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A 3-D Strong-coupled Electromagnetic-Thermal
Model for HTS Bulk and its Uses to Study the
Dynamic Characteristics of a linear
HTS Maglev Bearing

Wenjiao Yang, Loic Quéval, Guangtong Ma, Changging Ye, Gang Li, Tianyong Gong

Abstract—Thermal effect will greatly affect the engineering per-
formance of high temperature superconductors (HTSs) due to its
strong dependence of electromagnetic parameters upon the local
temperature. To advance the understanding of such thermal effect,
a validated three-dimensional (3-D) strong-coupled electromag-
netic-thermal model for HTS bulk was established in commercial
finite element software COMSOL, which ensures the easy access
and universality of the model. Jc(B,T) was employed to reflect both
magnetic field and thermal field dependences of HTS in this model.
In addition, the thermal transient equation and convective bound-
ary condition were employed with experimentally measured HTS
thermal conductivity and heat capacity to describe the thermal flux
exchange between HTS and cryogenic medium. As an example of
application, the established electromagnetic-thermal model was tai-
lored to study the dynamic characteristics of a linear HTS magnetic
levitation (maglev) bearing. The methodologies to numerically study
the dynamic response of the linear HTS maglev bearing under free
vibration state and typical operating excitations, e.g. earthquake,
track irregularity and crosswind, were put forward in this paper.
The influences of field cooling height, pre-load and ambient temper-
ature, were also studied and promising methods to improve the sys-
tem stability were put forward according to the obtained conclu-
sions. The above results are reasonable and keep in concert with for-
mer experimental and theoretical studies. Moreover, some results
which are inaccessible in the 2-D models, for instance, the thermal
field distribution inside HTS bulk, can also be obtained due to the
versatility of 3-D model. To conclude, the established HTS electro-
magnetic-thermal model could serve as a flexible and extensible sim-
ulation tool to study various applications of HTS bulk. Besides the
application in linear HTS maglev bearing, which is systematically
studied in this paper, other potential applications such as thermal
analysis of HTS bulk in pulse magnetization process, HTS bulk-
based electrical machines, can also be expected in future work.

Index Terms—High temperature superconductors (HTSs); Per-
manent magnet (PM); Magnetic levitation (maglev); Dynamic
Characteristics; Strong-coupled multi-physical model
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l. INTRODUCTION

ince the birth of high temperature superconductor (HTS)

bulk, a large number of engineering applications or concep-
tual designs of HTS, such as linear or rotary HTS magnetic lev-
itation (maglev) bearings [1-10] and portable high field mag-
nets [11,12], have emerged. A comprehensive review of bulk-
based applications can be found in [13]. No matter these appli-
cations are based on the flux pinning effect or the Meissner ef-
fect, the engineering performance of them are greatly affected
by the thermal effect due to the strong dependence of HTS’s
electromagnetic parameters upon the local temperature. Numer-
ical modelling techniques are essential and effective to under-
stand and predict the performance of HTS bulk in these appli-
cations due to the challenges of experimental conditions or
budget sometimes. Also, it is a key ingredient for the optimiza-
tion of HTS devices [14]. In past years much effort has been
made to the modelling of the HTS bulk, however, most of them
only took magnetic field dependence of critical current density
Je(B) into consideration with thermal effect excluded [15-20],
although being accurate enough for their own study. As a result,
further development of numerical modelling techniques, which
could consider both magnetic field and thermal field depend-
ences of critical current density comprehensively, is needed.

A three-dimensional(3-D) strong-coupled electromagnetic-
thermal model for HTS bulk was established consequently in
this paper. The effectiveness of this model was validated by the
comparison between the calculated and experimentally meas-
ured hysteresis loop of levitation force. The commercial finite
element software COMSOL was selected as the modelling tool
since it ensures the easy access and universality of the model.
On the basis of this model, various studies, for instance the ther-
mal analysis of HTS bulk in pulse magnetization process

Power, Southwest Jiaotong University, Chengdu 610031, China (e-mail:
gtma@swijtu.edu.cn).

Loic Quéval is with the the Group of Electrical Engineering—Paris, CNRS
UMR 8507, CentraleSupélec, UPSud, UPMC, Gif-sur-Yvette 91192, France (e-
mail: loic.queval@gmail.com)


mailto:gtma@swjtu.edu.cn

published in the IEEE Transactions on Applied Superconductivity (Sept. 2020) 3

[21,22], HTS bulk-based electrical machines [23], could be per-
formed to understand and predict the performance of these ap-
plications with proper modifications. Considering the system-
aticness and completeness of the paper, the emphasis of this pa-
per is to apply this electromagnetic-thermal model in the study
of dynamic characteristics of a linear HTS maglev bearing. It
was further coupled with motion equations to study the dynamic
characteristics of the linear HTS maglev bearing as an applica-
tion example in this paper. Other applications of this model
could be exploited in future work.

