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ABSTRACT This document reviews the current state of the art in the linear machine technology. First,
the recent advancements in linear induction, switched reluctance and permanent magnet machines are
presented. The ladder slit secondary configuration is identified as an interesting configuration for linear
induction machines. In the case of switched reluctance machines, the mutually-coupled configuration has
been found to equate the thrust capability of conventional permanent magnet machines. The capabilities of
the so called linear primary permanent magnet, viz. switched-flux, flux-reversal, doubly-salient and vernier
machines are presented afterwards. A guide of different options to enhance several characteristics of linear
machines is also listed. A qualitative comparison of the capabilities of linear primary permanent magnet
machines is given later, where linear vernier and switched-flux machines are identified as the most interesting
configurations for long stroke applications. In order to demonstrate the validity of the presented comparison,
three machines are selected from the literature, and their capabilities are compared under the same conditions
to a conventional linear permanent magnet machine. It is found that the flux-reversal machines suffer from
a very poor power factor, whereas the thrust capability of both vernier and switched-flux machines is
confirmed. However, the overload capability of these machines is found to be substantially lower than the
one from the conventional machine. Finally, some different research topics are identified and suggested for
each type of machine.

INDEX TERMS Linear machines, review, switched-flux, flux-reversal, doubly-salient, linear vernier,

induction machine, switched-reluctance, power factor, magnet, demagnetization.

I. INTRODUCTION

Linear Machines (LMs) are electromechanical devices that,
the same way as the Rotary Machines (RMs), convert electri-
cal energy into mechanical energy and vice versa. Construc-
tively, LMs are very similar to RMs. As described in Fig. 1,
linear machines could be referred as rotary ones that have
been cut out radially, and flattened so that the stator and the
rotor lay horizontally facing each other [1].

Historically, linear motion has been generated based on
RMs and rotary to linear conversion mechanisms, such as
sheaves or gears. Nonetheless, LMs are capable of produc-
ing linear motion directly, without any kind of mechanical
interface [2]. High acceleration and deceleration rates can
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FIGURE 1. Transformation from rotary to linear machine.
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be achieved with linear machines, as there is no possibil-
ity of slipping [2]. Railway transportation systems such as
the JFK-New York AirTrain or the Linimo MAGLEV are a
potential application for this type of machines [1].

The lack of gears allows linear drives a smooth operation,
with reduced noise and vibration levels [3]. High precision
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FIGURE 3. Magnetic flux density in the airgap of a linear machine.

and comfort are also possible with these machines, because
as there are no gears, there is no backlash [4]. System-
wise, the reduction of the amount of elements brings an
enhancement of the reliability and the efficiency of linear
motor driven systems [4], together with a lower maintenance
requirement [5].

However, as the magnetic circuit has a start and an end
in the edges of LMs, a new phenomenon called end effect
appears in these machines (see Fig. 2 and Fig. 3). This effect
produces some undesirable behaviours in linear motors, and
that is why it has been subject of research for a long time
[6]. It happens because the flux escapes from the ends of the
machine, reducing the flux density in the air-gap of these
regions. This generates an asymmetry between the central
and external poles of a linear machine, which complicates the
control and the analysis of LMs [7], [8]. Moreover, the end
effect is also the reason why most of the linear motors have
to deal with an unbalance between their phases [9], [10]. Due
to the fact that there are only two ends in the machine, and
2 phases in 3 phase machines are wound through the end slots,
one phase works at a higher flux density than the other two ,
generating the phase unbalance.

For every RM, there is a LM counterpart, so Linear Induc-
tion Machines (LIMs) [6]-[42], Linear Switched Reluctance
Machines (LSRMs) [43]-[66], or Linear Permanent Magnet
Synchronous Machines (LPMSMs) [67]-[93], can be found
in the literature. Besides the different machine types, several
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topologies are described in the literature. Flat or tubular
shapes, single-sided or dual-sided structures, modular con-
figurations... there are many different options for selecting
the ideal machine for each application.

In the last decade, a new and promising type of lin-
ear machine, Linear Primary Permanent Magnet Machine
(LPPM), has emerged in the literature [3], [5], [22], [26],
[74], [94]-[176]. However, a comprehensive review of linear
machines for long stroke applications has not been published
yet. The available review papers summarise the content from
the literature, and do not verify those contents with a direct
comparison of different machine technologies. Moreover,
a direct comparison of the main types LPPMs and a LPMSM
under the same operating conditions has not been found in the
literature.

This paper first reviews the latest developments in linear
machine technology. The capabilities and configurations of
the different machine types are first presented. Then, based on
the solutions found in the literature, some guidelines are listed
to allow designers a fast configuration selection. A qualitative
comparison of the main machine technologies is also given
in terms of thrust density, shear stress, thrust per Permanent
Magnet (PM) volume, thrust ripple and detent force, and PM
immunity.

In order to validate the qualitative comparison, the most
promising LPPMs are then selected and compared under the
same dimensions and linear loading. It has been found that
even if the literature review gives a precise enough prediction
of the relative performance, there are several facts that must
be taken into account when selecting a machine technology.
When comparing the thrust of the selected machines, it is
found that a poor overload capability may limit the appli-
cations of some of the machines with a high rated thrust
density. The lower overload capability is also found to be one
of the main drawbacks of all the LPPMs when compared to a
conventional LPMSM. In addition, the PM immunity term is
also divided into two parts, because the results demonstrate
that some machines exhibit a poor PM working point at no
load operation, even if the variation of the operating point
of the PMs is low in fault conditions. Finally, the low power
factor is identified as the other main drawback of all LPPMs
when compared to a conventional LPMSM.

Sections II to V introduce the main machine technolo-
gies to date. Section VI summarises the different options
to enhance a list of performances of linear machines.
Section VII discusses the relative capabilities of the machines
that have been found in the literature. The sizing and results
of the selected machines are given in section VIII. Finally,
in section IX the authors identify some of the remaining
challenges and the most promising configurations for the
selected machine technologies.

Il. LINEAR INDUCTION MACHINES

Linear induction machines are one of the most common
linear machine types nowadays. They are most widespread
in railway transportation, where thanks to the non-adhesion
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FIGURE 4. Dynamic end effect of a LIM.

thrust capability, LIMs allow climbing higher gradients than
the conventional systems [21], [24], [26], [40]. Linear ele-
vators and electromagnetic launch systems are also other
applications where the implementation of LIMs has been
studied [22], [41]. Their main advantages are their simplicity,
robustness and low initial cost [22], [25], [26]. The absence
of PMs also makes them inherently immune to irreversible
PM demagnetisation, so their reliability is a remarkable
feature [25].

However, much like in the case of rotary machines, the effi-
ciency and power factor of LIMs still remain low [11], [26],
[40], [42]. The losses of LIMs are even increased when
compared to induction RMs due to the end effects, especially
at high speed. When the drive is moving, new flux must be
generated in the front side of LIMs. This induces eddy cur-
rents in the secondary that create an opposing magnetic field,
which results in a braking force. A similar thing happens in
the rear part of the machine, where the flux of LIMs should be
vanished. Here, the reduction of flux generates eddy currents
on the secondary that aim to maintain the flux at previous
levels. Thus, an attractive force is generated in the rear part
of the machine, which also contributes to the total braking
force. This effect only happens when the machine is moving,
and is known as dynamic end effect. It is obvious that, apart
from the extra loss generated by the end eddy currents, thrust
capability of LIMs is also reduced due to the dynamic end
effect, because the machine has to deal with an inherent
braking force [18], [34], [36].

There are three main fields where research is being focused
for LIMs: Design [11]-[26], modelling [13], [15], [27]-[31]
and control [9], [10], [32]-[40].

