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Abstract: This paper focuses on the study of a null-flux coil electrodynamic suspension structure
for evacuated tube transportation (ETT). A Maglev system in evacuated tubes is a promising
concept for high speed transportation systems, and the design of levitation structure is a critical
part among the subsystems. The whole system with functions of levitation, guidance, and
propulsion is proposed in this paper, and the utilization of magnetic fields from both sides of
magnets makes the system simple. The figure eight shaped null-flux coil suspension structure is
adopted to provide a high levitation-drag ratio. The equivalent circuit model of the null-flux coil
structure is established by employing the dynamic circuit theory. Based on the determination of
the mutual inductance between the null-flux coil and the moving magnet, electromagnetic forces
are calculated through an energy method. The validity of the dynamic circuit model is verified by
comparing the calculation with the 3D finite element analysis (FEM) results, and the working
principle of the null-flux coil structure is described. The effects of vehicle speed and the time
constant of the coil on the electromagnetic forces are studied at the bottom level of force impulses
in one coil and verified by FEM simulation. The characteristics of electrodynamic forces as
functions of the magnet speed, the vertical displacements, and the lateral displacements are
investigated based on the dynamic circuit theory, and the levitation-drag ratio is compared with
that of plate type structure. The results show that the proposed structure is a promising option for
application in ETT, and the following study will focus on the dynamic research of the
electrodynamic suspension (EDS) system.

Keywords: magnetic levitation; electrodynamic structure; dynamic circuit theory; evacuated tube
transportation

1. Introduction

The research of ground high speed transportation is popular because of the increasing need for
a faster, safer, and cheaper transportation mode. Ground transportation could be divided into two
kinds of structure: a wheel-rail type one and a contactless one. Magnetic levitation (maglev) is the
most promising and widely used contactless technology, and has been successfully applied in the
fields of trains, bearing, motors, and so on [1-4]. Unlike conventional train driving forward by
frictions between wheels and rails, a maglev train replaces wheels with magnets, levitates on the
rails, and produces propulsion force electromechanically without any contact [5]. There are several
advantages of maglev transportation: lower noise, less maintenance costs, being hard to derail,
being able to run through curves in a smaller radius, and so on [6]. Among the running commercial
lines, the top speed of wheel-rail transportation is about 350 km/h from the Fuxing bullet train in
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China, and the highest maglev train speed is 430 km/h from Shanghai maglev line [7]. It can be seen
that both of these have a long distance requirement compared with an airliner, whose cruising
speed could be more than 900 km/h. Air friction is one of the main critical obstacles for developing
ground transportation with higher speeds, which is proportional to the square of the train speed.
Although the concept of train traveling in evacuated tubes is an old idea and the related technical
proposals have been published for several decades [8], it is now a popular research topic, especially
after the announcement of the Hyperloop by Elon Musk in 2013 [9]. The core idea of evacuated tube
transportation (ETT) is to minimize air friction, and the feasibility of ETT has been studied and
verified by research institutes and the transportation industry. For example, the Space Exploration
Technologies Corporation (SpaceX) has organized the Hyperloop pod prototypes student
competition for three years, and participant teams could design and test their models on the 1.6 km
long test line. The current speed record of 457 km/h was made by the WARR Hyperloop team in
2018.

