
IEEE TRANSACTIONS ON MAGNETICS, VOL. 50, NO. 5, MAY 2014 8201109

Performance Evaluation of a Low-Speed Single-Side HTS
Linear Induction Motor Used for Subway System
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Due to the critical characteristics and the magnetic flux pinning phenomenon of the high-temperature superconducting (HTS)
material, the electromagnetic calculation for the HTS motor is more complicated than for conventional motors. In this paper, the
equivalent electrical conductivity and the equivalent magnetic permeability are proposed to represent the critical characteristics
and the magnetic flux pinning phenomenon, respectively. Considering the low-speed single-sided HTS linear induction motor as an
example, the 2-D mathematical model is established and its boundary conditions are given. The model is solved using the time-step
finite-element method. The flux density distributions and the performance parameters, such as thrust, vertical force, eddy-current
loss, efficiency, power factor, and so on, are obtained. In addition, the magnetic flux density around the HTS windings is also
calculated to evaluate the influence of the leakage magnetic flux on the critical current. Finally, the experiment is carried out to
validate the accuracy of the established model.

Index Terms— Equivalent electrical conductivity, equivalent magnetic permeability, finite element method, HTS linear induction
motor, performance parameters.

I. INTRODUCTION

THE LINEAR induction motor (LIM) is derived
from the rotating induction motor (RIM). Instead of

producing rotation torque, it produces a linear force along
the moving direction. Thus, the linear induction motor could
drive the wheeled vehicles with independent wheel-rail
adhesion. Therefore, the LIM finds wide applications in the
transportation system [1]–[6]. In high-speed applications, it is
difficult to supply electrical power. Thus, the LIM with short
secondary (rotor in RIM) and long primary (stator in RIM) are
developed as vehicle drives [6]–[8]. The construction cost of
the transportation system is very high and the requirements of
the control technique become complicated and strict due to the
structure of the long primary LIM. In low-speed applications,
such as subway system, the power supply by pantograph
catenary system and the third rail has been used for many
years. This power supply could also satisfy the requirements
of the LIM with short primary. Thus, the construction cost
of the subway system propelled by the short-primary LIM
can be dramatically cut down. Moreover, the secondary
could be developed by reconstructing the inherent routes
without need to construct new ones, which will further reduce
the construction cost of the transportation system. Therefore,
the LIM with short primary has found wider applications in
the transportation system than the LIM with long primary,
e.g., the linear metro in Japan, then Vancouver light train in
Canada, and the Guangzhou subway line 4 and the Airport
Beijing City [9], [10]. Compared with the subway driven by
conventional rotating motors, the subway driven by the LIM
has the following advantages: 1) the construction cost could
be greatly decreased by making the height of the tunnel
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lower and 2) the metro small turning circle, strong climbing
ability, and low noise, so the route line would be more
flexible [11]. To ensure the subway to operate safely and
with stable performance, the LIM is usually designed with
an air-gap ranging from 10 to 100 mm, which is larger than
the RIM. During the energy conversion process, the magnetic
energy is carried away and lost at the ends of the primary
by the relative movement of the primary and secondary. This
phenomenon is called “end effects.” All these above finally
make the LIM show two major drawbacks, low efficiency
and power factors. These two drawbacks are the cause of
high energy consumptions [12]. The eddy-current loss in the
secondary plate as well as the thrust is tightly related to the
frequency. The LIM will have high efficiency and a large
thrust at low frequencies [5]. Moreover, if the subway station
is not far away from the next one, the low speed could satisfy
the requirements. For these reasons, the LIM considered
for the subway system is designed for low frequency
operation. Due to the large exciting current in the primary
windings, the efficiency of the motor at low frequency is
still lower than that of the rotating motors. Taking advantage
of the zero resistance of the high temperature materials,
the efficiency could be greatly improved by reducing the
loss of the primary windings [13]. With the properties
and the manufacturing technology of the HTS materials
improved, the construction cost of the HTS electrical devices
has been significantly cut down. Therefore, number of types of
HTS motors developed using the HTS tapes or HTS magnets
have been fabricated [14]–[17]. The HTS linear synchronous
motor, with the permanent magnets replaced using the HTS
magnets or HTS tapes for dc use, has been successfully
constructed and the motor could be operated with a better
performance [18], [19]. However, there were only a few
attempts to develop the HTS LIM using the HTS tapes for ac
use [20]. Recently, the properties of the HTS tapes for ac use
were greatly improved. The HTS LIM with HTS tapes has
become feasible, especially for the low-frequency applications
for the subway system [21]. Due to the low ac loss and
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Fig. 1. Basic physical structure of the HTS LIM with a slotted iron core.

