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ABSTRACT An electromagnet guideway unit (EMGU) that can form an electromagnet guideway (EMG)
with only a small gap, or even no gap, between multiple EMGUs was designed. The magnetic charac-
teristics of such EMGU(s), including the homogeneity of the magnetic field along the EMGU(s) and the
transverse magnetic field distribution were first investigated. As expected, the EMGU(s) can provide a
homogeneous magnetic field in order to levitate bulk superconductors. Simulation results from an EMGU
model implemented in COMSOL Multiphysics were verified using experimentally measured data, which
indicated the established model can be used for further study and analysis. Next, the levitation characteristics
of a high-temperature superconducting (HTS) bulk above the EMGU, including the levitation force acting
on HTS bulk due to its interaction with the EMGU, as well as the stability of the bulk when experiencing a
lateral disturbance and when varying the current of the EMGU, were investigated through experiment and
simulation. The behavior of the levitation force during re-magnetization of the EMGU indicated that a larger
re-magnetizing current is needed to suppress the internal magnetic field (trapped field) obtained from the pre-
magnetization process, thereby providing a repulsive force to the superconductor. The stability study showed
that the HTS maglev system with an EMGU with adjustable current can not only deal with a reduction of
the levitation force but can also increase the restoring force when the superconductor is disturbed laterally.
Finally, in order to clarify the mechanism of these levitation characteristics, the internal electromagnetic
characteristics of the HTS bulk were analyzed using a 2D model.

INDEX TERMS HTS maglev, electromagnet guideway, levitation force, guidance force, stability, magneti-
zation, HTS modeling.

I. INTRODUCTION
Electromagnetic interactions play a key role in magnetic lev-
itation systems. A high-temperature superconducting (HTS)
maglev system normally uses a permanent magnet (PM) as
themagnetic field source [1]–[5]. HTSmaglev vehicles above
a permanent magnet guideway (PMG) have also been devel-
oped and investigated in the pursuit of HTS maglev oper-
ation [6]–[9]. There have been many developments related
to maglev technology starting from fundamental studies on
HTS bulks above PMs [10]. To assess the performance of
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an HTS-PM maglev system, the levitation characteristics of
such systems, including magnetic field distributions gener-
ated by various PM arrangements [11]–[13], levitation force
and guidance force [14]–[19], and stability [15], [20]–[22]
have been investigated in numerous studies. These character-
istics are strongly related to the electromagnetic interactions
between the HTS and the PM.

However, there has been little work investigating the inter-
action between an electromagnetic guideway (EMG) and
HTS bulks. HTS maglev using an EMG will reduce the
resources required, especially if the guideway is installed over
long distances. In contrast to a PM-based system, the attrac-
tion of ferromagnetic materials is not an issue for the EMG
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FIGURE 1. Structure and specifications of the EMGU investigated in this
work.

when it is not energized, which increases the convenience
of maintenance. Additionally, the magnetic flux density of
the magnet can be varied by adjusting the current of the
EMG for different loads. In principle, the EMG also can
adopt a segmented instant excitation (SIE) mode to real-
ize a minimum levitation power loss when the train body
moves above the EMG, as well as sufficient levitation force
and guidance force. In other words, exciting the EMGUs
in the area where the train body is currently located and
then powering them off once the train body has passed
by [23], [24]. The EMG can be formed by the arrangement of
multiple electromagnetic guideway units (EMGUs). There-
fore, the fundamental characteristics of an HTS bulk above
an EMGU for HTS maglev are investigated in detail in this
work.

