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ABSTRACT This paper investigates a linear generator (LIG) for application in high speed maglev train.
Its configuration and working principle are introduced in detail. The mathematic models of magnetic
field and induced voltage are established by the equivalent magnetic circuit method and the law of
electromagnetic induction respectively, through which the characteristics of LIG and impact factors are
analyzed preliminarily. An analytical and numerical method is proposed to analyze the characteristics of
LIG further, in which the finite element model is applied to calculate the magnetic field accurately and the
analytical model is used for the induced voltage calculation in a discrete way. The relationships of induced
voltage amplitude and speed, induced voltage frequency and speed are clarified, providing the basis for
the design of power supply system on vehicle. Finally, the experiments for the magnetic field and induced
voltage are carried out on the performance test bench of magnet and real vehicle respectively to validate the

analysis results.

INDEX TERMS Linear generator, maglev train, analytical and numerical method, induced voltage.

I. INTRODUCTION

Magnetic suspension technology is employed in the realm of
high speed rotation and linear motion gradually due to the
advantageous of no friction, micro vibration, high precision
and long service life. As a key component, the magnetic
bearing is usually applied in the high rotating motion,
such as magnetically suspended flywheel, magnetically
suspended control moment gyroscope and magnetically
suspended motor [1]—-[3]. For the linear motion, the magnets
which can accomplish levitation and guidance function play
an important role in maglev elevator and maglev train.
Especially for the maglev train, the technology has been
researched for ages and realized commercial operation in
many countries, such as China, German, Japan, South Korea
and so on [4]-[6]. According to the speed level, maglev
train can be divided into the middle-low speed train whose
maximum speed is lower than 200km/h and the high speed
train whose maximum speed can reach 500km/h and even
higher.

The associate editor coordinating the review of this manuscript and
approving it for publication was Montserrat Rivas.

In general, the suspended rotor doesn’t contain electrical
equipment, so there’s no need to consider contactless power
supply for it during the operation. Unlike the rotation
motion, the maglev train itself contains various electrical
equipment serving the levitation and guidance system,
braking system and the passengers on vehicle. Hence, it’s
extremely important to provide power for maglev train. It’s
common knowledge that traditional wheel rail vehicle applies
the pantograph to realize the power supply on board through
mechanical contact [7], [8]. Similar to the wheel rail vehicle,
the middle-low speed maglev train accomplishes the power
supply on board through the mechanical contact between the
collector and power rail. For the high speed maglev train,
a higher speed operation will bring great challenges for the
contact power supply including friction, high temperature,
strength, tension and so on. Therefore, there is an urgent need
for a contactless power supply system.

There exist two technical routes for the high speed
maglev train including EDS SC-Maglev from Japan and EMS
Transrapid from German. The SC-Maglev L0 is levitated by
the cryogenic superconducting magnets and driven by the
synchronous linear motor without iron core, whose maximum
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experiment speed can reach 603km/h [9], [10]. Now it’s
in the trial operating stage and expected to be available
commercially in 2027. The EMS Transrapid TRO8 is levitated
by the electromagnets and driven by the synchronous linear
motor with iron core, whose maximum experiment speed
can reach 505km/h and maximum operation speed can reach
430km/h [11], [12]. So far it has been operating commercially
for near 19 years in Shanghai, China.

In recent years, researchers have done a lot of research
work on various systems and field of maglev train. In order
to ensure the stable operation at a high speed, a variety
of advanced control algorithms of levitation and guidance
system have been proposed and investigated [13], [14].
Meanwhile, vehicles dynamics playing an important role
in the stability and comfort has been intensive study with
the establishment of accurate and comprehensive dynamic
model [15]. In addition, the technologies related to propulsion
system are also taken seriously, such as the novel positioning
sensor, synchronous linear motor and so on [16], [17].
However, there are few researches on contactless power
supply system of maglev train at high speed, especially
the linear generators. Up to now, there are two types of
linear generators to be applied in EDS SC-Maglev and EMS
Transrapid to provide power contactless for vehicle at a
high speed. In [18]-[20], a linear generator consisting of
three-phase coils is proposed for EDS SC-Maglev, which
is integrated into the superconducting magnet. Researchers
investigate its characteristics and design the corresponding
PWM converter. In addition, some advanced control methods
are proposed to improve the performance of power supply
system on board. In [21], a method combining with the
magnetic coupling resonant wireless power transfer technol-
ogy is proposed based on the mechanical structure of the
high speed maglev train in Shanghai, China. Researchers
analyze the output power and efficiency of the system and
validate them through simulation. Although the analysis
results show that it can meet the power supply demand, it has
not been applied to vehicle and verified by experiments.
In [22], [23], the electromotive force of a linear generator
consisting of one-phase coil for EMS Transrapid is calculated
by finite element model. The impact factors including
air gap, excitation current, speed and others are analyzed
carefully. However, the mathematic models of magnetic field
and induced voltage are not established. What’s more, the
experiments to validate the analysis results are not performed.

