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Abstract—Linear electromagnetic motors (LEMs) have been
proposed, developed and used to propel high-speed (i.e. speed
> 100 m/s) levitating vehicles. However, few real implemen-
tations have demonstrated the feasibility of these machines at
such speeds. Furthermore, LEMs are expected to be enabling
technologies for levitating vehicles traveling at near sonic speed,
such as the Hyperloop concept. This paper presents a systematic
review of modeling, design and performance assessment of LEMs
used (or proposed) for the propulsion of levitating high-speed
vehicles. Among all the possibilities, those that have received
the most attention since the 1960s, along with the first magnetic
levitation train concepts, are discussed. Classified by operating
principle and topology, the LEMs are compared in terms of
design and performance via specific key performance indicators.
The performance of the various proposed LEMs is assessed on
the basis of data available in the literature.

Index Terms—Transportation, high-speed train, linear elec-
tromagnetic motor, electromagnetic propulsion, electromagnetic
levitation, maglev.

I. INTRODUCTION

DUE to high-dependency on fossil-fuels [1], global trans-
ports still accounts for more than 20% of worldwide

CO2 emissions [2], [3]. To meet the greenhouse gas emission
targets set by international effort, such as the Paris agreements
[4], tomorrow’s transports must be more efficient, sustainable,
safe and reliable. Electrification of transport, in particular with
electric vehicles for low-speed and short-distance travels, is
part of this trend [5]. For extended distances, such as intra-
continental travel, electric trains, and particularly high-speed
trains, are expected to play a larger role in passenger and
goods transport. They present low values of average energy
usage per passenger per km and CO2 emissions per passenger
per km (e.g. 180 Wh/passenger/km, 20 gCO2/passenger/km)
compared to other transportation systems [6].

The beginning of the 20th century has seen the first electri-
fication of rail transport, previously driven by steam engines,
accompanied by constant increase of cruising speed [7]. Then,
the conventional wheel-on-rail trains have constantly evolved
to achieve high performance and speed, pushing forward
the physical limits imposed by wheel-to-rail or pantograph-
to-catenary contacts. However, infrastructure constraints, and
growth of air transport, finally overtook high-speed train
developments. When considering trains currently in service
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TABLE I
MAXIMUM AND COMMERCIAL SPEED FOR TWO TYPES OF HSGT.

Wheel-on-Rail Maglev

Speed record 159.4 m/s (TGV) 167.5 m/s (L0 series)
Commercial speed 97 m/s (CR Hexie) 119 m/s (Shanghai Transrapid)

globally, it appears that the highest operating speed is in
the order of 80-100 m/s [8], [9]. At the same time, since it
was first conceptualised in the early 1900s [10], the magnetic
levitation train (i.e., the maglev) has garnered increasing
interest since the 1960s due to its feature of operating without
any mechanical contact with the guidance infrastructure [11].
More recently, the Hyperloop has attracted the attention in
view of its potential cruising speed well higher than the one
of a maglev along with its reduced energy needs and passive
rail thanks to energy autonomous capsules [6]. Consequently, it
has emerged as a promising solution for achieving speeds well
beyond those of conventional trains, with targets exceeding
110 m/s [12]. In view of the above, in what follows the term
high-speed is used for operating speeds above this value. A
comparison of today’s speeds for the two types of trains is
shown in Table I.

Over time, different machines converting energy into linear
motion have been proposed (e.g., rocket, ducted fan, etc.) to
propel a maglev train. More recently, the focus has been on
linear electromagnetic motors (LEMs) for several reasons [10],
[12], [13]:

• high conversion efficiency of electrical power into linear
motion through magnetic field;

• contact-free propulsion, independent of any mechanical
adhesion factor;

• a single device can create thrust and levitation, increasing
the force densities (e.g. volumetric and gravimetric) of the
LEM;

• high acceleration and braking force;
• operation in a vacuum environment, without gas emis-

sions;
• low noise emissions;
• expected low rail and wheelset maintenance.
The use of LEMs for high-speed ground transportation

(HSGT) has been extensively studied and tested since the
1960s. Additionally, considering the advantages they offer
over wheel-on-rail vehicles, LEMs have also been studied
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Fig. 1. Classification of LEMs proposed for HSGT propulsion.

and tested to be used in low-speed transport systems such as
urban metros [14]. Therefore, not all developed solutions have
undergone the same level of testing, and while some have, not
all have yet been proven suitable for high speeds.

A limited number of publications have explored the require-
ments of a high-speed transportation system. The authors of
[6] delves into the energy optimization needs, while those
of [15] compare the energy consumption. From a different
perspective, [16] reviews the core technologies essential to
implement a high-speed transportation system.

The main scope of this paper is to review the state of
research on LEMs proposed for HSGT propulsion, through
their design, modeling and, more specifically, to quantify their
performance obtained using data from the literature. These
values come from experimental studies on LEMs, obtained
from the existing literature, with the aim of demonstrating
their feasibility or assessing their performance for a given
application, and, to the best of the authors’ knowledge, such
an analysis has not been proposed in previous reviews in this
field [12], [14], [17].

The paper is structured as follows: Section II gives gen-
eralities about the use of LEMs in HSGT and extract the
main types that are discussed in this paper. Then, Section
III and IV describes them in terms of design, modeling, and,
particularly, feasibility. They are grouped in these two sections
according to their operating principle and topology. Lastly,
Section V compare their performance using defined indicators
and discuss their improvement margin.

