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Abstract—For high-temperature superconducting (HTS) maglev,
an electromagnet guideway unit (EMGU) that can form an electro-
magnet guideway (EMG) with a small gap, or even no gap, between
EMGUs has been designed. The longitudinal magnetic fields along
asingle EMGU and two EMGUs arranged in a line were first inves-
tigated through measurement and simulation. The experimentally
measured data validated the simulation results from a three-dimen-
sional (3D) EMGU model implemented in COMSOL Multiphysics,
indicating that the model is reliable and can be used for further stud-
ies. The dynamic responses of a high-temperature superconducting
(HTS) bulk above a single EMGU and two EMGUs arranged in a
line, including the dynamic levitation force (LF) and traveling direc-
tional force (TDF), under different operating conditions were inves-
tigated through experiment and simulation using a segregated H-
formulation model. The magnetic field and current density distribu-
tions inside the superconductor are affected by the external mag-
netic field generated by the EMGU and are responsible for the dy-
namic characteristics. Finally, the segmented instant excitation
(SIE) mode was investigated through simulation, which shows it is
feasible by coordinating the currents of EMGUEs.

Index Terms—Electromagnet guideway, HTS maglev, dynamic
levitation characteristics, bulk high-temperature superconduc-
tors, numerical modeling, HTS modeling.

I. INTRODUCTION

INCE the discovery of the HTS maglev phenomenon, re-

searchers around the world have made significant efforts to
develop HTS maglev using permanent magnet guideway (PMG)
[1-3]. To date there has been considerable research on the per-
formance of HTS-PM maglev system. The magnetic field dis-
tribution generated by different PM arrangements has been in-
vestigated [4-7] and the levitation force and guidance force of
an HTS bulk over a PM have been studied to evaluate the HTS-
PM levitation performance [8-14]. Moreover, the dynamic
properties of an HTS bulk over a PM has been investigated by
experiments and simulations [15-17].

However, to the best of our knowledge, the levitation perfor-
mance — in particular, the dynamic characteristics — of an HTS
bulk above electromagnet guideway units, or EMGU(s), has not
been studied in great detail. HTS maglev with an electromagnet
guideway (EMG) will avoid the use of PMs (rare resources),
especially if the guideway is installed over long distances. Un-
like a PMG, the magnetic field generated by an EMG can be
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regulated dynamically. In contrast to a PMG, the attraction of
ferromagnetic materials is not an issue for the EMG when it is
not energized, which increases the convenience of maintenance.
In principle, on the premise of the superconductor having suffi-
cient levitation force and guidance force, the EMG can adopt a
segmented instant excitation (SIE) mode to achieve a minimum
levitation power loss. The SIE mode is to energize the EMGUs
below the position where superconductors reach, and reduce the
current or even power off the EMGUSs below the position where
superconductors have travelled past [18-20].

In this paper, a comparative analysis of the longitudinal mag-
netic field generated by a single EMGU and two EMGUs ar-
ranged in a line was first carried out through measurement and
simulation. The dynamic characteristics of a YBCO bulk above
a single EMGU and two EMGUSs arranged in a line, under dif-
ferent operating modes, were investigated through experiment
and simulation. Finally, the SIE mode with levitation force con-
trol was investigated through simulation.

Il. EXPERIMENTS

A. Design of EMGU and Force Measurement Setup

The specifications of a previous EMGU [21] were modified
to enhance the magnetic field flux density for levitation perfor-
mance. Fig. 1 shows the modified specifications of two same
EMGUs (EMGU1 and EMGU2) arranged in a line. The levita-
tion space is above the middle post. The two side posts of each

Fig. 1. Structure of two electromagnet guideway units (EMGUSs) arranged
inaline.
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Fig. 2. The force measurement system.

EMGU are wrapped with two coils that are connected in series
and the number of turns of each coil is 1495. The dimensions of
the side posts wound by these coils in the x- and z-axis direc-
tions are both 47.5 mm. The z- and x-axis directions correspond
to the longitudinal and transverse directions, respectively. The
two EMGUs can be connected in series or in parallel as ener-
gized by the power supplies. Multiple EMGUSs can form an
EMG with a small gap or even no gap between them.