It is necessary to adopt the maglev structure to minimize frictions, noises, and vibrations in the
ETT system design. Based on the levitation principles, there are two main kinds of maglev systems:
an Electromagnetic Suspension (EMS) attraction system and an Electrodynamic Suspension (EDS)
repulsion system. Electromagnetic attractive forces are generated between the magnet and the
ferromagnetic rail to achieve levitation at the expected gap, and active control is needed [10-12],
since EMS is an open-loop unstable system in essence. Different from EMS, the levitation force of
EDS is formed by interaction between the magnet and the non-ferromagnetic conducive rail [13,14].
The eddy current is induced in the conductive rail when the magnet producing high magnetic fields
moves along the ground conductor, and the eddy current interacts with the magnet to produce the
repulsive force and levitate the train [15]. In other words, the change of magnetic flux is the
fundamental source of the levitation force in the EDS system. The EDS structure is an essential
open-loop stable system and does not need active control. A superconducting (SC) magnet and
permanent magnet (PM) are usually adopted as the excitation source and the EDS can be divided
into two types based on the type of rail: a continuous one and a discrete one. The continuous track
composed of a non-ferromagnetic plate and the Holloman High Speed Test Track (after a maglev
update) propelled by solid fuel rocket motor is a typical continuous EDS [16], whose test speed
reached 673 km/h in 2008. The superconducting maglev train made by Japan Rail (JR) Company is a
representative of a discrete EDS, which adopts a null-flux coil to generate a high levitation-drag
ratio [17]. The SC maglev train provided the ground transportation speed record of 603 km/h on the
Yamanashi Line in 2015. Apart from EMS and EDS, flux-pinning levitation with high-temperature
superconductors (HTS) is another candidate for ETT. The vehicle could achieve suspension above a
permanent magnet guideway by utilizing the flux-pinning property of type-II superconductors,
and the first prototype of the test system with a length of 45 m was developed by Deng et al. [18].
This structure has advantages of a simple structure, self-stability, and so on, but the construction
and the maintenance of a long permanent magnet guideway is a problem to be solved, which could
increase the cost.

Although EMS has the advantages of active control and adjusting the dynamic performance,
EDS is preferred in the EET application. First, the heavy electromagnet and the ancillary equipment
needed for active control, such as signal detection, a power supply, and a control system, make the
whole system complex, especially because the space in the evacuate tube is limited. Second, the
obvious eddy current in the ferromagnetic rail reduces the levitation force and provides increasing
current and heat in the electromagnet [19,20], however the heat dissipation is not an easy thing to
achieve in an evacuated tube. Third, high speed operation makes real-time control hard and high
accuracy is not easy achieve. So, EDS has gained more attention in ETT research compared with
EMS at present. Abdelrahman et al. conducted the design and prototyping of a Hyperloop pod
levitation and propulsion system, and the approach was verified by FEM simulation [21]. An
all-in-one system for Hyperloop that conducts levitation, propulsion, and guidance was presented
by Ji et al,, a conductive plate structure was adopted, and the parameters that affect the system
performance were analyzed [22].
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This paper focuses on the design and analysis of a null-flux EDS structure for an ETT system.
The whole system integrated with levitation, guidance, and propulsion is presented, and both sides
of the magnets are utilized in the design. The null-flux coil levitation structure is analyzed by the
equivalent circuit model based on the dynamic circuit theory. The mutual inductance between the
magnet and the coil is calculated, and the electrodynamic forces are determined by the energy
method. The mechanism of the null-flux coil is presented, and the calculation results of the dynamic
circuit model are verified by the FEM analysis. The effect of vehicle speed and the time constant of
coil on magnetic forces are studied at the bottom level of the force impulse. The characteristics of
the electromagnetic forces are studied and compared with a plate type EDS structure, and the
analysis results at constant speeds have shown that the null-flux coil EDS structure is promising for
application in the ETT system.

2. Proposed ETT System

The technical focus of ETT has three main aspects: the low cost construction of an evacuated
tube, a magnetic structure, and propulsion system designs. The tube construction will not be
included here, but the restricted tube space raises a higher standard for simplicity of the whole
system. The superconducting magnet needs cooling auxiliary devices and magnetic shielding for
coach, and there could be obvious eddy currents in the metal tube wall during the motion. So,
permanent magnet is used as excitation source in the design. EDS structure is preferred in the ETT
design, while a null-flux coil type was adopted due to its ability to provide a higher levitation-drag
ration compared with plate type EDS. The comparison detail is provided in section 3.4.2. The linear
motor must be adopted because of its straight motion. A linear induction motor is restricted to
dealing with propulsion force density and working efficiency together. As an example, the parallel
linear induction motors could provide high force density, but their efficiency is low. As such, a
linear synchronous motor is preferred. The motor with iron material has saturation property,
meaning the permittivity will drop promptly when the magnetic field increases to some strong
level, and the core lose will become larger with the increasing of the magnetic field and the motor
speed. The linear synchronous motor with hollow stator coils is chosen in the end.