Regarding LIM design, there are three main secondary
types that are being investigated. Sheet secondary LIMs are
the most simple configuration [11], [13], [19]. A sheet sec-
ondary LIM is shown in Fig. 4. The secondary of these
machines consists of a conductor sheet (typically aluminium)
and the secondary back iron. The secondary of sheet LIMs
gets even more simplified when adopting dual-side con-
figuration, because the back iron is not needed anymore,
thus consisting only of the conductive plate [22]. Despite
their simplicity, sheet secondary configurations present an
increased air gap length. The flux needs to get through the
secondary sheet before entering the back iron, which reduces
the flux linkage and thrust capacity of sheet secondary LIMs,
as well as their power factor. In this sense, the performances
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FIGURE 5. Double-sided ladder slit LIM.

of LIMs can be enhanced by employing a cage secondary [12]
or a ladder-slit secondary [18], [19], [21], [25]. However,
these secondary structures can negatively affect the thrust
force ripple [18], and the complexity of the manufacturing
process is also increased [19].

Different shapes of secondary cages are analysed and com-
pared to a sheet secondary in [12]. Lee et al. conclude that the
shape of the secondary can affect to the values of the equiv-
alent circuit’s parameters. When the thrust forces generated
by a sheet secondary and different shaped cage secondary
configurations are compared at rated slip, the results show
that cage secondary type LIMs can generate higher thrust
force. Besides, the phase currents are also reduced in the
whole slip range. However, cage LIMs have to deal with a
higher normal force.

A ladder slit secondary machine is designed in [19] for
an urban rail transit application. The results show that both
thrust and efficiency can be enhanced if the ladder structure
is employed instead of the traditional sheet structure. Simi-
lar results are obtained in [21], where the transverse forces
generated by sheet and ladder-slit secondary machines are
also compared. The authors conclude that the ladder structure
can help in laterally stabilizing and safely operating trains,
because the transverse forces are mitigated. Reference [18]
shows a design optimisation algorithm for ladder LIMs, based
on a multiobjective multivariable optimisation technique.

Toroidal windings are also found to be much superior
to conventional distributed windings in [17], when speci-
fied constraints include tight space requirements. Both thrust
and efficiency are improved with this type of windings.
Nonetheless, the toroidal winding must be manufactured by
hand, thus, the manufacturing process gets more complicated
this way.

Optimisation techniques have also been proofed to be use-
ful in the design of sheet secondary LIMs. In [13] the authors
select particle swarm optimization method, as the search
algorithm for the optimal design. A combination of optimal
Latin-hypercube design and progressive quadratic response
surface methodology is employed to optimise a single-sided
LIM in [14].

The optimisation of the efficiency has also been assessed
control-wise. An integrated inverter and LIM loss model is
proposed in [40]. Hu et al. reduce the losses of the system
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FIGURE 6. Four phase linear switched reluctance machine.

by 3-4 %, which can reduce the energy consumption signif-
icantly in linear metro systems. The control has also been
used to compensate the influence of the end effect [35], [36].
A combined vector and direct thrust control is proposed in
[38]. The experiments show that the proposed control can
operate a LIM smoother than the direct thrust control, and
the dynamic performance of the conventional vector control
is improved with the new solution.

Modelling of LIMs is another important field for both
design and control perspectives. The search for a pre-
cise but simple enough equivalent circuit as the one
for induction RMs has been assessed in many research
papers [13], [15], [27]-[31]. Duncan’s is a well known equiv-
alent circuit. It assumes an exponential increase of the air gap
flux density, and proposes a simple function for analysing the
end effect in the T-model induction RM equivalent circuit.
Based also in the T model, Xu et al. [28] propose an equiva-
lent circuit that by four relative coefficients takes account of
both end and edge effects. The equivalent circuit is also given
in dg and o8 frames.

In spite of all the research that has been developed around
LIMs, their efficiency, power factor, and dynamic braking
force make them unsuitable for many applications.

IIl. LINEAR SWITCHED RELUCTANCE MACHINES
Feature-wise, linear switched reluctance machines (LSRMs)
are very similar to LIMs. Their main advantages are their low
material and manufacturing cost [53]-[55], simple structure
[57], [64], [66], and their inherent ruggedness [61], [64]-[66].

They consist of a toothed structure on both primary and
secondary sides, and do not require permanent magnets or
windings in the secondary as it can be seen in Fig. 6. The
low number of elements makes these machines very easy
to manufacture [60], [63], and their wide constant power
operating range [53], [58], has made them an interesting
candidate for their application in elevators [43], [57], [65] or
rail transit applications [53].

These machines generally rely on the variation of self-
inductance to generate thrust force, and exhibit very low
mutual-inductance values. This makes them highly reliable
and fault tolerant [44], [46], [57], [S9]. They are also capable
of achieving higher thrust densities than LIMs [53], [59],
while lowering thermal management requirements on their
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FIGURE 7. Segmented secondary LSRM.

secondary side [48], [49]. Even so, their thrust capability is
still lower than the one from LPMSMs [51], [65], [127].

Thrust ripple, and high noise and vibration levels are com-
mon issues when these machines are used [58], [65], [66].
A common approach for reducing issues with the generated
thrust ripple is the usage of the so called force distribution
functions, which reduce the output force ripple by controlling
the waveforms of the input currents [49]. However, apart from
the reduction of the thrust force ripple, this control solution
also reduces the average thrust produced by LSRMs, so the
designer has to decide between higher ripple or lowered thrust
density values.

In the last years, two new topologies of LSRMs are show-
ing promising performance improvements. These are the seg-
mented secondary LSRMs [51], [53], [57], [59], [61] and the
mutually coupled LSRMs [50], [52], [55], [58], [60].

By adopting a segmented structure, LSRMs have been
found to improve the thrust density, while lowering the
machine cost [57], [61], thanks to the suppression of the yoke
in the secondary side. These machines can be configured with
a secondary pole width to secondary pitch ratio of almost 1,
much higher than the 0.5 limit for the conventional tooth
type LSRMs. This means that the segmented configurations
can carry more flux, and thus increase power density when
compared with tooth type LSRMs [57]. A complete guide for
designing segmental secondary LSRMs is given in [61].

Mutually coupled LSRMs have not received that much
attention yet. Some papers have been published [45], [60]
analysing these configuration in the linear form, but most
of the current research refers to rotary switched reluctance
machines [50], [52], [55], [58]. It is found that due to the dou-
ble phase excitation capability of mutually coupled switched
reluctance machines, their efficiency and power density val-
ues are higher than the ones from conventional machines.
Kabir and Husain [52] conclude that the performance of this
type of machines is comparable to that of the Toyota Prius
interior PM machine in terms of torque density, efficiency
and operating range. Lower noise and vibration levels are
reported for these machines in [50], due to much lower radial
forces than in classical switched reluctance motors. In the
linear form, a mutually coupled LSRM has been compared
to a LPMSM in [60], and the results show that for machines
of the same dimensions, the mutually coupled LSRM can
produce 1.6 % higher electrical power at rated velocity, while
reducing the cost of the machine by 62 %. In spite of all
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FIGURE 8. End effect of LPMSMs.

of these advantages, mutually coupled switched reluctance
machines are not as fault tolerant as the conventional coun-
terparts, because they use the mutual flux to generate thrust.
Moreover, a distributed winding is required for this type of
machines, and thus, the end windings are bulkier, and may
result problematic when tight space requirements are set [52].