For this study, an EMGU that allows the formation
of an EMG with small or no gap between EMGUs was
designed [24]–[27]. The levitation force vibrates if the super-
conductor experiences an inhomogeneous magnetic field
along the guideway [28] and the levitation characteristics and
performance are closely related to the transverse magnetic
field. Therefore, the longitudinal magnetic field homogeneity
generated by a single EMGU, and two EMGUs, and the
transverse magnetic field distribution of the EMGU at z =
0 mm (see Fig. 1) are investigated. The levitation force of
the HTS bulk generated by the EMGU’s pre-magnetization
and re-magnetization are investigated through experiment
and simulation. The levitation force attenuates [17], [22]
and a restoring force (guidance force) is needed when the
bulk is disturbed laterally. Hence, the maglev stability of
an HTS bulk experiencing a lateral disturbance and when
varying the current of the EMGU is also investigated through
experiment and simulation. These levitation characteristics
are simulated using a 3D finite-element model implemented
in COMSOLMultiphysics. Additionally, the electromagnetic

characteristics inside the bulk obtained from a 2D model are
analyzed in order to understand these levitation characteris-
tics better.

II. EXPERIMENTAL SETUP
The structure and specifications of the experimental EMGU
setup are shown in Fig. 1. It consists of two multi-turn coils
and an iron core. The two side posts are respectively wound
with the two coils that are connected in series and energized
by a DC power supply. The coils are wound by insulated cop-
per wire of diameter 1.08 mm. The number of turns of each
coil is 1692. The longitudinal and transverse directions of the
EMGU are the z-axis and x-axis directions, respectively. The
coils of the EMGU do not extend beyond the frame of the iron
core along the z-axis, such that the EMGUs can be arranged
without a gap. Fig. 2 shows our measurement system with a
3D sliding platform and force sensors. The precision of the
vertical and horizontal force sensors is ≤ ±0.017% FS and
≤ ±0.3% FS, respectively. The HTS bulk, fixed at the bottom
of the liquid nitrogen vessel, is a cylindrical melt-textured
YBCO bulk of diameter of 30 mm and thickness of 15 mm,
which was provided by the General Research Institute for
Nonferrous Metals. The reaction force acting on the EMGU
is the levitation force of the HTS bulk, and the horizontal
force is obtained when EMGU is moved horizontally, which
is detailed in [29]. The bulk is immersed in liquid nitrogen
throughout the experiments. The following sections detail
each of the experiments.

A. MAGNETIC FIELD HOMOGENEITY AND TRANSVERSE
MAGNETIC FIELD DISTRIBUTION
The magnetic field homogeneity of a single EMGU was first
investigated. The EMGU was energized with different DC
currents (1, 2 and 3 A) and the y component of the magnetic
field flux density (By) at different heights (2, 5 and 8 mm)
above the midline, left edge and right edge (see Fig. 1) were
measured.

In addition, By of the transverse magnetic field, at z =
0 mm (see Fig. 1), at 2 mm above the guideway surface for
different excitation currents (1, 2 and 3 A), as well as at
different heights (2, 5 and 8 mm) above guideway surface for
a current of 3 A, was measured.

B. LEVITATION FORCE DUE TO EMGU
PRE-MAGNETIZATION AND RE-MAGNETIZATION
This experiment consists of a pre-magnetization process and
a re-magnetization process. In the pre-magnetization process,
the HTS bulk is first cooled by liquid nitrogen at a particular
cooling height in the presence of the magnetic field generated
by the EMGU with a DC current IEMGU , which corresponds
to a field-cooled (FC) magnetisation method. The current is
then reduced to 0.01 A and some magnetic field (the so-
called trapped field) remains inside the YBCO bulk. After
5 seconds, the re-magnetization process is initiated: the cur-
rent is increased to 3.51 A at a rate of 0.1 A/s, which is
similar to a zero-field-cooled (ZFC) magnetisation method.
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FIGURE 2. The force measurement system for HTS maglev.

The levitation force acting on the HTS bulk is recorded during
the re-magnetization process. The experiments are carried
out at different cooling heights (2, 5 and 8 mm) above the
guideway surface with different IEMGU (1, 2 and 3 A).