With the pursuit of speed, a 600km/h EMS maglev train
is researched and manufactured in progress, whose diagram
of power supply on board is shown in Fig. 1. There are two
power supply techniques to applied on maglev train based
on the speed including LIG and collector. When the speed
is lower than 150km/h, the capacity of power generating
for LIG is lower and can’t meet the electricity demand on
board. So the collector on vehicle and power rail on ground
is applied to transfer the power to vehicle through the contact
between them, which is only used in the enter and exit station
commonly [24]. When the speed is higher than 150km/h, the
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FIGURE 1. Diagram of power supply on board.

LIGs possess the capacity to generate the sufficient power
for vehicle, which can cancel the power rail and make it more
economical. At a high speed, the power generated by the LIGs
is dealt with the boost chopper and transferred to the power
grid and battery providing power for the equipment on vehicle
such as levitation system, guidance system, braking system,
lighting system and so on. Therefore, the characteristics of
LIG closely related to the power supply capacity and system
parameter matching are the basis of design of the power
supply system on board and should be investigated carefully.
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FIGURE 2. Structure diagrammatic sketch of LIG. (a) LIG. (b) Levitation
magnet pole.

Il. CONFIGURATION AND WORKING PRINCIPLE

A. CONFIGURATION

As Fig. 2 shows, the LIG is composed of two coils wound by
enameled wire and two lead wires. Two coils are connected
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in series through welding as well as the coil and the lead wire.
The LIG is inserted in the iron core of levitation magnet pole
to share the magnetic field of levitation magnet pole together.
The coils are shaped rectangle to match the groove of iron
core better under the effect of a special mould. There exists a
layer insulating paper between the LIG coils and the iron core
to protect from high-voltage breakdown. The lead wires pass
through the iron core and lead out from the bottom making it
convenient to output voltage.

Linear Generator

Stator Cable Magnet Pole Yoke

/
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FIGURE 3. Linear motor and levitation magnet.

B. WORKING PRINCIPLE

In the high speed maglev train system, the levitation,
propulsion and electric power generation functions are
integrated together and accomplished by the linear motor
composed of stator pack and levitation magnet shown in
Fig. 3. The stator pack includes stator and cables. The
levitation magnet includes 10 main magnet poles with LIGs,
2 end magnet poles without LIG and 9 yokes connecting
the neighbor magnet poles. When the levitation magnet is
powered by direct current, the excitation magnetic field
between the magnet pole and the stator will generate. Then
the magnetic force in the z direction achieves the levitation
function. Subsequently the stator cables are powered by
three phase current and the travelling wave magnetic field
produced will interact with the excitation magnetic field.
Then the magnetic force in the x direction achieves the
propulsion function.

FIGURE 4. Diagram of LIG magnetic flux.

The LIG located in the coupling magnetic field will
translate along the x direction with the levitation magnet.
When the LIG is in different position, the magnetic flux
through its coils are also different. As Fig. 4 shows, when
the coil 1 and coil 2 are confronted with the stator grooves,
their magnetic fluxes are minimized. When the coil 1 and
coil 2 are confronted with the stator teeth, their magnetic
fluxes are maximized. Therefore, the magnetic fluxes of LIG
varies continuously and periodically with the translation of
levitation magnet, which will make the LIG generate an
alternating induced voltage. Eventually, the induced voltage
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is processed by the boost chopper and converted to a 440V
DC voltage used for power supply on board.

Ill. MATHEMATIC MODELING

According to the working principle, it’s the magnetic flux
alternation that is the fundament of the induced voltage of
LIG generating. In this section, the magnetic circuit and
voltage models are established to analyze the principle and
performance of LIG in detail.

