
energies

Review

Linear Induction Motors in Transportation Systems

Ryszard Palka * and Konrad Woronowicz

����������
�������

Citation: Palka, R.; Woronowicz, K.

Linear Induction Motors in

Transportation Systems. Energies 2021,

14, 2549. https://doi.org/10.3390/

en14092549

Academic Editors: Frede Blaabjerg

and Andrea Mariscotti

Received: 10 March 2021

Accepted: 26 April 2021

Published: 29 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Faculty of Electrical Engineering, West Pomeranian University of Technology, Sikorskiego 37,
70-313 Szczecin, Poland; Konrad.Woronowicz@zut.edu.pl
* Correspondence: Ryszard.Palka@zut.edu.pl; Tel.: +48-91-449-4870

Abstract: This paper provides an overview of the Linear Transportation System (LTS) and focuses
on the application of a Linear Induction Motor (LIM) as a major constituent of LTS propulsion. Due
to their physical characteristics, linear induction motors introduce many physical phenomena and
design constraints that do not occur in the application of the rotary motor equivalent. The efficiency
of the LIM is lower than that of the equivalent rotary machine, but, when the motors are compared as
integrated constituents of the broader transportation system, the rotary motor’s efficiency advantage
diminishes entirely. Against this background, several solutions to the problems still existing in
the application of traction linear induction motors are presented based on the scientific research
of the authors. Thus, solutions to the following problems are presented here: (a) development of
new analytical solutions and finite element methods for LIM evaluation; (b) comparison between
the analytical and numerical results, performed with commercial and self-developed software,
showing an exceptionally good agreement; (c) self-developed LIM adaptive control methods; (d) LIM
performance under voltage supply (non-symmetrical phase current values); (e) method for the power
loss evaluation in the LIM reaction rail and the temperature rise prediction method of a traction LIM;
and (f) discussion of the performance of the superconducting LIM. The addressed research topics
have been chosen for their practical impact on the advancement of a LIM as the preferred urban
transport propulsion motor.

Keywords: linear induction motors; finite element analysis; end effect

1. Introduction

A traction Linear Induction Motor (LIM) has been deployed worldwide in numerous
transit systems and in driverless, elevated guideway systems requiring all weather oper-
ations under very short headways. LIM-based urban transport has proven to be, by far,
the least expensive in terms of operations and maintenance (including the energy costs).
LIMs are also found in other various applications, ranging from small-power industrial
material handling and amusement park roller-coaster propulsion to very high-output
military aircraft launchers; advanced research is underway to investigate LIMs as potential
power conversion devices for ocean wave energy recovery [1].

Because of low operating costs and extremely high reliability, LIM-propelled sys-
tems have become an ever more frequent part of the public transport offering. LIM-
based public transit systems have already been in operation for a few decades, and they
are serving such cities as Yokohama, Vancouver, Toronto, Tokyo, Osaka, Seoul (Yongin),
New York, Moscow (Moscow Monorail), Kuala Lumpur, Guangzhou, Fukuoka, and Beijing.
References for the applications are readily available by any browser search using such
keywords as “Linear Metro”. For economic reasons, the operation of these systems as
well as most other LIM-based systems has been based on a single-sided LIM [1,2]. Al-
though, in comparison to its rotary counterpart, a traction LIM has necessarily a large air
gap between the stator and its rotor equivalent and thus is less efficient on the motor-to-
motor comparison bases, the LIM-based systems show better system-level performance
resulting from several characteristic features specific to the LIMs. First, in comparison
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with rotary induction motors, a mechanical gear box that introduces high energy losses
and accounts for a significant life cycle cost and is a potential source of serious reliability
issues is eliminated. The LIM has no moving parts, and the propelling force is directly
applied to the vehicle in the direction of motion, thus avoiding the losses introduced by
the mechanical gear box. In most instances, rotary-motor-based transportation systems
rely on adhesion between the wheels and the running rail. Relying on adhesion limits
their acceleration and deceleration performance under wet or otherwise contaminated rail
conditions. LIM systems do not suffer such disadvantages because their tractive effort is
developed as a direct electrodynamic force between the LIM primary and the reaction rail,
and this allows for an adhesion independent, reliable operation under all environmental
conditions. This also means that LIM-propelled trains (objects) can accelerate at any rate
and achieve their nominal speeds sooner, which limits the high current/tractive effort
demand period and decreases the overall energy consumption. Because of their flat form,
LIMs occupy significantly smaller vertical space, which enables a lower profile steerable
bogie construction and, consequently, a lower vehicle cross-sectional area, thus decreasing
the potential tunnel construction costs and energy consumption resulting from the motion
air resistance [3,4]. In addition, LIM-based vehicles can run on steeper grades (due to direct
forces) and negotiate sharper curves (due to steerable bogies), providing more flexibility
in the elevated guideway structure design, which helps to reduce civil and land release
costs. A large urban center allows for more targeted interconnection of the various multi-
modal transportation systems, which is not always achievable with rotary-motor-based
rail vehicles. The uniqueness of Linear Motor (LM) systems led to a heightened interest in
LIM technology and resulted in a number of research projects aimed at improving LIM
performance and further decreasing the operating cost.

In this paper, an overview and categorization of linear transportation systems is com-
pleted, in which LIMs are found to mainly be used for traction and braking. Next, the
major characteristics of a LIM are described and associated with the system performance.
Finally, a series of important practical research works carried out by the authors and aimed
at advancing LIM system performance are reported, highlighting challenges associated
with improving LIM performance in such areas as performance prediction, LIM adaptive
control, LIM thermal protection, and the application of superconductivity. The conclu-
sions summarize the authors’ experience in the subject matter and highlight the areas of
advancement for future research.