IV. LINEAR PERMANENT MAGNET MACHINES

In the same way as in permanent magnet RMs, LPMSMs
show an excellent thrust force density, efficiency, power fac-
tor and controllability [83], [85], [89]. Their advantages make
them a strong candidate for applications such as ropeless
elevators [76], [80], [177], factory automation [78] and high
precision machine tooling [177]-[179].

However, LPMSMs are also affected by the end effect.
Apart from the previously cited phase unbalance and flux
density reduction, the end effect is also source of an additional
thrust force ripple component known as end force or end
effect force in LPMSMs. This force affects them even at no
load condition [75], [90], [93].

Depending on the relative position between the primary
and the secondary parts, the magnets on one side or another
will attract the machine ends with more strength, generating
the end effect ripple. The no load thrust ripple, also known as
detent force, is the result of the sum of the conventional slot
effect or cogging force and the end effect force [90], [93],
[179]. As LPMSMs have to deal with multiple detent force
ripple sources, several different solutions have been tested in
order to reduce the open-circuit thrust pulsation, e. g. skewing
magnets, adjusting the primary length, and slot shifting [69],
[81], [85], [93].

A comprehensive analysis of the performance of a LPMSM
with different step-skew configurations is reported in [81].
Cai et al. mention that the optimal skew angle to suppress the
cogging is different from the optimal angle to suppress the
end force. The orders of end force harmonics are low, an thus,
suppressing those via the skew would also lower the average
thrust force.

A two dimensional detent force reduction method is
showed in [85]. The authors achieve a reduction of 94 % in
the detent force ripple by employing two different primary
lengths to suppress the end force and a slot-shift method to
deal with the slot effect.

The performance of a segment-shifted machine can be
improved with a rearrangement of the windings [90], [92],
[93]. As the average thrust force is reduced with the increase
of phase or pole shifting distance, the authors suggest
that rearranging the winding configuration in the different
primary sides can be a good solution for reducing the detent
force without losing any force production capability.
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FIGURE 9. Linear doubly-salient machine.

Modern optimisation techniques have also been applied
to LPMSMs. A genetic algorithm is employed to optimise
an air-core LPMSM via different objective function config-
urations in [70], [71]. The results clearly improve the per-
formance of the original motor. A combination of Taguchi
method and Finite Element Method (FEM) is employed in
[86]. The authors compare the resultant machine with the
optimal machine obtained from the optimisation via an ana-
lytical model and particle swarm optimisation. The results
show that the combination of Taguchi method with FEM can
produce better results than the previous optimisation method.

Due to the high cost of PM materials, the material cost
of LPMSMs can be prohibitive in long stroke applications
[78]. In the last decades, a new family of linear PM machines,
known as flux-switching machines [3], [5], [22], [26], [74],
[94]-[139], [139]-[146], and primary PM Vernier machines
[147]-[176] are drawing much attention. All these machines
consist of an active primary that contains both windings and
magnets, and a passive secondary with no PMs or copper,
similar to that of LSRMs. Although these machines are still
a type of LPMSM, they are grouped in a different section in
this document.

V. LINEAR PRIMARY PERMANENT MAGNET MACHINES
There are four main types of LPPMs currently in the
literature. These machines are Linear Switched-Flux Per-
manent Magnet Machines (LSFPMs) [3], [5], [22], [26],
[74], [94]-[127], [139], Linear Flux-Reversal Permanent
Magnet Machines (LFRPMs) [128]-[144], Linear Doubly-
Salient Permanent Magnet Machines (LDSPMs) [145], [146]
and Linear Vernier Permanent Magnet Machines (LVPMs)
[147]-[176]. Their structural advantage over conventional
LPMSMs, i.e., the absence of PMs in the secondary, has
brought a huge amount of research involving these LPPMs.
In this section, their working principles and the latest research
related to them are presented.

A. DOUBLY-SALIENT MACHINES
Doubly-salient machines, are commonly grouped within the
flux-switching machine family, together with LSFPMs and
LFRPMs. All these share a similar topology and working
principle, but there are some slight differences in both their
operation and performance aspects. Doubly-salient machines
are an already very mature technology [180]. They consist
of a primary with a concentrated winding and PMs inserted
in the primary yoke, and a doubly-salient passive secondary.
Figure 9 shows one of the machines presented in [145].
Overall, the LDSPMs exhibit a great PM immunity and
robustness [145], [146], [180], [181]. Together with the
high thrust density and efficiency achieved thanks to PM
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FIGURE 10. No load flux paths of LDSPMs. (a) Initial, (b) 90 degree,
(c) 180 degree and (d) 270 degree.

material, LDSPMs offer really interesting capabilities for
applications where high reliability is the main requirement.
Regarding manufacturing costs, LDSPMs require the lowest
amount of PM volume between flux-switching machines for
a given average thrust value [181]. Besides material cost,
LDSPMs are also easily manufactured [181], which is also
another important benefit of these machines. In general, these
machines generate a trapezoidal waveform of the back-EMF.
Thus, they are naturally suited for a Brushless DC (BLDC)
control operation [145], [146].

Nonetheless, the performance of LDSPMs is strongly
affected by the detent force and on load thrust force ripple
[145], [146]. Moreover, the unipolar nature of the flux in
LDSPMs is a known issue [106], [137], [145], [181]. Notice
how the flux linked by a coil in Fig. 10 keeps a constant
direction over a full period. This reduces the force capability
of these machines [106], [180]. However, LDSPMs are still
an interesting solution for long stroke applications, and their
usage in applications such as urban rail transit has already
been proposed in some research papers [145], [146].

Not many publications involving LDSPMs have been
found in the literature. In [145], Cao et al. compare the
conventional structure of LDSPMs with a modular and com-
plementary one. The authors achieve a noteworthy reduction
in the thrust force ripple and the detent force ripple with the
new structure, from 40 % and 35.7 % to 8.6 % and 12.15 %
respectively. Moreover, the average thrust per PM volume
and shear stress are also improved with the new configura-
tion from 5.5 MN/m? and 8.39 kN/m? to 6.94 MN/m* and
10.72 kN/m? respectively. The authors also analyse both the
BLDC and the Brushless AC (BLAC) (with I; = 0) operating
modes of the machines, and the results show that a slightly
larger thrust and a lower ripple can be generated when the
machines are driven in BLAC mode.

The same authors propose the usage of the conventional
LDSPM for an urban rail transit application. Cao et al.
first discuss the best end teeth configuration to reduce the
detent force of the machine. Different skew angles are
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FIGURE 11. Modular and complementary LDSPM.

FIGURE 12. Linear flux-reversal machine.

discussed later on, to reduce the remaining ripple of the
machine. In this case, the proposed LDSPM achieves lower
thrust density and shear stress values with 66 kN/m> and
5.12 kN/m? respectively, which are rather low for PM excited
machines. The authors propose the usage of a BLDC opera-
tion for the unskewed configuration, and a BLAC operation
with all the current injected to the q-axis when a skew is
applied to the machines.

B. FLUX-REVERSAL MACHINES

Linear flux-reversal machines, much like all the machines
in the flux-switching family, are well known thanks to their
high efficiency, thrust density and robustness [132]-[136],
[138], [140], [141], [180], [181]. In the case of LFRPMs, two
PMs are mounted on the surface of each primary teeth with
alternated magnetisation, as shown in Fig. 12. Due to their
placement, the flux from magnets is in series with the flux
generated by the armature winding. Thus, these machines
suffer from poor demagnetisation immunity under fault con-
ditions [137], [143].

