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Abstract⎯A permanent magnet linear synchronous 

motor (PMLSM) for a high temperature supercon- 
ducting (HTS) maglev system has been studied, 
including the motor structure, control strategy, and 
analysis techniques. Finite element analysis (FEA) of 
magnetic field is conducted to accurately calculate 
major motor parameters. Equivalent electrical circuit is 
used to predict the drive’s steady-state characteristics, 
and a phase variable model is applied to predict the 
dynamic performance. Preliminary experiment with a 
prototype has been made to verify the theoretical analysis 
and the HTS-PM synchronous driving technology. 

 

Index Terms⎯High temperature superconducting 
(HTS), HTS magnetic levitation, maglev transportation 
system, permanent magnet linear synchronous motor. 

 

1. Introduction 
For the capability of generating high levitation force 

density with passive and self-stabilizing features[1], high 
temperature superconducting (HTS) materials have 
attracted strong interest of research in many applications, 
such as frictionless bearings for flywheel energy storage 
systems[2]-[4] and maglev devices for transportation 
vehicles[5]-[9]. For driving the transportation systems, the 
linear motor drive is more advantageous than its rotary 
counterpart due to the lack of the mechanic transform and 
has advantages such as simple structure, no abrasion, low 
noise, high accuracy, and easy to maintain. Therefore, the 
linear motor integrated with HTS magnetic levitation 
system can be applied in transportation (maglev) domestic 
appliances and many industrial automation control fields 
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such as computer-controlled machining tools, semicon- 
ductor manufacturing equipments and so on. 

There are various types of linear motors such as DC, 
induction, and synchronous motors. Among those, the 
permanent magnet linear synchronous motor (PMLSM) 
with power electronic drive circuits seems very promising. 
This paper investigates the application of a PMLSM for 
driving a small scale prototype HTS maglev vehicle[5]-[7]. 
The motor structure, control strategy, analysis technique 
and the preliminary experiment results are presented. 

2. Prototype HTS Maglev Vehicle 
Fig. 1 illustrates the small scale prototype HTS maglev 

train with dimension of 1000 mm × 170 mm × 80 mm and an 
unloaded mass of 25 kg. The vehicle is magnetically 
levitated by the interaction of the HTS bulk mounted on the 
vehicle bottom and the PMs placed on the ground along the 
driveway. Because the interaction force between the PMs 
and the maglev bulks is passive and self-stabilizing, it does 
not need any comprehensive control and at the same time it 
can act as the guiding force. By contrast, the conventional 
transportation system relies on wheels and rails for 
supporting and guiding. The contact between the moving 
wheels and the stationary rails will cause friction, energy 
loss, mechanical wear and noise. It also limits the train’s 
maximum speed. As a result, maglev vehicles have now 
become very attractive due to their non-contact operational 
mode, particularly for high speed transportation. 

In the prototype maglev train, the driving force is 
provided by a linear drive in both sides of the vehicle. On 
each side is a PMLSM: the moving part includes the PMs 
mounted on back steel; the stationary part includes the coils 
placed in the slots of the side steel track. In a PM motor, the 
interaction between the mover PMs and the stator currents 
(and also the stator teeth) generates large attraction force 
besides the driving force. Such a lateral attraction force is 
unwanted. In the double-side design, the attraction forces 
produced by the two motors can be mostly cancelled[10]. 

3. Motor Structure and Dimensions 
As shown in Fig. 1, on each side of the vehicle is a 

PMLSM for generating the driving force. Fig. 2 shows the 
PMLSM structure viewed from the top. On the back iron of 
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the vehicle are mounted 4 PMs, each of which has a length 
(along the movement direction) of 60 mm, a thickness 
(magnetization direction) of 10 mm, and a width (transverse) 
of 30 mm. The thickness of back iron is 5 mm. 

In the stationary side track, coils wound around the 
teeth are connected to form 3 phase windings, any two of 
which are separated by 120° electrical. The tooth has a 
length (along the movement direction) of 20 mm, a depth of 
28 mm, and a width (transverse) of 30 mm. The slot width 
(along the movement direction) is chosen as 20 mm. The 
main air gap length is 8 mm. 

The 3 phase windings are supplied via a single-phase to 
3-phase frequency-variable power source. It can be seen 
that only the coils facing the mover PMs will generate the 
driving force. The rest of the coils would produce extra 
resistance, copper loss and leakage flux. To overcome these 
problems, the stator winding can be divided into sections. 
In practice, the inverter can be connected to only the 
windings coupled to the mover PMs at each moment[10]. 