2. Overview of Linear Transportation Systems

Linear transportation systems (LTSs) can be divided into some fundamental groups
according to their support, guidance, and drive solutions. The most important groups are
listed below.

2.1. Levitated LTS

Levitated LTSs mainly use electromagnetic suspension. These systems, Maglevs, can
be divided into Permanent Magnet (PM)- and superconductor-based levitating systems.
According to the postulate on the stability of bodies in various static force fields given in
1842 by Earnshaw [5], no object placed in an inverse square law force field (e.g., magnetic
field) could be in a stable equilibrium; thus to achieve stability, PM flux should be modu-
lated by the respective control coil currents that depend on the size of the air gap. Such
controlled electromagnets are utilized in many different levitation systems, for both side
and vertical stabilization [6]. Efficient operation of these systems depends on the advanced
optimization of the magnetic field distribution within the air gap by means of proper
geometry design and proper selection of material and power supply characteristics [7,8].

The first Maglev line to open to public traffic was the Birmingham Maglev in 1984
(propelled by a LIM), the second was the M-Bahn in Berlin (also 1984), and the third
was the Shanghai Transrapid Maglev (the latter two using a long-stator synchronous
linear-motor-based propulsion).
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Braunbeck [9] extended stability investigations to the systems containing diamagnetic
materials. The characteristic feature of a diamagnetic material is that it opposes the external
field variations, the feature exhibited by the superconductors. Since their inception, super-
conducting levitation systems have been used in many different industrial applications.
The principle of these systems is based on the interaction between the magnetic field and
high-temperature superconductors [10,11]. Two examples of superconducting levitation
systems are the Miyazaki and Yamanashi Maglevs. In the early stages of Maglev devel-
opment, at the Miyazaki test track (1977), a purely repulsive electrodynamic suspension
system was used [12]. A major advantage of the repulsive electrodynamic suspension
system is its inherent stability—a decreasing distance between the track and the vehicle
results in strong reactive forces bringing the system to its original position. The magnetic
field can be produced by either superconducting magnets (as in JR-Maglev) or an array of
permanent magnets (as in Inductrack). The disadvantage of the electrodynamic suspension
is that the repulsive forces are speed dependent and are low at low vehicle speeds. For this
reason, the vehicle must use support wheels until it reaches take-off speed.

In [13], the hyperloop all-in-one advanced LIM system (propulsion, levitation, and
guidance) was proposed. The Superconducting Transverse Flux Linear Motor with in-
tegrated levitation, guidance, and propulsion system was described in [14]. Another
superconducting levitation system for linear drives was proposed in [15].

In 2015, an SC-Maglev train operated by the Central Japan Railway Company (JR
Central) broke the train speed world record by clocking in at 603 km/h (374 mph); a new
Chinese Maglev system intended for speeds up to 620 km/h was unveiled in January 2021
by CRRC in Chengdu.

2.2. Non-Levitated LTS

This type of LTS uses conventional wheels and is the most typical solution of linear
transportation systems [1,16–18]. According to the electrical drive system, these linear
transportation systems can be driven by DC motors and synchronous or induction motors—
conventional or superconducting.

2.3. LTS with Synchronous Motors

Various levitated LTSs using conventional synchronous motors based propulsion were
described in [19], e.g., they are permanent-magnet-excited machines. A high-temperature
superconducting linear synchronous motor was described in [20]. The application of
superconducting linear flux-switching permanent magnet motors was discussed in [21].

2.4. LTS with Induction Motors

Linear induction machines were discussed as the most promising solution for LTSs
in [1,15,17,18]. In the late 1940s, the British electrical engineer Eric Laithwaite, Professor
at Imperial College London, developed the first full-size working prototype of the linear
induction motor. The first commercial Maglev transport system in the world, the Birming-
ham Maglev, which opened in 1984, was also propelled with a linear induction motor. The
latest problems related to the application of LIMs are discussed in Section 3.

2.5. LTS with Superconducting Induction Motors

When it comes to LTSs, superconductivity can not only be used for levitation but also
for generating a tractive effort [10,21–26]. Superconducting motors have their windings
made of low-temperature, conventional, or high-temperature superconductors. A typical
linear induction motor with an iron core and copper winding can produce only a limited
thrust because of the flux saturation of the iron core. High-temperature superconducting
windings can generate a strong magnetic field and, consequently, large thrust. High flux
density and high thrust can be produced over a wide gap range because of extremely high
ampere turns (see Section 4.5).
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Some general problems connected with the electromagnetic fields related to high-
speed LTSs driven by different linear motors (synchronous, induction, superconducting)
were described in [27].

3. Linear Transportation Systems Using Induction Motors

A LIM can be obtained from its rotary counterpart, the induction motor, by an imagi-
nary process of cutting the rotary’s stator and rotor in a radial plane and unrolling it, at the
same time as replacing a cage or a winding with a conducting sheet, as in Figure 1.
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Figure 1. Conversion of rotary machine into LIM.

Should the second primary be added to the single-sided LIM in Figure 1, a double-
sided LIM would be formed. Depending on the relative length of the secondary and
primary, the LIM can be categorized as a short-secondary (Figure 2) or a short-primary
LIM.
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Figure 2. Short-primary LIM (a); short-secondary LIM (b).