The linear HTS maglev bearing is regarded as one of the
promising candidates for future high-speed ground transporta-
tion or magnetic launch due to its contactless operation, passive
stabilization, lighter and more compact cryogenic system. Nev-
ertheless, during the operation of linear HTS maglev bearing,
the external factors, such as crosswind, earthquake, and the in-
herent irregularity of guideway caused by fabrication and in-
stallation error, will inevitably make it unable to operate in ideal
state, resulting in the oscillation of levitation and guidance
forces. Stable levitation force and sufficient guidance force are
the premise of the stable operation of linear HTS maglev bear-
ing. The oscillation of levitation and guidance forces will con-
sequently probably affect the stability even safety. The dynamic
characteristics is therefore essential for the linear HTS maglev
bearing and must be well understood to ensure stability and
safety.

Previous studies on the dynamic characteristics of HTS mag-
lev systems mainly relied on two methods. One is the experi-
mental measurement on dynamics of HTS maglev bearing and
the other is the analytical simulation based on approximate fit-
ting of its force-displacement relationship. Shortly after the dis-
covery of HTS maglev, the nonlinearity of the vibration of HTS
maglev system [24], the levitation drift phenomenon [25] and
the existence of natural frequency [26,27] were found experi-
mentally. Further studies on the factors that affect levitation
drift [28-31], and the relationship between natural frequency
and levitation gap as well as the mass of levitated body [32]
were also performed experimentally afterwards. Besides, dif-
fering from the above studies, the rotational dynamics of a disc-
shaped permanent magnet (PM) rotor levitated over a high tem-
perature superconductor was studied experimentally in [33].

On the other hand, analytical methods based on approximate
fitting of the force-displacement relationship were employed to
study the dynamics characteristics, e.g. bifurcation, multi-frac-
tality [34,35] and vertical stability [36]. In view of the free vi-
bration and low speed operation, the effects of field cooling
height, working height, load weight and their contributions on
the resonance frequency, dynamic stiffness and damping coef-
ficient of the linear HTS maglev bearing system, as well as the
lateral recoverability of linear bearing, have been studied both
experimentally and analytically in [37-39].

In addition, some numerical studies on the dynamic charac-
teristics of HTS maglev system have emerged in recent years.
The natural frequency, damping characteristics, energy loss,
levitation drift, were studied using a quasi-three-dimensional
model based on T-formulation in [40-42]. A 3-D numerical

model for a maglev system consisting of a square PM and a cy-
lindrical HTS was established in [43], in which the vertical vi-
bration characteristics have been studied. Differing from previ-
ous studies, the temperature rise in HTS has been taken into
consideration in this model. However, the analytical method
was used to calculate the magnetic field of PM. Analytical
method is straightforward but unable to consider the influence
of ferromagnetic materials on the magnetic field which is com-
mon in PM guideway. More importantly, the weak coupling
was used in this model between the electromagnetic and ther-
mal fields, i.e. the electromagnetic field module and the thermal
field module are calculated independently. Lateral stability was
not involved in this study either. A 2-D numerical model based
on vector potential A-v method was built in [44], in which the
effects of material-related parameters n and the initial speed on
the vibration characteristics of HTS maglev system composed
of HTS and simplified PM guideway were studied. Analytical
method to calculate the magnetic field of PMs was also em-
ployed in this model, which is of poor extendibility since dif-
ferent equations are required for different geometries. The mag-
netic field dependence of critical current density and thermal
effect of HT Ss were also neglected in the model. This work was
recently improved with thermal effect and rotational effect con-
sidered in [45].

The above studies have found some phenomena differing
from traditional vibration problems, e.g. levitation drift. The
obtained results are of important guiding significance for un-
derstanding the vibration characteristics of HTS maglev sys-
tems. For all that, the existing research methods for the vibra-
tion characteristics of HTS maglev system are mainly experi-
mental tests. Though being straightforward and precise, itis dif-
ficult to analyze the strong coupling between the various phys-
ical fields in experimental tests. On the other hand, theoretical
studies generally simplify the HTS maglev system as a single-
degree-of-freedom linear damping system analytically with ap-
proximate fitting of HTS force-displacement relationship.
Thermal effects and non-linear high-order components of vi-
bration were generally ignored. Only qualitative analysis on the
vibration characteristics can be obtained through these theoret-
ical studies. Even if there are few numerical models considering
the thermal effect, only the weak coupling between the super-
conducting magnetic field and thermal field was implemented,
and only the simple vertical vibration condition was considered.
Additionally, the response of HTS maglev system under exter-
nal excitations is rarely investigated to date. The dynamic char-
acteristics of HTS maglev systems needs to be further ad-
vanced.

