintenance cost [22]. Furthermore, due to the nature
of the secondary structure the LIM suffers barely from
force ripples. On the other hand, the high eddy current
loss in the conducting material results in a low machine
efficiency and a relatively low thrust force density.

Another linear motor topology that is frequently
considered for long stroke applications is the Linear
(Switched) Reluctance Machine (LRM) [18], [19]. Fig. 2
depicts a schematic of a basic LRM structure. The benefit
of the LRM over the LIM is the fact that the latter has
a higher thermal problem, due to the eddy current losses
in the secondary material [18]. On the other hand, the
LRM suffers from high force ripples and a more complex
structure for the secondary side compared to the LIM.

The source of the magnetic flux in a LRM can be
enhanced by utilizing permanent magnets on the primary
side, greatly increasing the mean force production at the
cost of a more complicated manufacturing approach. The
resulting machine is a LFSM, which is recently consid-
ered in ropeless elevator applications [5], [14]. Fig. 3
illustrates the structure of a LFSM. Just like the LRM,
the biggest downside of the LFSM is the relatively high
force ripple. Furthermore, the LFSM suffers from higher
attraction forces compared to other linear machines.

Rarely seen in long stroke applications is the use of
the Linear Flux-reversal Machine (LFRM) [23], [24].
The structure is similar to the one of the LFSM, as
shown in Fig. 4, albeit that the permanent magnets are
surface mounted on the primary teeth, which eases the
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Fig. 1. Schematic of a double-layer single-sided LIM.
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Fig. 2. Schematic of a single-sided LRM.
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Fig. 3. Schematic of a single-sided LFSM.

manufacturing process. However, this makes the magnets
easily affected by the magnetic field that is induced
by the supply current, possibly leading to irreversible
demagnetization [21].

The Linear Vernier Machine (LVM) is the most
recently developed linear motor topology and could be
considered for long stroke applications [25]-[27]. The
structure of the LVM relates closely to the LFRM, as
illustrated in Fig. 5, but now the number of the permanent
magnets located on the primary teeth is much larger,
although with a smaller volume. The increase in the
number of magnets limits the power factor of the LVM,
but it also provides a gearing effect, greatly increasing
the thrust force density at low speeds [21]. This restricts
the effective use of the LVM to long stroke applications
where the operation speeds are limited. Therefore, the
LVM is favoured in energy harvesting applications, such
as in wave energy converters [28].

Of all aforementioned machine types a transverse
flux structure could be considered. Basically, the stator
structure is rotated 90◦ compared to a typical linear motor
topology. Utilizing this complex structure allows for
the decoupling of the electric loading and the magnetic
loading, providing more space for the coils and the poles,
thus, increasing the force density [29]. The downsides
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of such transverse flux topologies are the manufacturing
difficulties as well as the major increase in leakage flux,
severely lowering the power factor of the machine [30].

Finally, applying superconductive materials could im-
prove the force density drastically of each linear machine
topology. Coils made out of superconducting tapes [31]
or superconductive bulk material that can act as quasi-
permanent magnets [32], basically behave as lossless
magnetic field sources with a strength that is an order of
magnitude higher compared to conventional materials.
Due to the increased field intensity the linear motor
topology can produce higher forces, while its size can
be reduced. However, the downsides of the complicated
cryostat requirements cannot be neglected.

B. Topology selection

Based on the literature overview, the LFSM is selected
for further research as it is currently the most promising
topology for the use in long stroke applications without
the need for an expensive active secondary, since it
relates the most to the LPMSM in terms of force density.
In the following section Finite Element Analysis (FEA)
regarding the LFSM is conducted: proposals are made
to overcome the downsides of the machine in the form
of high force ripple and attraction force. Furthermore,
a performance comparison is made with a benchmark
LPMSM topology.

III. FEA OF THE CONSIDERED MACHINES

The LFSM and the LPMSM are both modeled uti-
lizing the commercial software Altair Flux [35] and
each machine is subsequently optimized for force per
mass through the Altair HyperStudy software [36]. For
comparison the models are bounded by a design volume
of 250 × 150 × 1000 mm for single-sided topologies
and the machines are supplied by a current density in
the coils of 5.2 A/mm2. The design volume is doubled
to 250 × 300 × 1000 mm in case a double-sided
structure is considered. This ensures that the dimensions
of the primary remain equal between a single-sided and
double-sided machine and, thus, the force density is kept
constant. It should be noted that the thermal behavior is
not considered in the simulations.