II. LEMS GENERALITIES

So far, several books have summarised the state of research
including modeling, design methodology, industrial applica-
tions, control strategies and power supply [18]–[24].

Among all the variants proposed for the propulsion of
HGST system, LEMs can be classified into 4 categories, as
identified in Fig. 1, according to their operating principle and
topology:

1) linear induction motor (LIM);
2) DC-excited linear synchronous motor (DCE-LSM);
3) homopolar linear synchronous motor (H-LSM);
4) superconducting magnet linear synchronous motor (SC-

LSM).

Variations are also possible, such as the absence of excitation
or the addition of permanent magnet (PM) materials. These
variations belong to some of the categories mentioned and are
addressed at the same time in this paper.

Table II reports the main features of each of these LEMs.
These characteristics are discussed in this Section. To assess
their performance, specific key performance indicators (KPIs)
are introduced. They are used to compare the LEMs and assess
the margin improvement of each type. Based on this table,
observations specific to the use of LEMs for HSGT propulsion
are made.

A. Key performance indicators for LEMs comparison

Although, in terms of operating principle, a LEM using a
passive guideway is similar to one using an active guideway,
the targeted application and the performance evaluation may
be different. Thus, there are two different sets of KPIs,
depending on the type of guideway (defined later). For a
passive guideway, it is assumed that the necessary energy is
provided by an onboard vehicle energy storage systems. It
therefore makes sense to scale the performance values to the
weight of the motor, given that weight is a major constraint
in this type of system.

• The thrust force gravimetric density Ft (p.u.). This is the
thrust generated by the LEM, expressed in Newtons (N)
and divided by the LEM weight in N.

• If applicable, the levitation force gravimetric density Fn

(p.u.). This is the levitation force generated by the LEM,
expressed in N and divided by the LEM weight in N.

• The mechanical power gravimetric density Pm (kW/kg).
This is the thrust generated by the LEM, multiplied by
the speed in m/s and divided by the LEM mass in kg.

• The efficiency-power factor product η cosϕ (p.u.).
• The maximum mechanical speed vm (m/s).

An active guideway system is characterized by its energy
consumption and energy conversion performance.

• The efficiency-power factor product η cosϕ (p.u.).
• The specific energy consumption SEC (Wh/seat/km),

assuming fully loaded vehicle, so that one seat equals
one passenger. It indicates the minimum energy required
to propel a passenger at a given speed per kilometer.
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TABLE II
COMPARISON OF LEMS PERFORMANCE AND STRUCTURE.

LIM DCE-LSM H-LSM SC-LSM

Guideway Passive Active Passive Active

Topology Single-sided Single-sided Single-sided Single-sided

Structure complexity Flat secondary with conductive
and magnetic material

Iron-cored, DC excitation
on the vehicle

Segmented rail with
magnetic material

Core-less, SC magnets
on the vehicle

Levitation EDS/EMS EMS EMS EDS

Flux direction Longitudinal Longitudinal Transverse Longitudinal

Ratio Fn/Ft
a 0.5-2 N/S 5-10 N/S

Longitudinal end effect b High No Low No

Magnetic air gap c 20-50 mm 10-20 mm 10-20 mm 100-300 mm

Achieved speed 111 m/s 139 m/s 111 m/s 167 m/s
N/S for not specified.
aFt for propulsion force and Fn for levitation force.
b Specific effect due to finite length of primary or armature winding.
c Core-to-core air gap.

• The maximum mechanical speed vm (m/s).
A more in-depth discussion of these KPIs and their meaning
is presented in Section V-A.

B. Guideway

A LEM can be considered as the cut and unrolled coun-
terpart of a rotary motor and, therefore, consists of two
parts. In a transportation application, one component, known
as guideway or rail, extends over the entire distance to be
covered. Meanwhile, the other component, the moving part
that is attached to the vehicle, covers only a very small portion
of that distance. Two configurations emerge and are defined
as follows [18]:

• Active guideway refers to the presence of an excitation
or moving field on the guideway.

• Passive guideway is composed exclusively of conductive
or ferromagnetic material. In this case, it is common to
talk about rail. The vehicle carries all the active parts of
the motor (i.e. multi-phase winding and excitation field,
if any).

This is illustrated for two types of linear synchronous motors
(LSMs) in Fig. 2. Note that it is chosen to refer to active as
soon as the guideway contains excitation of any kind.

C. Levitation

If any, the levitation force produced by the LEM can be
associated to two technologies, based on whether it is attractive

Vehicle

Active guideway

ArmatureExcitation 

field

(a) DCE-LSM

Vehicle

Passive guideway

Armature Magnetic 

core

(b) H-LSM

Fig. 2. Structure of (a) an active guideway and (b) a passive guideway.

or repulsive, which depends on the motor’s operating principle
[25].

• The electrodynamics suspension (EDS) is defined as the
interaction between a moving magnetic field and eddy
currents induces in a stationary conductive material. This
interaction results in a repulsive force. The associated
levitation is inherently stable but not active at low speeds,
as the interaction takes place with motion.

• The electromagnetic suspension (EMS) is a magnetic
attraction between iron and an electromagnet. This lev-
itation principle is inherently unstable and needs to be
controlled with a feedback loop. Indeed, the attraction
force is non-linear with the air gap.

D. Air gap

The air gap in electrical motors is determined by the
motor’s structure, speed, and application requirements. Unlike
rotary motors with air gaps of typically 0.2-3 mm [26], the
performance of LEMs is often influenced by the presence
of larger air gaps of several centimeters required for HSGT
applications.