Fig. 2. Sectional overview of the HTS LIM.

the high current density, the HTS LIM has the advantages
such as low volume, light weight, high efficiency and high
power density, and so on [16], [22]. The material properties
as the electrical conductivity and the magnetic permeability
are more complicated than the conventional materials. To
evaluate the performance of the HTS LIM, the traditional
analysis methods should be modified by considering the
material properties of the high temperature superconductors.

In this paper, a low-speed single-sided HTS LIM, with exci-
tation windings from Bi-2223/Ag HTS tapes and distributed
as a double-layer concentrating structure, is proposed. The
mathematical model considering the current characteristics and
the magnetic flux pinning phenomenon of the superconductor
is established to evaluate the performance of the HTS LIM.
The model is solved using the 2-D time-stepping finite-element
method (FEM). In addition, the experiment is also designed
to evaluate the accuracy of the FEM simulation results.

II. MATHEMATICAL MODEL FOR THE HTS LIM

A. Physical Structure of the HTS LIM

The developed HTS LIM is a short primary (stator in rotat-
ing motors) and a long secondary (rotor in rotating motors),
as shown in Fig. 1. Fig. 2 shows the sectional overview of
the machine. The primary windings are constructed using the
bi-2223 HTS tapes and cured using the dip-coating method.
The critical current decreases as the leakage magnetic flux
density increasing. The iron core is designed to reduce the
leakage magnetic flux around the HTS windings. The iron
core is made of the laminated silicon steel sheet to reduce
the eddy-current loss. The HTS windings are designed with
the same pitch due to the processing requirements. While the
12 HTS coils are assembled in the slots, the slots No. 2 and
No. 25 are vacant. The distributed structure has the mechanical
as well as electrical symmetry. The HTS windings and the
iron core comprise the primary of the motor. The entire
primary is immersed in the Dewar vessel which is filled with

Fig. 3. Practical prototype of the HTS LIM and the test bench.

liquid nitrogen. The secondary is a reaction plate and a back
iron core. They are built using the aluminum sheet with a
thickness of 3 mm and a steel sheet with a thickness of 8 mm,
respectively.

To evaluate the performance of the HTS LIM, the practical
prototype as well as the test bench were developed, as is shown
in Fig. 3. The primary is hung in the bottom of the trolley,
and the secondary is laid down in the middle of the two rails.
While the windings are fed by the three-phase ac power supply,
the thrust produced from the interaction between the primary
magnetic flux and the eddy currents of the secondary will drive
the trolley forward.

The main specifications and parameters of the prototype are
listed in Table I.

In the prototype, the primary is hanging below the vehicle,
which increases the complication of the machine construction
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TABLE I

MAIN SPECIFICATIONS AND PARAMETERS OF THE PROTOTYPE

Fig. 4. General left overview of the developed prototype.

Fig. 5. Equivalent electrical conductivity of the HTS tape.

with totally enclosed Dewar. Thus, a Dewar with an open top
as shown in Fig. 4 was designed. The machine is cooled by
the natural evaporation of the liquid nitrogen.