A. Linear Permanent Magnet Synchronous Machine

The proposed benchmark is a basic single-sided
LPMSM consisting of 6 primary coil sets and 8 active
secondary poles in the form of surface mounted perma-
nent magnets. A schematic of the topology is provided in
Fig. 6. A Magneto Static 2D FEM model of the LPMSM
is constructed and Table I provides the sizing parameters

A+ B– C+A– B+ C– A+ B– C+A– B+ C–

Coils

Magnets

Iron
materialy

x

Fig. 6. Schematic of a single-sided LPMSM.

TABLE I. SIZING PARAMETERS OF THE LPMSM.

Parameter Magnitude Parameter Magnitude
Domain depth 250.0 mm Slot width 107.3 mm
Airgap length 4.0 mm Tooth width 35.6 mm
Primary width 1000 mm Magnet width 61.0 mm

Mover back-iron height 26.1 mm Magnet height 30.0 mm
Stator back-iron height 15.0 mm Magnet distance 39.0 mm

Slot height 43.2 mm Total height 118.2 mm

of the LPMSM after the optimization. Fig. 7 shows the
produced force and the attraction force of the LPMSM
over a displacement of 0.2 m. The corresponding force
per mass equals 93.7 N/kg and the motor efficiency

η =
Favv

Favv + 3I2R
(1)

equals 95.0 %. Here, Fav, is the mean value of the
produced force, v, is the speed of the primary structure,
I , is the peak value of the supply current and, R is
the resistance of the coils located on the primary; all
are extracted from the FEM model. From (1) it is clear
that in this study only the dominant copper losses are
taken into account. Additionally, the force ripple of the
LPMSM is 31.7 %. It should be stressed that this value is
not minimized; common values range from 8 % to 35 %
in the long stroke applications [16], [17]. Furthermore,

Fig. 7. Simulation results of the optimized single-sided LPMSM: (a)
the force production and (b) the attraction force over a displacement
of 0.2 m.
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Fig. 7(b) shows that the attraction force is excessive for a
single-sided topology. If a double-sided topology would
be considered with the same sizing as described in Table I
the attraction force is lowered to 26.8 N.

B. Linear Flux-switching Machine

The basic single-sided LFSM considered consist of
6 primary coils and 7 active secondary iron poles. A
schematic of the resulting 6/7 LFSM topology is pro-
vided in Fig. 3. A Magneto Static 2D FEM model of
the 6/7 LFSM is created. Table II provides the sizing
parameters of the machine after the optimization, while
Fig. 8 shows the produced force and the attraction force
of the single-sided topology over a displacement of
0.2 m. The force per mass is 45.6 N/kg, the force
ripple equals 62.9 % and the motor efficiency is 83.4 %,
according to (1).

As predicted, the single-sided LFSM has considerable
force ripples and attractive forces. The latter can be
reduced to 7.0 N by utilizing a double-sided structure.
Furthermore, by considering a double-sided structure
for the 6/7 LFSM more topology enhancements can be
introduced that also benefit the force ripple. The use of so
called staggered teeth is presented in [5]. Here, the iron
poles of the secondary structure are located anti-phase
on the different sides of the double-sided topology, as

TABLE II. SIZING PARAMETERS OF THE 6/7 LFSM.

Parameter Magnitude Parameter Magnitude
Mover back-iron height 19.3 mm Total height 129.7 mm
Stator back-iron height 23.5 mm Stator tooth height 30.0 mm

Slot height 52.9 mm Stator tooth width 39.0 mm
Slot width 66.7 mm Magnet height 70.3 mm

Mover tooth width 68.9 mm Magnet width 27.6 mm

Fig. 8. Simulation results of the optimized single-sided 6/7 LFSM:
(a) the force production and (b) the attraction force over a displace-
ment of 0.2 m.

is illustrated in the schematic of Fig. 9. Furthermore,
[5] proposes the use of additional magnets located on
the first and last tooth of the primary side to balance the
back-EMF of the three-phase coils and, thus, reducing the
force ripple. A schematic of the 6/7 LFSM with staggered
teeth and these end-magnets is provided in Fig. 10.