At high speed, a precise control of the air gap is essen-
tial to avoid any contact with the guideway and to handle
disturbances such as train crossings or crosswinds. For pas-
senger comfort, a small air gap reduces flexibility for smooth
levitation control, which may require additional mechanical
damping between the motor and the passenger cabin and a
higher instantaneous power required at inverter’s output [27].

E. Design aspects

1) Definitions
While there are similarities between rotary and linear

electromagnetic motors, LEMs offer additional degrees of
freedom. In particular, they can be designed as single-sided
or double-sided motors, providing enhanced flexibility in the
motor assembly. In a double-sided configuration, the magnetic
flux is crossing the air gap from one side to the other. This
is illustrated in Fig. 3 for a linear induction motor (LIM),
where the two primary parts are located on both side of a
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(a) DSLIM (b) SLIM

Fig. 3. Double-sided and single-sided LIMs. Adapted from [18].

central rail. In this case, normal forces on two primary parts
counterbalance each other.

Additionally, the motor can be either longitudinal or trans-
verse flux as illustrated in Fig. 4. This term relates to the
direction of the magnetic flux: in a longitudinal flux motor,
the magnetic field is flowing in the direction of the motor’s
motion, while in a transverse flux motor, it flows within a
plane perpendicular to the motion direction. A transverse flux
motor is preferred when the magnetic path of the transverse
configuration is shorter than that of the longitudinal config-
uration. This reduces the iron thickness iron and, therefore,
the total motor weight [28]–[30]. A transverse flux machine
usually has a higher force density, a high efficiency, but a low
power factor and a complex structure, making it more difficult
to model [31].

Among LEMs, the term homopolar or heteropolar defines
the polarity in the air gap, i.e the sign of the magnetic field.
In a homopolar machine, the polarity over the entire surface
of a single air gap is constant [32]. As shown in Fig. 4b or
8a, these are typically transverse flux machines, and a single
air gap corresponds to one side of the U-shaped primary or
armature.

2) Design optimization
A design optimization process requires fast and accurate

models that assess the motor performance. Generally, the focus
is on developing analytical models that take into account
few or all effects and give acceptable results in a short
time. Models using finite element method (FEM) represent
a powerful alternative to analytical models. However, when
three-dimensional analysis are needed, it requires considerable
computational resources [33]. The optimization procedure is
divided into several sequential steps [34]. Firstly, a single- or
multi-objective function with variables to minimize or maxi-
mize is proposed. Following this, key constraints are identified
and defined, outlining permissible intervals for the design
parameters. These key constraints may be complemented by
design guidelines, offering opportunities to enhance the design
without being mandatory. Finally, a specific solving method is
employed, followed by an analysis of the obtained results.
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Fig. 4. Illustration of (a) longitudinal and (b) transverse flux.

(a) Correlation matrix of objective function variable

(b) Occurrence of objective function variables in publications

Fig. 5. Analysis of objective function variables used in LEM design
optimization.

Fig. 5b represents the occurrence of variables within ob-
jective functions as they appear in a sample of the literature
on LEM design optimization [35]–[52]. Fig. 5a shows the
correlation matrix of the variables, i.e. the likelihood that
two variable are maximised / minimised in the same design
procedure.

Although some studies aim to minimize the levitation force,
the main objective in the design optimization of LEM is to
maximize the force gravimetric densities created by the motor
(especially the thrust) and the efficiency-power factor product.
These design procedures also include some specific effects
related to the type of LEM. Indeed, for a LIM, the impact of
the longitudinal end effect is likely to be minimized and the
efficiency-power factor product maximized, whereas for some
LSMs the aim is to minimize thrust ripple for maximum thrust.

However, in LEM design studies, it is important to inves-
tigate the other significant characteristics to ensure the oper-
ational feasibility of the system. These include analyzing the
vibrations created by the motor, assessing the fault tolerance
and making the system safer, predicting heating and its impact
on the performance, etc.

F. Performance impact on power supply

Efficiency and power factor are important performance
indicators for LEMs, as they determine the size of the power
electronics and have a direct influence on the energy consump-
tion of the transportation system [44].

An advantage of LEMs is their ability to do active braking,
and braking energy can be fed back into the main supply.
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The transfer of energy from the infrastructure to the vehicle,
when the latter has no energy storage system, can take place
via a mechanical contact between the two, for example a
pantograph-to-catenary contact. However, mechanical contact
is undesirable at high speeds, making inductive power transfer
the most suitable solution [53]. Alternatively, the energy
needed to operate the vehicle has to be stored onboard.

III. LINEAR INDUCTION MOTOR

The LIM operates based on the principle of electromagnetic
induction. The primary part, containing the winding, induces
currents in a secondary element, generating thrust through
the interaction between the magnetic field generated by the
primary winding and the induced currents in the secondary
element.

A. Design aspects

The operating principle of a LIM is similar to the rotary
induction machine (IM), allowing several secondary types
[54], [55]. Since the performance of a LSM is better than that
of a LIM for an active guideway, the latter is of interest when
used with a passive guideway [18], [33]. Indeed, a secondary
made of a conductive sheet alone or combined with layers
of magnetic material are commonly considered due to their
ease of manufacturing and assembly over long distances, as
illustrated in Figure 6b .