B. Equivalent Electrical Conductivity of the HTS Tape

The E–J characteristic of the HTS tape is given in (1) [18]

E = Ec

(
Jsc

Jc (|B| , T )

)n

. (1)

Usually, the operating temperature is constant. Thus, the
influence of the temperature on the transport current density
could be ignored. Derived from (1), the equivalent electrical
conductivity could be calculated by

σsc = Jsc

E
= Jc (|B|)

Ec

(
Jc (|B|)

Jsc

)n−1

(2)

where E is the terminal voltage of the HTS windings, Ec

is the critical electric field, Ec = 1.0 × 10−4 V/m, Jc is
the critical current density, Jc = 1.04 × 108 A/m2, Jsc is
the transport current density, and n is the coefficient.

Fig. 6. General configuration of the HTS tape.

The experiment was carried out on a short sample of the
HTS tape. While the ac is applied to the sample, the terminal
voltage between the two terminals could be measured. The
electrical conductivity of the HTS tape could be obtained
from the relation of the terminal voltage with the transport
alternating current and the sectional area. The comparison
of the calculated equivalent electrical conductivity and the
measured data are shown in Fig. 5. It shows that the theoretical
curve agrees with the measured data.

C. Equivalent Magnetic Permeability of the HTS Tape

Usually, the external magnetic flux density is larger than the
minimal critical magnetic flux density of the superconductor
operating at the critical state. The magnetic flux is pinned by
the impurities the superconductor is doped with. The magnetic
permeability is proposed to describe the magnetic flux pinning
phenomenon, what can make the electromagnetic calculations
easier [23], [24]. In this paper, the section dimension of the
HTS tape is 4.3 mm × 0.24 mm. The aspect ratio is larger
than 10. The HTS tape could be considered as an infinite plane
with a finite thickness, as shown in Fig. 6. The following
assumptions are proposed to simplify the calculation.

1) The magnetic field intensity in the HTS tape denoted as
Hi , is based on the critical state Bean model, with the
superconducting current density given by (3)

Jc(|Hi |) = Jc0 (3)

where Jc(|Hi |) is the penetrated superconducting current
density and Jc0 is the critical current density.

2) The external magnetic field intensity is parallel to the
tapes.

3) The magnetic flux penetrates gradually inward the tapes
as the external magnetic field intensity increases.

The internal magnetic field intensity is obtained from the
Maxwell’s equation

Hi = H + Jc (x − a) , x ≥ 0. (4)

Hi |x=0 = H − Jca = 0. (5)
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Fig. 7. Relationship of the magnetic flux density with the magnetizing
intensity.

While the HTS superconductors are fully penetrated by
the external flux density, using the boundary conditions given
by (5), the magnetic field intensity Hp

Hp = Jca. (6)

The average magnetizing intensity of the HTS tape could
be calculated from (7) as

−M (H ) = H − 1

V

∫
V

HidV = H − 1

a

∫ a

0
Hi (x) dx . (7)

The relation of the magnetic flux density with the magne-
tization and magnetic field intensity are given by (8)

B (H ) = μ0 (M + H) . (8)

Substituting (8)–(11) into (9), the final result is

B (H ) =
{

μ0 H2

4Hp
, H ≤ Hp

μ0 Hp
4 , H ≥ Hp

. (9)

Compared with the magnetic permeability of the vacuum,
the magnetic permeability of the HTS tape is shown in Fig. 7.
It shows that the relative magnetic permeability of the HTS is
less than that of the vacuum.

D. Mathematical Model for the HTS LIM

Due to the limited primary, the winding turns mounted in
the middle poles differ with that in the end poles. For double-
layer windings, the turns in the end poles are half of that in the
middle poles, and this effect is called the half filled slots effect;
while for single-layer windings there will be two empty slots
in the first pole and the last pole, e.g. in Fig. 2, the No. 2 and
No. 25 slots are empty. This effect is similarly called the empty
slot effect. The parameters of the LIM change with the speed,
and they are also affected by the end effects and the half-
filled slots. The calculation theories and methods proposed
for RIM are not accurate for flux density distributions and
performance analysis of the HTS LIM [11]. However, the FEM

could account for the above phenomenon. It is introduced to
solve the magnetic flux distribution and the performances of
the motor [3], [4], and [15]. The following assumptions make
the mathematical model simpler [25], [26].

