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Abstract

In suspended permanent magnet maglev trains, the magnetic field generated by hollow-type permanent magnet synchronous linear motors is one

of the main sources of low-frequency electromagnetic fields. To investigate the magnetic field generated by the linear motor in the train,
this paper first establishes the 2D and 3D models of the linear motor using ANSYS electromagnetic software. Then, the electromagnetic
simulation of the magnetic field of the linear motor is performed under conditions of no load and full load. Next, the magnetic field of the

motor is measured using a six-channel high-precision magnetic field test system, and the simulation and measurement results are compared. The

result analysis indicates that the energy distribution of the electromagnetic field generated by the linear motor is uniform and that the

magnetic induction intensity falls within the range of 0~1.1 T. Meanwhile, the linear motor can form a closed loop with a small electromagnetic

field energy leakage. Combined with its installation structure, the radiation to the surrounding environment is weak, and the interference

with the normal operation of the train control communication equipment is minimal. This study lays a foundation for analyzing electromagnetic

distribution on the surface of the suspended permanent magnet maglev train. It also provides a basis for formulating various electromagnetic

radiation protection measures and provides theoretical support for developing suspended permanent magnet maglev trains.
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1. INTRODUCTION

With the rapid development of high-speed processing and
magnetic levitation technology, linear motors have gradually
become a research hotspot, and the linear synchronous motor is
one of the most popular motors. The linear synchronous motor
runs at the same speed as the magnetic field speed, with good
controllability and high efficiency. The excitation method of

linear synchronous motors includes the electrically excited structure,
permanent magnet structure, and hybrid excitation structure.
The permanent magnet linear synchronous motor generates a
magnetic field by permanent magnets, which addresses the issue
of a complicated excitation structure [1,2]. In modern production,
permanent magnet synchronous linear motors are widely used
in transportation systems [3-5], with the advantages of high
thrust density, low loss, light weight, fast response, and direct
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conversion of electrical energy into linear thrust [6, 7]. It can be
divided into two types of structures: one with an iron core and
one without an iron core. The core-type permanent magnet
linear motor has a high cogging effect and end effect, and its
winding core has a magnetic concentrating effect with a small
air gap, making the air gap magnetic field of the motor relatively
large. However, this causes problems such as poor dynamic per-
formance of the motor, high vibration and noise, and deviation
of system parameters, which affects the motor’s stability and
positioning accuracy [8-10]. The coreless permanent magnet
synchronous linear motor has no iron core in the armature
winding, so there is zero positioning force and no cogging effect
and the generated thrust is relatively stable [11, 12]. Meanwhile,
due to its lack of magnetic concentration, the magnetic density
of the air gap is smaller than that of the iron core, the reasoning
density is also smaller, the positioning accuracy is high, the response
speed is fast, and it is easier to control [13, 14].

The suspension permanent magnet maglev rail transit system
is a new type of rail transportation (Fig. 1). It has the advantages
of high safety and reliability, low operating noise, good environ-
mental friendliness, strong adaptability, all-weather operation,
and a small footprint [15]. It is suitable for use in urban systems
and for urban—rural combinations with beautiful environments,
undulating terrain, and ecological types. Currently, a 60-m
"Redrail" test line and a 1-km-long trial operation, "Xingguo
Line," have been constructed. The system uses rare earth per-
manent magnet material as a track and suspension point. Driven
by the hollow Halbach long-stator permanent magnet synchronous
linear motor, non-contact safety and smooth operation are realized
by permanent magnet magnetic suspension. In addition, the hollow
permanent magnet synchronous linear motor winding is fixed in
the sky beam by epoxy resin, and the moving magnet secondary
structure [16] is fixed on the train bogie to drive the train.

