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Abstract: In this work, a novel levitation magnet with damping coil is proposed to address the

existing issues and improve reliability. The fault mechanism of the existing magnet is analyzed and

validated using a coupling model combined with inductive voltage experiments. The magnetic yoke

with damping coils is designed and the equivalent magnetic circuit (EMC) model of the magnet

is established. The nonlinearity of magnetic materials and the magnetic flux fluctuation due to

the tooth-slot effect are considered in the EMC model. Simultaneously, the transient finite element

(FEM) model is built. The magnetic flux of yoke, the inductive current of the damping coil, and

the magnetic force are analyzed. A good agreement is found between EMC and FEM. Additionally,

the static magnetic force is tested on the magnet test platform to validate EMC and FEM models.

Results reveal that compared with the existing magnet, the magnetic flux fluctuation with damping

coils is significantly reduced, and the inductive voltages with the damping coil are significantly

decreased. The novel magnet with damping coils featuring excellent magnetic characteristics is more

advantageous for the system’s security and durability.

Keywords: damping coils; magnetic circuit; inductive voltage; magnetic flux; magnetic force

1. Introduction

Nowadays, magnetic levitation (maglev) technology has been widely commercialized
in high-speed machinery due to its advantages of no friction, micro-vibration, long life,
high precision, and so on. As a core component for rotating machinery, magnetic bearings
are generally applied to support high-speed rotor contactless, such as maglev flywheels,
maglev control moment gyroscopes, and maglev motors [1–4]. Regarding linear motion, the
magnet and linear motors are combined and applied; the magnet realizes levitation and the
linear motor is used for propulsion, such as the maglev train and the maglev elevator. So far,
maglev train technology has been researched for a long time in the world. Several countries
have successfully implemented maglev projects for commercial operation, while others are
currently in the planning stages for similar ventures, such as China, Germany, Japan, South
Korea, etc. [5–8]. According to operating speeds, the maglev train can be classified into
middle–low- and high-speed types. The maximum speed of the middle–low-speed maglev
train approaches 200 km/h. A U-type magnet has been designed to achieve integrated
levitation and guidance. Here, the levitation is actively controlled to maintain stability and
the guidance is passive due to smaller lateral interference forces at lower speeds [9–11].
The maximum speed of the high-speed maglev trains is over 300 km/h, even reaching
600 km/h. At present, there are main two technical routes: superconducting electrodynamic
suspension (SCEDS) vehicles from Japan and electromagnetic suspension (EMS) Transrapid
technology from Germany. SCEDS vehicles achieve passive levitation and guidance via the
passive repulsive forces generated by the dynamic interaction between the superconducting
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magnets and the ground coils. It is crucial to design the superconducting magnet itself
and match the relationship with the ground coils to ensure stable levitation [12–14]. The
SCEDS vehicle L0 in Japan is in the trial operation stage and its maximum experiment
speed reaches 603 km/h, but it is not available commercially yet. At present, the technical
route of EMS is most mature and the EMS Transrapid TR08 manufactured by German firms
has been operating commercially for nearly 20 years in Shanghai, China. The maximum
experiment speed reaches 505 km/h and the maximum operation speed reaches 430 km/h.
The levitation and guidance functions are achieved through active magnetic attraction
forces generated by corresponding magnets, which are dynamically controlled to ensure
stability, especially under the significant vertical and lateral loads experienced at high
speeds [15–17]. The active electromagnetic control plays an important role in maintaining
the stability and comfort of the vehicle, so many advanced levitation and guidance control
algorithms have been researched and proposed by scholars [18,19].