The rotary motor can be thought of as “infinite” in that its primary winding generated
magnetic field is continuous and has no beginning or end around its circumference. Unlike
the rotary, the short-primary LIM has a finite length. Thus, only the part of the secondary
side that is immediately below the primary is subjected to a primary generated magnetic
field. During motion, the new unexcited parts of the secondary side equivalent “rotor”
continually enter under the LIM primary magnetic field generated by a distributed Magne-
tomotive Force (MMF). This process generates a continuous electromagnetic response in
the new incoming segments of the secondary, the Reaction Rail (RR), in a form of induced
MMF, thereby resisting the immediate establishment of the magnetic flux under the front
end of the LIM primary. Subsequently, the reaction rail MMF decays but at a lower rate
dictated by the “rotor time constant” of the motor. Figure 3a shows a short-primary LIM,
and Figure 3b shows the reaction rail. The RR consists of a series of aluminum top cap
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segments, connected for electric continuity, and underlying iron bars, the Back Iron (BI),
corresponding to the conventional rotor winding and rotor laminations, respectively.
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LIMs can be further classified into a number of other topologies, but so far only
the single-sided, short-primary linear induction machine has been successfully used in
urban transportation systems [1,2,15]. It seems to be a natural choice since the cost of
building an active multiphase primary along a multikilometer guideway would render
such systems uneconomical. In most existing urban applications, the primary is suspended
under the bogie, over a track-installed reaction rail consisting of either solid or laminated
mild steel BI covered with an aluminum extrusion supported on an assembly that permits
the transfer of forces to the guideway. In most current applications, mainly in South-East
Asia, Canada, and the USA, the guideway is of an elevated, right-of-way type requiring a
minimal footprint and does not affect other modes of ground transportation.

As already mentioned, the relative motion between the finite-length primary and
the infinite secondary induces a dynamic end effect by creating end-effect currents in the
aluminum top cap that demagnetize the oncoming end of the motor. The currents produce
additional forces and losses that exist even at synchronous speed and increase with vehicle
velocity. The static end effect, another LIM-related phenomenon, occurs because of the
phase impedance imbalance caused by the finite length of the phase winding. The effect
is amplified by the dynamic end effect, which distorts the air-gap magnetic flux density,
having a direct effect on the flux linked to the phase windings. The transverse edge effect
is yet another phenomenon characteristic of LIMs. Its major source is the longitudinal
component of the top cap induced current. The two major impacts of the transverse edge
effect are an increase of the equivalent secondary resistance and an uneven flux distribution
across the LIM’s primary. Because of the dynamics of the vehicle as well as the RR’s limited
construction accuracy, the reaction rail is usually offset from the longitudinal symmetry
line of the primary side of the LIM, leading to decentralized transverse forces and potential
lateral instability. The asymmetrical construction of the reaction rail necessitated by the
vicinity of switches aggravates this effect.

Many constraints exist in the high-speed urban electric traction LIM application, which
requires a large distance between the LIM primary and the secondary side RR. Running rail
and truck deflection, rail canting, and wheel wear are the major reasons for using a large
air gap with the LIM. For a gap length of ten to fifteen millimeters, the ratio between the
air-gap width and the pole pitch is significant and leakage flux is considerable. The values
of up to 100 Hz are not uncommon in today’s applications of urban traction LIMs. At the
operational slip of around 10–15%, the skin effect in the aluminum cap is not completely
negligible. Finally, there are unbalanced normal forces, attractive and repulsive, that add
additional complexity in the analysis of the optimal gap and the construction of the motor,
as they affect the distance between the lowest point of the primary and the top of the
reaction rail top cap.
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Because of the differences between the LIM and the rotary machine, unconventional
analysis techniques and modeling methods have been developed in an attempt to account
for the number and magnitude of LIM-characteristic phenomena.

Many methods of LIM calculation, optimization, and control are identical (or very
similar) with the methods applicable to rotating induction machines. The electromagnetic
calculations of the rotary motor are reasonably simple because of the motor’s “infinite”
character and the possibility of applying symmetry boundary conditions, thus limiting
the solution region and speeding up the calculations even further. Two dimensional
calculations assure sufficient accuracy for the performance prediction of a standard rotary
motor. However, the LIM is not symmetrical. The phenomena occurring in the front end of
the motor are different than in the receding end and therefore the symmetry boundaries
cannot be used, which leads to longer calculation times.

3.1. Analytical Solutions Applied for the LIM Evaluation

LIMs are made of several major components such as the magnetic steel primary core,
distributed three-phase copper winding with a three-phase excitation terminal, aluminum
top cap, and magnetic BI. The primary is finely laminated and during LIM electromagnetic
calculations, for simplicity, the conductivity of the primary can be set to zero. However,
the BI conductivity cannot be assumed as zero because the BI is usually only coarsely
laminated—mainly for economic reasons. Instead, for the case of the slab-shaped BI, the
BI conductivity must be set to its true material value and a respectively lower value for
the case of coarse laminations. This value of conductivity is usually determined based
on matching the test LIM’s longitudinal performance with the simulation model results.
Theoretical methods of assessing the BI conductivity have been proposed but, so far, they
only serve as a guidance for the empirical derivation. Figure 4 shows the three-dimensional
model of the LIM [29].
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The development of analytical methods aimed at solving the LIM problems (separation
of variables method, integral equations method) took place in the 1970s. Currently, the
main method of analysis is Finite Element Analysis (FEA). Many recently published papers
contain both analytical and numerical solutions, where the analytical calculations have
mostly been made for validating the results of the numerical models.