In a double-sided LIM (DSLIM), the two primaries are
located on either side of a central rail, as shown in Fig. 3a,
cancelling the normal force exerted by the primary assembly
on the rail. In a single-sided LIM (SLIM), the normal force (or
levitation force) can be repulsive (EDS) or attractive (EMS),
depending on the secondary used and the operating point of
the motor [58]–[62]. Several studies have focused on rail
characteristics, material properties and general design. The
presence of secondary joints affect the vehicle dynamics [63],
whereas design and material variations can improve SLIM
performances [54], [61], [64]–[66]. The thermal behavior of
this type of motor is analysed, for instance, in [46], since
a passive guideway implies the primary to be continuously
supplied during the ride.

LIMs, and especially DSLIMs, have a large air gap, due
to the required clearance imposed by the speed and the
conductive rail, magnetically seen as air [14]. A larger air gap
implies a higher magnetising current and, therefore, reduces
the machine’s power factor and efficiency [44], [67].

SLIMSLIM

(a) Primary (SkyTrain)

RailRail

(b) Secondary (JFK AirTrain)

Fig. 6. SLIM as a propulsion system for a wheel-on-rail train. Adapted from
[56], [57].

B. Modeling

1) End effects
Specific phenomena caused by the finite lengths of the

primary are called end effects [64]. The transverse end effect
occurs in the direction perpendicular to the motion, while
the longitudinal end effect is caused by the relative motion
between the primary and the secondary. As a result, they
decrease the thrust, lift, efficiency and power factor [33], [68].

Although the causes and consequences of these effects are
widely documented in the literature, their accurate modeling is
still being investigated at the present time. It is often proposed
to reduce these negative effects at the design stage, as proposed
by Laithwaite with the goodness factor [22] aiming to design
a LIM that is least affected by the longitudinal end effect at its
operating point, or by others with the end effect factor [47],
[69], [70]. However, studies have proposed to use it to improve
LIM performance [71]. Overall, the literature agrees that a
high number of poles reduces the impact of the longitudinal
end effect [69].

2) Analytical models
During the 1970s, the focus was on understanding the

end effects and modeling the LIMs with advanced analyti-
cal models such as one-, two-, three-dimensional field-based
models1 [62], [65], [72]. In recent years, the main effort
is directed to the development of equivalent circuit models
(ECM) that accurately account for the longitudinal end effect,
air gap variations and magnetic saturation [47], [73]–[75]. This
need is mainly associated to the coupling with the control of
the motor’s power electronics [14], [76]. The main innova-
tion is the extensive use of FEM (two or three-dimensions)
which provides accurate results since the numerical solution
is obtained with no approximation of the underlying physics
[46]–[48], [64], [68], [77]. The limitation is the computation
time, which limits its use to model validation or specific
analysis [78].

Table III gives a comparative analysis of LIM models,
providing key assumptions, captured effects, limitations and
advantages. Field-based two- and three-dimensional models
provide fast and relatively accurate results, which can be used
in design optimization algorithms. Carter’s coefficient has been
widely adopted in the literature to take primary slots into
account [79]. It defines an equivalent air gap length, used in the
model equations, so the primary surface can be considered to
be flat [18], [26]. The assumption of constant iron permeability
implies that there is no saturation accounted for, especially in
the primary or in the back-iron. The use of steady-state condi-
tions allows to derive the model in the frequency domain and
to use phasors. Finally, assuming a constant rail conductivity
means neglecting frequency-related effects. These assumptions
greatly simplifies the formulation of the model along with
improving computational effectiveness.

C. Performance impact on control
The end effects have an impact on the LIM control scheme

and make it more complicated to implement [14], [33]. In the

1A field-based model solves the governing differential equations using
methods such as the Fourier series decomposition.



IEEE TRANSACTIONS ON TRANSPORTATION ELECTRIFICATION 6

TABLE III
COMPARATIVE ANALYSIS OF LIM MODELS.

Model dimension 1D 2D 3D

Model type ECM [42], [47], [73]–[75], [80] FEM [46]–[48]
Field-based [62], [65], [72], [81]

FEM [48], [64], [68], [77], [82]
Field-based [83]

Geometry representation None Longitudinal plane Full

Primary slots None Carter’s coefficient Fully considered or Carter’s coefficient

Longitudinal end effect Often neglected a Often considered Considered

Transverse end effect Often neglected a Often neglected a Considered

Main assumptions Constant iron permeability, constant rail conductivity, steady-state conditions

Computation time Low High Analytical: high
FEM: very high

Application Motor control
Performance estimation

Design
Performance estimation

Advantages Low complexity High accuracy

Limitations Limited accuracy No edge effect High complexity
1D, 2D, 3D for one, two, three dimensions.
ECM for equivalent circuit model, which can be magnetic or electrical.
a This effect is sometimes considered using specific coefficients.

absence of the latter, the theory of transients, as developed for
rotary IM, may be used [84].

LIMs are supplied by a variable-frequency source, so that
they are set to a precise operating point for each speed, such
as the maximum efficiency-power factor product, which is
usually located at higher slip than in rotary IM, due to the
higher air gap [59], [65], [68], [85].

D. Feasibility

By far the most extensively tested LEM is the LIM, some of
which have reached 111 m/s [86], and which has been used in
commercial transport applications. However, the longitudinal
end effect, and its poor performance at high speed, seems to
have limited its use to low-speed applications, such as Linimo
(28 m/s) in Nagoya [87], SkyTrain in Vancouver or AirTrain
in New York [10]. The first mentioned uses a EMS device for
the levitation and the last two are not maglev trains but wheel-
on-rail LIM-powered trains. Even though they are SLIMs, the
normal force generated is not used to levitate the vehicle.