Besides these two enhancements for the double-
sided LFSM structures, one could consider alternate
pole combinations for both single-sided and double-sided
LFSM topologies. Possibilities in pole combinations are
discussed in [33], from which it is observed that a 12/14
LFSM, as shown in Fig. 11, provides the best tradeoff in
terms of force production and force ripple (if the design
volume is kept the same). Additionally, to increase the
force density of the LFSM a flux-focusing (FF) topology
could be considered as presented in [5] and [34]. A
schematic of the FF LFSM is provided in Fig. 12.

A double-sided 6/7 LFSM, a double-sided 12/14
LFSM and a double-sided FF LFSM are all considered
for further investigation together with the application of
the staggered teeth and the end-magnets. A Magneto
Static 2D FEM model is created for the 12/14 LFSM as
well as the FF LFSM. Table III and Table IV provide
the corresponding sizing parameters of the machines
after the optimization. The effects of the staggered
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Fig. 9. Schematic of a double-sided 6/7 LFSM with staggered teeth.
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Fig. 11. Schematic of a single-sided 12/14 LFSM.
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Fig. 12. Schematic of a single-sided flux-focusing LFSM.

teeth and the end-magnets relative to the double-sided
structure are shown in Fig. 13 for each considered LFSM
topology. It is observed that the topologies utilizing the
staggered teeth and the end-magnets provide the best
tradeoff between the mean force production and the
corresponding force ripple. Vice versa, Fig. 14 provides
the comparison between the three LFSM topologies for
each of the structures, which shows that overall the 12/14
LFSM topology offers the best tradeoff in the average
force production and the corresponding force ripple.

Concluding, the 12/14 LFSM with staggered teeth and
end-magnets offers the smallest force ripple of all the
considered LFSM topologies. A reduction of 77.9 % in
force ripple is achieved compared to the original single-
sided 6/7 LFSM topology. The produced force and the
corresponding attraction force of the 12/14 LFSM with
staggered teeth and end-magnets are shown in Fig. 15.
It is observed that the utilization of a staggered double-
sided topology does not completely nullify the attraction
force. However, a reduction of 91.6 % is still achieved.
Furthermore, the force per mass is 48.3 N/kg, the force

TABLE III. SIZING PARAMETERS OF THE 12/14 LFSM.

Parameter Magnitude Parameter Magnitude
Mover back-iron height 12.6 mm Total height 126.3 mm
Stator back-iron height 35.0 mm Stator tooth height 31.6 mm

Slot height 43.0 mm Stator tooth width 18.2 mm
Slot width 34.0 mm Magnet height 54.5 mm

Mover tooth width 38.2 mm Magnet width 11.8 mm

TABLE IV. SIZING PARAMETERS OF THE FF LFSM.

Parameter Magnitude Parameter Magnitude
Mover back-iron height 16.0 mm Total height 116.7 mm
Stator back-iron height 23.6 mm Stator tooth height 39.0 mm

Slot height 34.1 mm Stator tooth width 19.6 mm
Slot width 68.6 mm Magnet height 49.5 mm

Mover tooth width 70.0 mm Magnet width 11.0 mm

Fig. 13. Simulation results of the double-sided LFSM topologies:
Force production over displacement of the double-sided structure,
the double-sided structure with staggered teeth and the double-sided
structure with staggered teeth and end-PM for (a) the 6/7 LFSM, (b)
the 12/14 LFSM and (c) the FF LFSM.

Fig. 14. Simulation results of the double-sided LFSM topologies:
Force production over displacement of the 6/7 LFSM, the 12/14
LFSM and the FF LFSM for (a) the double-sided structure, (b) the
double-sided structure with staggered teeth and (c) the double-sided
structure with staggered teeth and end-PM.

ripple equals 13.9 % and the motor efficiency is 75.5 %.
A summary of the performances of the other LFSM

topologies is provided in Table V, which shows that
the 6/7 LFSM with staggered teeth and end-magnets
performs best in terms of efficiency, while the 12/14
LFSM without any enhancements performs best in terms
of force density. Furthermore, the FF LFSM does not
provide any significant improvement over the other two
LFSM topologies.
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Fig. 15. Simulation results of the optimized double-sided 12/14
LFSM with staggered teeth and end-PM: (a) the force production
and (b) the attraction force over a displacement of 0.2 m.