The suspended permanent magnet maglev train is affected by
the traction power supply system and the high-power internal
equipment. Low-frequency electromagnetic fields generated on

Fig. 1. "Redrail" test line.

top of and inside the train can interfere with the train’s control
communication equipment. To investigate the effect of electro-
magnetic radiation generated by the hollow Halbach long-stator
permanent magnet synchronous linear motor on the surrounding
space, this paper uses ANSYS electromagnetic software to establish
the motor model. The finite element method is used to analyze
and compare the air gap magnetic field of the no-load and full-load
motors. To measure the motor magnetic field of the "Redrail"
line, the six-channel high-precision magnetic field test system
and the low-frequency electromagnetic field online monitoring
system are employed. Additionally, the simulated and measured
magnetic fields are compared, and the air gap magnetic field
distribution of the motor is analyzed in detail. The study results
provide a basis for formulating various electromagnetic radiation
protection measures and a theoretical basis for the development
of suspended permanent magnet maglev trains.

II. STRUCTURE OF HOLLOW HALBACH LONG STATOR
PERMANENT MAGNET SYNCHRONOUS LINEAR MOTOR

The structure of the hollow Halbach long stator permanent
magnet synchronous linear motor is presented in Fig. 2. The
motor consists of two parts: the primary structure and the secondary
structure. The primary structure is composed of a hollow type of
coil, a non-magnetic primary support frame, and epoxy resin.
The secondary structure involves an onboard permanent magnet
Halbach array and a non-magnetic secondary support frame.
The hollow primary coil is fixed on the orbital beam with epoxy
resin. When the coil is connected to three symmetrical alternat-
ing currents, a traveling wave magnetic field is generated in the
air gap. Combined with the induction plate laid on top of the
sky beam, electromagnetic traction force is induced in the induction
plate to drive the train carriage. The motor parameters are listed

in Table 1.

Motor primary and secondary structure

Hollow type primary coil structure

Vehicle permanent magnet secondary structure

Fig. 2. The structure of a hollow Halbach long stator permanent
magnet synchronous linear motor.
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Table 1. Motor parameters

Parameter Value
Electrode distance 7 (mm) 156
Permanent magnet type Halbach
Permanent magnet grade N48H
Vertical magnet width (mm) 78
Horizontal magnet width (mm) 78
Permanent magnet height (mm) 50
Permanent magnet length (mm) 200
Operating current per phase (A) 136.5
Motor no-load working air gap (mm) 10
Motor full-load working air gap (mm) 20

III. THE MATHEMATICAL MODEL OF THE MOTOR AND
THE PRINCIPLE OF FINITE ELEMENT ANALYSIS

The field equation satisfied by the vector magnetic potential
A in the Maxwell two-dimensional (2D) transient magnetic field
solver is:

VXVWXA=];—aVv—VXH,+ovxXVxA4, (1)

where H, is the coercivity of the permanent magnet, v is the
velocity of the moving object, A is the vector magnetic potential,
and J is the source current density.

For a three-dimensional (3D) low-frequency transient field,
Maxwell’s equations are shown below [17]:

VXxH=0E
|7><E=2—]:. ,
V-B=20 @

According to Eq. (2), the 3D transient magnetic field can be
expressed as two identities:

{inVxH+Z—I:=O' .
V-B=0
The electromagnetic field model of the permanent magnet
synchronous linear motor mainly includes the primary winding,
the secondary permanent magnet, and the gap between them.
The finite element model is established, and the following as-
sumptions are made:
o Permanent magnets have the same permeability in all di-
rections, that is, u, = p,,.
o The air gap magnetic field is constant in the direction per-
pendicular to the motor movement, that is, z-direction.
o There is a wireless extension of the motor in the y-direction.
o The change in the magnetic field in the z-axis direction is
ignored, and the magnetic field is simplified into a 2D
model.
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Therefore, the finite element method is mainly used to simulate
and analyze the magnetic field parallel to the motor motion
direction, that is, the x-y direction [18]. The 2D electromagnetic
field model of the motor can be simplified as follows:

B = uH
rotH =]