1) The displacement current and the harmonics caused by
the source current are ignored, and the source current
and eddy current only have the components along the
z-axis.

2) The temperature sensibility effect of the resistivity and
the permeability is ignored.

3) The leakage magnetic flux of the back side of the iron
core is ignored.

4) The current density in the superconductors is evenly
distributed.

The solving region of 2-D transient electromagnetic field
is shown in Fig. 8. The � is the solving region, S1 is the
boundary of the magnetic field, where the magnetic field is
regarded zero, S2 is the backside of the iron core, S3 is the
interface between the reaction plate and the back iron.

Based on the Maxwell’s equations and the Ohm’s law
in moving medium, the 2-D mathematical model and its
boundary conditions are given below using the magnetic vector
potential A[3].

In the non-eddy-current region{
� : ∂

∂x

(
1
μ

∂ Az
∂x

)
+ ∂

∂y

(
1
μ

∂ Az
∂y

)
= −Js + σ ∂ Az

∂t

S1, S2 : Az = 0
. (10)

In the eddy-current region⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

� :

⎧⎪⎪⎨
⎪⎪⎩

∂
∂x

(
1
μ

∂ Az
∂x

)
+ ∂

∂y

(
1
μ

∂ Az
∂y

)
= −Je

Je = σ
[
− ∂ Az

∂t + (1 − s) vs × (∇ × Az)
]

vs = 2 f τ
S1 : Az = 0
S3 : 1

μ1

∂ Az
∂n − 1

μ2

∂ Az
∂n = K

(11)

where Az is the magnetic vector potential, μ is the magnetic
permeability, Js is the source current density, Je is the eddy-
current density, σ is the electrical conductivity, vs is the
synchronous speed, and s is the slip. f is the rated frequency,
τ is the pole pitch, μ1 and μ2 are the relative permeability,
and K is surface current density.

The mathematical model is discretized and solved using the
Galerkin FEM. The solution flow diagram is shown in Fig. 9.
In the iterative calculation, σsc−new is calculated by (2), ε is
the convergence coefficient, here it is set to 0.01.

III. CALCULATED RESULTS AND ANALYSIS

A. Distributions of the Magnetic Flux Density

While the iterative calculation is done, the magnetic flux
distributions are shown in Fig. 10. The pinning force pro-
duced by the pinning centers suppresses the external magnetic
flux penetrating the superconductor. Thus, the magnetic flux
density in the HTS windings is lower than that in other motor
components. In addition, affected by the end-effect and the
empty slots effect, the magnetic flux density in the end region
is lower than that in the middle poles. Moreover, the magnetic
flux density in the exit end is larger than that in the entrance
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Fig. 8. Solving region for the HTS LIM with a slotted iron core. 1: Slotted iron core. 2: HTS windings. 3: Reaction plate. 4: Back iron core.

end, which corresponds with the results as presented in [27].
The magnetic flux distribution of the HTS windings is shown
in Fig. 10(b). It shows that the magnetic flux density in the
lower part is larger than that in the upper part, which is caused
by the leakage magnetic flux in the slot.

Fig. 11 shows the air-gap magnetic flux density and its
harmonic analysis. The teeth-slot effect has a great influence
on the air-gap magnetic flux density. For the motor designed
with full pitch windings, the fifth harmonics is larger than
other harmonics. To obtain a good performance, the measures
should be taken to suppress the harmonics.