The operating principle of these machines is similar to the
LDSPMs. Nevertheless, LFRPMs are able to link bipolar flux
in their primary coils. Notice how the sense of the flux is
reversed when the secondary tooth in Fig. 13 moves from
one magnet to the adjacent one. So, higher thrust density
values should be expected from LFRPMs when compared
to LDSPMs. In this case, the natural back-EMF waveform
of these machines is sinusoidal, thus, they are most suited
to be driven in a BLAC operation [129], [137], [138]. The
dq frame inductances of these machines generally display
similar values, thus, the best option is to control them with
the direct current, 14, set to 0 [133], [137], [138].

In the seek of performance improvements, several dif-
ferent solutions can be found in the literature. Due to the
existing concerns around the price of rare-earth materials
[182], reduction of PM material is one of the main research
fields concerning LFRPMs. In [129] the authors propose
a consequent-pole configuration to achieve a 50 % reduc-
tion of the volume of PMs used in the machine. Moreover,
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FIGURE 13. No load flux paths of LFRPMs. (a) Initial, (b) 90 degree,
(c) 180 degree and (d) 270 degree.

the thrust capability with the consequent-pole configuration
is also 22 % higher than the one from the original machine.
Combining the consequent-pole topology with a yokeless
structure, Gandhi et al. increase the average thrust force of
the conventional LFRPM machine in 33 % [130]. A greater
reduction of PM volume is achieved in [141] by adopting the
consequent-pole structure and suppressing half of the primary
teeth. Shi et al. [141] manage to achieve an improvement
of 51 % of the average thrust while reducing 75 % of the PM
usage volume with a large slot-opening LFRPM. Neverthe-
less, a more comprehensive research of this machine topology
is needed, because it has not been found anywhere else in the
literature.

Improvement of the fault-tolerant capability is another area
that has drawn attention of researchers. A LFRPM with a
modular and complementary magnetic circuit is proposed in
[131]. Thanks to the adopted structure, the resulting machine
achieves a high fault-tolerant capability as the ratio between
the mutual-inductance and the self-inductance is reduced to
4.6 %. Besides, a thrust ripple of 10.2 % and a detent force
of 5.4 % are achieved by the proposed machine. A sim-
ilar phase decoupling is also obtained in [132] thanks to
the insertion of fault-tolerant teeth. However, the flux link-
age of the machine in [132] is unipolar [134], so Xu et al.
employ another modular an complementary structure to
reduce the aforementioned ratio to a 4.5 %, while improving
the thrust density of the fault-tolerant LSFPM machine from
113.7 kN/m? to 158 kN/m? [134].

The improvement of thrust density is also researched in the
literature. Shuraiji, Zhu et al. [133], [138]-[140] employ a
partitioned-primary structure to improve the thrust density of
conventional LFRPMs. For machines with same dimensions
and current density, a remarkable improvement of 118.9 %
is reported in [138]. The authors also mention that due to
the partitioned-primary structure, the PM immunity is also
improved, as the flux from the primary coils is not directly
applied to the magnets. Transverse-flux LFRPMs are also
proposed in the literature in order to improve the thrust den-
sity of these machines [135], [137], [142]-[144]. A compre-
hensive analysis of a transverse-flux LFRPM is published in
[137]. The presented machine can produce a thrust density
of 153.5 kN/m? and a shear stress of 8.4 kN/m?, but both
the detent force, 22 % and the thrust ripple, 34.4 % are high
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FIGURE 14. (a) Partitioned-stator LFRPM and (b) Consequent-pole and
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FIGURE 15. 12/10 pole linear switched-flux machine.

for the proposed LFRPM. It is a known issue that transverse-
flux machines require 3D FEM simulations to analyse their
performance. In this aspect, Dong et al. [142] propose a 2D
FEM equivalent model for the analysis of a transverse-flux
LFRPM. The measurements obtained with a prototype show
a good agreement between predicted and measured values.

Although it is not mentioned in the literature for machines
with a linear form, rotary flux reversal machines generally
suffer from low power factor [78], [183]. This is a characteris-
tic that should be improved in order to enhance the feasibility
of LFRPM drives.

C. SWITCHED-FLUX MACHINES

The other machines in the flux-switching family are the
switched-flux machines. In fact, they are the machines that
can produce the highest thrust density in the flux-switching
family [114]. The primary of conventional LSFPMs consists
of U-shaped silicon-steel modules joined by PMs of alternate
magnetisation, so that each magnet is sandwiched between
two modules and a concentrated winding. Figure 15 shows
a conventional 12/10 primary/secondary pole machine. The
LSFPMs produce highly sinusoidal back-EMF waveforms,
and thus, they are most suited for a BLAC operation [3],
[119], [121], [125]. The reluctance force in this case is
generally negligible too, thus, the sinusoidal phase currents
are generally supplied in phase with the back-EMFs for an
optimum operation [3], [119], [121], [125].

In this case, the magnetisation direction of PMs is per-
pendicular to the flux generated by the primary coils. This
provides LSFPMs a great immunity against demagnetisation
in case of faults in the primary winding [5], [74], [108],
[124]. The immunity of PMs against permanent demag-
netisation enhances the capability of LSFPMs work in the
flux-weakening area [95], [104], [106]. A good overload
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FIGURE 17. No load flux paths of LSFPMs. (a) Initial, (b) 90 degree,
(c) 180 degree and (d) 270 degree.

ability is also mentioned in [5], [96], [108] for the same
reason.

One of the main drawbacks of LSFPMs is the reduced
space of the primary side. The designers have to deal with
limited magnetic loading and slot areas [104], [106], [107],
[139]. Moreover, due to the modular structure, the primary
of LSFPMs tends to be mechanically weak [102], and their
detent and thrust ripple performance is quite sensitive to
manufacturing tolerances [102]. In fact, both the no load
and on load ripples of LSFPMs are generally quite high
[3], [26], [98], [113], [127]. Another drawback of LSFPMs
is the amount of PM material that they require per unit of
thrust [74], [103], [104], [106]. Due to the primary structure,
the uppermost area of the magnets suffers from a severe flux
leakage problem as it can be seen in Fig. 16.

There is yet another drawback for LSFPMs when com-
pared to conventional LPMSMs. As the secondary does not
have any magnets, the flux is bipolar in this side too. This
means that iron loss is also present in this side, thus lowering
the efficiency of LSFPMs [100], [118].

However, the iron losses can be used as a safety feature.
In [118], Zhang et al. propose a LSFPM with a non-laminated
secondary for a low-speed elevator. With their solution,
the authors limit the falling speed to 1.35 m/s without any
other safety devices. The usage of LSFPMs for elevators is
also analysed in [114], [120], [121]. LSFPMs have also been
applied for rail transit [26], [124], [184] and electromagnetic
launch systems [22], [125].

One of the most researched fields for LSFPMs is their
thrust ripple. Skewing the secondary was classified as inef-
fective in [98]. In [101] Wang et al. propose to use two
additional teeth in each end of the primary to reduce the end
effect component of the detent force, and to apply the skew to
lower the amplitude of the remaining harmonics afterwards.
Additional PMs are placed in the ends of the machine in
[105]. The aim of this solution is to balance the back EMF
waveforms of the three phases of the machine, so that the

VOLUME 8, 2020

electromagnetic thrust ripple is lowered. This solution is also
tested in [114]. In this case, the on-load thrust ripple is 16.6 %
lower after balancing the EMFs. Nonetheless, the addition of
end PMs enlarges the detent force to 1.96 times the initial
value. To reduce the detent force when employing additional
PMs, a combination of those with additional assistant teeth
can be employed [121]. Complementary solutions have also
been employed in LSFPMs. Cao et al. [184] use a modu-
lar and complementary structure to reduce the ripple of the
machine. Due to the complementary structure, the amplitude
of the even harmonics of the back-EMFs is reduced to an
almost negligible value. This reduces the ripple of the electro-
magnetic thrust. Moreover, due to the displacement between
different modules, the detent force is also lower than the one
from the original machine. A combination between end PMs
and a complementary magnetic circuit is proposed in [3]. The
authors compare a LSFPM with a sandwiched LSFPM, and
results show that even if the thrust ripple is reduced in both
cases, the sandwiched LSFPM shows the lower thrust ripple.