Despite significant progress in numerical algorithm efficiency and modern computer
speeds, the 3D simulation models of large LIMs are still prohibitively time consuming to
solve. The following simplifying assumptions are usually made to the LIM to simplify the
calculation process:

1. A 2D analysis can be used;
2. The iron magnetization curve is linear;
3. The conductivity of the reaction rail is constant;
4. Motion in the x-direction only is allowed.
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The equation that describes the electromagnetic field distribution within the 2D LIM
model has the following form:

∂2 A
∂x2 +

∂2 A
∂y2 = µ(−J + jωσA + σvx

∂A
∂x

) (1)

where A is the z-component of the magnetic vector potential, J is the z-component of current
density, ω is the angular frequency, vx is the velocity in the x-direction, and σ and µ are the
conductivity and permeability, respectively.

Analytical solutions for the evaluation of the LIM properties have been discussed in many
papers. In most of them, the standard mathematical approach to LIM modeling is to define
the currents of the primary windings as sinusoidally distributed current sheets [17,30–35].

Mathematical and experimental research of coils or filaments moving above a con-
ducting plate (limited to DC excitation) were performed in the majority of the Maglev
application studies [36–40]. The system of a stationary filament or coil with AC excitation
above a conducting plate has also been studied [41]. In [42], a method of LIM winding
optimization has been discussed.

The finite length of a LIM results in a number of well-recognized effects such as the
previously mentioned highly speed dependent end effect responsible for the demagnetiza-
tion of the front end of the machine [17,35]. The end effect has been described by many
authors. One description in particular [26], based on an average model of the non-saturated
LIM and later expanded to include saturation [2], has been adopted for practical, real-life
LIM control algorithms [29,43].

The end effect causes a drop in the effective magnetizing inductance [44,45] and a total
motor impedance, which results in a more complex LIM control scheme [43]. Analytical
equations defining the end-effect induced magnetizing inductance correction factor are
derived in [46]. Extensive studies on the compensation of the magnetizing inductance,
reported in [29], propose the adaptation of traction LIM control methods to the depth of
demagnetization of the machine in real time. Correction of the end effect for vector controls
was also proposed by others, as in [43] and [46], with the equivalent circuit of the LIM
based on the formula proposed by Duncan [46]. The equivalent circuit concept developed
by Duncan inspired many subsequent investigations [47–52]. In [43] and [53], the control
circuit is based on d-axis and q-axis equivalent circuits with parameter correction based on
Duncan’s method. A fuzzy logic controller is suggested in [54] based on the flux linkages
of the primary and secondary. LIM performance calculations of both the motoring and
braking forces, impacted by the end effect, based on the space-vector equivalent circuit of
the LIM, are calculated in [55–57]. Applications of the field-oriented controls and a model
reference adaptive speed observer for LIMs are also reported in [58,59], respectively. The
transverse edge effect and the saturation effect are added to Duncan’s model in [60]. The
last examples prove that any improvement in Duncan’s approach have a high potential to
enhance subsequent control schemes.

Experimental measurements carried out on a traction LIM demonstrate that the leak-
age inductance can be, depending on the design of the reaction rail, as high as ten percent
of the secondary inductance. The effects of the secondary leakage become significant as the
LIM speed increases. The non-immediate current response of the RR due to its non-zero
leakage inductance causes the demagnetization to be less pronounced. The assumption,
in [26], that only the constant magnetizing current of the primary elicits the RR current
response has been adapted by many researchers. In [28], a more accurate assumption is
made. It is observed that the induced current in the RR is excited by the sum of the aver-
aged primary magnetizing current and the RR induced current. The resultant steady-state
current response is obtained by an application of a recursive algorithm converging to a
finite sum of the infinite series. The final form of the sum of the infinite series represents the
magnetizing current correction for the equivalent LIM circuit. As has been demonstrated
by comparing experimental results with measurement, a derived magnetizing inductance
correction factor predicts the LIM performance much better.
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The Fourier series method was applied in [61,62] for the LIM evaluations. Instead of
simplifying the primary excitation to a form of current sheets, the authors modeled the
primary excitations as discrete coils. The discrete coils approach leads to a more intuitive
and realistic model of the LIM and allows for the representation of spatial harmonics
arising from a discrete current distribution. Frequency domain solver FEA simulations
are also used here to validate and cross check the analytical model results. This is im-
portant as it establishes the practicality of the FEA frequency domain computation as a
preferred replacement for the time-consuming transient computations. First, the evalu-
ation is done by analytically solving a simple pair of filaments moving relative to a RR
constructed of aluminum and iron plates and carrying a harmonic current. This solution
becomes a building block for modeling a complete LIM. Because of speed and convenience,
the analytical model is a practical and efficient way of rapidly assessing the impact of
design changes on the performance of the LIM and helps to qualify the adapted FEA
solution method.

Figure 5a shows a steady-state 2D calculation model of a discretely distributed coil
with AC current excitation at an arbitrary frequency, moving over and in parallel to a
conducting plate with an arbitrary speed [61], and Figure 5b shows the extension of
this model.
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Figure 5. Two filaments 2x0 apart, placed at a distance g above the conducting plate of thickness
d [61] (a). The back iron and primary iron are additionally modeled as two infinite layers with zero
conductivity and infinite permeability (b).

The approach presented in [61] is similar to the algorithm given in [63,64], where
Fourier transform and a mixture of magnetic scalar and vector potential formalism were
used. However, the solution presented in [61] makes use of the Fourier series instead
of transform and of vector potential formalism without the need of scalar potential to
achieve the desired results. The analytical treatment of a 2D LIM model with a primary
source moving relative to a conducting plate has many applications, including Maglev and
traditional linear propulsion machines.