In order to overcome the present research limitations, the es-
tablished electromagnetic-thermal model was used aiming at
advancing the understanding of the dynamic characteristics of
HTS maglev system. At the same time, the dynamic responses
of a linear HTS maglev bearing under typical excitations for its
application, i.e. earthquake, track irregularity and crosswind,
were calculated systematically with and without thermal effect
to study the influence of thermal effect. Furthermore, this model
was used to find the way to improve the system stability. The
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influences of field cooling height, pre-load and ambient tem-
perature were studied, and potential methods to suppress vibra-
tion so as to improve system stability were put forward accord-
ing to the obtained conclusions.

Il. MODELLING

A. Electromagnetic model

In the HTS maglev system, the stable levitation results from
the electromagnetic interaction between HTS and the PM
guideway. With the HTS assembly and PM assembly modeled
with H formulation and magnetostatic A formulation respec-
tively, an indirect coupling [46,47] is obtained by taking the
sum of external field Hext from PM assembly model and self-
field Hsqi as the boundary condition for HTS assembly model.

1) PM assembly model

The magnetic field generated by PM can be calculated ana-
lytically or numerically. Analytically it is difficult to calculate
the field of commonly used ferromagnets in PM guideway. Nu-
merically, it is more concise and comprehensive for any geom-
etry and structure. Therefore, here the magnetic field of the PM
is solved by COMSOL numerically in this work. A remanent
magnetic flux density B, = 1.27 T has been found by a trial-and-
error process, which minimizes the difference between the
measured data and the PM assembly model.

2) HTS assembly model

a) H formulation
The H formulation is generally adopted to model the HTS as
its well-approved flexibility in COMSOL [48-52] and it was
also implemented in this work. For HTS assembly model, the
whole field including HTS domain and air domain is governed
by Faraday’s law within the quasistatic approximation,

VXE=—p3, (1)

where H and E represent the magnetic field strength and
electrical field strength.

J=VxH, (2)
E = pJ, 3
B =_uH, 4

Where p represents the resistivity of the material. The gov-
erning equation of H formulation, as shown in (5), could be ob-
tained by substituting above constitutive relationships into (1).

Vx (pV x H) = —,ug—':, ()

This equation can be solved in COMSOL using the general

form PDE interface with p differing in HTS domain and air do-

main:

pair = 1 ‘Qm’ (6)
R I B
P B) = 25| )

The nonlinearity of the HTS is expressed by the power law
(7), where Ecis the critical current criterion and n is the mate-
rial-related parameter. The magnetic field dependence of criti-
cal current density J(B) is taken into account by

Jo(B) = sece ®)

where Jg is the critical current density in the absence of mag-
netic field, while Bo is material parameter.

b) Boundary Conditions

The modeling methodology of indirect coupling implies that
the PM assembly model was calculated firstly and then the HTS
assembly model are calculated with boundary conditions that
include the field of PM. Another advantage of indirect coupling
is the avoidance of moving mesh caused by relative motion be-
tween HTS and PM guideway. Taking place of that, the relative
movement is achieved through the way to define the coordinate
of HTS in the boundary conditions as a function of time x(t),
y(t), and z(t). The boundary conditions of HTS assembly are
consequently given as follows,

H(t) = Hey(x(2), y(£), (1)) + Hgeie(x(2), y (1), (1)), (9)

in which Hext and Hseit respectively represent the magnetic field
from the PM and the self-field generated by the HTS. Note that
the impact of HTS on the coercive of PM is assumed to be weak
enough to be neglected. The self-field of the HTS is obtained
by means of Biot-Savart’s law, in which the self-field generated
by the HTS at any space point P (Xo, Yo, Z0) iS

1 Jy(zo=2)=JzYo—Y)

H ! = — =d,d,d,, (10&)
selfx ™ am s ((xo=x)2+(yo—y)2+(20-2)2)2 I
1 Jz(xo=x)=]x(29—2)
Heerry = - [, z70 20 3d,d,d,, (10b)
((xo=2)2+o-¥)2+(29-2)?)2
1 Jx@o—¥)=Jy(xo—x)
Heorpz = - J;o — : sd,d,d, (10c)

€ (o-0)2+(g-y)?+(z0-2)2)2

The levitation force F, and guidance force Fx could be ob-
tained by integrations shown in (11) and (12).

FZ = fffgc(]x ) By _]y ) Bx) dxdydz (11)
Fx = fffgc(]y ) Bz _]z ) By) dxdydz (12)

Note that this electromagnetic model has been extensively
validated in both zero field cooling and field cooling conditions,
for both vertical and lateral movement sequences in our former
work [47].