Fault-tolerant capability is also obtained in by employing
a modular structure [103], [113], [184]. In such modular
structures each module only contains one coil, so the phase
unbalance can be neglected, as all the individual modules are
affected by the end effect in a similar order of magnitude.
A parameter sensitivity analysis is performed in [113] for
modular and complementary machines. By removing the PM
from half of the primary teeth, E-Core LSFPMs improve
the fault-tolerant capability of conventional LSFPMs without
sacrificing average thrust production [107].

In order to improve the thrust density of LSFPMs, C-Core
LSFPMs are proposed in [107]. Compared to the conven-
tional 12/10 LSFPM, the 6/13 C-Core machine can achieve
a 18.4 % higher average thrust force while the amount of
PM material is 40.1 % lower. However, the detent force is
increased from 10.39 % to 13.32 %. Besides, the power
factor is generally low for C-Core LSFPMs [106]. A yokeless
C-Core LSFPM is presented in [5]. The particularity of this
design is that it adopts a series magnetic circuit, and doing so,
Gandhi et al. improve both the thrust density and the power
factor of a conventional LSFPM, 56 % and from 0.168 to
0.6 respectively. The proposed machine also reduces the aver-
age normal force value to zero. A similar structure is proposed
in [125] and [22], by adopting a double mover structure with
a series magnetic circuit. However, the proposed machine
has a long primary configuration, so the performance is very
poor from both efficiency and power-factor viewpoints. The
partitioned-stator configuration has also been proposed for
LSFPMs, and an improvement of 32.2 % on the average thrust
force has been reported [119].

D. VERNIER MACHINES

Linear vernier machines employ the so-called magnetic-
gearing effect to produce high thrust force and to work at low
speed [154]. LVPMs can be configured with the PMs on either
the primary [154], [172] or the secondary side [164], [167].
For long stroke applications, the cost of the secondary PM
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(b

FIGURE 18. (a) Double-mover C-Core LSFPM with series magnetic circuit
and (b) single sided C-Core LSFPM.

FIGURE 19. (a) Linear vernier hybrid machine and (b) linear primary
permanent magnet machine.

LVPM is excessive, so it has been left out of the scope of this
review.

Generally, LVPMs show excellent shear-stress values and
a high thrust density [147]-[154]. In addition, these machines
exhibit high efficiency values even at low speed, thanks
to the aforementioned magnetic gear effect [158]. Further-
more, very low thrust ripple values can also be achieved
with LVPMs [158], [160], [167], [176]. Contrary to other
machines, LVPMs can achieve low speeds and still maintain
a reasonable size and number of primary slots [157], [168],
[172], which simplifies its structure.

Much like LFRPMs, LVPMs have the PMs mounted on
the surface of the primary teeth, but the amount of PMs is
larger in order to increase the rate of change of the flux and
achieve higher back-EMF values [153]. Two main topologies
of LVPMs have been found in the literature: Linear Vernier
Hybrid Machines (LVHMSs) and Linear Primary Permanent
Magnet Vernier Machines (LPPMVMs).

For the former type, the operating principle is quite similar
to that of LFRPMs. The flux is reversed when the secondary
poles are displaced from one primary magnet to the adjacent
one. The only difference is that there are more poles and
magnets in LVHMs. Thus, the relative displacement between
the mover and the stator needs to be much lower for the flux
to fulfil an entire period, as it can be observed in Fig. 20.
The main difference between LVHMs and LPPMVMs is that
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FIGURE 20. Flux paths of LVHs. (a) Initial, (b) 90 degree, (c) 180 degree
and (d) 270 degree.

FIGURE 21. Open circuit flux-lines of a LPPMV.

the modulation of the airgap flux is done progressively in
LPPMVMs. In these machines, the secondary teeth modulate
the flux density from the magnets so that the primary core per-
ceives a lower amount of poles, to work at a higher frequency.
The modulation effect is displayed in Fig. 21. The effective
pole pair number in the primary p.r, travelling speed of the
flux in the primary core v,y and gear-ratio G, of LPPMVMs
can be calculated with:

DPef = lpPM — 4] (D
ny
G = — " )
ny — ppm
Vef = Gy vm 3)

where ppys, n; and v, stand for PM pole pair number, number
of secondary teeth and mechanical speed.

If analysed closely, it can be seen in Fig. 19 that the align-
ment between the primary magnets and the secondary poles is
constant within a primary tooth for LVHMs. In contrast, this
alignment is not kept constant in LPPMVMs. This is the main
reason why LVHM machines suffer from a higher cogging
force [152], [154] than LPPMVMs. In fact, the cogging force
of LPPMVMs is usually very low [151], [152], [154].

Even if their structures are slightly different, both of these
machines are usually controlled in the BLAC mode, with
the sinusoidal currents injected in phase with the back-EMFs
[156], [172], [175].

LPPMVMs adopt overlapping distributed windings for
their primary armature, in order to maximize the gear
ratio [154]. On the other hand, LVHM machines employ
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concentrated windings. This results in a thicker yoke and
bulky end windings for LPPMVMs, and thus, LVHMs exhibit
a higher thrust density [154]. In addition, LVHMSs adopt a
modular structure most of the times [147], [148], [154], [161],
so their performance is less affected by the end effect [154].
A detailed comparison between these two machines is done
in [154].

For variable speed drives, it was shown that vernier
machines have a very narrow constant thrust speed range
[158]. The performance at the constant power speed range is
not good either for this machines, as the operating efficiency
is low when compared to an Interior Permanent Magnet
(IPM) machine [158]. However, the main drawback for all
LVPMs is their low power factor [168]-[176]. This means
that LVPMs require costly inverters that can manage high
currents if phase voltage is fixed.

That is the reason why power factor improvement has
received much attention in the last years. Baker et al. compare
different PM configurations for a consequent-pole LVHM
in [169]. The authors conclude that the most effective topol-
ogy is the V-shape IPM. With such solution, the power factor
is improved from 0.45 to 0.67. The optimal shape of PMs
for the same type of machine is discussed in [172]. Another
consequent pole structure is proposed in [157] to reduce the
volume of PMs. Not only does the proposed machine reduce
25 % of the PM volume, but also the thrust capability of the
consequent pole machine is 34 % higher than the one from
the original machine. Thrust capabilities of a conventional
LVHM and a consequent-pole LVHM are also compared in
[161]. In this case, an improvement of 14.3 % is obtained in
the thrust density, and the PM volume is 50 % lower. The
usage of halbach arrays is proposed in [153] for an artificial
heart machine, in order to improve the usage of PMs. The
proposed configuration can generate higher thrust force and
lower detent force than the conventional LVPM.

A high power factor LVPM can be designed by com-
bining a double-sided structure and a series magnetic cir-
cuit [155], [170], [171] (Fig. 22). The design parameters
of the machine in [171] are globally optimised for max-
imising thrust and power factor. The final design achieves a
power factor of 0.945, but the experimental measurements
of thrust differ from the expected values in up to 17.2 %,
and the value of the power factor is not verified with the
prototype. Further research must be done in order to validate
this solution. Another double-sided LPPMVM with a series
magnetic circuit is proposed in [156]. The power factor is not
directly analysed, but the proposed machine exhibits 45 %
lower inductance values, so an improvement in the power
factor should be expected. Moreover, the presented machine
improves the thrust density and shear stress of the previous
machine, from 283 kN/m? and 44.4 kN/m? to 387 kN/m? and
49.4 kN/m?.