A. MAGNETIC CIRCUIT MODEL

In ideal status, the propulsion system will make the compo-
nent of magnetic flux maximum value in the x direction and
zero in the y direction through the current control for stator
cables. The travelling wave magnetic field will pass through
LIG coils rarely, and then the performance of LIG is mainly
affected by the excitation magnetic field. Consequently, the
travelling wave magnetic field can be ignored in the magnetic
circuit model. The 12 magnet poles in levitation magnet
are divided into the left and right half parts averagely and
powered by two controllers respectively. Due to the similarity
of two parts, just half a magnetic circuit model is established
to simplify the calculation. The magnetic flux paths of the
half levitation magnet are shown in Fig. 5. The corresponding
equivalent magnetic circuit is also built and shown in Fig. 6.
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FIGURE 5. Magnetic flux of half levitation magnet.
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FIGURE 6. Equivalent magnetic circuit of half levitation magnet.

In the magnetic circuit model, NI is the ampere turns of
the magnet pole. Ry; (i = 1,2,---,6) is the reluctance of
the magnetic gap corresponding to the magnet pole. Ry, is
the equivalent reluctance of iron cores. ¢r; (i = 1,2,---,6)
is the magnetic flux of the magnetic gap corresponding
to the magnet pole. ¢; (i = 1,2,---,5) is the magnetic
flux of stator in the different magnetic circuits. To simplify
the calculation, the leakage fluxes are considered by an
equivalent leakage coefficient o approximately. Based on
Kirchhoff’s voltage and current law, the equation (1) can be
derived.

A¢ = B/o (1
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where the array

R +Rr2+Rpe Rp> 0 0 0
Rr> Rp2+Ri3+Rke RL3 0 0
A= 0 Rr3 Rp3+Rra+Rpe Rrq 0
0 0 Rr4 Rra+Rps+Rp Rrs
0 0 0 Ris Rps+Rre+Rype

The vector consisting of the magnetic flux ¢; (i =
17 21 R 5)

d=[¢1 ¢ ¢35 Pa ¢5]T-
The vector consisting of the ampere turns
B = [2NI 2NI 2NI 2NI 2NT ]
So the flux ¢; i =1, 2, -- - , 5) can be calculated as
$=A"'B/o )

The relationship of the magnetic fluxes ¢p; (I =
1,2,---,6)and ¢; i = 1,2, ---,5)is shown in equation (3)
as follows

dL =1 dr2 b3 Pra Pis ¢L6]T =C¢ (3

where the array

1 0 0 0 O
1 1.0 0 0
0 1 1 0 0
C=l0o 0 1 1 o0
0 0 0 1 1
0 0 0 0 1

Thus the magnetic flux ¢;; related to the performance of
LIG can be obtained. In fact, it’s difficult to calculate the
reluctance Ry; because the magnet pole and stator core is
discontinuous under the influence of the cogging structure
Thus, the magnetic flux ¢y; distribution is relatively complex
and difficult to solve. In order to analyze the magnetic
flux more accurately, the magnetic field between stator and
magnet is simulated by 2D finite element model and the result
is shown in Fig. 7 (a). Magnetic flux ¢p; starting from the
magnet pole passes through the magnetic gap and divide into
two paths ¢; and ¢;—1 when get into the stator. While the
magnetic gap is a combination of the gaps with different
structures including the gap of magnet pole core and stator
tooth, the gap of magnet pole core and stator grooves and the
gap of LIG grooves and stator tooth. Therefore, the magnetic
flux ¢r; can be refined further and classified into three types
named main flux, stray flux and LIG flux respectively shown
in Fig. 7 (b).

Based on the three types of equivalent magnetic flux
distribution, the reluctance Rjy; can be taken as three
reluctances R;1, Rj» and R;3 in parallel shown in Fig. 8. So the
reluctance Ry; in array A can be calculated as

Rii=Ri1//Rp//R3z (i=1,2,---,6) 4

where R;1, Rip and R;3 are the reluctances of the equivalent
gaps corresponding to main flux, stray flux and LIG flux
respectively.
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FIGURE 7. Magnetic flux distribution. (a) Simulated magnetic flux.
(b) Equivalent magnetic flux.

FIGURE 8. Reluctance of magnetic gap.