The designed ETT system is composed of three parts: a tube, vehicle, and rail, as shown in
Figure 1. The vehicle body is mounted upon the propulsion stator and the magnets are placed on
both lateral sides of the vehicle body. Null-flux coils are embedded in the lateral symmetrical
guideways to provide levitation and guidance. Axis X is the lateral direction, axis Y is the vehicle
moving direction, and axis Z is the vertical direction where the vehicle is levitated. When the
magnet aboard moves along the rails, the eddy current is induced in the null-flux coils and the
interaction between the magnet and the eddy current in the coils will generate levitation, guidance,
and drag forces. The linear synchronous motor is composed of long hollow stator coils and the
magnet mover. Both sides of magnets are used in the system to get high utilization of magnetic
fields and simplify the whole structure. Three-phase AC is controlled in the stator coils to generate
traveling wave magnetic fields, which interact with the magnets aboard to realize electromagnetic
thrust and synchronous motion. The deceleration is conducted by reversing the direction of the
stator currents to produce braking forces, and the drag forces from null-flux coils could also make a
contribution.
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Figure 1. Proposed structure of an evacuated tube transportation (ETT) system.

3. Analysis of the Null-Flux Coil EDS Structure

A null-flux coil structure is an important guideway conductor configuration in EDS system
design, and the concept of a figure eight shaped null-flux coil was invented by Powell and Danby in
the 1960s [23]. The patent was bought by JR Company and then used in the SC maglev train design.
The maglev train then reached a ground transportation speed record of 603 km/h on the Yamanashi
Line in 2015. The most outstanding feature of the figure eight shaped null-flux coil structure is its
capacity to provide both levitation and guidance forces with a high lift-drag ratio. Although there
are much work that has been done before on the calculation, experiments, and analysis of the
null-flux coil structure, in this paper FEM simulation is adopted and compared with the calculation,
the effects of magnet speed and the time constant of coil on magnetic forces are studied at the basic
and bottom level (change of force impulses in one coil during motion) and the results are verified
by FEM simulation. Then the properties of null-flux structure are studied and the result of the
levitation-drag ratio is compared with that of a plate type EDS structure.

3.1. Working Principles of Null-Flux Coil Structure

The mechanism of a figure eight shaped null-flux coil is shown in Figure 2, which can be
explained by the Lenz law [24]. The magnet aboard moves along the null-flux coil rail, and the
position where the mid-line of the magnet coincides with that of the coil is considered as the
balance position. The overlap areas of the magnet with the upper and the lower loops are the same
at the balance line. And although the same induced voltages are generated in both loops due to the
change of flux when the magnet moves, the voltage is cancelled out and there is no induced current
in the figure eight coil because of the cross connection. Then no electromagnetic forces are
generated at the balance position. When the magnet moves along the coil downwards from the
balance line as shown in Figure 2, the overlap area between the magnet and the lower loop is larger
than that of the upper loop, and the induced voltage in the lower loop is stronger than in the upper
one. Then the induced current is generated in the coil and the magnetic field produced by the
induced current will hinder the change of flux according to Lenz law. The eddy current in the
ground conductor is proportional to the flux linkage and its change rate on time. The magnitude of
flux linkage is a geometry function of magnet and the change rate is a function of magnet velocity.
The electromagnetic force on moving magnet in axis Z is composed of two parts: a repulsive force
from the lower loop and an attractive force from the upper loop, so the result is a vertical levitation
force . Similarly, the guidance and the drag forces are generated according to Lenz law.
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Figure 2. Illustration of the interaction between the magnet and the coil.

3.2. Equivalent Circuit of Null-Flux Coil Levitation Structure

Electromagnetic field method and electrical circuit method are two mainly used approaches for
the calculation of magnetic forces. The dynamic circuit model is a typical electrical circuit method,
in which the circuit components involving relative motion and the parameters are functions of time
and displacement. The method is especially suited for analysis of null-flux coil EDS structure, and
the circuit parameters including resistance and inductance are simple to calculate. The figure eight
shaped null-flux coil could be twisted to an equivalent closed loop circuit consisting of two
branches [25], which is shown in Figure 3. The upper and the lower loop of figure eight coil are
represented by a branch with resistance R and inductance L. The coupling between the magnet and
the two loops of the coil are described by the induced voltages e: and e, respectively, and the
coupling between the two loops is modeled by the mutual inductance M. The currents flowing in
the upper and the lower loops are I: and 2. Ms1 and Ms: are mutual inductances between the
moving magnet and the upper and the lower loops.