Regardless of the type of maglev train, as the core executive component, the magnets
play a crucial role in the support of vehicle and levitation stability. This work focuses
on analyzing the levitation magnet of the high-speed EMS type. The operational load is
significantly complex and demanding at high speeds, necessitating higher carrying capacity
and reliability. Therefore, it is important to model and analyze the levitation magnet for
the design and optimization of the levitation system. Magnetic modeling and analysis
methods mainly include the EMC method and the FEM method. The FEM method has
high accuracy but poor efficiency, making it unsuitable for real-time analysis and rapid
optimization. The EMC method has a high computing speed, making it convenient for
the analysis and optimization of real-time dynamic characteristics. However, traditional
EMC accuracy is relatively unsatisfactory due to constant relative permeability associated
with the magnetic material, and the impact of magnetic saturation or even the reluctance
of the magnetic material is ignored [20,21]. To address this issue, the reluctances and
nonlinearity properties of magnetic materials are considered when the new EMC models
are built in [22,23]. By incorporating the magnetization curve (BH curve) of the magnetic
conductive material, the solution accuracy of magnetic force is greatly improved, and the
range of application is increased. Therefore, the new EMC method is used as a reference in
this paper. In addition, damping is an important parameter related to the system stability
in high-speed machinery. In [24,25], the active and passive damping systems are designed
to suppress high-speed rotor vibration and achieve improved results. In [26,27], the passive
dampers based on eddy current effects are investigated to enhance the stability of the
high-temperature conductor (HTS) maglev system. However, there is limited research on
the damping design of the levitation magnet for the high-speed EMS train owing to the
active control applied. Meanwhile, the active control of the loop circuit cannot suppress
the magnetic flux fluctuation of each magnet pole caused by its own structure and power
supply, which can lead to the magnet pole failure during operation. In this paper, the
passive damping coils are designed and investigated to protect the magnet pole from
overvoltage damage.

As Figure 1 shows, the levitation magnet with the high-speed EMS train includes
12 magnet poles with an N/S alternating polarity. The adjacent magnet poles are connected
by magnetic yokes supported by torsion spring, and the magnetic field forms a loop
through the stator core. The magnetic yokes are formed using laminated silicon steel
sheets. The magnetic field between the magnet and long stator generates an attraction force,
allowing the levitation function to be achieved. The 12 magnet poles are divided into left
and right groups, each powered separately by two controllers. This division generates two
control loops, with each loop corresponding to two gap sensors. The sensors monitor the
gap between the magnet and long stator in real time and transmit these data back to the
controller. Upon receiving this feedback, the controller calculates the appropriate control
strategy and adjusts the current supplied to the magnet accordingly to achieve dynamic
and stable suspension.
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Figure 1. Levitation magnet and long stator. 
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Figure 1. Levitation magnet and long stator.

The magnet pole, a crucial component of the powered excitation in magnet, as shown
in Figure 2, comprises an iron core, coil, an insulation layer linear generator (LIG), and
a flange plate. Similar to the magnetic yokes, the iron core is constructed by laminated
silicon steel sheets. The upper and lower coils are connected and wound around the iron
core, consisting of aluminum foil and insulating film arranged in alternating layers. An
insulation layer is positioned between the iron core and the coil, playing an important role
in protecting the coils from the short circuit failure with the iron core. Embedded within the
iron core and sharing the magnetic field of the magnet pole, the LIG facilitates induction
power generation. The magnet pole is encapsulated with epoxy resin and fixed on the
girder through the aluminum alloy flange plate.
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Levitation Magnet
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Flange plate

Insulation layer
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Figure 2. Magnet pole structure.

2. Magnet Pole Failure

During the long-term operation of the maglev train, the magnet pole frequently
experiences insulation failure, resulting in increased maintenance workload and operating
cost. After the large-scale disassembly of failure magnet poles, insulation fault points
are identified and located on the insulation layer between the coils and the iron core, as
illustrated in Figure 3. The damage of the insulation layer indicates that the voltage at this
position exceeds the long-term operation voltage withstand test standard of 2.5 kV for the
maglev train. While the maximum power supply voltage for the magnet is only 440 V. To
analyze the mechanism of voltage formation, an electromagnetic coupling model of magnet
is constructed, and tests are performed.
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Figure 3. Insulation layer damage.