Fig. 2 shows our force measurement system that can provide
three-dimensional movement at different velocities. The super-
conductor fixed inside the bottom of the liquid nitrogen vessel
is a melt-textured YBCO bulk with a diameter of 30 mm and a
thickness of 15 mm, which was provided by the General Re-
search Institute for Nonferrous Metals.

B. Experimental Details

The y-component of the magnetic flux density along z-axis,
By(z), of a single EMGUL1 and two EMGUs arranged in a line
at a height of 7 mm above the center of guideway with DC cur-
rents of 1, 2, 3 and 4 A was measured.

The dynamic responses above a single EMGU energized by
a power supply, and for two EMGUSs, arranged in a line and
individually energized by two power supplies, were investi-
gated.

(1) Dynamic characteristics of the YBCO bulk above a single
EMGU including two operating modes:

a) Current regulation mode for two cases

The YBCO bulk is first field-cooled in the magnetic field
corresponding to a current of 2.5 A at a height of 7 mm (or at
27 mm and then the bulk descends to the height of 7 mm). A set
of current oscillations are then initiated at a rate of 0.5 A/s fol-
lowing the cooling process. Firstly, the two oscillations of cur-
rent are from 2.5 Ato 4 A, thento 1 A, and back to 2.5 A. The
last oscillation is from 2.5 A to 4 A and then to 0.5 A. During
the current oscillations, the levitation force at intervals of 0.5 A

is collected.

b) Both movement and current regulation modes for two
cases

The bulk positioned at z = -30 mm (the center of the EMGU
is at z = 0 mm) is field-cooled in the presence of the magnetic
field corresponding to a current of 1 A at a height of 27 mm,
and then descends to a height of 7 mm at a velocity of 2 mm/s.
Finally, the current varies at a rate of 1 A every 2 seconds or
every 5 seconds from 1 A to 4 A and back to 1 A, when the bulk
moves to the position of z = 30 mm along the z-axis at velocities
of 2 or 5 mm/s.

(2) Dynamic characteristics of the YBCO bulk above two
EMGUs (EMGUL1 and EMGU?2), arranged in a line with a gap
of 2 mm between them:

The YBCO bulk is field-cooled in the presence of the mag-
netic field corresponding to currents of 3 A in both EMGUEs, as
well as the case of 1 A in EMGU1 and 3 A in EMGU2, at a
height of 27 mm above the position of z = -60 mm (the center
of the gap is at z = 0 mm). The bulk then descends to a height
of 7 mm and moves to the position of z = 60 mm along the z-
axis. The descending speed and forward travelling speed of the
YBCO bulk are 2 mm/s and 5 mm/s, respectively.

I1l. NUMERICAL MODEL

Numerical modelling is a powerful tool to estimate HTS
levitation performance. Some models simplified the real geom-
etry to 2D by considering the guideway and superconductor to
be infinitely long, which qualitatively described the electro-
magnetic behavior and basic properties [22, 23]. However, a
more realistic 3D model can deal with complex operating
conditions, which cannot be tackled by a 2D model. The H-for-
mulation has been applied to analyse various problems related
to HTS materials [24-29]. In this study, a 3D HTS-EMGU
model is established in COMSOL Multiphysics using a segre-
gated H-formulation method to simulate the dynamic responses
[9, 30-32]. The finite-element model consists of separate (seg-
regated) EMGU and HTS models. The coupling between these
two models is achieved by applying the sum of the external
magnetic field of the EMGU and the self-field of the HTS bulk
on the outer boundaries of the HTS model, which consists of an
HTS subdomain surrounded by a thin air subdomain. The self-
field generated by superconductor is calculated from the numer-
ical integration of the Biot-Savart law.

The EMGU model 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. The
simulation results of the longitudinal magnetic field are com-
pared with measured data obtained from the experiments de-
tailed in Section 11.B as shown in Fig. 3. In addition, in order to
investigate the dynamic characteristics of YBCO bulk above
two EMGUSs, the By(z), at a height of 7 mm, generated by a DC
currents of 3 A in both EMGUSs, as well as the case of a DC
current of 1 A in EMGU1 and 3 A in EMGU2, with a gap of 2
mm between the EMGUSs are simulated, as shown in Fig. 4.