B. Steady-State Performance of the HTS LIM

The steady-state performance can be obtained from the FEM
solution. The force in each element can be obtained, and the
total force characteristics could be calculated by summation
of all the elements. While the motor is operated in a steady
state, the average force in one cycle could be calculated as
follows [28], [29]:

Fthrust = 1

Te

∫ t+Te

t
Le f ·

n∑
i=1

Byi · Jzi Si dt (12)

Fnomal = Fy1 + Fy2 (13)

Fy1 = 1

Te

∫ t+Te

t
Le f ·

n∑
i=1

Bxi · Jzi Si dt (14)

Fy2 = ∂Wm

∂ge
= 1

Te

∫ t+Te

t

∂

∂ge

Lef

2μ0

n∑
i=1

B2
yi Si dt (15)

where the Fthrust is the thrust of the motor, Bxi and Byi

are the x and y components of the magnetic flux density,
respectively, Jzi is the eddy-current density, Si is the area of
the element i , Te is a cycle time, Fnomal is the vertical force,
Fy1 is the repulsive force produced by eddy current and the
source current, Fy2 is the attractive force produced by primary
magnetic field and the ferromagnetism in secondary, Wm is the
energy of the magnetic field, ge is the length of the air-gap,
μ0 is the permeability of the vacuum, and n is the total number
of the meshed elements.

While the motor is operated with different slip, the force
characteristics are shown in Fig. 12. The thrust decreases with
the reduced slip, while the vertical force increases as the slip
is reduced. In the entire slip, the vertical force is an attractive
force. In the lower slip, the vertical force is very large, which
would increase the resistance of the motor. Therefore, we
should pay more attentions to the vertical force.

In the developed prototype, the ac loss of the HTS windings
is almost zero. The loss of the motor is mainly determined by
the eddy-current loss in the reaction plate and the back iron

Fig. 9. Solving flow diagram for the HTS LIM.

plate. The total eddy-current loss Peddy are calculated by (11)
in a cycle [26]

Peddy = 1

Te

∫ t+Te

t

Le f

σ

n∑
i=1

J 2
zi Si dt (16)

where σ is the electrical conductivity and Jzi is the eddy-
current density.

Obtained from the FEM solution, the eddy-current loss is
shown in Fig. 13. When the motor is operated with the locked-
primary state, the loss is ∼6000 W, whereas the loss is rapidly
reduced to 624 W when the motor is operated at a speed next
to the synchronous speed, ∼10% of that in locked-primary
state.

The power factor cos (ϕ) and the efficiency η could be
calculated from (17){

cos (ϕ) = cos (ϕ1 − ϕ2)

η = (Fthrust × (1 − s)vs)
/(√

3UN IP cos(ϕ)
) (17)

where ϕ1 and ϕ2 are the electrical angle of the terminal voltage
and the phase current and IP is the calculated phase current
under the given slip s.

The calculated power factor and efficiency are shown
in Fig. 14. The power factor decreases with the slip.
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Fig. 10. Magnetic flux distribution of the HTS LIM. (a) Magnetic flux distribution of the entire motors. (b) Magnetic flux distribution of the HTS windings.

Fig. 11. Air-gap magnetic flux density and the harmonic analysis.

Fig. 12. Relationships of the force characteristics with slip.

The maximum efficiency is about 0.62 while the motor is
operated with a slip of about 0.25.

C. Critical Current Evaluation of the HTS LIM

The critical current decreases with the external magnetic
flux density increasing. While the motor is operated, the slot
leakage flux changes with the slip, the critical current of the
HTS tapes will also change with the slip. Therefore, it is
important to evaluate the critical current of the motor with
different state. It is different to measure the critical current
while the motor is operated. Thus, the influence of the external
magnetic flux on the critical current is evaluated indirectly.

Fig. 13. Curve of the eddy-current loss with slip.

Fig. 14. Relationships of the power factor and the efficiency with slip.

Initially, the relation of the critical current to the external
magnetic flux density should be tested. The specifications
of the practical HTS tapes have been listed in Table II.
The relation of the critical current to the external flux density
are shown in Fig. 15. The critical current decreases monoton-
ically with the external magnetic flux density increasing. The
decrease of the critical current with the perpendicular magnetic
flux density is larger than that with the parallel magnetic flux
density.