Vehicle 

PM 

HTS bulk 

Steel back

Tooth 

Steel back
PM PM 

 
Fig. 1. A small scale prototype HTS maglev vehicle. 

4. Motor Parameter Computation 
For calculating the motor parameters, the conventional 

equivalent magnetic circuit method can be used. However, 
the magnetic circuit method can only provide approximate 
results as it has difficulty in including the detailed structure 
and the non-linearity of magnetic materials. On the other 
hand, numerical analysis like finite element method (FEM) 
can overcome this difficulty. In this paper, the major motor 
parameters such as winding flux and inductance are 
calculated based on the magnetic field distributions by 
using finite element analysis (FEA).  

The magnetically relevant parts of the linear motor (one 
side) are shown in Fig. 2, and the non-linear magnetic 
property, i.e., the B-H curve of silicon steel used as the 
magnetic material of the side tracks and PM back irons, is 
given in Fig. 3. 
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Fig. 2. 2-D view of the PM linear synchronous motor. 
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Fig. 3. B-H curve of side track and PM back iron. 

Two-dimensional field computation in one pole-pair 
region is carried out, which can be sufficient for theoretical 
analysis. It should be noted that three-dimensional analysis 
within the whole motor could be conducted for considering 
the fringing effect and asymmetry among three phases at 
the expense of longer computational time. 

The PM flux, defined as the flux of a phase winding 
produced by the mover PMs, can be determined from the 
magnetic field distribution at no-load. The flux waveform 
can be calculated by moving the mover for one pole-pair 
pitch in several steps. To increase the computational 
accuracy and efficiency, the stator and rotor are separately 
meshed and kept unchanged when the mover moves. After 
the meshed mover moves to a new position, the meshes are 
stitched with those of the stator along the middle air gap. 
For the time stepping analysis, the meshing of middle air 
gap line is controlled such that the nodes of the stator and 
mover sides coincide at each step. Fig. 4 shows an example 
when the mover has moved one pitch τ from the position 
x=0. The materials are numbered as: 1) air, 3) PM South 
(with the magnetization direction along the y-axis direction), 
4) PM North (with the magnetization direction along the 
negative y-axis direction), 5) PM back iron, and 6) side 
track. The copper coils, number as 2) and placed on the 
stator slots, are not shown for clarity. Instead, the copper 
coils are replaced by air for no-load analysis as they have 
the almost same magnetic permeability as air. 

②
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Fig. 4. Finite element meshes when Δx=τ. 

On the y-direction boundary lines of the stator and 
mover, and on the open middle air gap line, the magnetic 
vector potentials obey the periodical boundary conditions 
as (1), (2), and (3), respectively, 
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( , ) ( , )AZ y AZ yτ τ− =              (1) 
( , ) ( , )AZ x y AZ x yτ τ− + Δ = + Δ          (2) 

( , ) ( 2 , )g g gAZ x y AZ x ygτ= +         (3) 

where the origin is located at the center of the bottom line, 
Δx is the moved distance of the mover (e.g. τ in Fig. 4), yg 
is the y-coordinate of the middle air gap line, xg is the 
x-coordinate of the node on the left open air gap line, and 
0≤xg≤Δx. The top and bottom boundary lines can be 
assumed to follow the flux-parallel condition although air 
layers may be added for somewhat more accurate solutions. 

Based on the no-load magnetic field solutions at 
various mover positions, the PM flux, defined as the flux of 
the phase winding produced by the mover PMs, can be 
obtained as in Fig. 5. It is observed that the flux waveform 
is an almost perfect sinusoid. The PM flux waveforms are 
three phase symmetrical, i.e., they have the same magnitude 
but are shifted by 120° electrical to each other. This is a 
fundamental requirement for three phase drive. 
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Fig. 5. PM flux linking one coil. 

From Fig. 5, one can work out the maximum flux 
linking one coil as 0.571 mWb. Considering that a phase 
winding consists of 2 active coils at any instant, the PM 
flux is calculated as φ=1.142 mWb. 

When the vehicle moves, an electromotive force (EMF) 
is induced in the stator windings. By differentiating the PM 
flux of phase winding against time, the back EMF is 
determined with an rms value as 

1 2 c NE fN kπ φ=                (4) 

where f is the frequency, Nc is the number of turns of phase 
winding, and kN is the winding factor. 

Winding inductance is another important parameter for 
the motor performance. As the behavior of an electrical 
circuit is determined by the incremental inductances instead 
of the commonly defined apparent inductance, the winding 
inductances of the PMLSM at different mover positions are 
computed by using a modified incremental energy 
method[11]. The calculations reveal that the winding 
inductances are almost constant at different mover positions, 
which may be due to the large effective air gap (e.g. the 

permeability of the PMs is almost the same as that of air). 
Based on the magnetic field solutions, some other 

parameters, such as cogging force, electromagnetic force 
and core loss, can also be worked out. 