C. STABILITY STUDY WHEN VARYING EMGU CURRENT
The stability study is carried out as follows. Firstly, the bulk
at 5 mm above the guideway surface is cooled by liquid
nitrogen in the presence of the magnetic field generated by
the EMGU with different DC currents, IEMGU . The HTS
bulk is then moved from x = 0 mm to x = 6 mm at a
speed of 0.5 mm/s. A 45-second relaxation period follows the
6 mm lateral motion. After the relaxation process, the current
flowing in the EMGU was increased from IEMGU to 3.5 A.
Finally, after another 45-second relaxation period the power
was turned off. The levitation force and guidance force are
recorded after the lateral movement. This study is carried out
with different IEMGU (1, 2, and 3 A).

III. NUMERICAL MODEL
A. HTS-EMGU MODEL
Numerical modeling is a powerful and cost-effective tool
to better analyse and optimize the HTS maglev system.
Finite-element models based on the H-formulation have
been applied to analyse various problems related to HTS
materials [16], [30]–[37]. In this work, the HTS-EMGU

maglev model is built in COMSOL Multiphysics using
a segregated H-formulation method, based on unidirec-
tional coupling between the EMGU model and the HTS
model [16], [36]–[38]. The coupling between these two mod-
els is achieved by applying the sum of the external magnetic
field from the EMGUand the self-field of theHTS bulk on the
outer boundaries of the HTS model. This particular method
of modeling the system is extremely useful as it avoids the
need for a single, time-dependent finite-element model of
the entire system and the use of a moving mesh. There is
also a significant reduction in the number of mesh elements
required in the time-dependent, highly nonlinear HTS model.
The static external magnetic field is obtained from the EMGU
model. The self-field is generated by the induced current
inside the HTS bulk and is obtained from the HTS model by
numerical integration of the Biot-Savart law.

The EMGU model based on the actual geometry of the
experimental setup was built in COMSOL Multiphysics.
The EMGUmodel is a magnetostatic finite-element model of
the EMGU energized by a DC current, which is used for the
analysis of the magnetic field generated by the EMGU and
the simulation results of the magnetic field (longitudinal and
transverse magnetic fields) were compared with measured
data. Meanwhile, a 3D model consisting of two EMGUs
arranged in a line with different gaps (0.5 and 2 mm) between
them was established to investigate the homogeneity of the
longitudinal magnetic field generated by the two EMGUs.
The magnetic field (MF) interface in COMSOL’s AC/DC
module is used to compute the external field generated by
the EMGU. The Coil node in the MF interface is used to
specify the type of coil and its parameters. The ‘‘Numeric’’
coil type is used and the assumed parameters of the coil,
including ‘‘coil excitation’’, ‘‘number of turns’’, and ‘‘coil
wire conductivity’’ (copper at room temperature), are listed
in Table 1.

The HTS model is also a finite-element model consisting
of an HTS subdomain surrounded by a thin air subdomain.
It is time-dependent and modelled using the H-formulation.
Neglecting the displacement current, Ampere’s law gives:

∇ ×H = J (1)

where H is the magnetic field strength and J is the current
density. According to Ohm’s law:

E = ρJ (2)

where E is the electric field and ρ is the resistivity. The
nonlinear resistivity of the superconductor is characterized by
theE-J power law; thus, the resistivity of the HTS subdomain
in the HTS model can be written as:

ρ =
Ec

Jc (B)

∣∣∣∣ J
Jc(B)

∣∣∣∣n−1 (3)

where Ec is critical current characteristic electric field and
JC (B) is the field-dependent critical current density. The
resistivity of the air subdomain is assumed simply as 1 �m.
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TABLE 1. Assumed parameters for the EMGU and HTS models.

According to Faraday’s law:

∇ × E = −µ0
∂H
∂t

(4)

Substituting (1) and (2) into (4), the H-formulation can be
represented by the following form:

∇ × ρ(∇ ×H) = −µ0
∂H
∂t

(5)

where µ0 is the vacuum magnetic permeability. The general
form, equation (5), can be solved by COMSOLMultiphysics.
The HTS material here is an HTS bulk superconductor, and
the field-dependence of Jc (B) is characterized by an isotropic
Kim-like model [39],

Jc (B) = Jc0
B0

|B| + B0
(6)

where Jc0 is the self-field critical current density and B0 is a
material parameter.