The analytical approach presented in [62] is similar to the work first presented in [32]
and [61], where models of the LIM with current sheet finite primary excitations were
presented using Fourier transforms and series methods, respectively. Two papers, [61,62],
satisfy the analytical solution for the entire LIM by referring to a vector potential formalism
only. The validation of results obtained in [61] and [62] was performed by means of FEA,
described in the next chapter.
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3.2. FE Methods Applied for Linear Induction Motors

In recent decades, LIM modeling and analysis started relying more on FEA simulations
instead of analytical solutions [55,65–69]. Electromagnetic FEA calculations are crucial to
optimizing LIM system performance as they can provide results necessary for predicting
the end-effect shaped mechanical characteristic—force versus speed. This characteristic
is crucial in designing efficient LIM controls as well as traction vehicle functionality. To
simplify the FEA model and to minimize the time to numerical solution, the symmetrical
three-phase current is typically used. In addition, the non-linear magnetizing characteristics
of the LIM primary and back iron are simplified by linearization.

The most typical LIM analysis is the static analysis. One of the challenges that must
be solved in the numerical FEA calculation is the proper evaluation of the penetration of
the electromagnetic field into the moving and conducting reaction rail. Such modeling and
analysis can be extremely difficult and time consuming as it requires a proper choice of the
FE mesh, which depends on the velocity of the LIM and slip [70–72].

Because of non-linearity of the magnetizing characteristics and the continuous quasi
steady state of LIM operation, time domain (transient) analysis must be performed to
achieve a steady state. A transit LIM is a large machine, more than 2 m in length and over
60 cm wide, and even for 2D calculation it demands an extremely high number of mesh
nodes. At high speeds, to achieve satisfactory computation accuracy, the time step of a tran-
sient analysis must necessarily be small and with the addition of a large distance the LIM
must traverse before the steady state has been achieved, which significantly increases the
solution space, the transient solution often becomes impractical. To overcome this problem,
a recently developed feature of the Maxwell2D software, the translational motion periodic
Master-Slave boundary, has been used to make the necessary calculations to render the
LIM performance characteristics [73]. A time decomposition method, patented by ANSYS,
is yet another attempt to improve on a solution time in electromagnetic transient analysis
but even with these advances the time to solution for large a LIM is prohibitively long.

The analytically calculated forces acting on a coil in the horizontal and vertical di-
rections as a function of frequency for different velocities are shown in Figure 6. The
comparison between the analytical results and the FEA simulations, performed with COM-
SOL and ANSYS Maxwell2D software, shows an exceptionally good agreement.
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Figure 6. Average horizontal force density (a) and average vertical force density (b) acting on the coil
as a function of frequency for different LIM velocities [61].

LIM 2D models are shown in Figure 7. The analytical approach presented in [62]
applies to a simplified 2D LIM model, as shown in Figure 7a. The source vector potential is
obtained by summing vector potentials of all current-carrying wires of the LIM winding.
The real coils of the motor are modeled to retain their position and currents and to form a
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complete three-phase, six-pole winding. The modeled winding is a two-layer type, but the
analytical model treats the respective top and bottom layer currents as positioned at the
same distance from the conducting plate. This was done to make sure that the magnetic
reluctance for currents corresponding to two different layers but located in the same slot
are identical, which closely approximates the conditions of the real motor.
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of a three-phase, six-pole machine [62] (a). Full model of the LIM [70] (b).

To further investigate and evaluate the applicability of the analytical solution of a
simplified model as a LIM performance prediction tool, a 2D LIM model with teeth and
a finite primary, as shown in Figure 7b, was developed and calculated using the FEA
simulations.

For comparison, as shown in Figure 8, the performance characteristics obtained by
the analytical approach were overlaid with the results generated by FEA simulations
(COMSOL and ANSYS Maxwell2D). The agreement between these different calcula-
tion methods confirms the accuracy of the applied analytical and numerical methods
and models.

The electric vector potential formalism was chosen for the calculations of the back
iron power loss [29,74,75] (see Section 4.3). The same formalism was used to determine
the magnetic field in the end regions of the induction motors as well as the motors’
impedances [74,75]. This approach was also used for the formulation of the 3D equation for
the scalar potential describing distribution of the electromagnetic field. The equations were
solved analytically (separation of variables method) and numerically (FEA), which made it
possible to determine the impedance of the windings for different boundary conditions
defined on the surface of the region of analysis.



Energies 2021, 14, 2549 11 of 22

Energies 2021, 14, x FOR PEER REVIEW 10 of 21 
 

 

The real coils of the motor are modeled to retain their position and currents and to form a 

complete three-phase, six-pole winding. The modeled winding is a two-layer type, but the 

analytical model treats the respective top and bottom layer currents as positioned at the 

same distance from the conducting plate. This was done to make sure that the magnetic 

reluctance for currents corresponding to two different layers but located in the same slot 

are identical, which closely approximates the conditions of the real motor. 

To further investigate and evaluate the applicability of the analytical solution of a 

simplified model as a LIM performance prediction tool, a 2D LIM model with teeth and a 

finite primary, as shown in Figure 7b, was developed and calculated using the FEA sim-

ulations. 

 

Figure 7. Evolution of 2D models of the LIM used for the numerical field evaluation. Idealized 

coils of a three-phase, six-pole machine [62] (a). Full model of the LIM [70] (b). 

For comparison, as shown in Figure 8, the performance characteristics obtained by 

the analytical approach were overlaid with the results generated by FEA simulations 

(COMSOL and ANSYS Maxwell2D). The agreement between these different calculation 

methods confirms the accuracy of the applied analytical and numerical methods and mod-

els. 

 

Figure 8. Average thrust per unit depth versus slip frequency for a LIM from Figure 7 [62]. 