IV. LINEAR SYNCHRONOUS MOTOR

The LSM is characterised by the synchronism of the me-
chanical motion with the moving magnetic field [19]. Thrust is
created by the interaction between the moving magnetic field
and a variable reluctance structure, or a magnetic excitation
field.

A. Design aspects

1) DC excitation with active guideway
The DC-excited LSM (DCE-LSM) is a LEM with an active

guideway, in which the AC armature winding is usually set on
the guideway and the DC excitation winding (named exciter)
on the vehicle, both iron-cored [18], [88]. The exciter is also
used for the levitation of the vehicle (EMS). An additional
winding can be housed in the exciter teeth as shown in Fig.
7a, it is a linear transformer used to transfer energy from

the guideway to the vehicle. Possible design variations of the
motor are the flux direction or winding layout [89].

2) DC excitation with passive guideway
The active guideway is a complex solution to be used for

long distances. A proposed alternative is to move the excitation
winding to the armature, and the armature to the vehicle,
so that all windings are located on the same side of the
motor, and the motor on the vehicle. In this case, the rail
is passive and made of a segmented ferromagnetic structure
notched along the direction of motion. Several motor design
can be considered: heteropolar or homopolar, transverse or
longitudinal flux [32]. Nevertheless, the solution that emerges
to simplify manufacturing is the transverse flux homopolar
LSM (H-LSM), shown in Fig. 8a. Naturally, the same motor
could be used in an active guideway application and a passive
vehicle, as was the case for the Swissmetro concept [92].

The H-LSM design is very flexible and the rail shape can
be optimized to modify motor’s performance such as cogging
thrust or ratio of levitation force to propulsion force [94], [95].
Fig. 9 illustrates this flexibility with two different rail shapes.

A drawback of the H-LSM is the high flux density experi-
enced by the armature teeth. The other notable downside is the
large space occupied by the coils in the armature [96]. Indeed,
a large part of the coil is not located under the armature active
surface. The complex shape of the latter leads to a bulky and
heavy motor, with a small active surface, which is an issue

Linear transformer

Armature Exciter

(a) DCE-LSM with linear transformer

Exciter

Armature

(b) Shanghai Transrapid

Fig. 7. Active guideway with DCE-LSM and the Shanghai Transrapid.
Adapted from [90], [91].
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Rail segment

DC winding

AC winding

(a) H-LSM (b) Magnibus

Fig. 8. Passive guideway with H-LSM and the Magnibus. Adapted from [29],
[93].

for applications with on-board energy storage system. In this
case, the focus is on designing a armature that is optimized in
terms of weight and volume. Briefly mentioned in the literature
for transport application, the reluctance LSM is equivalent to
the H-LSM without the DC excitation, in a longitudinal flux
configuration [97]–[99].

Additionally, PMs can be added to the exciter of DC excited
LSM [19], [97], [100], [101] or in the armature of the H-LSM
[18], [102] in order to reduce the size of the DC winding.
The PMs ensure the levitation of the total vehicle weight
and the DC coils are used only for controlling the levitation
stability. This results in configurations with high gravimetric
and volumetric densities for thrust.

In this case, the same considerations apply as for PM rotat-
ing synchronous machines (PM-SM), and irreversible demag-
netization of the magnets due to the magnetic field created by
the windings may occur. The maximum allowed temperature
of the exciter is also limited. Indeed, it is usually kept below
100-150 ◦C to avoid degradation of PMs performance [99].

3) SC excitation
For large-power and high-speed LSMs, the exciter with

ferromagnetic core that create the excitation flux in the DCE-
LSM can be substituted by superconducting electromagnets
(SCM) [19]. The goal is to keep a core-less coil at extremely
low temperature, namely 10K or 77K for high-temperature
superconductive (HTS) materials, so that a large current can
flow in it with negligible Joule losses. In this case, it is possible
to obtain a high magnetic flux density in the air gap. Once a
DC current is flowing in the coil, it may stay for several hours
[19]. The input power required for cooling is lower with HTS
and all the complexity lies in the design and the operation of
the SCM [18].

SC-LSM usually have SCM on the vehicle and a core-
less AC armature winding on the guideway [18], [88]. The

DC winding

+ +

AC winding

(a) Alternating rail segment

direction of motion

primary member

AC coils on
primary member

DC coils on 
primary member

zigzag secondary 
member

(b) Zig-zag rail

Fig. 9. Different rail geometries for H-LSM. Adapted from [17].

SCM

U
V
W

U
V
W

Ground coil

Null flux cable
to power supply

(a) Core-less SC-LSM with eight-
shaped coils

SCM

Ground coils

(b) L0 series train

Fig. 10. Active guideway with SC-LSM and L0 series at Yamanashi test line.
Adapted from [103], [104].

AC winding is placed horizontally, as shown in Fig. 11, or
vertically (laterally on the two sides), as shown in Fig. 10a.
The latter configuration, seems to provide better force density
and allows to have propulsion, levitation (EDS) and guidance
with a low magnetic drag [106].

The SC-LSM stands out for its high-permissible clearance
between the vehicle and the guideway, with mechanical air
gap of at least 5-10 cm and magnetic of 30 cm (core-to-core)
[106], [107].

B. Modeling

Similarly to the LIM, there exists a longitudinal end effect
for H-LSM. Each rail segment entering or leaving the flux
created by the armature experiences a flux variation and, as
a result, eddy currents are induced in it, thereby producing a
drag force [108]. A drag force is also present in the DCE-LSM,
due to the levitation and guidance electromagnets moving over
an iron-cored rail. However, the resistivity of the iron is high
and it is expected that the induced currents decay rapidly [29],
[109], [110]. At the cost of complexity, it is also possible to
use a laminated rail [108]. Analytical determination of eddy
current generation in these LEMs is not trivial, as they are
made up of a doubly-salient structure [29], [110]–[113]. The
main challenge in designing lies in estimating the flux path,
specifically the permeance in the air gap between two opposing
structures and, consequently, in developing an accurate model
of iron saturation [31].