The displacement of the bulk is achieved by modifying the
spatial external field generated in the reference frame of the
EMGU model using displacement functions [37]. In order to
simulate the variation of external field due to the adjustment
of current in HTS model, we multiply the unit magnetic field
(generated by a current of 1 A) by a time-varying function.
Fig. 3 shows the time-varying function corresponding to
IEMGU = 1 A in the experiments in sections II.B and II.C,
respectively. The reason for the shape of the time-varying
function is explained in detail in section IV.A.

The force between the EMGU and HTS bulk can be calcu-
lated by

F =
∫∫∫

�sc

B× JdV (7)

where �sc is the HTS subdomain and dV is the differential
volume. The levitation and guidance forces are further written
as:

Flev (t) =
∫∫∫

�sc

Jz
(
x ′, y′, z′, t

)
· Bx

(
x ′, y′, z′, t

)
− Jx

(
x ′, y′, z′, t

)
· Bz

(
x ′, y′, z′, t

)
dx ′dy′ (8)

Fgui (t) =
∫∫∫

�sc

Jy
(
x ′, y′, z′, t

)
· Bz

(
x ′, y′, z′, t

)
− Jz

(
x ′, y′, z′, t

)
· By

(
x ′, y′, z′, t

)
dx ′dy′ (9)

FIGURE 3. The time-varying function used in the HTS model for
simulating (a) the re-magnetization process and (b) the stability study.

FIGURE 4. Model validation: levitation force for the ZFC process.

B. HTS-EMGU MODEL CALIBRATION
The 3D numerical model is used in the calibration. For the
calibration of the model, the common practice is to use
the maximum levitation force obtained from a zero-field
cooling (ZFC) process [40]–[42]. This process involves first
cooling theHTS bulk at 35mmabove the center of the EMGU
in the presence of the magnetic field generated by the EMGU
with a current of 3 A. Afterwards, the bulk is moved vertically
to 5 mm at a rate of 1 mm/s and then moved vertically back
to the initial position. In order to ensure that the maximum
simulated levitation force during the ZFC process is equal to
the measured value (see Fig. 4), Jc0 is set to 5×107A/m2. The
other HTS bulk parameters are set to commonly used values.
The parameters assumed for this model are listed in Table 1.

IV. RESULTS AND DISCUSSION
A. MAGNETIC FIELD HOMOGENEITY AND TRANSVERSE
MAGNETIC FIELD DISTRIBUTION
Due to symmetry of the magnetic field distribution along
the guideway, By from the measured data (symbols) and
simulation results (lines) for half the EMGU guideway are
shown in Fig. 5. The measured data shows that By above the
midline is lower than that of the left and right edges at heights
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FIGURE 5. By of the EMGU at (a) 2 mm, (b) 5 mm and (c) 8mm above the
midline and left and right edges with different excitation currents.

FIGURE 6. By of two EMGUs at different heights with different gaps
(0.5 and 2 mm) between them and a current of 3 A.

of 2 and 5 mm, as shown in Figs. 5(a) and 5(b). However,
as the height reaches 8mm, the values of By above themidline
are higher than both edges, as shown in Fig. 5(c). The longitu-
dinal magnetic field generated by the EMGU is homogeneous
except for its two ends. In addition, the simulation results

FIGURE 7. Transverse (a) By and (c) Bx for different excitation currents at
a height of 2 mm. Transverse (b) By and (d) Bx for an excitation current
of 3 A at different heights.

of By above themidline are consistent with themeasured data,
which indicates that the model is reliable for further study and
analysis.

Fig. 6 presents the simulation results of By generated by
a current of 3 A at different heights with different gaps
(0.5 and 2 mm) between two EMGUs. The homogeneity of
By along the two EMGUs is good. By has a larger fluc-
tuation for the gap of 2 mm than for 0.5 mm. It indicates
that the larger the gap, the more obvious the fluctuation.
Therefore, it is desirable that the EMGUs should be arranged
as close as possible for minimizing fluctuation of the mag-
netic field at the gap. It is also found that the fluctuation
of By is subtle at a height of 2 mm or higher above the
EMGUs’ surface, at which a longitudinal homogeneous mag-
netic field can be provided to the superconductor for stable
operation.