’ 4
divB =0 @

where B is magnetic induction intensity, u is material perme-
ability, H is magnetic field intensity, and ] is current intensity.
The mathematical model of the hollow-type permanent
magnet synchronous linear motor is as follows.
The three-phase voltage equation is:

_ . dyg |, AWapm
Ug = Tglg + i + )
. dl/"b dlpbpm
Uy =11 s
b =Tolp Tt
. dyj. dl/)cpm
U, = 1,1 —_— 5
(o} c*Cc + dt + dt ( )

The flux linkage includes the flux 1 generated by the current
of the winding and the flux ¥, of the permanent magnet
magnetic field passing through the winding. The flux linkage
equation of the motor is:

Ya = Laala + Maplp + Macle,

Yy = Mapla + Lppiy + Mpcic,

Ve = Maclq + Mpcly + Lecle. ©6)
The voltage equation in the d — q coordinate system is ob-

tained by an intertwined coordinate transformation and theoretical
derivation as:

Ug = Tig + pPgq — Pqw
Ug =Tig +pYg + Y.
Ug = rip + po @
The equation of the flux linkage equation in the d —q co-
ordinate system is:

{(lzbd = Lqig + \/gl'mpmipm
Yq = Lqiq '
k Yo = Lol ®)

The electromagnetic power equation is:

P =uguiqg + upip +ucle = ugig +ugiq
= (rid +pYy — tpqa))id + (riq + pyY, + tpdw)iq
= (igpa + igp¥,) + r(ia® + i;°)
+ (Yaiq — hqig)w. ©)
In the above formula, the first item i3pYg + igpY, denotes
the change rate of magnetic field energy storage, the second item
r(l’d2 + iqz) denotes the resistance loss, and the third item

(wdiq —Yq id)w denotes the electromagnetic conversion power.



WANG et al.: MAGNETIC FIELD ANALYSIS OF HOLLOW HALBACH LONG STATOR PERMANENT MAGNET SYNCHRONOUS LINEAR MOTOR FOR -+

The motor traction force equation is:

F, = g(lpdiq - lpqid)

n . 3 . N
=7 Lgig + Ememlpm lq—(quq)ld

=7 Lgigiy + Ememlpmlq — Lgigiq

n . 3 o
= P (Ld - Lq)ldlq + Ememlpmlq

(10)
The three-phase current equation of the motor is:
lqg = —lgsiné,
ip = —iqsin (6 —27),
ic = —igsin (6 +27). (11)

In electromagnetic field analysis, the relationship between the
vector magnetic potential and the magnetic induction intensity
is as follows:

B=VxA. (12)

In a 2D magnetic field, the current density and the vector
magnetic potential have only z-direction components. The vector
differential equation of the magnetic field is:

0°4, 0’4
2 _ z z
V Az - axz + _ay2 /,lJz (13)
The magnetic induction intensity in the x and y directions is:
04,
04,
=== 14
B, > (14)

Since permanent magnet synchronous linear motors generally
do not have initial conditions, the boundary conditions required
for electromagnetic field analysis are:

104, _ o,

{Sl: AZ = AZO

where S; and S, are the first and second types of boundary
conditions, defining the value of A, and the normal derivative
of A, on the boundary, respectively. Therefore, the distribution
of the motor magnetic field can be determined by differential
equations and boundary conditions [19]. The finite element
calculation method is employed to solve the difterential equations
and obtain the distribution of the magnetic field.

IV. FINITE ELEMENT SIMULATION ANALYSIS AND
EXPERIMENT

The air gap magnetic field of the permanent magnet syn-
chronous linear motor of the suspended permanent magnet
maglev train includes a constant magnetic field and an alternating
electromagnetic field, and it is difficult to analyze the magnetic
field. Therefore, this paper uses Maxwell simulation software to
analyze the transient field of the motor magnetic field under no-
load and full-load conditions, respectively. The 2D model of the
motor is established according to the motor parameters, as
shown in Fig. 3.