VI. GUIDELINES FOR PERFORMANCE ENHANCEMENT
Several different configurations have been found in the liter-
ature in the seek of improving the characteristics of LPPMs.
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FIGURE 22. High power factor LVPM.

In this section, several desired features are listed and the
solutions that have been detected in the literature for each
feature are described. LIMs are left out of the scope of this
analysis, because their main drawback, namely the dynamic
end effect, has to be dealt with inherently.

A. THRUST FORCE DENSITY

To start with, the thrust force density is one of the most impor-
tant characteristics of LMs. In general, gears and pulleys
are removed for linear motor driven systems. Consequently,
requirements many times involve low speed and high thrust
capabilities. Thus, in order to reduce the bulk and material
cost of LMs, the thrust density must be maximised.

Consequent-pole machines (Fig. 14 (b)) are capable of
improving the thrust density of LPMSMs [129], [142], [157],
[161], [162]. This is achieved because, due to their structure
the flux leakage is reduced [157], [161], [162], [174].

Halbach arrays can improve the usage of PMs by concen-
trating the flux density in one side of the arrays [163], [174],
[176], [186]. Moreover, as the flux generated by the magnets
is almost completely shielded to a single side, very small
yokes or even non-magnetic materials can be used with such
configuration [187].

Thanks to the flux-focusing effect IPM configurations can
enlarge the flux density in the airgap, which results in an
increased thrust density [164], [168], [169], [172], [176].

Double-sided machines generally exhibit a higher thrust
capability than the single-sided counterparts [16], [47], [84],
[851, [92], [93], [124], [138]. In such machines, the yoke-
less structure can enhance the thrust density of the con-
ventional configuration [5], [120], [156]. By removing the
primary or secondary yoke, the height of the machines, and
thus the cost in long rail applications, can be significantly
reduced. Partitioned-stator configurations (Fig. 14 (a)) have
been demonstrated to enhance the thrust density of LMs
[119], [138]-[140], [185]. In primary PM LMs only LSFPMs
and LFRPMs partitioned-stator machines have been found in
the literature. Both doubly-salient and vernier machines could
also benefit of this structure.

More so, by combining some of the previous solutions,
the enhancement of the thrust density can be improved
even more, e.g. a halbach-array partitioned-stator LFRPM
machine could improve the thrust density of the machine
in [138], by reducing the size of the second primary yoke.

B. THRUST FORCE RIPPLE

There are two main sources of thrust force ripple in LPMSMs,
i.e. detent force and phase unbalance. The detent force also
consists of two components: end effect force and traditional
cogging force.
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If the main requirement of the installation is the removal
of force ripples, air-cored machines are a great solution,
as they are not affected by any means by the detent force [70],
[71], [76]. However, the thrust density of these machines is
quite low [70], [71], [76], [82], [188], and either armature
windings or secondary magnets need to be mounted in the
long rail. Thus, core-less designs result in high-bulk and high-
cost machines. Even so, these machines can be interesting
candidates for ultra-high precision applications.

The usage of assistant teeth is a common solution for deal-
ing with the end-effect force [101], [107], [121]. However,
this solution implies an increased active length the machine,
so if that dimension is strictly limited, other solutions must be
found. Complementary configurations are another effective
solution. As the complementary modules are displaced 180°,
all the odd harmonics of the detent force are in counter-phase,
and thus, they compensate each other [109], [118], [123],
[184]. Moreover, this solution also suppresses even order
harmonics of the back-EMF. So it is also an effective solution
to reduce the electromagnetic thrust ripple. Modular solutions
are another option [184] if an adequate module-displacement
is selected, both the detent force and phase voltage unbalance
can be almost completely compensated.

Segment-shifting [85], [90], [93] has also been proven to
be effective in the reduction of the end-effect force. Moreover,
if the windings are rearranged, the reduction of the EMF can
be compensated [90], [93].

Finally, by attaching additional magnets at the ends of
the machine, the unbalance of the back-EMF can be com-
pletely compensated [3]. Nevertheless, this configuration
might generate a higher detent force, so other solutions must
be also combined if a good overall performance is to be
achieved [121].

Conventional methods for dealing with the cogging force
of LMs are equally effective in LMs. Fractional-slot designs
are a good solution to reduce the cogging force [80]. PM-arc
adjustment, semi-closed slots and asymmetric PM arrange-
ments [69] are also another option to reduce the cogging
effect. The skew is another effective way to deal with the
cogging force [68], [81], [123].

In the detent force optimisation, a periodic model can be
used in FEM first [133]. In this way, there is no end effect,
and the effectiveness of the selected cogging suppression
solution can be evaluated. Then the real machine can be
simulated, including the end force mitigation technique. The
difference between the no-load forces of the real machine and
the periodic machine is the end effect force.

In the case of the modular, segmented, or partitioned-
primary configurations, it may be very difficult to obtain the
same results from the simulations in experimental machines,
due to the manufacturing tolerances. It was stated in [5]
that some thermally conductive epoxies such as Epoxies
50-3185 NC can be used to hold the pieces in place. However,
if some pieces are slightly displaced, additional thrust rip-
ple components might appear in the experimental machines
[102], which are very hard to predict.
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C. POWER FACTOR
The low power factor is one of the main issues for LPPMs.
So far, there are not many solutions that have been found to
be effective in the literature. However, the usage of V-shaped
IPMs [164], [168], [169], [172] is a good alternative. In this
study, this solution has not been found in LFRPMs and
LSFPMs but both of them could benefit of this configuration.
Another choice is the usage of a double-sided config-
uration with a series magnetic circuit [155], [170], [171].
As mentioned before, an impressive power factor of 0.945 has
been reported in [171], but there are no experimental results
that validate this value. By means of example, a double-mover
C-Core LSFPM is shown in Fig. 18 with a series magnetic cir-
cuit. It is a known issue that C-Core LSFPMs suffer from low
power factor [106], so the proposed topology can possibly
improve the performance of conventional LSFPMs.

D. FAULT-TOLERANT CAPABILITY

Fault tolerance is achieved by reducing the ratio between
the mutual inductance and the self inductance. This can
be achieved with the adoption of fault tolerant teeth [132],
[134]. The idea behind fault-tolerant teeth is that it serves
as a return path for the flux generated by a phase. In this
way, the different phases can share less flux, enhancing their
electromagnetic isolation.

Modular configurations are an even better solution for
improving the fault-tolerance of LMs [134], [163], [184].
What is interesting with this topology is that if the distance
between the modules is increased, the decoupling between
phases is increased. If there is a big enough margin from the
machine size point of view, the designer has the flexibility of
deciding which the adequate displacement is.

E. NORMAL FORCE

The high normal force is one of the main disadvantages
of single-sided LMs [124]. Double-sided configurations can
compensate the unbalanced normal force [92], [124]. How-
ever, if a series magnetic circuit is employed [124] the normal
force fluctuates, so it still has to be taken into consideration
when sizing the linear bearings. The other main solution
for balancing the normal force is the adoption of a tubular
topology [189]. However, as stated in [189], tubular machines
shall be employed only in short-strokes, so that deformation
of the long part is avoided.