I, L R €1
v
M, m
. AN L R e
2 X
[ 2

Figure 3. Equivalent circuit of null-flux coil.

The induced voltages e: and e2 can be obtained based on the principle of electromagnetic
induction:

M
e] — _]Sv a sl(axayaz)
X
' )
M
ezz_lsva s'z(xﬂyﬂz)
Ox
The voltage equation of the equivalent circuit in Figure 3 is:
. di
2Ri+2(L-M,,)—=e —e,- ()
“dt
The energy in the interaction between the magnet and the upper and the lower loops is:
VVI = Msl[s[l
&)

I/V2 =Ms21512'
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Then the electromagnetic forces generated between the magnet and the coil can be obtained:

7= 8W 6W 11 oM , e oM, :Ivl,(aMx1 _6MS2)
6x ’ ox ’ Ox o ooOx ox
f _ OW 6W e oM , s oM , :[Si(aM“ _8M52). @
oy 6y oy oy oy oy
f;:%‘i‘a%zlll aMS1+]S]2 aMA'Z:]i(aMsl_aMSZ)

0z Oz 0z oz " oz 0z

It can be seen that the electromagnetic forces are decided by currents in the magnet and the coil,
and the gradient of mutual inductances in three directions between the magnet and the upper and
the lower loops. Since the mutual inductances is variables related with time and relative position,
the induced current in null-flux coil could only be calculated through numerical methods from
Equation (2). The average value can be obtained by integration of time dependent magnetic forces
within the operating time:

=— j M. i
F == ] i(—S1 __6 S2)dt (5)
TooTd T oy oy
F‘z =l T[sl'(aMsl —aMSZ)dl
T 70 Oz oz

The critical mutual inductance is calculated based on the Neumann Formula:

ot dl, -dl dxdx' + dydy' + dzdz'
WLl e ©

where £/, is the vacuum permeability, (x, y, z) and (X, y’, z’) are coordinates of magnets and

null-flux coil, respectively. Then, the flow chart of the calculation process of electromagnetic forces
is shown in Figure 4.
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Figure 4. Flow chart of the force calculation process.

3.3. Verification of Dynamic Circuit Theory

3D finite element simulation using ANSYS Maxwell is adopted to verify the calculation results
of the dynamic circuit theory. The verification is conducted on the interaction between one null-flux
coil and one PM, and the simulation model is shown in Figure 5. The parameters of the model are
listed in Table 1.

Motion of magnet
_— >

2
L» ¥
Figure 5. Finite element analysis (FEM) simulation model.

Table 1. Parameters of the FEM model in Figure 5.

Variable Value Unit

Length of magnet (axis Y) 460 mm

Height of magnet (axis Z) 210 mm

Thickness of magnet (axis X) 20 mm
Remanence of permanent magnet (PM) 1.33 T

Coercivity of PM 962 kA/m
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Induced current in coil (A)

Drag force (N)

-0.2
0

Length of null-flux coil
Height of null-flux coil
Sectional area of null-flux coil
Height of gap between the upper and the
lower loops
Resistivity of the coil (Cu)
Lateral gap between the coil and the
magnet (axis X)
Height difference between the mid-lines of
the magnet and the coil (axis Z)
Speed of the magnet (axis Y)

8 of 19
137 mm
365 mm
16 mm?
30 mm
1.75 x 108 Q-m
10 mm
70 mm
10 m/s

The calculation and the FEM simulation results of the induced current in the coil and the

magnetic forces in three axes are shown in Figure 6 and Figure
3
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Figure 6. Calculation results based on dynamic circuit theory at speed of 10 m/s, (a) Induced current
in null-flux coil; (b) Levitation force; (c) Drag force; (d) Guidance force.
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Figure 7. FEM simulation results at speed of 10 m/s, (a) Induced current in null-flux coil; (b)
Levitation force; (c) Drag force; (d) Guidance force.