B. Electromagnetic-thermal model

1) Mathematical formulations
For the electromagnetic-thermal model, the temperature de-
pendence of J¢ is included by replacing Je in (8) by[53]

T

Jeo(T) = Jeoz 5 (13)

where T is temperature; To indicates the temperature at which
Jeo has been determined (usually 77 K), and T, =92 K is repre-
sented as the critical temperature of HTS.
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Thermal transient (14) is employed to describe the thermal
flux exchange between the HTS and the liquid nitrogen with
joule heat Q as the source term,

Q=1E (15)

where k and c respectively represent thermal conductivity and
heat capacity for per unit volume of HTS bulk. Both of them
being temperature-dependent, their expressions are obtained
from experiments with YBaCuO HTS bulk in [54].

k = 7.90506 x 1076 T3 — 2.17 x 1073T2 4 0.17407T —
0.21246 (W /(m-K)) (16)

¢ = 73.75T2 + 5599.78T + 87669.311 (J/(m? - K)) (17)

(14)

For the boundary condition, we consider only convective

heat transfer with
ke (Z)+h(T=Ty) =0, (18)
where h= 400 W/(m?-K)[43][53] is the convective heat transfer
coefficient. Tais the ambient temperature. Except otherwise de-
fined, Ta= 77 K [45], which means the system works in liquid
nitrogen at atmosphere without any other cooling measurement.
It worth noting that, for the electromagnetic-thermal model, the
H formulation is still implemented using general form PDE in-
terface, while the thermal transient equation and heat convec-
tion equation are implemented using coefficient form PDE in-
terface of COMSOL.
2) Model validation

To check the effectiveness of the electromagnetic-thermal
model, we measured the hysteretic loop of levitation force F,
on a YBaCuO bulk during zero field cooling sequence [55],
which is commonly used to evaluate the levitation performance
SMB, with a self-developed testing system[56]. The employed
experiment system was illustrated in Fig. 1. In the measure-
ment, the bulk was cooled with liquid nitrogen at 77 K at a dis-
tance of 100 mm above the center of the PM, then the bulk was
moved vertically (z-direction) downward until the gap between
the bulk and the PM is 6 mm, after that the bulk was reversed
to its initial position. This sequence was used for validation.
The speed of HTS bulk is set as 1 mm/s to create a quasistatic
movement. Same experiment procedure was simulated with the
methodology described above. The parameters used in the
model are summarized in Table I, and the following parameters
remain unchanged during subsequent modeling and calculation.

The result was plotted together with the measured data in Fig.
2. The result without thermal effect [47] was also shown in Fig.
2. It can be seen that both simulated curves are able to well re-
produce the measured F, in terms of magnitude and tendency,
leading to a good agreement with the hysteretic loop. Note that
in ZFC sequence the HTS bulk is in quasistatic state. Little heat
was generated in this sequence, thus the results calculated with
and without thermal effect are almost same.

15

P ]

=

1 —ra—

v x

Fig. 1.  Experimental system employed in the measurement. The system
consists of a cylindrical bulk and a cylindrical PM. The arrow indicates the
magnetization direction of PM.

TABLE
PARAMETERS FOR ELECTROMAGNETIC-THERMAL MODEL

Parameters VALUE
Br 1277
u 41 X 1077 H/m
n 21
E. 1x107*V/m
Jeo 2.55 x 108 A/m?
Bo 038T
Te 92K
To 77K
h 400 W/(m?-K)

It can be concluded that the above numerical model is a reli-
able tool to model the electromagnetic interaction between HTS
and PM, and a crucial premise for further dynamic research.

&0

T T T T T T T
simulated curve (with thermal effect)
sol simulated curve (without thermal effect)
Measured data [

I
(=]
T

z

w
=]
T

Levitation Force F_ [N]
B
1

Levitation Gap [mm)]

Fig. 2. Measured (green dot) and simulated levitation forces with (red
line) and without (orange line) thermal effect during zero field cooling se-
quence. The inset illustrates the zero field cooling sequence, in which arrows
indicate the magnetization direction of PM.