The maximum of the parallel components (parallel to wide
side of HTS tapes) and the perpendicular components (perpen-
dicular to the wide side of HTS tapes) of the magnetic flux
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TABLE II

SPECIFICATIONS OF THE HTS TAPES

Fig. 15. Relationship of the critical current with the external flux density.

Fig. 16. Curves of the flux density and the critical values with the slip.

density around the windings could be calculated by{
B// = max(Byi)
B⊥ = max(Bxi)

(18)

where B// and B⊥ are the parallel components and perpen-
dicular components of the magnetic flux density, respectively.
Bxi and Byi are the magnetic density of the element i in x- and
y-axis, respectively.

The comparison between the critical components of the
magnetic flux density obtained from the measured data and
the maximum of the leakage flux density around the windings
are shown in Fig. 16. The perpendicular component of the
magnetic flux density increases with the slip decreasing.

Fig. 17. Constructed testing bench for the HTS LIM.

However, the parallel component almost has a few changes
in the entire slip region. The magnetic flux density is less
than the critical components of the magnetic flux density. The
motor could be operated safely in the entire slip region, but the
safety margin is too small in the high slip region. Therefore, in
the actual applications this operation state should be avoided.
The parallel component is far less than the critical parallel
magnetic flux density. While the motor is designed, the influ-
ence of the parallel magnetic flux density on the critical current
could be ignored.

IV. EXPERIMENT OF THE HTS LIM

To validate the accuracy of the simulation results, the
experiment has been carried out on the constructed prototype.
Fig. 17 shows the testing bench. In the experiment, the
prototype is connected with a LIM, with copper wire windings.
The copper LIM is used as the load motor for the HTS LIM.
The tension sensor is installed between the two motors. The
velocity sensor is installed on the wheels. While the motor is
operated with a balanced three-phase ac supply, the motor will
accelerate and finally move with a steady speed.

Limited by the test bench to a 20 m rail, the motor could
not reach the rated speed while it is driven at the rated
frequency of 10 Hz. To obtain the steady performances of
the motor, we tested the motor at a frequency of 4 Hz. The
measured data could also be used to verify the accuracy of the
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Fig. 18. Speed curves of the measured data and the simulation values.

Fig. 19. Thrust curves of the measured data and the simulation values.

calculated method presented in this paper. The comparisons
of the measured data with the simulated results are shown in
Figs. 18 and 19. In the initial stage, the simulation results
differ from the measured data; the reason could be explained
as follows: 1) the load force in the experiment is the is static
friction force existed between the wheels and the rails, whereas
it is motive force in the simulation, which could drive the
motor moving in the opposite direction and 2) influenced by
the transverse end-effect, the leakage reactance of the actual
motor is larger than that of the 2-D model.

While the motor is operated at a steady speed, the simulation
results could correspond to the measured data. The differences
of the speed and the thrust between the simulation results and
the measured data are 0.7% and 7.7%, respectively. The speed
meets the convergence conditions set in the FEM solution.
The calculated thrust is slightly lower than the measured data.
It is because that in the actual construction the secondary is
developed wider than the primary, so the eddy current in the
end zone also contributes to the thrust of the motor. Based
on the analysis above, the established mathematical model is
accurate for the calculation of the performance evaluation.

V. CONCLUSION

Based on the FEM, this paper sets out a new mathematical
model for calculation and analysis of the HTS LIM, which
considers the current characteristics and the magnetic flux

pinning phenomenon of the superconductor. The magnetic flux
density distributions and the performance as thrust, vertical
force, eddy-current loss, efficiency, and so on are calculated.
Using comparisons between the simulation and the measured
data, it follows that the established mathematical model can
obtain accurate results for the motor.

In the future, the proposed mathematical model would be a
crucial step for the electromagnetic optimization processes of
the HTS LIM.
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