The secondary vehicle-permanent magnet of the motor consists
mainly of the Halbach array of permanent vehicle magnets.
Through simulation analysis, the maximum magnetic field intensity
of the vehicle’s secondary permanent magnet is 1.0234 T, and
the average magnetic field intensity is 0.7283 T, as shown in Fig. 4.

First, the magnetic field of the motor under the condition of
no load is analyzed. The loading excitation is current, the current
value is O A, and the three phases are the same. The balloon
boundary conditions are imposed outside the domain of motor
motion, and the solution domain is set to 500%. The hollow-type
coil in the primary structure of the motor is copper, and the
material of the nonmagnetic support frame is aluminum. In
addition, the motor’s secondary structure permanent magnet
grade is N48H. Second, the mesh subdivision is set up according
to the corresponding solution area of the model. The time step
of the simulation solution is 0.001 seconds, the termination
time is 0.1 seconds, and the solution involves 100 steps. The
magnetic flux density of the no-load air gap center of the motor
and magnetic lines of force distribution are illustrated in Fig. 5.

| . |
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Fig. 3. Structure of the 2D model of the motor.
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Fig. 4. The magnetic field intensity distribution of the vehicle’s sec-
ondary permanent magnet.
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Fig. 5. No-load magnetic lines and air gap center magnetic flux density
distribution clouds of the motor.

Meanwhile, the magnetic induction intensity in the center of
the air gap is illustrated in Fig. 6.

Fig. 5 shows that the magnetic lines form a closed loop
through the primary, the air gap, and the secondary of the linear
motor. The electromagnetic Halbach array realizes the self-
shielding of the magnetic field, and the motor energy leakage is
very small. Meanwhile, the magnetic flux density distribution in
the air gap center in Fig. 5 shows that the saturation region of
the motor is particularly small. Only at the magnetic pole, the
magnetic induction intensity in other places is in a reasonable
range, indicating the rationality of the motor. Fig. 6 shows that
the magnetic field distribution in the center of the air gap is
relatively uniform under the no-load condition of the motor.
The maximum magnetic induction intensity in the center of the
air gap under the no-load condition of the motor is 1.0525 T,
and the average magnetic induction intensity is 0.3807 T.

To analyze the magnetic field distribution of the motor more
comprehensively, a simulation analysis of the magnetic field
strength of the motor under full-load conditions is carried out.
The moving magnetic field Halbach array studied in this paper
adopts a three-phase structure, and the motors differ from each
other by 120 electrical degrees. Therefore, the loading excitation
is still current:

I, = 136.5 * sqrt(2) * cos(2 * pi * 20 * time),
Iz = 136.5 * sqrt(2) * cos(2 = pi * 20 = time — 2 * pi/3),
I = 136.5 * sqrt(2) = cos(2 = pi * 20 = time + 2 = pi/3).
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Fig. 6. Distribution of magnetic induction intensity at the center of
the motor no-load air gap.
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First, the three-phase moving magnetic field hollow Halbach
long-stator permanent magnet synchronous linear motor model
is established with finite element software. Then, the relevant
parameters are set in turn. The magnetic field distribution of the
three-phase moving magnetic field Halbach array at any time
can be obtained through transient simulation calculations. Fig. 7
presents the magnetic flux density distribution at the center of the
fully loaded air gap and the distribution of the magnetic force
line of the motor. Fig. 8 presents the distribution of the magnetic
induction intensity at the center of the motor’s full-load air gap.