The HTS model is time-dependent and modelled using the
H-formulation that is derived from Maxwell’s equations and
represented in its general form by,
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where H represents the magnetic field strength and p is the re-
sistivity. The nonlinear resistivity of superconductor is repre-
sented by the E-J power law:

Ec | J

pU) = Jc(B) |1c(B) )

where J is the current density; J. is critical current density; E

is critical current characteristic electric field. A field-dependent

critical current density, J-(B), is considered in this simulation
using the Kim-like model [33],

JeB) = Jeo g ®
where ], the self-field critical current density and B, is a ma-
terial parameter. The isotropic assumption was considered in
HTS model for simplicity. The resistivity of the air subdomain
is assumed simply as 1 Qm. All of the parameters assumed for
the EMGU and HTS models are listed in Table I.

The external magnetic field relative to the position of the
HTS bulk is realized by a spatial function that can indicate the
position of HTS domain. We need a dynamic magnetic field to
simulate the current regulation of EMGU(s). Therefore, we first
obtain static external unit magnetic field generated by current
of 1 A of the EMGU(s), and then the magnetic field is multi-
plied by a time-dependent function in HTS model. The time-
dependent function will be detailed in Section IV.A.

The levitation force (LF) and travelling directional force
(TDF), respectively, are calculated by:

LF(t) = fffnsc]z(x,' y” Z,’ t) ) Bx(x,' y" Z” t) -
Ty, z't) - B,(x',y', z', t)dx'dy'dz"  (4)
TDF(t) = ﬂfnsC]y(x',y"Z" t)-B.(x',y',z',t) —

L'y, z',t) - By(x',y',z', t)dx'dy'dz’ (5)
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where Q. is HTS domain.

IV. RESULTS AND DISCUSSIONS

A. Longitudinal Magnetic Field

Fig. 3 shows measured values (symbols) and simulation re-
sults (lines) of the By(z) with different currents (1, 2, 3and 4 A)
at a height of 7 mm above the guideway surface, which show
good agreement. The abbreviations “sim” and “exp” used in the
figures refer to the simulation results and measured values, re-
spectively. The measured values are from different z coordi-
nates above a single EMGU1, as well as two EMGUSs arranged
in a line. The magnetic flux density of the newly designed
EMGU was enhanced compared with that of our previous

design [21]. It can be seen from Fig. 3 that the magnetic field
(external field) generated by a single EMGU increases nonlin-
early with increasing current due to saturation of the iron core.
If the magnetic field generated by a single EMGU1 with a cur-
rent of 1 A is normalized to 1, the magnetic fields generated by
2,3and 4 A are 2, 2.9, and 3.57, respectively. Therefore, the
time-dependent function mentioned in section Il can be ap-
proximated as a piecewise linear function. It can be found that
the two EMGUs arranged in a line has a larger By(z) than that
for a single EMGU with the same current. This phenomenon is
more obvious as current increases.

From the solid green line in Fig. 4, a notch appears in the
longitudinal magnetic field at the gap generated by currents of
3 A in both EMGU1 and EMGU?2, indicating the EMGUs
should be arranged as close as possible for a flat magnetic field.
It can be seen from the solid blue line that the magnetic field
transitions from the magnetic field of EMGU2 with a current of
3 A to that of EMGU1 with a current of 1 A.

B. Dynamic Characteristics above a Single EMGU for Two
Operating Modes

1) Current Regulation Mode

Fig. 5 shows the time-dependent function used in the HTS
model for simulating current regulation. Fig. 6 shows the dy-
namic LF versus current oscillation with and without the de-
scending process. The initial LF values were 6.6 N and O N,
respectively, for the initial current of 2.5 A. During the current
oscillation, the LF with the descending process has a larger
range of adjustment than that without the descending process.
This indicated achieving a certain LF is necessary for a larger
adjustment range before current regulation, otherwise the LF
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Fig. 3. The By(z) of a single EMGUL1 and two EMGUs arranged in a line

generated by different currents at a height of 7 mm.
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Model | Symbol Quantity Value
Ec Critical current charac- 1x10™* V/m
teristic electric field
n|1—|c;(rjsel n n value 21
Jeo Kim model parameter 5% 107 A/m?
Bo Kim model parameter 037T
Ho Air/HTS permeability 41t x 1077 H/m
EMGU | N Number of turns 1495
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Fig. 4. Simulation of the By(z) generated by a DC currents of 3A in both
EMGUEs, as well as the case of 1 A in EMGUL1 and 3 A in EMGU2.