5. Performance Prediction 
Considering that the back EMF waveform is very close 

to sinusoidal, the steady-state performance of the motor can 
be predicted by the conventional equivalent electrical 
circuit as shown in Fig. 6, where E1 is the induced phase 
winding back emf due to the mover PMs, R1 is the phase 
winding resistance, and X1 =2πf L1 is the synchronous 
reactance. L1 is the synchronous inductance, which equals 
the self inductance plus half the mutual inductance for the 
case of symmetrical 3-phase windings. 

JX1 R1 I1 

E1 V1

 
Fig. 6. Equivalent circuit model of synchronous motors. 

If the motor is controlled by the brushless DC scheme, 
under the optimum condition, i.e., the winding current and 
back emf are in phase, then the electromagnetic driving 
force can be calculated by 
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where KF is the force constant and NcI1 is the phase winding 
current in ampere-turns. 

For a given terminal voltage V1, the relationship 
between the mover speed and electromagnetic force at the 
steady-state can be determined by 
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where m=3 is the number of phases, KE=KT/m is the back 
EMF constant. 

For predicting the dynamic performance of the motor, 
the phase variable model can be applied[12],[13], which 
consists of several electrical and motion equations as 

/k k k k kV r i d dt eλ= + + , k=a, b, c       (7) 

kq
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k
q a

L iλ
=

= ∑ q                        (8) 
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em L
dvm F Bv F
dt

= − −             (10) 

All above variables are used as their conventional 
meanings. The profiles of L, e and Fcog can be obtained 
from a series of nonlinear FEA solutions, in which the 
mover position dependence and saturation effect are 
considered. 

6. Experimental Validation 
To validate the above idea, a preliminary experiment 

has been conducted. Fig. 7 shows the HTS magnetic 
levitator and its positioning track. Fig. 8 (a) shows the 
experimental PMLSM, including the stator composed of 
3φ  copper windings on the bottom, the mover constituted 
of four PMs on the top, and a varying frequency power 
source. The stator structure is shown in Fig. 8 (b). 12 coils 
forming 3φ  windings are connected as 

Phase A: 1-4-7-10; 
Phase B: 2-5-8-11; 
Phase C: 3-6-9-12. 
 

 
Fig. 7. HTS magnetic levitator tested on its PM track in the Center 
of Applied Superconductivity and Electrical Engineering, 
University of Electronic Science and Technology of China. 

   
(a)                     (b) 

Fig. 8. The experimental PMLSM driving system: (a) the system 
and (b) stator coils, built by the Center of Applied 
Superconductivity and Electrical Engineering, University of 
Electronic Science and Technology of China. 

The major stator dimensions include 2 cm tooth length 
(along the movement direction), 3 cm tooth width, and 2.8 
cm tooth height. The slot width (along the movement 
direction) is also 2 cm, so the pole pitch is 6 cm. When the 
power supply is set to be 5 Hz, the rated velocity can be 
calculated as 0.6 m/s by the following equation: 

2v

The mover is composed of four NdFeB magnets which 
are mounted on a steel back. The magnet is 6 cm long along 
the movement direction, 3 cm width in the transversal direc- 
tion, and 1 cm height in magnetization direction. Four 
magnets are arranged as N-S-N-S. 

The PMLSM is supplied by a BT40 frequency variable 
power source with a rated power of 750 W, rated current of 
5 A, output voltage range of 0 V to 220 V (3 phase AC) and 
output frequency range of 0.1 Hz to 400 Hz. 

The experiments conducted under different frequencies 
show that the PM mover can move forward when the phase 
sequence is changed the mover move backward. This 
preliminarily validates the theoretical analysis. Based on 
this preliminary work, an optimized PMLSM will be 
developed for driving the prototype HTS maglev vehicle. 

7. Conclusions 
A permanent magnet linear synchronous motor proto- 

type for driving a small scale HTS levitator, which is 
levitated by PM-HTS maglev materials, has been studied. 
The design and analysis results of the linear driving system 
are presented, including magnetic field FEA for computing 
major parameters, equivalent electrical circuit for pre- 
dicting steady-state performance, and phase variable model 
for simulating dynamic performance. Preliminary experi- 
ment has been conducted for validating the theoretical 
analysis with the prototype built. This work forms the base 
for further development of practical HTS-PM linear 
synchronous driving systems. 
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