2.1. Electromagnetic Coupling Model

The electromagnetic coupling model of the half magnet is depicted in Figure 4. In
a control circuit, six magnet poles are connected in series and powered by a controller.
The coil can be equivalent to a series of resistors and inductors. Varistors are connected at
points a and b to suppress the overloaded input voltage. As mentioned previously, the coil
is composed of alternating layers of aluminum foil and insulation film, with an insulation
layer between the coil and the iron core. Thus, parasitic capacitance exists between the
coil and the iron core. When the coils are energized, the magnetic fluxes are generated by
the magnet pole core, passing through the long stator, adjacent magnet pole cores, and
magnetic yokes, and then they finally return to the initial position. If the magnetic flux in
the magnetic circuit fluctuates, an inductive voltage will be induced from points U1 to U6

between the coil and the iron under electromagnetic coupling effects.
ff
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Figure 4. Coupling model of the magnet.

During high-speed operation, the primary factors contributing to magnetic flux fluctu-
ation are the tooth-slot effect and high-frequency chopping power supply. The tooth-slot
effect refers to the long stator structure shown in Figure 5. The reluctance of the air gap
between the magnet pole and the long stator varies with the position of the magnet pole
due to the tooth-slot structure of the long stator, thereby leading to magnetic flux fluctu-
ations. Therefore, its fluctuation frequency is related to its operating speed. In addition,
the high-frequency chopping power supply introduces high-frequency harmonics in the
control loop of the magnet, also resulting in magnetic flux fluctuation. To further analyze
the magnetic pole failure, the ground equivalent and actual vehicle tests are conducted.
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Figure 5. Flux distribution of magnet pole.

2.2. Inductive Voltage Test

As depicted in Figure 6, an equivalent ground test setup is established to facilitate
the inductive voltage test and analysis. An actual controller is utilized for power supply,
and the loop current is regulated to a nominal current of 25 A, augmented with a wave
function with an amplitude of 10 A and a frequency of 1 Hz. This setup effectively simulates
the inductive voltage characteristics of the actual operation. In the test results, the high
voltages appeared at the points U1 to U6, especially the points U3 to U5. The inductive
voltage result of magnet pole no. 4 (point U4) is extracted and displayed in Figure 7. As
the current increases, the inductive voltage increases. Two maximum voltage peaks are
recorded separately at 2.6 kV and −2.9 kV, resulting in a maximum peak-to-peak value of
5.5 kV. This value surpasses the withstand test voltage standard of 2.5 kV, thus elevating
failure risk.

12 3 3

1 2 3-Main flux -Slot flux -LIG flux

1 2
3

2 1 1 2 2
3

ff

−

Long statorMagnet PoleMagnetic Yoke
 

_4=5.5kV
2.6kV
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Figure 6. Equivalent ground test.
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3
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3

ff

−

Long statorMagnet PoleMagnetic Yoke

Upp_4=5.5kV
2.6kV

-2.9kV

Figure 7. Inductive voltage of the equivalent ground test.

The inductive voltage of magnet pole no. 4 is tested at a lower speed of 50 km/h in
the actual vehicle, and the results are displayed in Figure 8. The loop current is maintained
at around 27 A with minimal fluctuation. At this moment, the two maximum voltage peaks
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are 2.2 kV and −2.0 kV, and the maximum peak-to-peak value is 4.2 kV lower than that
recorded in the ground test results.

−

Upp_4=4.2kV

2.2kV

-2.0kV

 

ff

ffi

ff

ffi

Magnet Pole

Magnetic YokeDamper Coils

Resistor

Figure 8. Inductive voltage of the real vehicle test.

3. Novel Magnet with Damping Coils

Based on failure analysis, the inductive voltage is intimately affected by magnetic
flux fluctuation in the magnetic circuit. As aforementioned, the magnetic yoke is formed
by laminated silicon steel sheets with excellent magnetic permeability and eddy current
suppression abilities, making it difficult to suppress the magnetic flux fluctuation. Structural
steel has been recommended for magnetic yoke once before. Although it can suppress
magnetic flux fluctuation well by relying on the eddy current effect, the lower magnetic
permeability will weaken the carrying capacity of the levitation magnet. Furthermore, the
low-frequency magnetic flux regulation from the control current can also be suppressed,
impacting the control system response. The magnetic flux fluctuation that generates a high
inductive voltage falls in a higher frequency range over 100 Hz or even up to 1000 Hz.
Subsequently, a novel magnet with damping coils is designed, as shown in Figure 9. The
magnetic yoke is embedded with a damping coil to ensure external dimension. The coil is
wound with copper enamel wire and connected in series with a resistor to form a closed
loop. By adjusting the turns and resistance of the damping coil, high-frequency magnetic
flux fluctuation can be suppressed while minimizing the impact on the control magnetic
flux. In the following, the mathematic model of the novel magnet is established to efficiently
analyze the electromagnetic characteristics.