TABLE V. PERFORMANCE RESULTS OF THE DIFFERENT
DOUBLE-SIDED LFSM TOPOLOGIES.

Topology Force
per mass

Force
ripple

Attraction
force Efficiency

Double-sided 6/7 45.6 N/kg 62.9 % 7.0 N 83.4 %
Staggered 6/7 43.4 N/kg 28.3 % 6.8 kN 83.0 %
Staggered 6/7
with end-PM 52.5 N/kg 26.0 % 4.4 kN 87.3 %

Double-sided 12/14 53.1 N/kg 25.9 % 126.7 N 78.2 %
Staggered 12/14 45.6 N/kg 17.8 % 3.0 kN 73.8 %
Staggered 12/14

with end-PM 48.3 N/kg 13.9 % 3.1 kN 75.5 %

Double-sided FF 52.3 N/kg 77.0 % 2.0 N 86.6 %
Staggered FF 42.2 N/kg 77.9 % 7.6 kN 82.2 %
Staggered FF
with end-PM 50.3 N/kg 46.6 % 9.5 kN 85.7 %

C. Topology comparison

With the options regarding the LFSM topology dis-
cussed in detail, a comparison with the LPMSM bench-
mark is made. Table VI provides the performance results
of the investigated topologies. Together with Fig. 7 and
Fig. 15, it is observed that all topologies are able to
reach similar force levels. However, as predicted the
LPMSM can do this in the smallest volume due to the
active secondary: the LPMSM force density is roughly

TABLE VI. PERFORMANCE COMPARISON OF THE LFSM
TOPOLOGIES WITH THE BENCHMARK LPMSM.

Topology Force
per mass

Force
ripple

Attraction
force Efficiency

Double-sided
LPMSM 93.7 N/kg 31.7 % 26.8 N 95.0 %

Staggered 6/7 LFSM
with end-PM 52.5 N/kg 26.0 % 4.4 kN 87.3 %

Double-sided
12/14 LFSM 53.1 N/kg 25.9 % 126.7 N 78.2 %

Staggered 12/14 LFSM
with end-PM 48.3 N/kg 13.9 % 3.1 kN 75.5 %

a factor 2 higher than the LFSM. On the other hand,
the performance of the LFSM in terms of force ripple
and efficiency is comparable to the benchmark LPMSM,
providing a cost-efficient alternative for long stroke ap-
plications where the design volume is not restricted.
The 12/14 LFSM with staggered teeth and end-magnets
performs best in terms of force ripple, while the 6/7
LFSM with staggered teeth and end-magnets allows for
the closest efficiency comparison and the double-sided
12/14 LFSM should be considered for the highest force
density and the least attraction force.

IV. CONCLUSIONS

A literature overview of linear drives with passive
secondaries for long stroke applications has been de-
scribed in this work. Based on this review the Linear
Flux-switching Machine has been investigated further:
the disadvantages are discussed together with the pos-
sible enhancements that could counter these drawbacks.
Subsequently, the proposed improvements are validated
utilizing Finite Element Analysis.

It is shown that utilizing end-magnets, different pole
combinations and staggering of the iron teeth in a double-
sided structure allow for a drastic decrease in the force
ripple and the attraction force: a reduction of 77.9 % and
91.6 %, respectively.

Furthermore, the performance results of the LFSM
have been compared to a benchmark Linear Permanent
Magnet Synchronous Machine topology proving that the
force density of the LPMSM is, indeed, superior over
the LFSM. However, the performances are comparable
in terms of force ripple and efficiency, which makes
the LFSM a cost-efficient alternative for long stroke
applications where the design volume is not limited.
The 6/7 LFSM with staggered teeth and end-magnets
corresponds most to the LPMSM in terms of system
performance.
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