(repulsive force) will be lost once the current is adjusted to
lower than a current when superconductor is cooled down.
2) Forward Movement and Current Regulation Mode
Fig. 7 presents dynamic LFs with different forward velocities
during the current regulation. The time-dependent function is
also used in this simulation. For comparison, the maximum LFs
in each case are shown together. The LF can be adjusted by var-
ying the current during the movement of the superconductor
above the EMGU. However, note that the LF values are differ-
ent during ascent and descent, even with the same current.
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Fig. 5. Time-dependent functions used in the HTS model for simulating
current regulation (a) without and (b) with descending process.
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Fig. 7. Dynamic LF for different velocities with current regulation.

C. Dynamic Characteristics above Two EMGUs

Fig. 8 presents the dynamic LF and TDF values for a gap of
2 mm between EMGU1 and EMGU?2. In Fig. 8(a), the currents
in EMGUL1 and EMGU?2 are hoth 3 A, whereas in Fig. 8(b) the
currents are 1 A and 3 A, respectively. It can be seen from Fig.
8(a) that the LF and TDF values have a small fluctuation when
the YBCO bulk crosses the gap (from about 19 to 25 s). This is
because YBCO bhulk experiences a reduced external magnetic
field around the gap, which was shown in Fig. 4 (solid green
line). This indicates that if the gap is small enough the bulk can
move smoothly above the two EMGUs energized with the same
current.

The LF value in Fig. 8(b) is 8.3 N att =10 s, while it is 10.1
N in Fig. 8(a). This is because the external magnetic field gen-
erated by the currents of 3 A and 1 A is smaller than that when
both currents are 3 A, which can be seen from Fig. 4. When the
YBCO bulk moves from z = -60 mm to z = -25 mm above
EMGU2 (around t = 10 to 17 s), there is a decrease in the LF
and a little increase in the TDF. The decrease in the LF is be-
cause the external magnetic field (see blue line in Fig. 4) from
z=-75mm to z = -10 mm (considering the 30 mm diameter of
the bulk) decreases a little. The decrease of the external field
results in a new induced current, iing2, Whose direction opposes
the induced current iing1 Obtained from descending process. iind2
and the magnetic field inside the superconductor contribute to
the decrease of the LF. The little increase in the TDF is because
the magnetic field where the back half of the bulk is located is
slightly larger than where the front half of the bulk located,
which results in a slightly larger force experienced by the back
half of the bulk in the positive z-axis direction in comparison to
front half of the bulk in the negative z-axis direction. When the
bulk moves from z = -25 mm to z = 25 mm (around t = 17 to 27
s), LF decreases rapidly while TDF first increases then de-
creases. Here the reason for the decrease in LF is same as that
around t = 10 to 17 s, but the external field decreases more
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Fig. 8. Dynamic LF and TDF values for a gap of 2 mm and (a) current of 3 A
in both EMGUs and (b) 1 A in EMGU1 and 3 A in EMGU2.
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rapidly. The reason for the increase in TDF here is the same as
that for around t = 10 to 17 s. But the TDF here having a larger
increase is because the magnetic field where the back half of
the bulk located is much larger than that where the front half of
the bulk located, as bulk moves from above EMGU?2 to above
the gap. As bulk moves from above the gap to above EMGU1,
the force for the back half of the bulk in the positive z-axis di-
rection decreases, while the force for the front half of the bulk
in the negative z-axis direction changes little. Therefore, the
TDF gradually increases as the YBCO bulk moves from about
t =17 to 22 s (just above the gap) and decreases as bulk moves
from about t = 22 to 27 s. When the bulk moves from z = 25
mm to z = 60 mm (around t = 27 to 34 s), the LF and TDF
decreases a little because of the slight decrease of magnetic field
(see blue line in Fig. 4).