−

_4=4.2kV

2.2kV

-2.0kV

ff

ffi

ff

ffi

Magnet Pole

Magnetic YokeDamper Coils

Resistor  

Figure 9. Schematic diagram of the novel magnet with damping coil.

4. Mathematic Model

4.1. Magnetic Circuit

To simplify the calculation model, only a half-magnetic circuit model is constructed,
as the levitation magnet is controlled separately by the left and right loops. Meanwhile, to
mitigate the impact of magnetic field coupling between the two loops, the seventh magnet
pole is included in the half-model. The EMC model is illustrated in Figure 10. Raj is the
reluctance of the air gap between the magnet pole and stator. Rsi is the reluctance of the
stator core. Rei is the reluctance of the magnet pole core magnetic yoke and Rli is the
magnetic leakage reluctance between the adjacent magnet poles. φaj, φi, φei, andφli are the
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magnetic fluxes corresponding to the reluctance values Raj, Rsi, Rei, and Rli, respectively,
andφpj is the magnet pole flux. θj is the magnetomotive force of the pole coil and is equal
to nI, where n is the number of pole coil turns and I is the control current. θpj is the
magnetomotive force of the damping coil and equal to npIpi, where np is the number of
damping coil turns, and Ipi is the inductive current. Here, i = 1, 2. . .6, j = 1, 2. . .7. The
resistance series connected with each damping coil is Rdp.

φ φ φ φ  

φ θ
θ

Ra1 Ra2 Ra3 Ra4 Ra5 Ra6

Re1 Re2 Re3 Re4 Re5

θ1

φ1 φ2 φ3 φ4 φ5
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θ2 θ3 θ4 θ5 θ6
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Figure 10. Equivalent magnetic circuit of 7 magnet poles.

The magnetic flux and magnetomotive force vectors are defined as follows:

φ = [φ1, φl1, φ2, φl2 · · · , φ6, φl6]T

φs = [φ1, φ2, · · · , φ6]T

φa = [φ1, φ1+ φ2, · · · , φ5+ φ6, φ6]T

φe = [φ1+ φl1, φ2+ φl2, · · · , φ6+ φl6]T

φp = [φ1+ φl1, φ1+ φl1+ φ2+ φl2, · · · , φ5+ φl5+ φ6+ φl6, φ6+ φl6]T

θ = [θ1, θ2, · · · , θ7]T

θp = [θp1, θp2, · · · , θp6]T

The conversion relationship between magnetic flux vectors φp and φ is φp = Tφ. The
conversion relationship between magnetic flux vectors φe and φ is φe = Te φ, where the
matrix is

T =





















1 1
1 1 1 1

1 1 1 1
1 1 1 1

1 1 1 1
1 1 1 1

1 1





















and the matrix is

Te =

















1 1
1 1

1 1
1 1

1 1
1 1

















According to the Kirchhoff voltage law, equations for the magnetic flux are established.

{

Raiφai + Rsiφi + Rai+1φai+1 + Reiφei = θi + θi+1 − θp,i

Rliφli + Reiφei = θi + θi+1 − θp,i
(1)
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Equation (1) is expressed in matrix and vector form.

A φ = TT θ − Te
T θp (2)

where the reluctance matrix A ∈ R12×12 and

A =















Ra1 + Ra2 + Rs1 + Re1 Re1 Ra2 0 0 · · ·

Re1 Rl1 + Re1 0 0 0 · · ·

Ra2 0 Ra2 + Ra3 + Rs2 + Re2 Re2 Ra3 · · ·

0 0 Re2 Rl2 + Re2 0 · · ·

...
...

...
...

...
. . .















4.2. Reluctant Calculation

Based on the method in Refs. [22,23] and Figure 5, the reluctances in the EMC can
be calculated.