We only investigated the EMGU’s magnetic field distribu-
tion at z = 0 mm (see Fig. 1) as a representative case because
of the longitudinal homogenous magnetic field. As shown
in Figs. 7(a) and 7(b), the measured values (symbols) and
simulation results (lines) of By show excellent agreement.
The shape of the By distributions with different currents at a
height of 2 mm are identical and the values of By at x = 0mm
are smaller than that near the guideway edges, which can
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FIGURE 8. Levitation force versus re-magnetizing current with different IEMGU at cooling heights of (a) 2 mm, (b) 5 mm and (c) 8 mm.

FIGURE 9. Levitation force versus re-magnetizing current at cooling heights of 2, 5 and 8 mm for (a) IEMGU = 1 A, (b) IEMGU = 2 A and
(c) IEMGU = 3 A.

be seen from Fig. 7(a). However, Fig. 7(b) presents different
distributions of By with a current of 3 A at different heights.
The magnetic field distribution from x = −10 mm to x =
10 mm changes from a concave shape to a convex one as the
height increases. Figs. 7(c) and 7(d) present simulation results
for Bx, which has a similar regularity as By.
From the longitudinal magnetic field (Fig. 5) or the trans-

verse magnetic field (Figs. 7(a) and 7(b)), it can be concluded
that if the magnetic field generated by current of 1 A is
normalized to 1, the magnetic fields generated by 2 and 3 A
are 1.68 and 1.97, respectively, which indicates the magnetic
field (external field) increases nonlinearly with the increase
of the current. Thus, the nonlinear relationship between the
magnetic field and current can be approximated as a piece-
wise linear function. Therefore, the time-varying function
in Fig. 3(a) – a multiplying unit external magnetic field –
is used to simulate the variation of the magnetic field dur-
ing the magnetization process in the HTS model. Similarly,
the time-varying function used when simulating the stability
study is shown in Fig. 3(b). The unit static external field
is obtained from the EMGU model and the product of the
time-varying function and the unit static external field as a
varying external field is applied on the outer boundary of the
HTS model in the simulation.

B. LEVITATION FORCE DUE TO EMGU
PRE-MAGNETIZATION AND RE-MAGNETIZATION
Figs. 8 and 9 present the relationship between the levitation
force and the current during the re-magnetization process.
The experimental results (symbols) agree well with simulated
results (lines). The force acting on the YBCO bulk changes
from an attractive force (negative value) to a repulsive force
(positive value) as the re-magnetizing current increases. The
levitation force during the re-magnetization process first
increases in the form of attraction, then decreases in the form
of attraction, and finally increases in the form of a repulsive
force. This is because the induced current interacts with the
magnetic field inside the superconductor. The current, Ipre-ind,
was induced within the YBCO bulk when the current of the
EMGU reduced to 0.01 A, which resulted in some mag-
netic field to remain (trapped field). The shielding current,
Ire-ind, opposite to Ipre-ind is induced within the bulk when the
re-magnetizing current of the EMGU starts to increase. The
mechanism of the levitation characteristics will be analysed
in section IV.D through 2D simulated results.

As can be seen from Fig. 8, the larger IEMGU is, the larger
the re-magnetizing current needed to generate the levita-
tion force. This is because the larger IEMGU results in more
trapped magnetic field once the current decreases to 0.01 A.
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FIGURE 10. Magnetic flux of the bottom surface of the bulk (a) at a
height of 5 mm with different IEMGU and (b) at different heights with
IEMGU = 2 A.

We can use the magnetic flux of the superconductor’s bottom
surface at a current of 0.01 A to describe the trappedmagnetic
field. Fig. 10(a) shows the simulated magnetic flux of the bot-
tom surface for a height of 5 mmwith different IEMGU , which
corresponds to Fig. 8(b). As can be seen from Fig. 10(a),
the larger IEMGU is, the more magnetic flux when the current
decreased to 0.01 A, the more trapped field there is.