VIl. QUALITATIVE COMPARISON OF LINEAR PRIMARY
PM MACHINES

In order to fulfil both cost and high energetic efficiency
requirements, modern drive systems must adopt highly effi-
cient actuators which can be reasonably cost effective in terms
of the required materials and the manufacturing process.
In this section, a qualitative comparison table is given. The
table is based on the literature research. The table serves as a
summary of the capabilities of LPPMs, to allow designers to
select the ideal topology for a given list of requirements.
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Thrust density, shear stress, thrust per PM volume, detent
force, thrust ripple and PM immunity are discussed in this
section. Typical values for the design parameters like the
linear loading, current density, or magnet remanence are
within the same range for all the types of machines, with
of 20-35 kA/m, 3.5-7.5 A/mm?, and 1.2-1.35 T respectively.

As discussed in the previous section, the power factor is
very low for LVPMs, and although it has not been analysed as
much for LFRPMs, the same performance could be deduced
from their RM counterparts. No references to the power factor
of doubly-salient machines have been found in the literature,
so this characteristic is left out of the table. However, as a
general reference, LVPMs show power factor values ranging
from 0.3 to 0.6, and the range for LSFPMs in the literature
is 0.7-0.85.

For LDSPMs, as mentioned before, there are not many
mentions in the literature, but the machines that have been
found can generate ~100 kN/m?, with a shear stress range
of 6.4-10.7 kN/m?. Regarding PM usage, these machines
generate 3.6-7 MN/m>. The detent force and thrust ripple of
these machines are also quite high, especially for the basic
configuration, with 35-50 % detent force and 40-55 % thrust
ripple. However, applying skew or a modular configuration
this values can be reduced to 8.5-16.5 % and 12-15 %. As for
PM immunity, LDSPMs are said to have an excellent demag-
netisation withstand capability.

In case of LFRPMs, the thrust density range is much
larger due to the partitioned-primary configuration [138].
This machine, with 560 kN/3 can generate much higher thrust
force than the other configurations in the literature, generally
ranging around 150-200 kN/m?>. The shear stress of LFRPMs
is generally found to be around 7-8 kN/m?, and the magnet
usage is also quite good, with values of 5-8 MN/m>. In this
case, the thrust capability per PM volume of large slot-
opening LFRPM machines is calculated to be of 11.5 MN/m?
[141], only surpassed by the 19.6 MN/m® generated by
the partitioned-primary LFRPM. Detent and thrust forces
are generally lower than in the case of LDSPMs. In both
cases, 5-10 % values are often found in the literature. The
main drawback of LFRPMs comes when analysing their
PM immunity, with an inherently low resistance against PM
demagnetisation [137], [143].

The thrust density of LSFPMs has been found to range
around 300-500 kN/m? depending on the selected structure.
The shear stress usually ranges ~10-13 kN/m?, and ripple
factors lower than 5 % are rarely found in the literature, with
a typical range of 8-15 %. Although the PM demagnetisation
immunity is great for the LSFPMs, due to their problematic
flux leakage, they generally produce ~2.5-4 MN/m?> of PM
volume. In these aspect, both E-core and C-Core machines
can produce ~7 MN/m?, thus considerably reducing the cost
of the active part of the machine.

Finally, the shear stress that can be generated by vernier
machines is off the charts. The most common values that
have been found in the literature range between 20-50 kN/m?,
with reported values as high as 70 kN/m? [168]. Thrust
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TABLE 1. Qualitative comparison of LPPMs.

LDSPM LFRPM  LSFPM LVPM
Thrust Density v vV VYV
Shear Stress vV vV 84 VY
Thrust per PM Volume v vV "84 Vv VY
Detent & Thrust Ripple v 24 Vv 24
PM Immunity 24 v s
Control Typology BLDC or BLAC  BLAC BLAC BLAC

TABLE 2. Main dimensions of the machines.

Parameter Unit LFRPM LSFPM LVHM : LPMSM
Active Length mm 200

Machine Depth mm 100

Total Height mm 35

Airgap mm 0.4

Nph Turns 100

Rated Linear Loading kA/m 20

Rated Speed m/s 1

PM Remanence T 12

PM Relative Permeability 1.034

PM Volume mm? 10532 63340 12923 ' 54649
Current Density A/mm? 6.5 35 75 ' 35

density-wise, LVPMs are comparable to LSFPMs with
250-400 kN/m3. The PM usage is also great with these
machines, with commonly found values of 9-15 MN/m? of
magnet volume. Another great advantage of LVPMs are the
low values of detent force and thrust ripple that they normally
exhibit. These can normally be found to be ~5 % for LVHM
machines, or even lower for LPPMVMs. The main disadvan-
tages of these machines are the low power factor and the weak
PM immunity.

VIIl. PERFORMANCE EVALUATION OF DIFFERENT
MACHINE TECHNOLOGIES

To this date, no paper has been published comparing the
capabilities of LFRPMs, LSFPMs, and LVPMs. Based on
Table 1, LDSPMs have been discarded, due to their relative
low thrust density and high ripple.

The characteristics of the machines are often listed with-
out any comparison between different technologies. Thus,
in this section, in order to validate the relative comparison
in Table 1, the three machines are sized and compared under
fixed dimensions and linear loading. The current density has
been used to adjust the losses of the primary PM machines
to similar values. This way, the relative capabilities of the
machines for this requirement can be evaluated, so that the
optimal machine for such requirement is identified. More-
over, the machines are compared to a conventional surface
PM machine. This last machine allows to identify the draw-
backs that adopting a primary PM structure might create.

The results of the comparison have been obtained in 2D
FEM. The selected machine configurations, viz. consequent-
pole large slot-opening LFRPM, C-Core LSFPM, consequent-
pole LVHM, and fractional-slot concentrated winding
LPMSM, and their main dimensions are shown in Fig. 23 and
Table 2 respectively. The dimensions only take into account
the active part of the machine.

A. THRUST FORCE

Figure 24 shows the average thrust of the machines under
different current values. The rated current is 6.67 A for all
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(b)

(d
FIGURE 23. Compared machines. (a) LFRPM (b) LSFPM (c) LVHM and

(d) LPMSM.
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FIGURE 24. Average thrust force comparison.

machines. At rated current, the LVHM is the machine that
generates the highest thrust force with 427.1 N, whereas
the average thrusts of the LSFPM, LFRPM and LPMSM
are 365.3 N, 153.2 N and 249.3 N respectively. Moreover,
the rated thrust ripple of the LVHM is also the lowest between
the three machines at 8.86 %. However, the overload capa-
bility of both the LSFPM and the LPMSM are superior to
the rest. In case of the LPMSM, the average thrust curve is
perfectly linear in the analysed range.

Due to the small airgap, all four machines exhibit high
detent force values for their standards. That is why the thrust
ripple values are also high, and reduce as the average thrust
force is increased. However, in the case of the LPMSM and
the LSFPM the detent force gets to 33.83 % and 50.5 % of
the rated thrust, which are unacceptable most of the times.

B. POWER FACTOR
As stated in the literature search, the power factor of LFRPM
machines has not been discussed yet. Figure 26 shows the
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FIGURE 26. Power factor comparison.

evolution of the power factor of the four machines. Through
the whole range, the power factors of both LFRPM and
LVHM machines are almost identical, and much lower than
the ones from the LSFPM and the conventional LPMSM.
Thus, some especial configurations would be needed for these
machines if the phase voltage and current were limited by an
inverter.

In the case of the LSFPM, the power factor has an
acceptable value around the nominal current value. However,
the reduction of the power factor is much more severe than for
the conventional LPMSM when operating at higher loads.