1. The air gap reluctance can be calculated by the following formula.

Λaj =
1

Raj
=

1

Ra,mj
+

1

Ra,nj
+

1

Ra,Lj
(3)

where Λaj and Raj are the magnetic permeance and reluctance of the air gap, respectively. To
fit the magnetic flux fluctuation caused by the tooth-slot effect, first and second harmonics
are selected and added to the magnetic permeance. Λaj and Ra,mj are the reluctances
corresponding to the main magnetic flux. Ra,nj is the reluctance corresponding to the slot
magnetic flux. Ra,Lj is the reluctance corresponding to the LIG magnetic flux, and each type
of reluctance can be calculated using the following formula.

Ra,xj =
sj + hxj

µ0 Aa,xj
, x ∈ [m, n, L] (4)

where sj is the air gap between the magnet pole and the long stator tooth. µ0 is the air
permeability. Aa,xj is the corresponding air gap area and hxj is the additional air gap length.

2. Magnetic leakage reluctance between adjacent magnet poles can be calculated by the
following formula.

Rli =
hli

µ0 Ali
(5)

where Ali is the equivalent air gap area and hli is the equivalent air gap length between
adjacent magnetic poles.

3. The reluctances of the stator core, pole core, and yoke can be calculated via segments,
and the sectional area of each segment should be as similar as possible. The specific
sections are shown in Figure 11, where the pole core and yoke are divided into five
sections and the stator core is divided into three sections. The nonlinearity of magnetic
materials is considered in the reluctance calculation.

The reluctance of the pole core and yoke can be expressed as

Rei =
5

∑
k=1

lei,k

µ0µr(φei,k)Aei,k
(6)

The reluctance of the stator core can be expressed as

Rsi =
8

∑
k=6

lsi,k

µ0µr(φsi,k)Asi,k
(7)
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where lei,k and lsi,k are the lengths of each segment of iron core at the side of the levitation
magnet and the long stator, respectively. Aei,k and Asi,k are the sectional areas of each
segment of iron core at the side of the levitation magnet and the long stator. µr is the
relative permeability of each segment of iron core. In order to introduce the nonlinear
characteristics of magnetic materials into the EMC model, the relative permeability µr is no
longer a constant value, which can be calculated according to [28].

µr(φei, k) =
1

µ0(α1 + α2(
φei

Aei,k
)

α3−1
)

(8)

Therefore, the reluctance matrix A related to the gap sj and magnetic flux φi can be
recorded as A(s,φ).

1

2 3

4 5

6 7
8

 

Figure 11. Magnetic material segments. 
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Figure 11. Magnetic material segments.

4.3. Magnetic Flux and Force

In the circuit of the damper coil, the relationship between the inductive current Ipi and
magnetic flux φei can be established.

Ipi =
np

Rdp

•

φei (9)

Equation (2) can be expressed as

A(s, φ)φ = nITTN −
np

2

Rdp
Te

T
•

φe (10)

where the vector N = [1, 1, 1, 1, 1, 1, 1]T. According to the relationship of magnetic fluxes
φe = Teφ, Equation (10) is derived as

φe = nITeA
−1(s, φ)TTN −

np
2

Rdp
TeA

−1(s, φ)Te
T

•

φe (11)

To simplify the expression, Te A−1(s,φ) Te
T is recorded as a matrix M−1(s,φ) and Te

A−1(s,φ) TTN is recorded as a matrix P(s,φ). Then, the explicit differential equation on
variable φe can be expressed as

•

φe =
Rdp

np
2

M(s, φ)(nIP(s, φ)− φe) (12)

Combining Equations (9), (10), and (12), the magnetic fluxes φ and φe and inductive
current Ipi can be solved, and then all the magnetic flux vectors can be obtained. Based on
the virtual work principle, the magnetic force of each magnet pole can be calculated using
the following formula.
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Fmag,j =
φaj

2

2µ0 Aaj
(13)

Therefore, the magnetic force of half levitation magnet is calculated as

Fmag =
6

∑
j=1

Fmag,j (14)

5. Analysis and Validation

As depicted in Figure 12, a 2D FEM model of the magnet and long stator is established
to verify the EMC model and ensure the accuracy of the analysis. For the magnet and long
stator, the 2D FEM model can achieve reasonable accuracy due to the uniformity of their
cross-section and improve the calculation efficiency. The magnetic flux fluctuations caused
by the tooth-slot effect are considered in the EMC and FEM models. The main parameters
utilized in both models are detailed in Table 1. For these simulations, the loop current is set
to a nominal value of 25 A, with an operating speed of 600 km/h.