D. The Investigation of SIE Mode

In addition, for maintaining the LF value, the SIE mode of
two EMGUSs with a gap of 2 mm has been investigated through
simulation. In this case, the HTS bulk positioned at z = -100
mm descends from a height of 27 mm to a height of 7 mm with
EMGU?2 energized. The bulk then moves along the two EM-
GUs from z = -100 to 100 mm. The descending and moving
speeds are both 5 mm/s.

In order to keep LF constant as the HTS bulk moves along
the guideway, the B,(z) constant,B,, . . provided to super-
conductor is realized by the coordination of the real-time spatial
magnetic field. Both the real-time spatial magnetic fields are
obtained from the unit magnetic field multiplied by a time-de-
pendent function. The unit magnetic field, B, (z), generated by
currents of 0 and 1 A, as well as B,, (z) generated by currents
of 1 and 0 A, in EMGU2 and EMGUL, respectively, are ob-
tained by implementing the model of the two EMGUs arranged
in a line. These unit magnetic fields are shown in Fig. 9. In other

words, B

Y_constant

GUs, such that:
Ci(6)B1y(2) + C2(8)Bay(2) = By o crane (6)

Changes in C;(t) and C,(t) represent the adjustment of the
magnetic field of EMGU1 and EMGU2, respectively.

A By, constant Value of 0.158 T where the bulk descends, gen-
erated by currents of 3 A and 0 A in EMGU2 and EMGUL,
respectively, is used. When C, (t) issetto 0 fromt=0st0 10 s
and to 2.43 from t = 10.1 s to 24 s, C,(t) can be obtained from
equation (6). C,(t) is an objective function for maintaining
By, constant- Fig. 10 shows LF .o, (t) and LF ¢, (t) coordi-
nated by the two EMGUs. To simplify things here, a C; ., (t)
basically consistent with C,(t) is used in the simulation.
Cy con(t) is a function that traces the C,(t). To verify the role
of the control method, C; 500, (t) — Without tracing C,(t) —is
randomly set. LF ., (t) is clearly more stable than LF ,,,c0, ()
as the bulk moves along the guideway. Where C, ., (t) in Fig.
10(a) is decreasing from about t = 13 to 20 s corresponds to the
current of EMGU2 decreasing, which indicates that power is
saved while the LF remains constant. Therefore, by controlling
the current in each EMGU appropriately in the SIE mode, stable
levitation force control can be achieved and the power dissi-
pated in each EMGU can be optimized.

is realized by the coordination of the two EM-

V. CONCLUSION

In this paper, the dynamic characteristics of a YBCO bulk
above an electromagnet guideway (EMG) were investigated
through experimental measurements and simulations using a
3D segregated H-formulation model. The simulation results re-
flect the behavior of the experimental dynamic characteristics
well, both qualitatively and quantitatively. The 3D model can
be used to analyze the electromagnetic interaction between the
bulk and the EMG during the complex combination of the



motion of the bulk in a 3D space and magnetic field regulation
by varying the current.

A comparative analysis of the longitudinal magnetic field
generated by a single electromagnet guideway unit (EMGU)
and two EMGUs arranged in a line was first carried out through
measurement and simulation, validating the model and indicat-
ing that the longitudinal magnetic field along the two EMGUs
arranged in a line is larger than that of a single EMGU

Achieving a certain levitation force (LF) value is necessary
for a large enough range of adjustment before current regula-
tion. Otherwise, the LF will be lost once adjusting the current
lower than the current when superconductor is first cooled
down. The LF is stable when superconductor moves above the
two EMGUs (EMGU1 and EMGU2) with the same current and
regulation of LF can be achieved by presetting different excita-
tion conditions for the EMGUs as bulk moves along the guide-
way. The mechanism of these dynamic levitation characteristics
is due to the electromagnetic interaction between the EMGUs
and the bulk. The magnetic field and the current density distri-
butions inside the superconductor are affected by the external
magnetic field generated by EMGU and are responsible for the
dynamic characteristics. Finally, the segmented instant excita-
tion (SIE) mode to control the levitation force is shown to be
feasible by coordinating the currents of EMGUSs.
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