3) Electromagnetic-thermal-mechanical model
As it is mentioned before, this paper focuses on the study the
dynamic characteristics of a linear HTS maglev bearing as an
application example of this electromagnetic-thermal model.
Thus Newton's second law is employed for both the vertical and
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lateral directions. Note that y is assumed as the running direc-
tion of the linear bearing. The displacement caused by the vi-
bration in this direction was ignored in this work.

mz, —F,+mg =F,,, (19)

(20)

where Fe; and Fex are the external forces applied on the HTS
in the z-direction and x-direction respectively; z and x; are the
vibration-induced displacements of HTS resulted from the un-
equal electromagnetic force and external force in the respective
directions; m is the mass of the mover which includes the mass
of HTS and the mass of load. In this work, m is defined as 1 kg
in all sections. The change of position should be embodied into
boundary condition, which means (9) should be modified to be,

H(t) = Hself(x(t) + xr(t)' }’(t),Z(f) + Zr(t)) +
Hext(x(t) + xr(t)' }’(t),Z(f) + Zr(t))- (21)

It should be pointed out that x(t) and z(t) describe the relative
displacement between HTS and PM in macroscopic view, e.g.,
field cooling process, whereas z- and x, describe the vibration
displacement caused by the non-zero resultant force. This
boundary condition also works for electromagnetic-mechanical
model which only employs nonlinear relationship in (7) and (8).
Note that, (19) and (20) are solved in Global ODEs and DAESs
(ge) interface of COMSOL at the same time with electromag-
netic-thermal model.

mx, + F, = F,,,

I1l. RESULTS AND DISCUSSION

In this section, the model is applied to study the dynamic re-
sponse of a linear HTS maglev bearing under free vibration and
typical external excitations, i.e. earthquake, track irregularity
and crosswind, as an application example. The methods to re-
strain the vibration and to improve system stability are also ex-
plored.

In sections A and B in this part, the following field cooling
process was considered to enable the HTS to be levitated: the
HTS moves vertically downward at a speed of 1 mm/s from the
field cooling position of 30 mm above the PM, to the working
position of 10 mm above the PM. The relative displacement be-
tween HTS and PM can be expressed as,

30—t,0<t <20
2(t) = { 10, t>20 (23)

The evolution of levitation force during this process is shown
in Fig. 3. With the decrease of height, the initial levitation force
of 16.5 N was reached.

Besides, the levitation force and working height calculated
by both electromagnetic-thermal-mechanical model and elec-
tromagnetic-mechanical model are shown in section A and B in
chapter I11, for the purpose of exploring the influence of thermal
effect on the dynamic responses.

Levitation Force F, [N]

Time [s]

Fig. 3. Levitation force during the field cooling sequence. The inset is the
schematic diagram of the field cooling sequence.

A. Free vibration

During the cooling the bulk is fixed to make it move in z di-
rection at a speed of 1 mm/s. After the cooling the bulk is re-
leased, which means the mechanical constraints on it are taken
off. Then it comes into free vibration state. The difference be-
tween the initial levitation force and weight, gives it an accel-
eration and it begins to vibrate.

It can be seen that the initial levitation force is larger than
weight, so the vertical displacement is positive. With the in-
crease of position, the magnetic field strength decreases, result-
ing in the decrease of the levitation force gradually until the
maximum position reaches. Then the working height gradually
decreases, resulting in the increase of the levitation force grad-
ually until the lowest working height reaches, and then the cy-
clic oscillation continues to occur.

22 T T T T 24
20 L— z-with thermal effect —— F -with thermal effect 2
8 z -without thermal effect F -without thermal effect 20

z

Levitation Force F_[N]
Veritical Displacement z_[mm]

Time [s]

Fig. 4(a). Levitation force and vertical displacement under the free vibration
calculated by models with thermal effect (line) and without thermal effect (line
and dot).
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Fig. 4(b). Spectrum analysis of levitation force curve under free vibration
state. The frequency at the highest peak point is the natural frequency of system.

The time-dependent curves of levitation force and vertical
displacement are shown in Fig. 4(a). It can be found that there
is little disparity between respective curves with and without
thermal effect. The small disparity can be explained by the lim-
ited temperature rise in HTS, which is shown in Fig. 9 together
with the temperature rises in other cases. One can see from Fig.
9 that the maximum temperature of HTS almost remained 77 K
during free vibration, leading to little changes after thermal ef-
fect is considered.

The natural frequency is an important parameter of the mag-
lev system. One should avoid that the traction motor and other
devices work around that frequency. This could induce reso-
nance and lead to serious vibration or even instability of the
system. The natural frequency of HTS levitation system can be
evaluated by Fourier analysis of levitation force (or displace-
ment) curve in free vibration. As shown in Fig. 4(b), the natural
frequency of the studied system is about 7.6 Hz. A slight reso-
nance also occurs at multiples of that frequency of 15.2 Hz and
22.8 Hz. This phenomenon is consistent with the experimental
findings of the vibration response of the linear HTS maglev
bearing in [57]. According to the previous work[32], the natural
frequency is almost independent of the mass of the suspended
body, so it can be regarded as the natural frequency of linear
HTS maglev systems composed of same HTS bulk with any
mass and the same PM, in the condition of same field cooling
height and working height.

B. Dynamic responses of typical excitations

In this part, analogy methods of three typical external excita-
tions for practical operations in reality, i.e., earthquake, track
irregularity and crosswind, are proposed, and the dynamic re-
sponses of the aforementioned linear HTS maglev bearing un-
der these excitations will be investigated.