Te A− ( ,φ) Te  M− ( ,φ) Te 
A− ( ,φ) T P( ,φ). ff

φ

( , )( ( , ) )2 Μ P

φ φ

2

,
02

6

,
1


ffi
ff

 

Ω

Figure 12. Two-dimensional partial finite element model.

Table 1. Parameters of the magnet and long stator.

Parameter Value

Stator polar distance 258 mm
Magnet polar distance 266.5 mm
Width of stator tooth 43 mm
Width of stator slot 43 mm

Thickness of iron core 170 mm
Turns of coil, n 300

Turns of damping coil, np 30
Resistance, Rdp 1.5 Ω

Loop current, I 25 A
Operating speed 600 km/h
Mechanical gap 9 mm

5.1. Magnetic Flux and Inductive Current of Damping Coil

The calculation results of the magnetic flux φp4 in the magnetic yoke between magnet
poles no. 4 and no. 5 are illustrated in Figure 13. In Figure 13a, there is a large fluctuation
range of 0.17~0.375 Wb for the magnetic flux φp4 of the existing magnet without damping
coils. The maximum peak-to-peak value is 0.205 Wb and the proportion of fluctuation is
as high as 37.6%. In Figure 13b, the magnetic flux φp4 of the novel magnet with damping
coils calculated by both models has a high consistency and the maximum error is only
about 2%. The magnetic flux fluctuation range is 0.255~0.31 Wb and the maximum peak-
to-peak value is 0.055 Wb, which is far lower than the existing magnet. The proportion
of fluctuation is notably reduced to 9.7%. This illustrates that the damping coils are
beneficial for suppressing magnetic flux fluctuation. Consequently, it can be inferred that
the inductive voltage will reduce simultaneously.
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φp4

φp4

φp4

0.375Wb

0.17Wb

Max. Δφp4=0.205Wb

0.31Wb

0.255WbMax. Δφp4=0.055Wb

(a) (b) 

φ  coils

φp4

− ff
ffi

Figure 13. Magnetic flux φp4 of magnetic yoke: (a) no damping coils; (b) with damping coils.

The inductive current of the damping coil corresponding to the magnetic flux φp4

is also calculated by both models, as pictured in Figure 14. The EMC result is similar to
that of the FEM, with only a slight phase deviation. The upper peak value is less than
40 A, while the lower peak value is about −20 A. The effective value is approximately
14.5 A. Considering the current-carrying capacity of copper, it is sufficient to design the
cross-sectional area of copper-enameled wire applied for damping coils to be over 2 mm2.
As for the resistor connected in series with damping coil, they are installed on the surface of
the box girder and dissipate heat through high-speed running winds. From the perspective
of engineering applications, it is practical to apply the novel magnet with damping coils in
a high-speed maglev train.

φp4

φp4

φp4

0.375Wb

0.17Wb

Δφ 4=0.205Wb

0.31Wb

0.255WbΔφ 4=0.055Wb

φ  coils

φp4

− ff
ffi

 

Figure 14. Inductive current of damping coil no. 4.

5.2. Magnetic Force of Magnet

To study the magnet characteristics, a magnet test platform, depicted in Figure 15, is
constructed. The gap between the magnet and long stator is adjusted and maintained by
the hydraulic system. The loop current ranges from 0 to 50 A, with increments of 5 A. The
magnetic force is measured by the force sensor.