Due to its inherent levitation principle involving the gen-
eration of eddy currents in passive conductors, the SC-LSM
introduces a magnetic drag force that varies based on the type
of guideway. In the configuration depicted in Fig. 10a, the drag
force results from eddy currents induced in the eight-shaped
coils, which concurrently contribute to the levitation force. In

aluminium levitation strip

l.s.m stator winding 

(only one split phase shown)
l.s.m field coil

levitation coil

Fig. 11. Active guideway with SC-LSM and horizontal armature winding.
Adapted from [105].
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TABLE IV
LSM MODELING COMPARISON.

H-LSM DCE-LSM SC-LSM

Model type

ECM [95]
Field-based [18], [110]
Permeance and MMF [114], [118]–[120]
FEM [118], [129], [130]

ECM [131], [132]
Field-based [18], [78], [133]
FEM [89], [117], [134]

ECM [106], [135]
Field-based [52], [115], [116], [136]
FEM [106], [107], [115], [116], [136]

Geometry representation Full a Longitudinal plane or full Full b

Armature slots Often considered Considered or Carter’s coefficient N/A

Drag force Often neglected Often neglected Often neglected

Main assumptions

Constant iron permeability
No eddy currents

Permeance function often simplified
Steady-state conditions

Constant iron permeability
No eddy currents

Steady-state conditions

Simplified model of air gap MMF
Constant magnetic field created by SCM

N/A for not applicable.
a Imposed by the nature of the H-LSM which is a transverse flux machine.
b Most studies consider propulsion, levitation and guidance forces.

the modeling of the SC-LSM illustrated Fig. 10a, the drag
force is often neglected because of its relatively low impact
compared to the aerodynamic drag in these open-air HSGT
systems.

Often, modeling involves determining the air gap flux den-
sity using magnetomotive force (MMF) [114]–[120], although
various approaches exist. Table IV presents a comparative
analysis of LSM modeling methods, outlining the key as-
sumptions or effects considered in the models. Simplifying
the model by neglecting eddy currents, implies that no drag
force and/or core losses are considered. A simplified model
of the permeance function, or air gap MMF, is equivalent
to neglecting certain effects on the flux, such as fringing or
leakage, complex to model in variable-reluctance structures
[121]–[123]. It appears that the literature on DCE-LSM mod-
eling benefits from that on PM-LSM, which is very compre-
hensive, since the motor structure and operating principle are
similar, with the only distinction being the excitation field
source [124]–[128]. However, PM-LSMs are mainly used in
automation applications with low energy consumption and
short travel distances [78].

C. Impact of active guideway on performance
An active guideway is supplied by several substations over

the entire distance to be covered. The segment between two
substations is divided into sections about a kilometer long,
depending on the environment, which are energised when the
vehicle is moving inside [17]. The power factor and efficiency
of active guideway LSMs is related to the length of the
energised section [115], [137]. The length and characteristics
of the section depend on the vehicle dynamics at that location.

D. Propulsion and levitation control flexibility
Propulsion and levitation control can be decoupled: the

levitation being controlled by the onboard DC winding while
the propulsion through externally supplied ground stations
[93], [138]. The thrust can be varied only by the magnitude
and the phase angle of the armature current [18], [19], [139].

A major advantage of LSMs with excitation is the ability
to adjust the power factor by controlling the DC field current,
resulting in LEMs with high power factors [78], [119], [140],
[141].

E. Feasibility

So far, in 1988 a prototype using a H-LSM has been
built and tested for a urban transit application [93], [142].
A configuration with an armature set on the infrastructure
and a rail on the vehicle was chosen for the propulsion
of Swissmetro in the 90’s [143]. Despite this, it has never
been used in commercial applications. DCE-LSM with active
guideway is the propulsion used for the Transrapid, whose
commercial application is the Shanghai Transrapid. For the
time being, the SC-LSM is the solution retained for world
fastest trains (167.5 m/s), the Shinkansen L0 is currently tested
at the Yamanashi test line and an opening to commercial traffic
is planned in the years to come.

V. PERFORMANCE ASSESSMENT

A. Systematic review methodology

In order to gather data from the existing literature to assess
the performance of LEMs, a systematic search approach has
been employed. This search was carried out in the following
databases:

• Scopus2, which includes:
– IEEE Explore,
– ScienceDirect,
– IET,
– Springer,
– MDPI,
– Taylor and Francis,
– Emerald Insight.

• EPFL Library3.
Both databases share common publishers while also com-

plementing each other by encompassing areas that are not
addressed by the other. Only experimental values from tests
reaching speeds greater than 10 m/s, from which the KPIS
defined in Section II-A can be calculated or extracted directly,
have been selected.