00

From the comparison of Figure 6 and Figure 7, it can be seen that both the induced current and
the three magnetic forces have the same tendency in the calculation and the FEM simulation results,
although there is a difference in amplitude values. The current and the forces have two impulses in
the whole dynamic process, which are corresponding to the approaching and the leaving null-flux
coil. The process of the magnet moving along the null-flux coil at low speeds can be simplified as
Figure 8, and the south pole of the magnet faces downward. Figure 8a illustrates the process of
magnet approaching the coil, and the stationary coil senses an increasing upward flux. Then an
induced current in the coil will generate a flux opposing the flux change according to Lenz’s law,
and the interaction can be taken as two magnets with the south poles facing each other. The
time-dependent current and magnetic forces are related with the first impulse in Figure 6 and
Figure 7. The magnet leaving the coil is illustrated in Figure 8b, and the flux linking the coil
decreases. Similarly, an induced current in the coil with the opposite direction compared with
Figure 8a is generated, and the interaction could be regarded as two magnets with the north and the
south pole facing each other. The time-dependent current and magnetic forces during this period of
leaving the coil are corresponding to the second impulse in Figure 6 and Figure 7. It can be seen that
the second impulse is usually smaller than the first one because of the inductance in the coil. The
average value of magnetic force during the whole moving period is decided by the integral of the
time-dependent force. The two pulses in the levitation and the guidance forces have opposite
directions, and the two pulses in the drag force have the same direction. To get a larger levitation
force and a greater guidance force, it is helpful to increase the difference between the two opposite
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pulses in the levitation and the guidance forces. If the magnet is moving at a high speed, the process
of moving along the coil could be simplified as shown in Figure 9.

Magnet N (Dl Magnet (Dl
| Motion of magnet Motion of magnet : N
— >
~— —> | / |
S o 7
N 2
N /
N (DZ F /
N F U 0%
Coil W
Coil
F
D] F, F,
(a) (b)
Figure 8. Magnet moving along the coil at a low speed, (a) Approaching the coil; (b) Leaving the
coil.
Magnet N (Dl . N (Dl
Motion of magnet Motion of magnet
N | —> / | Magnet
AN 7/
S T\ s S
AN e
AN 7/
N 7/
N F koo ,
Coil W ) %@ Coil
0]
F F F19%
o, F
(a) (b)

Figure 9. Magnet moving along the coil at a high speed, (a) Approaching the coil; (b) Leaving the
coil.

The process of approaching the coil in Figure 9a is the same as shown in Figure 8a, but the
difference lies in the process of leaving the coil. Since the magnet is moving at a high speed, the
traverse time of passing over the coil is shorter than the time constant of the coil. Then the induced
current in the coil will have no time to change direction immediately, and this will lead to larger
levitation and guidance forces and a smaller drag force. The simulation results at a speed of 30 m/s
are shown in Figure 10. The induced current in coil is obviously larger than that at 10 m/s compared
with Figure 7a. The differences between the two impulses in the levitation and the guidance forces
become larger, which will generate bigger levitation and guidance forces. It can be seen that there
are obvious and large negative impulses in Figure 10c compared with Figure 7c, meaning the
time-average drag force will then become smaller. Therefore, a better levitation-drag ratio is
achieved at higher speeds.
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Figure 10. Simulation results at speed of 30 m/s, (a) Induced current in null-flux coil; (b) Levitation

force; (c) Drag force; (d) Guidance force.

Apart from increasing the moving speed, a null-flux coil with a greater time constant is also
applicable, and the results at speed of 10 m/s with coil of sectional area of 64 mm? are shown in
Figure 11. A larger sectional area will bring smaller resistance and a larger current, as illustrated in
Figure 11a. The difference between two impulses in the levitation and the guidance forces become
larger, and larger time-averaged levitation and guidance forces are generated.
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Figure 11. Simulation results at speed of 10 m/s with coil of 64 mm?, (a) Induced current in null-flux
coil; (b) Levitation force; (c) Drag force; (d) Guidance force.
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3.4. Characteristics of Magnetic Forces

The characteristics of magnetic forces are studied using the structure of two magnets moving
along a null-flux coil guideway at a constant speed, and the two permanent magnets are arranged
in magnetic N and S poles for propulsion, as shown in Figure 12. The parameters of the model are

listed in Table 2.