The electric vector potential formalism was chosen for the calculations of the back 

iron power loss [29,74,75] (see Section 4.3). The same formalism was used to determine 

Figure 8. Average thrust per unit depth versus slip frequency for a LIM from Figure 7 [62].

4. Selected Problems of LIM Applications

The following section presents some of the LIM problems that were addressed and
solved by the authors. The subject transit LIM is a six-pole, double-layer back wound
motor with a pole pitch of 45 cm, a 9 mm mechanical gap, and a 13.5 mm magnetic gap.
The reaction rail is made of a 4.5 mm thick aluminum screen over an inch-thick back iron.

4.1. LIM Performance Control; Adaptive Control

The flux vector-oriented control is one of the most advanced and widely accepted meth-
ods used for the rotary machine torque control. It was first conceptualized by Blaschke [76]
in 1972 and has been a subject of interest of many researchers ever since, e.g., [77–85].
With progress in microprocessor techniques and power electronics, the flux vector-oriented
control has become a method of choice for most industrial applications, especially in the
development of electric traction propulsion systems, historically based mostly on DC mo-
tors, in an effort to replace them with the much less expensive and more robust induction
machines. Vector control signifies the independent, or decoupled, control of flux and
torque of the motor through coordinated change in the supply voltage and frequency [83].
Flux level control is essential to avoid saturation and minimize core losses under various
steady-state operating conditions. As the flux variation tends to be slow, especially with
the current control, maintaining constant flux may provide precise torque response and,
consequently, a desired speed response.

It is possible to distinguish three flux linkages in the induction machine complex form
equations. These flux linkages are the stator flux linkage, the main, or air gap, flux linkage,
and the rotor flux linkage. The current decoupling network simplifies only for the rotor
flux orientation, whereas the voltage-decoupling network simplifies for the stator flux
orientation. Only for a constant rotor flux orientation, the mechanical characteristic does
not have a peak value and is a straight line. This linear characteristic is ideal for control
application. For a given stator flux in the flux-weakening region and under steady-state
operation, however, the stator flux is superior in terms of torque per unit stator current.

Direct Torque Control (DTC) is yet another vector control technique. It was introduced
by Depenbrock [84,85] and Takahashi [86] and has been developed by others [87,88]. The
fundamental premise of DTC is that a specific DC-link voltage and a specific stator flux
establish a unique frequency of inverter operation. This is because the time required by the
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time integral of the DC-link voltage to integrate up to the reference flux level is unique and
represents the half-period time of the frequency of operation. Despite its simplicity, DTC
can produce a fast torque response and is robust with respect to transient perturbations and
motor parameter detuning [14]. It must also be noted that beside the already mentioned
advantages, DTC does not use a modulator and does not employ current control loops,
inherent to the vector-oriented flux control. However, during steady-state operation, a
pulsation of torque, flux, and current may occur, affecting speed estimation and increasing
the acoustic noise. This method is not established so well as the flux-oriented control and
has not been applied in LIM controls; however, based on the up-to-date progress in its
development, it shows exceedingly high application potential, particularly in the area
where parameter sensitivity can be an issue.

Industrial applications of LIM motors require a relatively simple control algorithm
because the parameters of industrial process LIMs are well known or can be measured
in an off-line experiment. This is not so in urban transit applications since the motors
are usually required to operate at peak thrust and the main parameters responsible for
the precise peak tracking—the rotor resistance, R2, and the mutual inductance, M—vary
in a very wide range. Thus, the controller of a transit traction LIM should be capable of
tracking the maximum available thrust, independent of the air-gap length or the reaction
rail construction properties and temperature. Several LIM control methods have been
reported thus far, most of them based on the concept of vector control [35]; however, none
of them attempt to resolve the parameter adaptation issue. To solve this problem a modified
flux vector control technique has been applied [29,43].

The thrust calculated in the rotor flux reference frame compares to measurement only
if the rotor parameters, R2 and L2, are correctly estimated and their values do not change
due to physical or environmental conditions. When these conditions are met, the secondary
flux aligns with a d-axis and the back Electro-Motoric Force (EMF) naturally aligns with a
q-axis. Should the rotor resistance, R2, change its value from the set point, the secondary flux
would become misaligned and so a non-zero, q-axis component would develop; this means
that more voltage is demanded from the supply inverter. This increased voltage generates
a negative EMF d-component by advancing the rotor flux. Although the magnitude of
the primary current vector remains constant and the secondary flux has increased, the
angle between the two vectors has changed and is no longer optimal. A change of the
machine secondary resistance from the reference value detunes the controls and a non-zero
d-component of the EMF is generated. The optimal operation can be achieved again with
the adapted rotor resistance reference value but at a different synchronous frequency. For
the magnetizing inductance change, regardless of the cause, e.g., change in air gap, change
in the reaction rail geometry, or change in the lamination coarseness or magnetization
characteristics of the RR, a q-component of the secondary flux is generated. The induced
voltage develops a negative d-component, such as in the case of the secondary resistance
detuning. If the value of the reference magnetizing inductance is corrected to equal that
of the motor, the controls would become tuned in again and a developed thrust would be
optimal, although it would be lower. Since the secondary resistance compensation loop
that corrects a d-component of the induced voltage is active, the secondary flux will be
regulated to align with the d-axis.

To verify the above parameter compensation control concept in the simulation soft-
ware, a d–q model of the LIM is first derived, see Figure 9. This LIM signal network clearly
shows the impact of parameter detuning on the rotor flux and slip frequency estimation.
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Figure 9. Rotor flux-oriented control LIM model [29,30].