For the induced voltage, it’s the magnetic fluxes through
LIG coils ¢j; and ¢i» need to be analyzed shown in
Fig. 7 (b). So the magnetic flux ¢;; calculated is divided into
three parts including magnetic fluxes ¢;.1, ¢i» and others.
The corresponding reluctances are Rj.1, Ric2 and R;, shown
in Fig. 8. Then the magnetic fluxes through LIG coils can be
given by

OLiRL
Ric1

OLiRL
R ic2

Gic1 = » P = (i=23,---,6 (5)
B. INDUCED VOLTAGE MODEL

For convenience, we just analyzed the magnetic field at a
certain time in section III. A. In fact, the induced voltage
of LIG generating is a dynamic process. When the levitation
magnet translates in the x direction, the reluctances Ry;, R;
and R;.» will change in real time, resulting in the magnetic
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fluxes ¢jc1, ¢ic2 alternation. So the reluctances and magnetic
fluxes are the functions of the displacement x. According to
the Faraday’s Law of electromagnetic induction, the induced
voltage can be calculated as

dgic1(x) n dgica(x)
dt dt
where N is the turns of LIG coil and df = dx/v. v is the
speed of magnet in the x direction. Then the formula (6) can
be expressed as
ddici(x) | ddica(x)
+
x dx

UiZNLI: i| (l=2’3916) (6)

U,-:NLv[ ] (i=2,3,---,6) (1)
Based on the equation (2), (3) and (5), the formula (7) can
be further simplified as

U =NNIf(x) (i=2,3,---,6) ®)

where f (x) represents a function of the displacement x,
as well related to the magnetic gap, so the induced voltage
varies with the position. As described in the working princi-
ple, the LIG coils will pass the grooves and teeth periodically
with the movement of levitation magnet. Therefore, the
induced voltage should be a period function of x when the
magnetic gap is a fixed value or fluctuates in a small range.
The period is the width of a groove and a tooth. Normally,
the magnetic gap will be maintained near the nominal value
during the maglev train operating. So the induced voltage of
LIG is linear with not only the turns and speed of itself but
also the turns and current of levitation magnet, which means
that the power generating capacity of LIG will be affected by
the levitation magnet performance.

IV. ANALYTICAL AND NUMERICAL METHOD

As Fig. 7 (b) shows, the magnetic fluxes through LIG
coils ¢;;; and ¢;» are composed of a certain amount of
main fluxes, stray fluxes and LIG fluxes together, which
will change with the position of magnet pole. Actually, it’s
much difficult to calculate the magnetic fluxes ¢;;; and
¢dico by analytical method accurately, especially when the
magnet poles translate. Consequently, the numerical method
is selected to assist in the analysis of the magnetic flux
distribution between the magnet and stator.

A. MAGNETIC FIELD ANALYSIS
For the linear motor and levitation magnet, the accuracy
of 2D finite element model is close to that of 3D finite
element model due to the uniformity of its cross section in
the y direction. To get the data of magnet field conveniently
and consider the efficiency of calculation simultaneously, a
2D finite element model of levitation magnet and stator is
established. The main parameters are shown in Fig. 9 and
Table 1. The Plane45 elements and nonlinear material whose
permeability are defined by BH curves are adopted in the
model.

The PATH of command in ANSYS is applied to acquire
the magnetic flux density. A single magnet pole is taken as an
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FIGURE 9. Main parameters.

TABLE 1. Parameters of LIG.

Polar distance of stator, z,/mm 258
Polar distance of magnet, 7./mm 266.5
Tooth width of stator, x,/mm 43
Groove width of stator, x,/mm 43
Core width of LIG coil, x./mm 32
Distance of LIG coils, x,/mm 86
Thickness of iron core, / /mm 170
Nominal magnetic gap, s./mm 12.5
Nominal current of magnet, / /A 25
Speed of magnet, v /(km/h) 600
Turns of magnet pole, N 300
Turns of LIG coil, N, 28

example to illustrate the magnetic flux distribution, in which
two LIG coils correspond two paths. As Fig. 10 shows, the
path 1 A1B; and path 2 A;B; are built on the surface of iron
core. The analysis results of the magnetic flux density can
be mapped to the paths. And then, the magnetic flux density
B in the y direction versus the displacement x; curves can be
obtained, which is the main magnetic field for LIG to generate
induced voltage.

FIGURE 10. Partial 2D finite element model.

Based on the relationship of B-x;, the magnetic fluxes
through LIG coils in a certain position can be expressed as

b = /0 "Biyldy (=1,2) ©

Although the analytic expression of function B;;(x;) can’t
be given accurately, it can be discretized and linearized.
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When the magnetic flux density is mapped to the paths,
the number of mapping points on the path can be decided
as needed. The function Bi¢j(x;) is also discretized into the
corresponding number of sections. Then the magnetic fluxes
can be calculated by linearization in every discrete section.
So the formula (9) can be replaced by

M—1
xel

9= 501 =T Ig [Bicj(i) + Biggar)] - (= 1,2)

(10)

where M is the number of mapping points and xj is one of
the points. When the value of M is larger, the calculation
results of magnetic flux is more accurate. In the following,
a demonstration of Bi.;(x;) in the position shown in Fig. 10
is given. The value of M is 33 and the curves are shown
in Fig. 11.

