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Abstract: A middle-low-speed maglev train is supported
by an electromagnetic force between the suspension elec-
tromagnet (EM) and the steel rail and is driven by a linear
induction motor. The capability of the suspension system
has a direct bearing on safety and the technical and eco-
nomic performance of the train. This paper focuses on the
dependence of the electromagnetic force on the structural
con�guration of the EMwith the purpose of improving per-
formance of a conventional EM. Finally, a novel con�gu-
ration is proposed of a hybrid suspension magnet, which
combines permanent magnets and coils, in order to in-
crease the suspension forcewhile reducing the suspension
power loss.
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1 Introduction
As a new type of transportation technology, maglev trains
have attracted attention due to their many advantages –
such as low noise, no pollution, good ability on slopes,
small turning radius – making them suitable for urban
transportation. The electromagnetic suspension (EMS)
technology plays a critical role in the development of ma-
glev trains, as they are suspended due to an attractive
magnetic force produced by electromagnets. A hybrid sus-
pension,mixing electromagnetswithpermanentmagnets,
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has been found to remarkably reduce power loss in the
suspension system. Research reported in many countries
– especially USA, Japan, Germany, South Korea and China
– focused on the development of hybrid maglev trains
with permanent-electro-magnetic suspension (PEMS) [1–
6]. But until now this technology has not been commer-
cialized. One of the critical issues to solve is the protection
against mechanical contact when using permanent mag-
nets to provide the force. In this paper, an expression for
the non-linear magnetic force of a conventional electro-
magnet is examined and a novel structural con�guration
of a PEMS magnet proposed. Finally, the performance of
an optimized PEMS magnet is compared with the conven-
tional electromagnetic system.

2 Structure of the suspension
magnets

Figure 1 shows a photograph of a middle-low-speed ma-
glev train on the Changsha Airport Express line, designed
mainly by the Southwest Jiaotong University, China. Each
carriage of the maglev train has �ve suspension bogies,
where four suspension magnets and one linear induction
motor are installed onone side of eachbogie. The structure
of a single electromagnet unit is presented in Figure 2.

Figure 1: The electromagnets hanging on the suspension frame
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Figure 2: The con�guration of the electromagnets

Further details of the structure of the electromagnets,
as well as the F-type steel track, are shown in Figure 3. The
symbols for the main system parameters are described in
Table 2.

Figure 3: The diagram of the F-type track and the electromagnet

Themagnetic �eld in the air gap can be assumed to be
uniform if the air gap is small; the suspension force is then

F0 =
B2WS
µ0

L (1)

where

B = µ0µNI
2Zµ + µ0[2h + (1 +Ws/Td)b]

. (2)

A more accurate expression is provided in [4]
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where d is the value of the pole dislocation and β is given
by

β = Ws −Wm
2 (4)

Table 1: System Parameters of an Electromagnet

System parameters Symbol Value
[mm]

Magnetic pole width of steel rail Wr 28
Magnetic pole width of electromagnet Ws 28
Magnetic yoke height of suspension rail Td 21.5
Magnetic yoke height of electromagnet h 45

Window width of suspension rail W 112
Air gap of suspension structure Z 8

Longitudinal length of suspension
structure

L 2720

3 The impact of the coil current and
suspension gap on the
electromagnetic force

Using 2D Finite Element (FEM) simulations, the magnetic
�ux density and corresponding �ux lines for both the U-
type iron core and the F-type steel tracks under normal
working conditions have been found as shown in Figure 4.
The principal values used are: suspension gap 8 mm; coil
current 30 A; the number of turns per coil 342 (other pa-
rameters as in Table 2). The suspension force produced by
the EM system is 40.17 kN.

Figure 5 demonstrates the dependence of the suspen-
sion force on the coil current for three di�erent air gaps.
The force decreases when the size of the gap increases,
with magnetic nonlinearity becoming pronounced for
smaller gaps, as expected. Saturation e�ects are also
clearly visible in the relationship of the force versus cur-
rent, again in accordance with expectations.

The impact on the electromagnetic force of the lateral
o�set (with deviation x) caused by turning is shown in Fig-
ure 6. According to the publications, there are mainly two
analytic methods to calculate suspension and guidance
force. The �rst analytic method of calculating the suspen-
sion force Fz and guidance force Fx is de�ned in [7] as Fz = µ0

4

(
Ni
δ

)2 (
pw − x + 2x

π + 2x
π tan−1 δ

x

)
L

Fx = − µ0(Ni)
2L

2πδ tan−1 xδ
(5)

With the magnetic reluctance and leakage of yokes ig-
nored.