From Fig. 9, the lower the cooling height is, the more
trapped flux there is, and the larger the negative force in
the initial stage of the re-magnetization process. However,
the lower the cooling height is, the faster the magnetic field
change experienced by YBCO bulk is for the same increasing
re-magnetizing current, which can be seen from Fig. 10(b).
Fig. 10(b) shows the simulated magnetic flux of the bottom
surface for IEMGU = 2 A at different heights, which cor-
responds to Fig. 9(b). Therefore, a faster increase of Ire-ind
within the bulk due to the faster magnetic field change results
in a more rapid increase in the levitation force. Consequently,
although the levitation force started with a stronger negative
force due to more trapped field at a lower cooling height,
it increases faster and generates a stronger repulsive force
with increasing re-magnetizing current.

C. STABILITY STUDY OF HTS-EMGU
Fig. 11 shows the levitation force, guidance force and mag-
netic flux through the bottom surface of the bulk versus
time for different IEMGU (1, 2 and 3 A). The experimental
results for the levitation and guidance forces show excellent

FIGURE 11. (a) Levitation force (b) guidance force and (c) magnetic flux
of the bottom surface of the bulk versus time for different IEMGU .

FIGURE 12. Comparative analysis of the guidance force at different
heights.

agreement with the simulation results. The larger IEMGU is,
the guidance force increases faster with the offset increasing,
which can be seen from Fig. 11(b). The guidance force for
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FIGURE 13. Time-varying function for (a) the magnetization process and
(b) the stability study in the 2D simulation.

FIGURE 14. The levitation force generated by re-magnetization of the
EMGU.

FIGURE 15. (a) Levitation force and (b) guidance force for the stability
study.

larger IEMGU enables the YBCO bulk to return to its original
position more easily (x= 0 mm). During the relaxation time,
the levitation force and guidance force hardly change. It can

FIGURE 16. The electromagnetic characteristics during the EMGU’s
re-magnetization process at (a) initial (b) lowest (c) zero and
(d) maximum positions of the levitation force.

be seen from Fig. 11(c) that the trends for the levitation
and guidance forces are consistent with that of the magnetic
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FIGURE 17. Stability study of HTS-EMGU by adjusting coil current at (a) 3s (b) 6s (c) 11s and (d) 16s.

flux. It is worth noting that both the levitation and guid-
ance forces increased after the current was increased, which
could enhance the stability of HTS maglev system using the
EMGU. This is because the levitation force decreases when
the superconductor experiences reciprocating lateral move-
ments [21], [24]. Meanwhile, a restoring force (guidance
force) is needed when the superconductor is moved laterally.
It just so happens that the HTS maglev with the EMGU
can increase the levitation and restoring forces at the same
time. The levitation and guidance forces are negative when
the current is decreased to 0.01 A. The larger the IEMGU
is, the larger the negative levitation and guidance forces
are. These characteristics obtained from this stability study
are a result of the electromagnetic interaction. The mech-
anism of these characteristics is presented in the following
section (IV.D) is described using 2D simulation results.

The guidance force for the 6 mm lateral movement at a
height of 8 mm above the guideway with different IEMGU (1,
2, and 3 A) was simulated and the simulation results were
compared with that for a height of 5 mm. Fig. 12 shows the
guidance force at heights of 5 and 8 mm for different IEMGU
(1, 2 and 3 A). The simulated guidance force for ‘‘2A_5mm’’
is larger than that of ‘‘2A_8mm’’ because the field-cooling
occurs at a lower height. However, although the height of
‘‘2A_5mm’’ is lower than that of ‘‘3A_8mm’’, the guidance
forces are similar, which indicates the guidance force can be

compensated by increasing the current. Therefore, the guid-
ance force of superconductor can be enhanced dynamically
with the EMGU.