Figure 16 portrays the relationship between the static magnetic force and the loop
current under different mechanical gaps. Throughout the entire current range, the static
magnetic force results of EMC are closely aligned with those from the FEM and experimen-
tal tests when considering the nonlinearity of magnetic materials. With increasing currents,
the static magnetic force exhibits a saturation phenomenon in the high current range. For
the levitation magnet of the high-speed maglev train, the nominal mechanical gap is set
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to 9 mm and the nominal loop current is 25 A. At this moment, the calculated and tested
magnetic force is about 45 kN.

ff

ff

 

Figure 15. Magnet test platform.

ff

ff

 

Figure 16. Static magnetic force characteristics.

Dynamic magnetic forces are analyzed by both of the models as well, as shown in
Figure 17. The overall magnetic force trends of the both models are similar, with average
hovering around 45 kN. However, there is a higher frequency fluctuation in the FEM results
compared to the EMC results. This discrepancy arises from the fact that, as mentioned
earlier, only first and second harmonics are selected and added to the magnetic permeance
between the magnet pole and the long stator. In fact, the tooth-slot effect can generate
multiple harmonics.

 

ff

−

Damping Coils

Magnet Pole

Magnetic 
Yoke

Figure 17. Dynamic magnetic force characteristics.
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5.3. Inductive Voltage of Magnet Pole

To verify the inference that the damping coil can effectively suppress the inductive
voltage of the magnet pole, the damping coils are incorporated in to the equivalent ground
test equipment, as shown in Figure 18, and the inductive voltage of the magnet pole is
retested under the same power supply conditions as before. The inductive voltage test
result is shown in Figure 19, and comparisons between the existing magnet and the novel
magnet are summarized in Table 2. The maximum upper and lower peaks are 0.5 kV
and −0.6 kV, respectively, with a maximum peak-to-peak value of Upp 1.1 kV, which has
dramatically reduced compared to the existing magnet and been far below the voltage
withstand test standard of 2.5 kV. As a consequence, the risk of magnet pole insulation
failure is significantly reduced. From a practical perspective, damping coils can protect the
insulation of the magnet pole from overvoltage by suppressing high-frequency magnetic
flux fluctuation, thereby enhancing the service life of the levitation magnet.

ff

−

Damping Coils

Magnet Pole

Magnetic 
Yoke

 

Figure 18. Equivalent ground test with damping coils.

Upp_4=1.1kV

0.5kV

-0.6kV

φ

φ

Δφ

− −
U

ff ffi
ff

ff
ff ff

Figure 19. Inductive voltage with damping coils.

Table 2. Analysis comparisons of the existing and novel magnets.

Analysis Results No Damping Coil With Damping Coil

Upper peak of magnetic flux, φp4/Wb 0.375 0.31
Lower peak of magnetic flux, φp4/Wb 0.17 0.255

Maximum value of ∆φp4/Wb 0.205 0.055
Upper peak of inductive voltage/kV 2.6 0.5
Lower peak of inductive voltage/kV −2.9 −0.6

Maximum value of Upp/kV 5.5 1.1
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6. Conclusions

In this paper, a novel levitation magnet with damping coil used for high-speed maglev
train is designed, with accurately established EMC and FEM models. To validate the results,
numerous experiments are performed. Based on the analysis of the magnetic flux, inductive
current, magnetic force, and inductive voltage, the following conclusions are drawn.

(1) The nonlinearity of magnetic materials and magnetic flux fluctuation caused by
the tooth-slot effect is taken into consideration in the EMC model. This enables the efficient
and accurate analysis of magnetic characteristics. Therefore, it offers greater convenience
for subsequent optimization design and joint simulation with control models, facilitating
the analysis of dynamic levitation performance. (2) The magnetic flux fluctuation of the
novel magnet with damping coils is significantly reduced, only about 26.8% of the existing
magnet. It indicates that the damping coils can effectively suppress the magnetic flux
fluctuation resulting from the tooth-slot effect. The effective value of the inductive current
is about 20 A, which is reasonable for the current-carrying capacity of the damping coil.
(3) Under the influence of magnetic flux fluctuation suppression, the inductive voltage of
the novel magnet with damping coils is considerably lowered, with a peak-to-peak voltage
value of only about 1.1 kV. This value is far below the withstand voltage test standard of
the insulation layer on the surface of the iron core. It is extremely beneficial for improving
the operational safety and service life of the levitation magnet.
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