Motion of magnet

L.

Figure 12. Model of magnets moving along null-flux coil guideway.

Table 2. Parameters of the model in Figure 12.

Variable Value Unit

Length of PM (axis Y) 550 mm

Height of PM (axis Z) 220 mm

Thickness of PM (axis X) 50 mm

Pole pitch of magnets 600 mm

Remanence of PM 1.33 T

Coercivity of PM 962 kA/m

Length of null-flux coil 340 mm

Height of null-flux coil 450 mm

Height of gap between the upper and the 35 mm

lower loops

Sectional area 128 mm?

Gap between the neighboring coils 45 mm
Resistivity of the coil (Cu) 1.75 x 108 Q-m

Height difference between the mid-lines

70 mm

of the magnet and the coil (axis Z)
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Lateral gap between the coil and the

1
magnet (axis X) > mm

3.4.1. Effects of Speed

It is important to study the effects of moving speed on electromagnetic forces, since the EDS
force is based on the relative motion between the coil and the magnet. The forces in three axes at
different velocities with the structure parameters in Table 2 are shown in Figure 13. It can be seen
that the levitation force and the guidance force increase first with initial low speeds, then they will
keep relatively constant when reaching high speeds. This characteristic is beneficial for the
evacuated tube high speed system, as the system could be levitated steadily in a vertical direction at
high speeds beyond the critical point, and the relatively constant guidance force is helpful for the
strength design of the vehicle body. The trend of the drag force is different from the other two
forces. It increases at initial low speeds and will decrease with the increasing of speed after reaching
the peak value. A larger ratio of the levitation and the drag forces is obtained at higher speeds, as
shown in Figure 14.

6 pd Levitation force 7
/
/ Drag force
50 / Guidance force | -

Force (kN)
£

0 Il Il Il Il Il Il Il
0 20 40 60 80 100 120 140 160 180
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Figure 13. EDS forces as a function of magnet velocity.
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Figure 14. Levitation drag ratio over magnet velocity.
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The relatively constant levitation and guidance forces can be qualitatively explained from the
perspective of the eddy current. With the increasing of the magnet speed, the skin effect of the eddy
current in the coil is more obvious and the eddy current distribution at speed of 100 m/s with
parameters in Table 1 is illustrated in Figure 15. The strengthening skin effect will hinder the
increasing of induced current at high speeds, and the change of eddy current at speeds of 100 m/s
and 200 m/s is shown in Figure 16. It can be seen that the increasing of current amplitude at high
speeds is minor compared with that at low speeds, and the gentle increase of the eddy current will
lead to relatively constant levitation and guidance forces.
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Figure 15. Distribution of eddy current in the section of the null-flux coil, (a) The position of section
in the coil; (b) Distribution of eddy current in the section of Figure 15a.
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Figure 16. Eddy current at speeds of 100 m/s and 200 m/s, (a) 100 m/s; (b) 200 m/s.
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3.4.2. Levitation Working Point

The height difference between the mid-lines of the magnet and the coil & is an important
parameter in the EDS structure, which could be set as the levitation working point. The three
magnetic forces as a function of height difference i are shown in Figure 17, and the calculation is
conducted at the speed of 30 m/s. The levitation force increases first with the growing of the height
difference / at the small value of k, and then will decrease after reaching the peak value at around
70 mm. The guidance and the drag forces have the different trend from the levitation force, as the
values become larger with the increasing of /, and will keep relatively constant at large values of .
Figure 18 shows the dependence of the levitation-drag ratio on height difference #, and it can be
seen that the ratio drops promptly as the height difference & increases after reaching a peak value.
This implies that the levitation working point should be set at a small value of / to gain high system
efficiency.
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Figure 17. EDS forces as a function of height difference / (speed 30 m/s).
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Figure 18. Levitation-drag ratio as a function of height difference & at speed of 30 m/s.