D. MECHANISM OF LEVITATION CHARACTERISTICS
A 2D model having mostly the same parameters as the 3D
model was also built and used here to clarify the mechanism
of the levitation characteristics (levitation force due to EMGU
magnetization and stability of the HTS-EMGU by adjusting
the coil current) quickly and efficiently. The parameters used
here are same as those given in Table 1, except that a higher
value of Jc0 = 1×108A/m2 is used to greater emphasise
the interaction. The external magnetic field generated by a
current of 5 A was firstly obtained from a 2D EMGU model.
The external magnetic field generated by 5 A is used in
a normalization process similar to Section IV.A such that
multiplying by a time-varying function achieves the variation
of magnetic field due to the adjustment of current in the
2D HTS model. The time-varying functions for simulating
the magnetization process and used in the stability study are
shown in Fig. 13.

The simulated levitation force due to re-magnetization
of the EMGU and the stability of the HTS-EMGU when
varying the coil current are shown in Figs. 14 and 15,
respectively, which have the same trends as those obtained
from the 3D model. These levitation characteristics resulted
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from the electromagnetic characteristics inside the super-
conductor. The electromagnetic characteristics for several
representative force values at the initial, lowest, zero and
maximum positions (see Fig. 14) for the levitation force
during the re-magnetization process are shown in Fig. 16. The
behaviour of the levitation force is a result of the interaction
between the induced current and the magnetic field, which
can be calculated from equation (7). The induced current
in Fig. 16(a) is Ipre-ind. Ire-ind was induced at the bottom sur-
face of superconductor underneath this Ipre-ind, which can be
seen in Figs. 16 (b) and 16 (c). The magnitude and direction
of the current and magnetic field inside the superconductor
determine the magnitude and direction of the local forces
in the superconductor, as described in equations (8) and (9).
The superposition of these forces is responsible for the lev-
itation force characteristic in Fig. 14 and a guidance force
that is zero. Fig. 17 shows the electromagnetic characteristics
at times t = 3, 6, 11 and 16 s for the stability study of
the HTS-EMGU by regulating the current. Similarly, the
behaviour of the forces in the stability study is also caused by
internal electromagnetic properties, which the model allows
us to visualise.

V. CONCLUSION
The designed EMGU can form an EMG (track) with a small
gap, or even no gap, between linearly arranged EMGUs
and provide a homogeneous longitudinal magnetic field for
efficient levitation of a bulk superconductor. The longitudinal
magnetic field of two EMGUs shows that the smaller the gap
and higher the height, the more homogenous the longitudinal
magnetic field is, but the magnetic field decreases as the
height increases. When investigating the levitation force due
to EMGU pre-magnetization and re-magnetization, it was
found that a larger re-magnetizing current is needed for more
trapped magnetic field (larger IEMGU at lower cooling height)
to provide the repulsive force for the bulk superconductor.
When the bulk superconductor is moved laterally to a posi-
tion, the HTS maglev system with the EMGU can not only
deal with the reduction of the levitation force but also increase
the guidance force to return the superconductor to an equilib-
rium position dynamically by increasing the current of the
EMGU, which should enhance the stability of HTS maglev
operation with an EMG.

A 3D model of the system based on a segregated
H-formulation finite-element method – that can simulate the
dynamics of the system in a fast and efficient manner – has
been built and validated by experimental results. A simplified
2D model was then used to visualize and clarify the details
and mechanism of the levitation characteristics.

The electromagnetic characteristics inside superconduc-
tor resulted in the particular levitation characteristics above
the EMGU and are related to the variation of the exter-
nal magnetic field impinging on the bulk superconductor.
This study investigated the fundamental research on the
levitation characteristics of a YBCO bulk above EMGU,
which lays a foundation for optimization of HTSmaglev with

an EMG. Using the established models, one can carry out
detailed simulation studies on the levitation characteristics
during the dynamic operation of an EMGU, including the
motion and the electromagnetic properties of the bulk super-
conductor, in an accurate and efficient manner. This will aid
the development of an appropriate SIE mode that can realize
a minimum levitation power loss when the train body moves
above the EMG, as well as sufficient levitation force and
guidance force, in practical systems.
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