To correlate the model and control variables of the d–q system with the real-time three-
phase values, standard Clarke and Park transformations are applied [17].
Figure 10a,b shows the simulated response of the system to a step change of R2 and
M both with and without the adaptive compensation control loops.
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Figure 10. Response to a step of the secondary resistance R2 (a); response to a step of the mutual inductance M (b) [29].

The adaptive algorithm improves the performance of the system by a significant mar-
gin by improving the mechanical output. The proposed algorithm successfully addresses
the problem of LIM parameter detuning while preserving all the positive features of the ro-
tor flux referenced vector control. The verification of the simulation results was performed
by comparing the calculated output with measurements from a transit test vehicle fitted
with the subject test LIM. This method exhibits the robustness necessary in severe transient
conditions associated with the application of the LIM in transportation systems.

4.2. LIM Driven from the Voltage Inverter

In all typical LIM simulation models, the symmetrical three-phase current is fed into
the three-phase winding to simulate a constant current mode; however, this does not
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reflect reality when the LIM is driven from the voltage inverter. The differences in slip
versus thrust characteristics between the simplified approach and the approach where an
asymmetry of phase currents arises naturally from the real supply conditions are presented
in [70].

Typically, the LIM is powered from a PWM voltage inverter, converting thrust com-
mand into current at a desired frequency. However, as the phase impedances are unequal
and the three-phase currents differ in their phase and magnitude, the negative sequence
currents are produced leading to a decreased motor performance. In theory, if the LIM
phase impedances were known, the phase currents could be equalized, although not en-
tirely, by a proper phase voltage control, but at a price of increased voltage harmonics.
The electromagnetic fields shown below (Figure 11) are calculated considering the natural
asymmetry of phase currents under symmetrical voltage excitation.
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Figure 11. Magnetic field distribution within the LIM [70].

As can be seen from Figure 11, the magnetic field shows significant asymmetry on
both ends of the machine. This results in asymmetric coupling and an asymmetric back
electromotive force that leads to unequally coupled impedances and the asymmetry of
phase currents. Because the phase currents are magnetically coupled with one another and
additionally coupled with the induced currents of the reaction rail, these impedances are
frequency and speed dependent; thus, their determination can be very involving.

The exemplary performance characteristics of the subject LIM in current and voltage
modes for different speeds are shown in Figure 12.
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The characteristic increase of peak-thrust slip frequency that can be seen in the figure
above results from the end-effect induced magnetizing impedance change. As can be seen
from above figure, it is important to account for the asymmetry of phase currents when
determining the LIM performance. To do so, the electromagnetic transient FEA simulation
with the symmetrical three-phase voltage source would have to be used. However, that
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would become prohibitively time consuming due to a need of remeshing a large solution
space at every time step. Alternatively, the quasi-steady-state transient solution can be
achieved by simulating in the frequency domain but only if the software allows for the
modification of Ampere’s law.

4.3. Losses in the Reaction Rail

In order to determine the transverse effects of the current flowing in the reaction
rail, another numerical FE model should be applied. This can be done using the electric
vector potential T, defined by the formula rotT = J, where J denotes the current density
vector [74,75]. The differential equation for the electrical vector potential can be written as
follows (movement only in x-direction is allowed):

∂2T
∂x2 +

∂2T
∂y2 = σ(

∂B
∂t

+ vx
∂B
∂x

) (2)

Solving Equation (2) with different values of σ, vx, and f, it is possible to calculate the
current density distribution (and other important parameters of the LIM, such as power
losses and forces) for any combination of these parameters. Figure 13 shows an example of
the current density distribution in the aluminum rail of the LIM for different slip values of
constant frequency.
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Figure 13. Current density distribution in the rail of the LIM with constant frequency and different slip values [29].

The electric vector potential method can also be applied for the calculation of eddy cur-
rent distribution in the copper sheet of the rotor due to skewed armature slots
(Figure 14a) and for the analysis of influence of the rotor slits on the eddy current distribu-
tion in the rotor of rotating induction machines (Figure 14b).
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The method presented here has a broader meaning. It is a practical tool that enables
the analysis of the power losses in the LIM reaction rail and their minimization. Similar
results have also been presented in [55].

4.4. Real-Time Temperature Rise Prediction of a Traction LIM

The enclosed structure of the LIM primary, its continuous movement over the reaction
rail, and a large gap between the primary and the reaction rail effectively isolate the
primary from the heat flux generated in the RR. For all electric and electronic components
and devices for which the heat losses can be determined solely from the electric current
measurement, such as cables, inductors, relay coils, linear motors, actuators, etc., the
maximum nominal temperature rise above ambient can be directly associated with the
value of nominal current. However, the device’s heat-producing current often varies, due
to load changes, ranging from zero to values exceeding the value of the nominal current
by a large factor. Such complex load cycles can produce highly variable thermal cycling
and result in uncontrolled over-temperature, which negatively impacts the life cycle of a
device. During the acceleration and deceleration of a LIM-powered electric traction vehicle,
the instantaneous current of the motor exceeds, by a high margin, the nominal thermal
value and then decreases below that value during coasting and drops to zero at station
stops, therefore undergoing severe thermal cycling. The basic heat equation describes the
balance between the dissipated, stored, and radiated heat. The dissipated heat will be
partially transferred into the surrounding ambient and partially stored in the heated device
by increasing its temperature. So long as the heat power is constant, the temperature rise
will achieve a maximum value of ∆Tmax, and the thermal transient state will be described
by the following equation [91]:

∆T = ∆Tmax

(
1− e−

t
τ

)
+ ∆T0e−

t
τ (3)

where ∆T0 is the temperature rise over ambient at t = 0, ∆Tmax is the maximum temperature
rise over ambient for t→ ∞ , and τ is a characteristic constant (thermal time constant).