It is not always possible to directly infer the corresponding
KPI value from each reference. Either because the value
is given for different operating points, then one has to be

2https://www.scopus.com
3https://epfl.swisscovery.slsp.ch

https://www.scopus.com/results/results.uri?sort=r-f&src=s&st1=linear+and+motor&st2=experiment+or+experimental+or+%28test+and+bench%29+or+%28test+and+bed%29+or+%28test+and+rig%29+or+measurement&searchTerms=thrust+or+force+or+levitation+or+propulsion%3F%21%22*%24&sid=f39c63d4b14573a3644e799552b0a84c&sot=b&sdt=b&sl=185&s=%28TITLE%28linear+AND+motor%29+AND+ALL%28experiment+OR+experimental+OR+%28+test+AND+bench+%29+OR+%28+test+AND+bed+%29+OR+%28+test+AND+rig+%29+OR+measurement%29+AND+ALL%28thrust+OR+force+OR+levitation+OR+propulsion%29%29&origin=searchbasic&editSaveSearch=&yearFrom=Before+1960&yearTo=Present&sessionSearchId=f39c63d4b14573a3644e799552b0a84c&limit=10&cluster=scoexactkeywords%2C%22Linear+Motors%22%2Ct
https://epfl.swisscovery.slsp.ch/discovery/search?query=title,contains,linear%20motor,AND&query=any,contains,experiment%20OR%20experimental%20OR%20(%20test%20AND%20bench%20)%20OR%20(%20test%20AND%20bed%20)%20OR%20(%20test%20AND%20rig%20)%20OR%20measurement,AND&query=any,contains,thrust%20OR%20force%20OR%20levitation%20OR%20propulsion,AND&tab=DN_and_CI_unfiltered&search_scope=DN_and_CI_unfiltered&vid=41SLSP_EPF:prod&lang=en&mode=advanced&offset=0&facet=rtype,exclude,reviews,lk
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selected, or because the value is not directly indicated, but
can be calculated from what is given. For this purpose, the
following summarizes how the values of Table V have been
assessed.

• The thrust gravimetric density Ft is taken at its maximum
value, at the maximum speed vm.

• The levitation force gravimetric density Fn is taken at the
same operating point as the thrust gravimetric density.

• The mechanical power gravimetric density Pm is given
by Pm = vmFt.

• The efficiency-power factor product η cosϕ is taken at its
maximum value, at the maximum speed vm. Additionally,
it can be calculated as the ratio of maximum mechanical
power to input apparent power η cosϕ = mPm/S. Where
S being the apparent power and m the mass of the LEM.
In this case, it is assumed that the maximum mechanical
power is obtained with the maximum available apparent
power, at the maximum speed.

• The specific energy consumption is taken at the motor
output and corresponds to the minimum energy required
to overcome the tractive resistance of the vehicle. Thus,
at a given speed vm, for a given number of seats in the
vehicle Nseat, it can be calculated from the traction power
Ptr as SEC = Ptr/(Nseatvm).

B. Results and discussion

The performance of the above-mentioned LEMs is assessed
using data taken from the literature, via the KPIs defined
Section II-A. All the values are listed in Table V, organized
according to LEM type, from lowest to highest speed, and
shown in Figs. 12, 13 and 14.

The first and second columns of Table V show the force
gravimetric densities for the LIM and H-LSM in per unit (p.u.).
The thrust gravimetric densities show comparable magnitudes,
with slightly higher values for the LIM (1÷1.8 for the LIM
vs 0.6÷0.8 for the H-LSM). Fig. 12 shows the mechanical
power gravimetric densities, where the red line in the box
plot represents the medians of the distributions. It appears

Fig. 12. Distribution of mechanical power gravimetric density for the LIM
and H-LSM. The median is represented by the dashed line and the min/max
values are given by the first and third quartiles. The dash-dotted line indicates
the average performance rating of the rotary equivalent for a conventional
wheel-on-rail train, adapted from [8], [84].

TABLE V
OVERVIEW OF LEM PERFORMANCE.

Ft Fn Pm η cosϕ SEC vm Reference
(p.u.) (p.u.) (kW/kg) (p.u.) (Wh/seat/km) (m/s) (km/h)

L
IM

- - - 0.38 - 10.2 37 [67]
1.00 - 0.12 0.42 - 12 43 [17]

- - - 0.33c - 12 43 [144]
- - - 0.40a - 13 47 [145]
- - - 0.25a - 13.9 50 [60]

0.93 - - 0.25c - 15 54 [17], [144]
1.19 - 0.18 0.32 - 15 54 [146]
1.22 - 0.18 0.43 - 15.3 55 [147]

0.71a 0.51a 0.11 - - 15.7 56 [68]
- - - 0.44a - 15.8 57 [73]
- - - 0.38 - 18.1 65 [148]

1.42a - 0.35 0.41a - 25 90 [149]

- - - 0.50c - 30.6 110 [144]
1.86a - 0.63 0.39a - 34.7 125 [149]

- - - 0.22 - 48 173 [150]
- - - 0.30a - 51.4 185 [60]

0.63a 1.40a 0.32 0.19a - 52.3 188 [59]
1.90a - 0.98 0.45a - 52.8 190 [149]
0.75a 0.31a 0.43 0.35 - 58.3 210 [59]

- - - 0.23a - 59.5 214 [72]

- - - 0.24a - 69.4 250 [60]
- - - 0.55 - 83.3 300 [151]

1.30a - 1.07 0.36a - 83.3 300 [149]

- - - 0.13a - 108 389 [86]

H
-L

SM

0.61 - 0.06 - - 10 36 [152]
0.71 4.77 0.08 0.50 - 12 43 [120]
0.72 - 0.09 0.79 - 12 43 [17]
0.71 7.14 0.11 0.64 - 15 54 [93]

- - - 0.64a - 27.8 100 [111]

- - - 0.72a - 55.6 200 [111]

- - - 0.78a - 83.3 300 [111]