Magnetic flux density, B /T

X33

04 — — T — T I T
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Distance, x; /mm

FIGURE 11. B-x; characteristics of paths.

In this case, the magnetic fluxes of LIG can be calculated
based on the formula (10).

32
xcl
bic1 = 6L4 ; [Bic1 (xk) + Bict (k1)1

32
Xl
icr = 6L4 ]; [Bic2(xk) + Bica(xr41)]

B. INDUCED VOLTAGE ANALYSIS
Similar to the magnetic fluxes calculation, the induced
voltage is also calculated in a discrete way. For example, the
magnetic flux of LIG coil is ¢;.;(?) at a certain point. Based on
formula (6), the discretization formula of the induced voltage
can be derived

2

Uit = Z dici(t + AAtZ — Gicj(1) (an

j=1
where At represents a very small time increment, which

can be decided according to the actual speed. In this part,
the induced voltage of one LIG with the speed of 600km/h
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is calculated in a period by the analytical and numerical
method. The value of At is selected as 0.01ms. Meanwhile,
the induced voltage is simulated by the Ansoft model and both
results are shown in Fig. 12.
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FIGURE 12. Induced voltage characteristics.

The polar distance of stator is 258mm and the propulsion
period is 516mm, so the propulsion frequency is 323Hz at
the speed of 600km/h. As previously described, the period of
induced voltage is the width of a groove and a tooth, of which
the value is 86mm. Therefore, the theoretical value of its
frequency should be 1.938kHz and 6 times of the propulsion
one. As Fig. 12 shows, the induced voltage results of LIG
analyzed by two methods at the speed of 600km/h have a
good consistency, including the amplitude and frequency.
The frequency is about 1.92kHz nearly identical with the
theoretical value. The amplitude is about 598V, which is
proportional to the speed based on the formula (8).

To summarize, the induced voltage characteristic can be
expressed simply as U, = 3.6v and fri6 = 6fpr,. Where
U, represents the induced voltage amplitude. f7 ;G represents
the induced voltage frequency. f,, represents the propulsion
frequency and f,, = 0.5v/7;. For example, when the speed
is 150km/h, the induced voltage amplitude is 150V and the
frequency is 484Hz.

C. OUTPUT CURRENT ANALYSIS

Although the characteristics analysis of the induced voltage is
performed in the open circuit state, the output characteristics
in the closed circuit is also important, and then we analyze
the output current of one LIG at different loads in this section.
As mentioned earlier, the power for levitation system is from
LIG, so the different loads within the load range of levitation
magnet are selected to analyze the corresponding output
current and the results at the speed of 600km/h are shown
in Fig. 13. When the inductive load is very low or even zero,
the output current and induced voltage have the same phase
and a linear relationship. However, due to the coil structure
and magnetic flux loop, the levitation magnet will have a
large inductive load, and the inductance of half a levitation
magnet can reach about 1.5H. At this moment, a phase delay
between the output current and induced voltage will appear
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and the current amplitude will decrease with the increase
of inductance. Therefore, the generating capacity and load
condition of LIG need to be considered at the same time in
the design of power supply system on board.

Induced Voltage - = -Current L=0H, R=5Q

Current L=1.5H, R=5Q Current L=0H, R=10Q
700 140
600 A N N n A A N A F 120
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FIGURE 13. Output current at different loads.

FIGURE 14. Prototype of LIG.

V. PROTOTYPE AND EXPERIMENT

To validate the results of the analytical and numerical method,
some relevant experiments are carried out including magnetic
field and induced voltage tests. The prototype of LIG is shown
in Fig. 14. Since the LIG is installed in levitation magnet
pole and its work depends on the magnetic field generated
by levitation magnet, a whole magnet rather than just LIG is
taken as the experiment object.