Fig. 7 indicates that the motor can still form a complete
closed loop inside the motor under full-load conditions. Motor
energy leakage is minimal in combination with the self-shielding
of the secondary Halbach array. Meanwhile, the energy generated
by the motor has little impact on the external environment and
equipment, and its energy radiation falls within the centimeter
range. The motor is installed on the train bogie, and the distance
between the motor and the train carriage is greater than 2 m.
Thus, the low-frequency electromagnetic field generated by the
motor has very weak radiation on top of the train and inside the
train, and it has little interference with the normal operation of
the control and communication equipment of the train. Fig. 8
shows that the magnetic induction intensity in the center of the
air gap is uniformly distributed under the full-load condition of
the motor. The maximum magnetic induction in the center of
the air gap under the full-load condition of the motor is
758.1852 mT, and the average magnetic induction is 340.0454 mT.
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Fig. 7. Full-load magnetic lines and air gap center magnetic flux density
distribution clouds of the motor.
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Fig. 8. The magnetic induction intensity distribution at the center
of the motor’s full-load air gap.
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Fig. 9 shows the comparison results of the magnetic flux density
at the center of the air gap under the no-load and full-load con-
ditions of the motor obtained by finite element calculation. It
can be seen from this figure that the air gap magnetic field dis-
tribution of the motor under the full-load condition is more
uniform than that under the no-load condition. Also, the air
gap magnetic induction intensity under the full-load condition
is generally smaller than that under the no-load condition. Ad-
ditionally, as the distance between the motor’s primary coil and
the magnetic poles of the secondary Halbach array increases, the
magnetic field energy generated by the motor decreases.

The low-frequency electromagnetic field generated by the
motor significantly affects the peripheral equipment and the
performance of the motor, and the magnetic field distribution in
the center of the air gap or the electromagnetic field radiation in
space can reflect the magnetic field distribution of the motor.
Therefore, to better analyze the magnetic field radiation of the
linear motor, a 3D motor model is constructed according to the
motor parameters in Table 1. Then, the magnetic field of the
motor is simulated and analyzed under no-load and full-load
conditions, respectively. Specifically, the simulation frequency is
20 Hz at full motor load, the transient field analysis is conducted,
and the solution domain is set to 50%. A straight line in the air gap
of the motor model is selected, with a length similar to that of the
linear motor substructure, and located in the center of the air gap,
parallel to the direction of motor motion. The magnetic induction
intensity distribution in the center of the air gap is obtained by
simulation, and the results are presented in Figs. 10 and 11.
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Fig. 9. Comparison of magnetic induction intensity at the center of the

air gap under the no-load and full-load conditions of a 2D motor.
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Fig. 10. The distribution of magnetic induction intensity in the center
of the air gap along the movement direction of the linear motor
with no load.
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Fig. 11. The distribution of magnetic induction intensity in the center
of the air gap along the direction of linear motor motion at full
motor load.

Figs. 10 and 11 show that the magnetic field distribution of
the 3D linear motor is more uniform under no-load and full-
load conditions. Meanwhile, the maximum magnetic induction
intensity in the center of the air gap under the no-load condition
of the motor is 1.0229 T, and the average magnetic induction
intensity is 0.6598 T. The maximum magnetic induction intensity
in the center of the air gap under the full-load condition of the
motor is 0.7443 T, and the average magnetic induction intensity
is 0.5333 T. To investigate the main distribution of the magnetic
field of the linear motor, a straight line in the air gap of the motor
model is selected, whose length is equal to the width of the linear
motor and is located in the center of the air gap, perpendicular
to the linear motion direction of the motor. Its finite element
simulation calculation results are shown in Fig. 12, which is
called the longitudinal air gap magnetic field of the motor.

Fig. 12 shows that the distribution of the magnetic induction
intensity in the air gap of the linear motor is mainly concentrated
along the movement direction of the motor. A smaller component
of magnetic induction intensity exists perpendicular to the direction
of motor motion, and the magnetic induction intensity falls within
the range of 0-0.6 T. In addition, the maximum magnetic in-
duction in the center of the longitudinal air gap under the no-load
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Fig. 12. The distribution of magnetic induction intensity in the center
of the longitudinal air gap under the no-load and full-load
conditions of the motor.
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condition of the motor is 0.5772 T, and the average magnetic
induction is 0.5071 T. The maximum magnetic induction in the
center of the longitudinal air gap under the full-load condition of
the motor is 0.5091 T, and the average magnetic induction is
0.4348 T. According to the comparison of the finite element
simulation calculation results of the motor under no-load and
full-load conditions, the periodic variation law at the center of
the motor air gap and the magnitude of the magnetic induction
are almost the same. Additionally, the magnetic field energy
generated by the motor leaks less, and the low-frequency elec-
tromagnetic field has little interference with the control and
communication equipment of the train. The above finite element
simulation calculation indicates that the magnetic field energy
generated by the linear motor has very weak radiation to the
interior of the train.