For comparison, the typical plate type EDS structure is shown in Figure 19, where the
levitation and the drag forces are [26]:

2
F-F ZMLe—Zﬂh

z 7
Yo B+l 7

F g Bt B1

8
YPu P+l ®

where g, is the vacuum permeability, Bo is the flux density peak value of the permanent
magnet array, W is the width of the permanent magnets, p is the pair of magnet poles, 7 is the
pole pitch of permanent magnets, f=x/7, h is the suspension gap, 17 =~/A/7muov is the
skin depth, £ is the plate permeability, A =27 is the magnets wavelength, o is the plate

conductivity, and v is the magnet velocity. Then the ratio of levitation force and drag force is:
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Figure 19. Typical plate type EDS structure.

The parameters of the permanent magnet and the plate are set to be the same as that in Table 2,
and the levitation-drag ratio as a function of magnet speed is shown in Figure 20. It can be seen that
the ratio of plate type is 4.5 at speed of 30 m/s, however the figure eight coil structure could provide
a much larger ratio value in a large domain of adjustable height differences from Figure 18, and the
largest value could be beyond 25. A large levitation-drag ratio means a small drag force and heat
loss in the guideway, and could decrease the burden of the propulsion system at the same time. The
outstanding levitation-drag ratio is a critical advantage for a null-flux structure compared with a
plate-type one, which is especially important in a ETT system since the heat radiation is not easy to

address in an evacuated tube.
12

10

Levitation-drag ratio

0 I I I I I I I I I
0 20 40 60 80 100 120 140 160 180 200

Speed (m/s)

Figure 20. Levitation-drag ratio vs. magnet speed (plate type EDS).

3.4.3. Guidance Stiffness

Guidance stiffness is an important characteristic index related with the lateral stability in a
maglev system. The guidance stiffness of the system was researched by changing the lateral gap
between the magnet and the coil, and the results are shown in Figure 21. When the gap from one
side of the vehicle moves to 9 mm from 11 mm, then the other side will be 13 mm. The guidance
force acting on the vehicle from both sides will be AF =7.12kN -6.32kN=0.8kN and
AF =9.12kN —8.12kN=1kN at speeds of 30 m/s and 150 m/s, respectively. Then the stiffness 0.4
kKN/mm and 0.5 kN/mm can be calculated. It can be seen that the stiffness at a low speed is
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relatively weaker than that at a high speed, and guidance auxiliary wheels could be designed in the
system.

— Speed 30m/s
Speed 150m/s

Force (kN)

\
2 4 6 8 10 12 14 16 18 20 22
Lateral gap (mm)

Figure 21. Guidance force as a function of the gap between the magnet and the coil.

4. Conclusions

A null-flux coil EDS structure for high speed ETT was studied in this paper, and the whole
system with functions of levitation, guidance and propulsion is presented. Both sides of the
magnets were used in the propulsion and the levitation systems, which increases the utilization of
the permanent magnets. The figure eight shaped null-flux coil suspension structure was adopted to
provide a high levitation-drag ratio, compared with a plate-type EDS structure. The equivalent
circuit method is applied to study the null-flux structure, and the validity of the theory is verified
by comparing with the FEM results. The working principle of the null-flux coil structure is
described, and the analysis on magnet moving along one coil shows that the magnet speed and the
time constant of the coil have a great impact on the forces affecting the ETT. Then the characteristics
of magnetic forces such as functions of the magnet speed, the levitation height, and the lateral gap
were researched. The performances of the magnetic forces improve with the increasing speed, and
the induced current will tend to be saturated at high speeds. The levitation height is a critical
parameter for the EDS structure, as the levitation working point could be set at a small value to
achieve a high levitation-drag ratio and at a relatively large value to get a large levitation force.
Guidance stiffness was studied by changing the lateral gap, and the stiffness at a higher speed was
stronger that that at a lower speed. The proposed structure with integration of propulsion,
levitation and guidance is a promising option for application in a high speed ETT system, and
future study will focus on the research of dynamic properties of the null-flux EDS structure during
operation.
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