A. MAGNETIC FIELD TEST

As aforementioned, it’s significant to analyze the magnetic
fluxes distribution between levitation magnet and stator
accurately for the induced voltage calculation of LIG. In this
section, the magnetic flux density is measured to validate
the results from 2D finite element model. Similar to the LIG
paths, another path along the whole levitation magnet model
is established at the magnetic gap to assist to acquire the
magnetic flux density data. The performance test bench of
magnet shown in Fig. 15 is applied on the measurement of
magnetic flux density [25]. Firstly, make sure the nominal
magnetic gap 12.5mm through adjusting the stator of bench.
Then, a DC current consistent with the parameter of 2D finite
element model is supplied to the levitation magnet. Finally,
the magnetic field sensor translates between the levitation
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magnet and stator measuring the magnetic flux density. The
contrast between the simulation and experiment results are
revealed in Fig. 16.

"‘?‘vrrrrl"l‘!';'r'ﬂ-l--f

R Ty e e
T

B/
2
e

o2 |f

Distance, x/m

FIGURE 16. Magnetic flux density in the y direction.

The characteristic of B-x analyzed by 2D finite element has
a good agreement with the experiment one. At the beginning
and end of the levitation magnet, there are slight displacement
deviation between two results. The main reason is that the
magnetic field sensor is driven by the motor and conveyor
belt. So it’s impossible to guarantee a uniform motion due
to the acceleration, deceleration and vibration. As Fig. 3
shows, the magnetic polarities of the magnet poles are N/S
alternating, hence the magnetic flux density results exist the
positive and negative wave peaks whose absolute value is in
the range of 0.6T ~ 0.8T. In addition, there are two types of
fluctuations in the peaks, such as position A and position B
shown in Fig. 16. The fluctuation of position A is caused by
the cogging structure of the stator and the one of position B
is caused by the installation slots of the LIG coils.

B. INDUCED VOLTAGE TEST

To validate the induced voltage characteristics of LIG,
the actual induced voltages of two neighbor LIGs are
monitored in real time during the commissioning of the
600km/h EMS maglev prototype. Limited by the length of
the commissioning track, the maximum test speed of train
can just reach 50km/h. The induced voltages of LIGs at the
speeds of 25km/h and 50km/h are collected with a sampling
frequency of 50kHz and dealt with a low pass filtering. The
voltage waveforms are shown in Fig. 17. Furthermore, the
result of analytical and numerical method is processed based
on the relationship of induced voltage and speed analyzed in
part IV. B and the comparison with the test one in one period
is shown in Fig. 18.
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FIGURE 17. Testing results in real vehicle. (a) Induced voltage at 25km/h.
(b) Induced voltage at 50km/h.
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FIGURE 18. Induced voltage characteristics.

The voltage frequencies of LIG 1 and LIG 2 obtained
through Fourier transform of the test data are approximate
80Hz for the speed 25km/h and 160Hz for the speed 50km/h
respectively, which are all close to the theoretical values.
The voltage amplitude at the speed of 50km/h is near the
theoretical value 50V. The voltage amplitude at the speed
of 25km/h is slightly lower than the theoretical value 25V.
The main reason is that the dynamic load of vehicle is
relatively small at a lower speed resulting in a smaller
current of levitation magnet than the nominal value. As the
formula (8) revealed, the induced voltage will decrease with
the decrease of the levitation magnet current. The induced
voltage waveform in one period analyzed by the analytical
and numerical method has a good agreement with the test
one at the speed of 50km/h, so the method used to analyze
the characteristics of LIG is validated.
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VI. CONCLUSION

In this paper, the LIG applied in high speed maglev train is
introduced, whose characteristics are analyzed by equivalent
magnetic circuit method, analytical and numerical method
and real vehicle testing.

(1) The mathematic and finite element model are estab-
lished to analyze the characteristics of LIG. The magnetic
field and induced voltage calculated by analytical and
numerical method are verified by the experiments on the
performance test bench of magnet and real vehicle indicating
that the analysis results are reasonable.

(2) The method combining the analytical and finite element
methods possesses the advantages of them. The relationships
between the induced voltage and parameters are presented
intuitively in the analytical formulas and the magnetic field
is analyzed accurately by the finite element model. It makes
the design, analysis and optimization of LIG more efficient.

(3) The amplitude and frequency of the induced voltage are
proportional to the speed when the structure and performance
parameters of levitation magnet are determined.

(4) The characteristics of induced voltage are not only
related to its own parameters but also to the performance
of the levitation magnet generating the main magnetic field
for LIG. Therefore, the impact factors are needed to take
into consideration simultaneously during the design and
optimization of LIG, such as the turns of itself, the ampere
turns and structure parameters of levitation magnet, the
magnetic gap and the maximum operation speed of maglev
train.
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