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ΦAbstract -- The study on high temperature superconducting 
(HTS) bulk magnets and their application has attracted much 
attention. This paper presents the performance analysis of a 
linear synchronous motor (LSM) with HTS bulk magnets for 
driving an HTS maglev vehicle model. Finite element magnetic 
field analysis is carried out for computing the magnetic field 
distribution and key parameters of the LSM, and an equivalent 
electrical circuit is then applied to predict the motor 
performance, showing that the presented motor is appropriate 
for driving the model vehicle. The LSM has been prototyped, 
installed in the maglev vehicle model, and tested for validating 
the theoretical analysis. 
 

Index Terms-- Finite element magnetic field analysis, linear 
synchronous motor, high temperature superconducting (HTS) 
bulk magnet, HTS maglev vehicle. 

I.   INTRODUCTION 
IGH temperature superconducting (HTS) materials and 
their applications have achieved significant development 
in the past two decades [1-2]. Different HTS materials 

have been developed in various forms, such as bulk, 
wire/tape and film, to suit various practical requirements. At 
the same time, extensive research has been conducted for a 
wide range of applications both in strong current aspects 
such as fault current limiters, transformers, energy storage 
devices, power cables, motors and generators, and HTS 
magnets; and in weak current aspects such as 
superconducting quantum interference devices (SQUIDs, e.g. 
magnetometers, gradiometers, microscopes, amplifiers), HTS 
microwave devices, and digital circuits and superconducting 
computers. 

The HTS material can generate strong levitation force 
with very large force density and self-stabilizing feature and 
hence has attracted much research interest in maglev 
applications such as frictionless bearings [3] and 
transportation vehicles [4]. To investigate the HTS 
application in maglev transportation systems, the authors of 
this paper firstly developed a small-scale maglev train 
vehicle model with an overall size of 200 x 50 x 50 mm3 and 
a track of 2 m [5]. The vehicle is levitated by the interaction 
between HTS bulks placed on the ground and permanent 
magnets (PMs) mounted on the bottom of the vehicle. It has 
been proved that the system can produce inherent stability in 
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both vertical and lateral directions without any active control. 
The maglev vehicle model could be developed for train 
transportation or airplane launcher. 

To drive the above-mentioned maglev vehicle model, a 
linear motor is naturally the best choice which provides 
many advantages over its rotary counterpart, such as high 
reliability, high efficiency, and low vibration and noise, 
thanks to the lack of mechanical transformation from rotary 
to linear movement. A linear permanent magnet synchronous 
drive system has been designed, manufactured and integrated 
into the system [5-6]. Experiments were carried out and the 
design concepts were validated. Furthermore, a linear 
induction motor drive system has also been proposed [7]. 

For more practical study, the second version of the 
vehicle model with 10 m long track has been developed. As 
shown in Fig. 1, the maglev system is used on both sides and 
each consists of HTS bulks on the vehicle and PM guide way 
on the ground. The linear drive system is placed in the 
middle, with a long primary and active track on the ground. 
The secondary of the linear motor is placed on the bottom of 
the vehicle, which can be a PM array for a linear 
synchronous motor [8] or a copper/aluminum sheet for a 
linear induction motor [9]. 

 

 
 

Fig. 1.  Schematic view of a HTS maglev vehicle model with HTS bulk 
magnet LSM 
 

The PMs in the secondary can be replaced by an array of 
YBCO HTS bulk magnets [10]. With the advance of HTS 
techniques, it has been reported that HTS bulks can trap a 
magnetic field well above 2.3 T at 77 K [11]. The 
application of such HTS bulk magnets for developing 
compact and high performance motors and actuators has 
attracted strong research interest recently [12]. 

This paper carries out further analysis of the presented 
HTS bulk magnet linear synchronous motor (LSM) for 
driving a HTS maglev vehicle model [10]. The numerical 
model of HTS bulk magnet is firstly investigated. Magnetic 
field finite element analysis (FEA) is then carried out for the 
whole motor region to accurately determine the magnetic 
field distribution and key parameters. The drive performance 
is predicted by using an equivalent electrical circuit. Some 
experimental results have been obtained on the motor 
prototype, validating the design concept and theoretical 
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analysis. 