Besides, as we mentioned before, the thermal effect plays lit-
tle influence when the HTS is in quasistatic state due to limited
temperature rise. We accordingly study the influence of thermal
effect in dynamic cases. The dynamic responses of the afore-
mentioned linear HTS maglev bearing under these excitations
were calculated with and without thermal effect to study the in-
fluence of thermal effect.

1) Earthquake

Although earthquakes occur occasionally, they will have a
great impact on the vehicle safety. The influence of earthquake
on the levitation performances must be considered in order to
clarify the system’s anti-seismic capability of the system. Seis-
mic waves are low-frequency compound waves with both lon-
gitudinal and transverse waves. The lower the frequency is, the
greater the destructiveness is [58].

A negative sine wave with a magnitude of 5 mm and a fre-
quency of 4 Hz is selected to imitate a seismic longitudinal
wave [58]. The guideway is assumed to be fixed with the
ground. The negative sinusoidal vibration of the ground can be
therefore regarded as the positive sinusoidal vibration of the
HTS taking PM as reference. Thus, the relative displacement of
HTS can be expressed as

z(t) = 5sin(8mt), 25s > t > 20s, (24a)
x(t) =0. (24Db)

The dynamic responses of such linear HTS maglev bearing
under seismic longitudinal wave excitation are shown in Fig. 6.
Under the influence of seismic longitudinal wave, the vibration
of the levitation force and of vertical displacement is obviously
stronger than that in free vibration. They both tends gradually
to stationary vibration. This implies that the system is able to
maintain safe operation under the influence of such seismic lon-
gitudinal wave, but the comfort of operation is greatly reduced.

50 T T T T T0
—— z-without thermal effect F-without thermal effect
40 - ——z-with thermal effect ——Fqwith thermal effect 1 80
w0 | | | ;
g 1n 0 g
E o » §
é 10 - J10 8
ﬂ 'I\ﬁ /J\(‘A er“lrf][f' ﬂ|/-n/~f'J\rvr“r‘P| g
- \J[L v ﬂ /| \Jﬂ'a 1l l'“ l'. \”f u{ W'l q'J lh'r_ '
-3020 2I1 2I2 2I3 2I4 25-10
Time [s]

Fig. 5. Levitation force and vertical displacement under seismic longitudinal
wave excitation calculated by models with and without thermal effect.

Since the variation of the levitation force is induced by the
vertical displacement, the influence of thermal effect is ana-
lyzed only from the perspective of vertical displacement. As
shown in Fig. 5, at the beginning, the vibration amplitude of
vertical displacement is slightly larger with thermal effect.
However, as the time evolves, the thermal effect on the vibra-
tion curves eventually becomes negligible. The center of the
vertical displacement curve gradually decreases from about 5
mm to nearly zero. This observation indicates that the position
of the HTS is also decreased by 5 mm, i.e. the HTS is accom-
panied by obvious levitation drift under earthquake excitation.

As shown in (13), the temperature of HTS affects the critical
current density and then the levitation force and displacement.
At the beginning, the temperature in the superconductor rises
rapidly which leads to an obvious influence on the levitation
performance. In the subsequent vibration, the temperature in the
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HTS bulk gradually decreases due to the heat exchange with the
cooling cryogen, and the influence of temperature on the levi-
tation performance gradually decreases. The evolution of the
maximum temperature inside the HTS is displayed in Fig. 9.

2) Track irregularity

The Halbach PM guideways are commonly used to concen-
trate the magnetic field above the guideway, thus improving the
system efficiency [59]. However, due to the limitations of PM
manufacturing technology, it is difficult for a single PM to
reach a sufficient long length. Therefore, PM with the same
magnetization direction must be installed in the guideway’s
length direction (y-direction), which will inevitably lead to the
unequal height or tiny gap at connected parts [60]. This is the
main reason for the track irregularity for HTS maglev vehicle.

In this section, to simulate the track irregularity, we assume
that the unequal height caused by the installation process occurs
every certain distance in the forward y-direction, and the height
difference is set to 1 mm. During the operation of linear HTS
maglev bearing, the working height will change when reaching
the exact position above the connected part of PM guideway.
Such a change of working height could be regarded as the same
relative displacement between the guideway and the car body
in the vertical z-direction. Therefore, the sine wave can approx-
imately be used to simulate the effect of the track irregularity
on the levitation performance. Taking commercially available
length of PM 200 mm as an example, f = 50 Hz are selected to
indicate a speed of 36 km/h. Thus the relative displacement of
HTS can be expressed as

z(t) = sin(1007t), 25s > t > 20s,
x(t) =0,t > 20,

(25a)
(25b)

The resulting levitation force and vertical displacement are
plotted in Fig. 6 (2) and Fig. 6 (b). The vibrations of levitation
force and vertical displacement are apparently stronger than
that of free vibration and lighter than that of earthquake.