Another expression, which also neglects the reluc-
tance and leakage of yokes,may be found in [8]{

Fz = 1
4 (Ni)

2µ0
[
(pw−x)
δ2 + 4x

4δ2+πδx

]
L

Fx = 1
4 (Ni)
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(a)

(b)

Figure 4: (a) Flux density distribution in the EM; (b) Corresponding
flux lines

Figure 5: The relationship between the suspension force and input
current for three di�erent air gaps

The comparisons of suspension and guidance forces
calculated using the two analytic methods and by the FEM

Figure 6: The electromagnetic magnet after lateral o�set (with air
gap δ and deviation x)

are presented in Figures 7 and 8. The air gap between the
steel track and the yoke is set to 8 mm and the input cur-
rent of the winding is 30 A. It can be seen that the value of
the guidance force calculated from (5) is closer to the FEM
simulation results, whereas for the suspension force more
deviation is observed. Equation (6) providesmore accurate
results than (5) when calculating both the suspension and
guidance forces. Equation (6) with a correction coe�cient
of 1.076 can therefore be used as a computationally cheap
tool instead of directly applying the time-consuming FEM
modeling during the design optimization process.

Figure 7: A comparison of the suspension force calculated by two
analytic methods and FEM modeling with di�erent values of devia-
tion

The tendency of the suspension guidance force varia-
tion is demonstrated in Figures 9 and 10 for three di�erent
deviations (5 mm, 10 mm and 20 mm) as a function of the
input current. It can be seen that both the guidance force
and the suspension force decline with the increasing devi-
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Figure 8: The comparison of suspension force calculated by two an-
alytic methods and FEM modeling with di�erent value of deviation

Figure 9: The impact on guidance force of di�erent deviations of the
lateral o�set as a function of the input current

Figure 10: The impact on suspension force of di�erent deviations of
the lateral o�set as a function of the input current

ation when the air gap is �xed; with the increase of devi-
ation the decreasing rate of the suspension force is gradu-
ally enhanced, as shown in Figure 9. Conversely, with the
increasing deviation the increasing rate of guidance force
gradually reduces in Figure 10.

4 Permanent-electro-magnetic
suspension magnet

In order to reduce the power loss in the suspension sys-
tem and increase the force, the concept of a hybrid levita-
tion system – with both permanent magnets and an elec-
tromagnet (PEMS) –was proposed in [9–13]. In this pa-
per, three new designs have been pursued which consider
protection against mechanical contact. Simulation results
of the �rst prototype show that the electromagnet with
embedded permanent magnets can increase the available
suspension force by 1.07 kN to 41.24 kN, compared to a
conventional design. By conducting a series of numerical
tests, a location of the magnets as shown in Figure 11 was
accomplished (Plan A).

Figure 11: Flux density distribution in Plan A of the PEMS system

Another scheme of the permanent magnets layout is
shown in Figure 13. Here (Plan B) the permanent magnet
is positioned at the center of the main magnetic circuit
and the same power is supplied to the coils as in Plan A.
The suspension force is increased slightly by 0.08 kN to
41.32 kN.

In order to maintain the balance of electromagnetic
forces provided by both the permanent magnets and
the electromagnet, a prototype including double pancake
coils and a central permanent magnet was considered
(Plan C). Because a larger permanent magnet was used
the performance is dramatically better than for the former
two cases, with the suspension force reaching 51.20 kN, as
shown in Figure 13.
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Figure 12: Flux density distribution in Plan B of the PEMS system

Figure 13: Flux density distribution in Plan C of the PEMS system

5 Optimal design of the hybrid
suspension magnet

Based on the comparison of the results for the three PM
layouts, the third design (Plan C) performs better than the
other two, thus it was chosen for further optimization. Five
main variables de�ning the permanent magnet and the
iron yoke were selected for optimization as shown in Ta-
ble ??, while the remaining parameters were �xed as al-
ready given in Table 2. Our previously developed kriging
optimizer [14] was used to address this four-variable opti-
mization task.

The kriging optimizer required 492 calls of the FEM
simulation software before converging at the optimum
solution (Hp = 35.2 mm, Wp = 138.5 mm, h = 43.9 mm,
Wr = 29.3 mm,Ws = 29.8 mm), which provides the suspen-
sion force of 53.72 kN, hence a noticeable improvement.
To fully validate the hybrid suspension design under high
speed scenario a transient model will be developed, as the
next step, to capture the end e�ects.

Table 2: Test Settingsfor Optimization

System parameters Symbol
Test range

[mm]
Vertical height of the permanent magnet Hp [24 38]
Horizontal width of the permanent magnet Wp [62 167]
Magnetic yoke height of electromagnet h [35 45]

Magnetic pole width of steel rail Wr [20 30]
Magnetic pole width of electromagnet Ws [20 30]

6 Conclusions
The performance of a suspension system of maglev trains
has been investigated from the point of view of the depen-
dence of the force on the size of the air gap and value of the
current. Improvements to the conventional system were
accomplished by implementing a concept of a hybrid ar-
rangement of electromagnets and permanent magnets. It
is argued that the hybrid system improves the characteris-
tics by increasing the available force while reducing asso-
ciated losses.
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