II.   NUMERICAL MODEL OF HTS BULK MAGNET 
The HTS bulk can trap a magnetic field by zero-field-

cooled or field-cooled magnetization with steady magnetic 
field or pulse magnetic field. The flux density distribution of 
the bulk magnet can be calculated by the sandpile model in 
combination with the Biot-Savart law [13]. As illustrated in 
Fig. 2, the sandpile model divides the block magnet into NL 
layers and NC current loops. The loop current is given by 

                cI J h w= ∆ ∆  (1) 

where Jc is the critical current density of the bulk, ∆h the 
height of each layer, and ∆w the width of each current loop. 
 

 
 

Fig. 2.  Sandpile model of a block HTS bulk magnet 
 

When ∆h and ∆w are sufficiently small, the loop current 
can be considered as a line current and the trapped field in 
the bulk magnet is given by the Biot-Savart law as 

 
(2) 

where µo is the permeability of vacuum, r the position vector 
from the current element ds to the observation point, and ||r|| 
is the length of r. 

III.   PARAMETER COMPUTATION AND PERFORMANCE 
ANALYSIS 

After zero-field-cooled or field-cooled magnetization, the 
HTS bulk magnets are installed on the vehicle bottom as the 
secondary of the linear motor. As shown in Fig. 3, six 
magnets are mounted along the vehicle movement direction 
with alternating poles of N and S. In the transverse direction, 
three magnets with the same pole of N or S are used so that 
the total magnet width equals that of the stator core. The 
major dimensions of the LSM are listed in Table 1. 

 

 

 
Fig. 3.  Side view of the linear synchronous motor with HTS bulk magnets 

 
TABLE I 

MAJOR DIMENSIONS OF HTS BULK MAGNET LSM 
 

Stator tooth length (along movement direction) (mm) 10 
Tooth width (transverse direction) (mm) 150 
Slot depth (mm) 100 
Slot length (along movement direction) (mm) 20 
Number of turns of copper coil 200 
Diameter of copper wire (mm) 1.18 
Pole pitch (mm) 45 
Main air gap length (vertical direction) (mm) 6 
HTS bulk magnet length (along movement direction) (mm) 45 
Total magnet width (transverse direction) (mm) 150 
Magnet height (mm) 12 
Trapped magnetic field (T) 0.6 
Relative permeability of HTS bulk magnet 0.4 

 
For computing the magnetic field distribution of the motor, 

2D finite element method is applied, which might be 
sufficient for theoretical analysis of this motor. It should be 
noted that 3D finite element analysis can be easily realized 
for more accurate analysis at the cost of more computation 
time. Fig. 4 shows the 2-D FEA solution region where the 
materials are numbered as  air,  HTS bulk magnet North, 
 HTS bulk magnet South,  back-iron,  stator core, and 
 stator winding. 
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Fig. 4.  2-D FEA solution region of the HTS bulk magnet LSM 
 
Based on the magnetic field FEA solutions, which have 

taken into account the detailed motor structure and magnetic 
nonlinearity of core materials, a number of key motor 
parameters can be accurately determined. For example, the 
PM flux, defined as the flux of one stator phase winding 
produced by the HTS bulk magnets, can be calculated from 
the no-load field distribution. Fig. 5 plots the waveform of 
PM flux against time or mover position, based on a series of 
FEA solutions at different mover positions in a pole-pair 
region. To reduce the computational error caused by the 
meshing, a separation mesh technique is used. The stator 
region and the mover region are separated along the middle 
line of the air gap and they are separately meshed. When the 
mover moves to a new position, e.g. a step of 15 electrical 
degrees, the stator and mover meshes are stitched together 
along the middle air gap line. To investigate the effect of the 
air gap length, the calculations with gaps of 0.8 mm, 2 mm, 
and 4 mm are also given. It is seen that the flux magnitude 
increases with the decrease of the gap length; but this is 
constrained by the mechanical clearance, as well as the 
attractive force between stator and mover. 