C. PM IMMUNITY

The evaluation of the PM immunity has been studied under
two different conditions. First, the operating point of the PMs
has been analysed in a no load simulation, to get the normal
operating point of the magnets. Then, a faulty operation has
been simulated, where a fully demagnetising current, i.e. in
the negative d axis, of 6.67 A has been applied to every
machine. Figure 27, Fig. 28, Fig. 29, and Fig. 30 show the
results from the simulations. Notice that the scales of the
figures are different. This was done in order to appreci-
ate the change in the operating point with more detail.
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Both LFRPM and LVHM machines are highly affected
by the demagnetising current. The operating points of the
magnets are reduced in around 0.21 T and 0.32 T respectively
over the main area. In contrast, the LPMSM shows very little
variation in the operating point of the magnet when the fault
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TABLE 3. Performance comparison.

Unit LFRPM LSFPM LVHM ' LPMSM
Thrust Density kN/m 218.8 5219 610.1 356.1
Shear Stress kN/m? 7.7 18.3 214 12.5
Thrust per PM Volume MN/m? 14.5 58 330 4.6
Detent Force N-% 12.6-8.22  184.5-50.5  22.3-521 | 84.32-33.83
Thrust Ripple % 11.7 545 89 | 334
PM Immunity (Fault) vV VY v VY
PM Immunity (Normal) VY vV VY IV
Power Factor 0.36 0.86 0.38 ! 0.99
Copper Loss w 64.74 38.81 70.67 ! 27.80
Iron Loss w 23.62 46.75 23 ! 19.22
Efficiency % 63.41 81.02 82.12 ! 84.13

occurs. However, it is the LSFPM which exhibits the best PM
immunity, because the operating point of the magnet shows
no variation at all under the fault condition. Thus, it can
be deduced that the best PM demagnetisation immunity is
obtained by LSFPMs.

However, if the scales are analysed in detail, it can be
clearly seen that the LSFPM shows some regions with a
low operating point even in the no load simulation. Thus,
there is a local demagnetisation risk even at normal operating
conditions for these machines if this operating point is not
taken into account when designing the machine. In addition,
the operating point of the main flux generating area is also
significantly lower for the PMs of the LSFPM in the no
load simulation. This means that the LSFPM machine might
require higher temperature grade magnets in order to avoid
demagnetisation, which increases the cost of the PM material.

As a summary, all the results of the three machines are
given in Table 3. The PM immunity field has been divided
into two parts. The first field represents the immunity of the
PMs to withstand demagnetising currents, and the second one
refers to the PM remanence in normal operating point of the
magnets.

D. RESULT DISCUSSION

First, it is important to mention that the aim of this compar-
ison is not to obtain the globally optimised results for each
type of machine. The comparison has been based on simple
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configurations, in order to obtain typical capabilities of the
machines.

Due to the small airgap to total height ratio, all the LPPMs
exhibit slightly higher trust densities than the ones found
in the literature. The low airgap length allows a larger flux
linkage and thus a larger thrust capability for all machines.

For the same reason, the detent force is also high for all four
machines. The increased no load flux attracts the machines
with a stronger intensity. Thus, the amplitude of the ripple is
enlarged.

The fault immunity of the machines also confirms what
has been found in the literature, with high operating point
variations for the magnets of the LFRPM and the LVHM.

The suspected low power factor has been confirmed for
LFRPMs. In the analysed case, the power factor of the
LFRPM is within the typical power factor range of LVPMs.
This makes sense, because these machines are very similar
constructively.

Under the same conditions, the thrust density and shear
stress of the LFRPM are much lower than the ones of the other
machines. So it can be concluded that the thrust capability of
LFRPMs is significantly lower than the one of LSFPMs and
LVHMs.

Even if the rated thrust density of the LVHM machine is
the highest in between the analysed machines, in applications
where the load is constantly changing, the overload capability
must be taken into account when sizing the machine. For such
applications, LVHM machines must be oversized. Thus, their
thrust density has to be sacrificed. In this aspect, LSFPMs
exhibit a combination high rated thrust density and good
overload performance. However, it can be deduced from the
results that the reduction of the overload capability is one of
the main sacrifices that designers have to do when adopting
the primary PM structure. As both the magnets and the PMs
must be set in the primary side, there is less space for each
component, and the magnetic circuit gets saturated at a lower
loading value.

The thrust per PM volume confirms that the LSFPM needs
much more costly active parts than the other LPPMs. More-
over, due to a naturally low operating point of the mag-
nets, the temperature rating of the PMs in the LSFPM has
to be higher than in the other LPPMs. This also leads to
an increased cost of the active part. However, due to the
poor power factor, both the LFRPM and the LVHM require
costly inverters. This means that overall machine+inverter
cost should be taken into account when selecting the ideal
machine. If the conventional LPMSM is analysed, it can
be seen that it demands an even higher PM volume than
LSFPMs. Hence, not only can LPPMs be more cost effective
than conventional LPMSMs in long stroke applications, but
also in short stroke applications due to a lower PM volume
requirement.

Regarding the thrust ripple, both the LFRPM and the
LVHM exhibit acceptably low ripples, whereas the ripple of
the LSFPM and the LPMSM are too high for most appli-
cations. This means that especial configurations must be
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adopted to deal with the detent force if LSFPMs or LPMSMs
are selected.

If a robust operation is required, the LSFPMs are really
good candidates, thanks to their outstanding withstanding of
demagnetising currents. This feature can also allow to use
these machines in strong field weakening conditions, without
any risk of damaging the magnets.

IX. CONCLUSION

An exhaustive review of the current state of the linear
machine technology was presented in this paper. First,
the capabilities and operating principles of the different linear
machine technologies were listed. Moreover, several con-
figurations for enhancing their capabilities have also been
presented. Thanks to the comprehensive review and analysis
of the main machine technologies in the literature, the most
promising LPPMs have been identified. By comparing these
machines with a conventional LPMSM, the main sacrifices of
adopting the primary PM structure have also been detected.

o The power factor of LPPMs is very low when compared
to the conventional machine, especially in the case of the
LFRPM and the LVPM.

o The overload capability of LPPMs is worse than the one
of the conventional machine, due to the limitation in the
available space.

As a direct comparison of the thrust capability and power
factor between LSFPMs, LFRPMs, LVPMs and conventional
LPMSMs has not been found in the literature, there are
some interesting facts that can be concluded from the perfor-
mance comparison. First, under the same restrictions, both
the analysed LVHM and the LSFPM exhibit a higher rated
thrust force density than the conventional LPMSM. Due to a
strong flux focusing in LSFPMs, and the magnetic gearing
of LVPMs, the thrust performance of the LPMSM can be
enhanced. The overload capability of the LVHM has been
found to be very limited when compared to the LSFPM. Such
a poor overload capability may require an increased machine
volume if the operating cycle of the machine contains fre-
quently changing loads. In the case of LSFPMs, even if the
PMs are immune to demagnetising currents, there is a local
demagnetisation risk which must be assessed and its effect on
their performance needs to be quantified.

The usage of series magnetic circuits could be a good
solution for the enhancement of the power factor of LPPMs.
In fact, partitioned-primaries inherently adopt a series mag-
netic circuit, but their effect on the power factor of linear
machines has still not been analysed. Hence, series magnetic
circuits with or without partitioned-primaries should be tested
as a solution for enhancing the low power factor of these
machines. In addition, the combination of a series magnetic
circuit with hallbach arrays or V-shaped IPMs could also help
in the improvement of the power factor while increasing the
thrust capability of the LPPMs.

The partitioned-primary configuration is especially inter-
esting for LVPMs, because it can be able to improve the thrust
density while enhancing the power factor of the machines.
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The thrust ripple reduction of ladder-slit secondary LIMs
by adopting modular structures, or designs of mutually-
coupled LSRMs for traction applications are also other fields
that need to be assessed in future studies.
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