V. EXPERIMENTAL ANALYSIS

In the experiment, the six-channel high-precision magnetic
field test system and the low-frequency electromagnetic field
online monitoring system were used to measure the magnetic
induction magnitude in the center of the motor air gap of the
"Redrail" test line. The experimental equipment is illustrated in
Fig. 13. The suspended permanent magnet maglev train is in a
strong magnetic and electric environment, and the motor is located
in a narrow space. It is difficult to test the magnetic field when a
motor is running. Therefore, in this study, the air gap magnetic
field is mainly measured when the motor is at rest under no load,
and the air gap of the motor at the time of testing is 10 mm.
The measurement results are then compared with the finite
element simulation calculation results, as shown in Table 2.
According to the experimental results, the maximum magnetic

Hollow type Halbach long stator permanent magnet synchronous linear motor

Low frequency electromagnetic
field online monitoring system

Six-channel high-precision
magnetic field test system

Fig. 13. Experimental test equipment and experimental environment.
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Table 2. Experimental and simulation results of magnetic field
intensity at the center of air gap of a linear motor

Magnetic field intensity (T)

Method
Maximum Average
Simulation 1.0229 0.6598
Experiment 1.0332 0.6640

induction intensity at the center of the air gap of the linear motor
is 1.0332 T, and the average magnetic induction intensity is
0.6640 T. The experimental measurements indicate that the
magnetic field of the linear motor gradually decreases within
centimeters of the linear motor, and the electromagnetic radiation
generated by the linear motor gradually decreases as the distance
increases. Also, the experimental results are basically consistent
with the magnetic field variation of the finite element calculation
results, which verifies the rationality and validity of the proposed
model. It is further explained that the electromagnetic field energy
generated by the hollow-type Halbach long-stator permanent
magnet synchronous linear motor is mainly concentrated along
the direction of motor motion, the magnetic field energy is uni-
formly distributed, and its magnetic field energy radiates weakly
to the periphery and weakly to the interior of the train.

VI. CONCLUSION

In this paper, the linear motor model of the "Redrail" test line
of the suspended permanent magnet magnetic levitation train is
established. The 2D and 3D models of the motor are simulated
and analyzed using the finite element method, and the magnetic
field distribution in the air gap of the motor is analyzed in detail
using experimental measurements. The following conclusions
are drawn:

« The electromagnetic field energy generated by the hollow-
type Halbach long stator permanent magnet synchronous
linear motor is mainly concentrated in the direction of
movement along the motor. The magnetic field energy is
uniformly distributed, and the magnetic induction intensity
falls within the range of 0-1.1 T.

o The magnetic line of the linear motor forms a closed loop
through the primary, the air gap, and the secondary of the
motor. The Halbach array can realize the self-shielding of
the magnetic field, and the magnetic field energy leakage of
the motor is very small. The low-frequency electromagnetic
field generated by the linear motor has weak radiation to
the surrounding environment and inside the train, causing
little interference with the normal work of the train control
communication equipment. This can well meet the con-
struction requirements of the permanent magnet maglev
train project.
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o The analysis results of the air gap magnetic field of the hollow
Halbach long stator permanent magnet synchronous linear
motor lays a foundation for analyzing the electromagnetic
distribution on the surface of the suspended permanent
magnet maglev train. It also provides a basis for formulating
various electromagnetic radiation protection measures and
provides theoretical support for developing suspended
permanent magnet maglev trains.
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