The PM flux waveform is an almost perfect sinusoid. 
When the vehicle moves, a back emf is induced in the stator 



 

 

 

winding and can be obtained by differentiating the PM flux 
against time. The motor back emf constant is computed as 
5.036 Vs/m, by 

               1

2E sK Nπ φ
τ

=   (3) 

where τ=45 mm is the pole pitch, Ns=600 is the number of 
effective turns of a phase winding, and φ1=0.17 mWb is the 
PM flux magnitude. 
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Fig. 5.  Per-turn PM flux of the stator phase winding 
 

From the no-load field distribution, the cogging force can 
also be obtained by using the virtual work method or 
Maxwell stress tensor method. This force is unwanted, but its 
horizontal component (along the movement) may be used if a 
proper control is chosen. Fig. 6 shows the horizontal 
component of cogging torque against load angle. The scheme 
without back-iron is also given, showing that the 
employment of a back iron will increase the horizontal force. 
This is also applicable for the driving force produced by the 
magnetic interaction of bulk magnets and stator currents. 
Optimization design would be conducted for minimizing the 
cogging force. 

The winding inductance can also be worked out from 
FEA field solutions. In this paper, the winding inductance is 
computed by using a modified incremental energy method 
[14]. Then the motor performance can be analyzed with an 
equivalent electric circuit as shown in Fig. 7, where V1 is 
applied voltage, E1=KEv is the back emf generated by the 
HTS bulk magnets on the mover, v the vehicle speed, v=2τf, f 
the stator current frequency, R1 the phase winding resistance, 
X1=2πfL1 the synchronous reactance, and L1 the synchronous 
inductance which equals the self inductance plus half the 
mutual inductance here. 
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Fig. 6.  Horizontal component cogging force against load angle 
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Fig. 7.  Per-phase equivalent electrical circuit of PM synchronous motor 
 

Under a control mode, the motor’s mechanical 
characteristic, i.e. the relation of electromagnetic thrust force 
Fem against motor speed v, can be derived from the 
equivalent circuit. For example, the mechanical characteristic 
under the optimal brushless DC control is 
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Fig. 8 plots the computed thrust force against stator 
current. For comparison, the calculations with different 
trapped field of 0.35 T, 1 T and 2 T are also given. 

 

 
 
Fig. 8.  Thrust force versus stator current with different trapped magnetic 
field 

 
 
 

IV.   PROTOTYPE EXPERIMENT 
Based on the above analysis, an HTS maglev vehicle with 

a HTS bulk magnet LSM drive has been developed. Fig. 9 
illustrates the schematic view of the vehicle and Fig. 10 
shows the photo of a practical prototype. For experimental 
convenience the mover is supported by two guide rails on 
both sides. The mover can slide freely along the guide rails, 
which will be replaced by the HTS maglev system in the 
final experiment. The LSM has been successfully operated 
with a voltage space vector PWM scheme. Fig. 11 shows the 
measured thrust force that the motor can produce at steady 
state at different speed or frequency. For comparison, the gap 
length between the stator and the mover is adjusted to 2 mm 



 

 

 

or 10 mm and the experimental results are also given. 
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Fig. 9.  Schematic view of the HTS maglev vehicle with HTS bulk magnet 
LSM drive 

 

 
 

Fig. 10.  Photo of experiment setup 
 

 
 
Fig. 11.  Measured thrust force versus stator current frequency 

V.   CONCLUSION 
This paper presents the performance analysis of a linear 

synchronous motor with HTS bulk magnets for driving a 
HTS maglev vehicle. The linear motor is composed of the 
primary stator on the ground and the secondary mover 
mounted on the vehicle bottom. The HTS bulk magnets are 
placed in a cryogenic vessel which is fixed on the secondary 
mover. Magnetic field finite element analysis is conducted to 
calculate the motor parameters and an equivalent electrical 
circuit is used to analyze the motor performance, e.g. the 
mechanical characteristic. An experimental prototype has 
been set up. Theoretical analysis and experimental results 
validate the design concept. 
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