- - - 0.71b 54b 103.3 372 [153], [154]
- - - 0.44a - 111.1 400 [113]

0.60 4.20 0.66 0.41 - 111.7 402 [109]

D
C

E
-L

SM

- - - - 22 55.6 200 [13]

- - - 0.76 34.7b 68.1 245 [155], [156]
- - - - 30.6 83.3 300 [144]
- - - - 34 83.3 300 [13]

- - - - 48.6 111.1 400 [144]
- - - 0.79c 83.3b 111.1 400 [27], [155]
- - - - 52 111.1 400 [13]

- - - 0.77c 72.2 138.9 500 [144]

SC
-L

SM

- - - - 54b 83.3 300 [157]

- - - 0.96c - 100 360 [144]

- - - 0.69c - 138.9 500 [144]
- - - - 99b 138.9 500 [157]
- - - 0.63c - 143.6 517 [158]

a Estimated based on graphics or images.
b Given as estimated value.
c Assuming that all installed power is used to generate maximum thrust.

that the LIM exhibits higher values than the H-LSM and, as
this quantity is related to the speed, it means that for the
same speed, the LIM produces a higher thrust gravimetric
density than the H-LSM. However, the average performance
of a rotary SM used to propel conventional wheel-on-rail
train (indicated by a dash-dotted line in Fig. 12) provides a
quantification of the potential for improvement of H-LSMs.
Further experimental validations at high-speeds with optimised
motor designs could support this observation.

Upon further examination of Table V, it is observed that
the levitation force gravimetric density of the H-LSM is
approximately ten times greater than its thrust gravimetric
density (4÷7), whereas these values are smaller for the LIM
(0.7÷1.3). Notably, the spread of levitation force gravimetric
density is wider for the H-LSM.

The specific energy consumption of the LEMs employed in
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active guideway solutions is shown in Fig. 13. It is important
to emphasize that this representation does not account for the
efficiency of the LEMs. If efficiency were considered, the data
points in Figure 13 would shift upward, resulting in an increase
in specific energy consumption. These values are taken from
vehicles travelling in open air, where increasing the speed
increases the vehicle’s aerodynamic resistance and therefore
the energy required to propel it. This trend is consistent across
different types of LEMs, as evident on the figure.

Fig. 13. Comparison of specific energy consumption at different speeds, for
the H-LSM, DCE-LSM and SC-LSM.

A major indicator, common to all LEMs, is the efficiency-
power factor product, shown in Fig. 14. It illustrates the LEM’s
energy conversion and the sizing of the power electronics
that supply it. Overall, it can be seen that LSMs have better
performance than LIM, in the same way that a rotary SM
outperforms an IM. Although there are specific effects in
LEMs affecting their performance, the margin of improvement
compared with the average performance of a rotary equivalent,
indicated by a dash-dotted line in Fig. 14, is significant,
especially for LIMs. Finally, it is worth noting that the highest
values of efficiency-power factor product are obtained with
large machines, in terms of power and size, even if they run
at high speeds. This is interesting as the same consideration
apply for rotary motors [26]. Values of efficiency-power factor
product above 0.6 for optimized and high-power LIMs are
achievable, as well as values above 0.8 for H-LSMs.

The important point to note when looking at these
data is that they are limited and predominantly derived
from experiments conducted last century. Moreover, most
experimental validations were carried out on small-scale,
low-power, low-speed (i.e. < 10 m/s) prototypes. This is
especially true for LEMs with passive guideways, whereas
those with active guideways are already used in commercial
high-speed transportation systems (or will be soon). This
underlines the need for further testing of LEMs with passive
guideway to validate their potential to propel real scale HSGT
systems.

VI. CONCLUSION

In this paper, a systematic review of modeling, design and
performance assessment of LEMs has been proposed. They

Fig. 14. Comparison of the efficiency-power factor product distribution for
the LEMs. The median is represented by the dashed line and the min/max
values are given by the first and third quartiles. The dash-dotted line indicates
the average performance rating of the rotary equivalent for a conventional
wheel-on-rail train, adapted from [8], [84].

are classified into 4 categories, according to their operating
principle and topology, which are the LIM, the H-LSM, the
DCE-LSM and the SC-LSM.

The LIM is used in a passive guideway application and
has the advantage of a very simple rail design. It has been
intensively studied and tested in the last decades. Despite
poorer performance compared to LSMs, good performance is
expected for high-power machines and optimized design, with
values of efficiency-power factor product above 0.6 and thrust
gravimetric density between 1 and 1.8.

Similarly to the LIM, the H-LSM is used in a passive
guideway application, with a better efficiency-power factor
product (expected to be above 0.8) at a cost of a more
complicated rail design. The thrust gravimetric density is
between 0.6 and 0.8. However, additional modeling and high-
speed experimental validation are still required.

It appears that no reference has yet carried out a complete
study of the LIM and H-LSM, integrating all motor character-
istics, with the aim of determining the maximum theoretical
limit in terms of performance.

On the other hand, the DCE-LSM and SC-LSM are em-
ployed in active guideway applications and exhibit good
performance even at high speeds, with efficiency-power factor
products above 0.7. Deployment of applications using these
LEMs appears to be limited due to the complexity (cost) of
the guideway, which requires a power supply along the entire
distance. Although the specific energy consumption, estimated
around 60 Wh/seat/km at 111 m/s, is competitive regarding
other type of transportation, to date, the longest distance
covered by a maglev is the 30 km Shanghai Transrapid, which
uses a DCE-LSM.
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