One can see from Fig. 6(b) that, the vibration tends to steady-
state vibration after about 3 seconds without thermal effect, but
only about 1 second with thermal effect. Concerning the ampli-
tude, the amplitude of the vertical displacement curve with ther-
mal effect is smaller than that without thermal effect. This phe-
nomenon is similar with earthquake case, but much more obvi-
ous. With regard to phase, there is almost no phase difference
between the two curves at the beginning, but, the phase differ-
ence increases gradually as the time develops. About 4 seconds
after the starting of vibration, the vertical displacement curve
with thermal effect is almost half a period ahead of that without
thermal effect. Besides, the levitation drift is smaller with ther-
mal effect, as we can see in Fig. 6.

All the above difference can be interpreted from the perspec-
tive of energy dissipation: in the model without thermal effects,
the energy brought by external excitation destroys the original
steady state of the system, and the system can only consume
this energy through vibration; while an extra part of energy can
be dissipated in the form of heat in the model with thermal ef-
fect which will lead to a smaller amplitude, a shorter period dur-
ing vibration and a smaller levitation drift.
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Fig. 6(a). Levitation force under track irregularity excitation calculated by
models with and without thermal effect. The inset shows the force at the begin-
ning of the excitation and 4 seconds after.
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Fig. 6(b). Vertical displacement under track irregularity excitation calcu-
lated by models with and without thermal effect.

3) Crosswind

Crosswind is another crucial factor affecting the operation
safety. The linear HTS maglev bearings have the ability to resist
crosswind due to their self-stable ability. However, the specific
dynamic response of the system to crosswind is still worthy of
attention in order to quantify and determine the threshold of lat-
eral stability of the system. This is of great significance for fur-
ther application of linear HTS maglev bearing in the transpor-
tation system.

In this regard, the method to calculate the vibrational re-
sponse under crosswind excitation is presented in this paper.
The crosswind acts on the lateral side of carbody, i.e., x-direc-
tion. According to the dynamics theory, the force acting on the
HTS body is as follows:

FE)C = 0.5CdAp‘U2, (26)

where Cq is the air drag coefficient which is only dependent on
the shape of the object. For example, C4 = 1 models a vertical
plane and Cy = 0.5 is used for a sphere. A is the characteristic
area (windward area) of the HTS body. ¢ is the density of air,
we used 2= 1.2258 N-s>m for dry air. v is the speed of wind.
Taking gale wind (v=20.7 m/s) as an example, the dynamic re-
sponse of the HTS maglev bearing in Fig. 1 is calculated. In this
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case, the characteristic area equals 4.5*10* m? and C4=0.5 can
be used approximately, finally Fe=0.06 N is obtained accord-
ing to (26).

Differing from previous cases, the crosswind will result in
the vibrations both in vertical and lateral directions together,
thus the vibrations in both directions must be considered at the
same time. The results were sketched in Figs. 7(a) and 7(b) re-
spectively. When the HTS is positioned directly above the PM,
the guidance force is zero. Under the influence of crosswind,
the lateral displacement is generated and so is the guidance
force. The guidance force, as given in (12), increases with the
lateral displacement, but when the HTS bulk goes too far, the
guidance force will decrease as the magnetic field strength
abates. As shown in Fig. 7(b), the curves of levitation force and
vertical displacement are almost same as that in free levitation,
which implies the excellent self-stability of HTS maglev sys-
tem. In addition, the levitation force and vertical displacement
curves with thermal effect are also almost identical with that
without thermal effect respectively, indicating that temperature
rise in this case is quite small which is demonstrated in Fig. 9.
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Fig. 7(a). Guidance force and lateral displacement under crosswind excita-
tion calculated by models with thermal effect (line) and without thermal effect
(line and dot).
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Fig. 7(b). Levitation force and vertical displacement under crosswind exci-
tation calculated by models with thermal effect (line) and without thermal effect
(line and dot).
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Fig. 8 Lateral displacement curves under different lateral forces.

Although being self-stable, the self-stability ability of HTS
is limited. Therefore, it is necessary to find out the critical con-
ditions of instability to ensure the safe operation. Different lat-
eral forces of 1.0 N, 1.5 N and 2.0 N are applied to find the
threshold of lateral recoverability, as Fig. 8 shown. The thresh-
olds of lateral force calculated from model with and without
thermal effect is 2.0 N and 1.5 N respectively. This result indi-
cates that the lateral displacement with thermal effect is smaller
than that without thermal effect, leading to the difference be-
tween the thresholds of lateral force that the studied HTS mag-
lev system can withstand from the two models. The model with
thermal effect no longer imitates a conservative system.