Equation (3) is frequently used to determine an initial temperature rise estimation
of a device undergoing thermal cycling by solving it for the thermal cycle average rms
current. However, this approach leads to an error in temperature prediction as it does not
account for the temperature dependence of a heat power source. This problem was solved
in [91] by correcting and then solving the conventional differential equation/algorithm and
providing an exact solution that utilized a single heat-run-test data point. The temperature
prediction performance of the basic and improved equations was analyzed by calculating
the temperature rise of a linear motor subjected to a typical, nominal service duty cycle.
The simulation took into consideration the result of a thermal test performed during a
thermal qualification of the subject LIM. The simulation results were further compared
against the results of temperature measurement taken from a thermal sensor imbedded in
a production LIM’s winding while operating the LIM-powered vehicle with the nominal
load on the existing Vancouver Expo line system. The experimental data in the form of
motor temperature and phase current were collected and overlayed with the simulation
results. The results (see Figure 15) confirm that the improved algorithm (blue) predicts
the LIM temperature rise (green) with much better accuracy than the basic algorithm
(red). The measured temperature is still lower than the improved prediction, mainly due
to an additional cooling effect resulting from the increased convection of a moving train.
Because of a high degree of prediction accuracy and minimal application cost, the improved
software algorithm found practical application and had been installed fleet wide.
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Figure 15. Comparison of different algorithms of temperature rise versus measured temperature
results [91].

The efficiency of a traction LIM motor, as has already been mentioned, is rather low
and in the case of a loss of forced cooling high losses can drive the temperature of the center
of the winding quickly to above the maximum allowed level. Precise detection of this
process is important as it allows the train control system to maintain the LIM in operation
for as long as possible without compromising the insulation life cycle. Figure 16 shows
the typical dependencies of power factor and efficiency for a traction LIM applied on most
urban transportation systems in the world. These results were confirmed by experimental
measurements taken by one of the authors for the motor, which now operates on a Rapid
KL Rail System in Kuala Lumpur, Malaysia. It characterizes similarly built traction LIMs
of comparable size and cooling efficiency.
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4.5. Superconductig LIM

A typical linear induction motor with an iron core and copper windings can only
produce limited thrust because of the saturation of the iron core and, in particular, its
teeth. Superconducting Linear Induction Motors (SLIMs) are a promising alternative to
conventional traction solutions. A novel high-temperature superconducting (HTSC) SLIM
was proposed in [26]. This SLIM uses stacks of second generation (2G) superconducting
tapes. Such a SLIM, capable of high ampere turns, can generate a strong magnetic field
and, consequently, exceptionally large thrust as it can achieve high flux densities over wide
air gaps. Commercial 2G HTS tapes utilizing yttrium- and gadolinium-based ceramics
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(YBCO) can operate up to critical temperatures of 77 K, which can be provided by liquid
nitrogen refrigerants. They can carry a critical current of 600 A at 77 K and self-field.
These properties make 2G tapes a promising material for use in power electric equipment,
including rotating and linear induction machines [23–25].

The conventional variant of such a SLIM has already been analyzed in [29,61,70]. The
only additional component of the SLIM is the cryostat, as in [24].

To determine all the crucial parameters of the SLIM, the FEA has been applied. One
of the challenges that must be solved is a proper evaluation of penetration of the strong
electromagnetic field into the moving and conducting reaction rail. Such modeling and
analysis can be extremely difficult and time consuming as it requires a proper choice of the
FE mesh (depending on the velocity and slip) [70]. Because of the strong saturation of the
laminated magnetic core, classical LIM construction methods may be put into question.

The current density within the HTSC coil was modeled according to the power law
for superconducting windings [14]. Figure 17a shows an example of the magnetic field
distribution within the subject SLIM, and Figure 17b shows the thrust characteristics for
different speeds.
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Figure 17. Magnetic field distribution within the end part of the SLIM (a). SLIM characteristics for
different speeds (b) [26].

As can be seen from the figures above, the superconducting LIM has significantly
increased thrust values compared to a conventional solution. An important computational
problem here is the correct modeling of the superconducting windings in the LIM, as well
as the correct consideration of the strong saturation of the magnetic circuit.

5. Conclusions

The paper provides an overview of different linear transportation systems and focuses
on the applications that use linear induction motors. Against this background, the authors
have presented and discussed new practical methodologies capable of solving some impor-
tant transportation LIM problems. Despite the LIM’s lower efficiency, when compared with
the rotary motor, for many applications the LIM system is a superior transport solution
that successfully competes against the conventional, rotary-motor-based alternative. This
is because the efficiency is a broader concept and the efficiency of a transportation system
must be analyzed in the context of the application. For elevated, driverless automated



Energies 2021, 14, 2549 19 of 22

systems, the LIM is indeed a superior solution because it does not rely on adhesion, has no
moving parts, and provides the lowest life cycle and operation and maintenance costs.

Based upon the experience gathered in the subject area of LIMs, the authors believe
that future research work should concentrate on increasing the motor efficiency by improv-
ing the construction materials and production technology and researching the application
of high-temperature superconductivity. This progress must be accompanied by the im-
provement in efficiency of predictive algorithms and more efficient FEA methods.

LIMs have been known and widely researched by the scientific community but mostly
as standalone electric motors. However, LIMs often work as parts of an overly com-
plex transportation system. Thus, future research should take into account the complex
interaction of the LIM with its specific system environment.
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