4) Temperature rise

The performance of a linear HTS maglev bearing is closely
associated to thermal effect and could be illustrated directly by
HTS temperature. Owing to the non-uniform thermal distribu-
tion inside the HTS, the time evolution of the maximum tem-
perature inside the HTS and the thermal distribution when the
highest maximum temperature is reached, are selected to ana-
lyze the thermal effect.

The maximum temperature inside the HTS for all previous
cases are sketched in Fig. 9. The temperature rise is clearly lim-
ited, as the highest temperature is only 77.2 K. Nevertheless, a
large difference can be observed between the different cases.
From the discussions of previous sections, one can conclude
that the temperature in the HTS is directly related to the external
excitation. The stronger the external excitation, the more in-
tense the internal temperature rise. For periodic excitations such
as earthquake and track irregularity, the HTS temperature is
also related the frequency as discussed before.

As they have the highest maximum temperature, the thermal
distributions for the earthquake and 2.0 N crosswind excitations
are shown in Fig. 10. The highest temperature zone is located
close to the bottom edge of the HTS bulk where the magnetic
field gradient is the strongest. Therefore, one should pay atten-
tion to the bottom edge of HTS during the design if quench de-
tection is needed.
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Fig. 9. The evolution of maximum temperature inside the HTS bulk under
diverse excitations.

77.12

77.08

77.02

m— 77
(a) g v 78.907
A7712a
7712
771
77.08
77.08
77.04
77.02
(b) 7
w 768981

Fig. 10. Thermal distribution inside the HTS bulk when the maximum tem-
perature is achieved. (a) lateral force 2.0 N (2) earthquake excitation.

C. Methods to improve system stability

From the above discussion one can conclude that the cou-
pling of thermal effect will lead to the difference of dynamic
response of the system under external excitations. The model
with thermal effect is relatively closer to the reality and the re-
sult calculated with thermal effect make more sense than that
without thermal effect. Thus it’s better to explore the methods
to improve the system stability using the model with thermal
effect.

In this part, the influence of field cooling height (FCH), pre-
load and ambient temperature in system stability were dis-
cussed. Considering the vertical stability and lateral stability,
the track irregularity and crosswind with 1.5 N lateral force are
selected therefore as applied excitations respectively for all the
cases in this section. Also, the working heights for all the cases
in this section keep as 10 mm.

1) Influence of FCH

The FCH determines the initial magnetic flux trapped by the
HTS. This impacts the load-carrying capacity as well as the dy-
namic characteristics. Depending on the actual application, the
selection range for the working height is relatively small. It is
more instructive consequently to study the influence of differ-
ent FCHSs under the given working height for engineering ap-
plication.

Reference [37] investigated the influence of FCH only for the
case of vertical free vibration by simplifying free vibration
curves to common dynamic model equation. There is little lit-
erature concerning the influence of FCH that takes real non-lin-
ear superconducting electromagnetic properties into considera-
tion. Also, the influence of FCH under complex external exci-
tations and the influence of FCH on the lateral stability remain
open, to the best of our knowledge.

With the same working height being 10 mm, three typical
FCHs (30 mm, 40 mm, and 70 mm) plus zero field cooling
(FCH=100 mm) were taken as examples. The results of cooling
sequences with different FCHs are shown in Fig. 11.
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Fig. 11. Levitation forces during sequences with FCH of 30, 40, 70 and 100
mm.

a) Vertical stability

As shown in Fig. 11, the larger the FCH, the larger the levi-
tation force at the end of the cooling sequence. It is worthy to
point out that the increase of load-carrying capacity with FCH
is not linear. With same interval of 30 mm, the increase of lev-
itation force from FCH 40 to 70 mm is 1.5 N, which is much
larger than the increase from FCH 70 to 100 mm, i.e. 0.06 N.
Therefore, blindly choosing the highest FCH is not the most
“economical” way to improve the load-carrying capacity.

The vertical displacements and their envelope lines under the
track irregularity excitation with different FCHs were depicted
in Fig. 12. Under the same external excitation, the smaller the
amplitude of vertical displacement, the better the stability of the
system. Noting that the amplitude of the displacement for the
FCH 100 mm is slightly less than that with FCH 70 mm, we can
conclude therefore that the vertical stability of the system de-
creases firstly and then increases with the increase of FCH. This
conclusion is similar to that of [37], in which the study was per-
formed under free vibration state. In [37] the vertical stiffness
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increase with the decrease of the FCH on the whole in free vi-
bration case, but exception could be found at FCH 40 mm. FCH
40 is the turning point of the varying trend of stiffness in [37],
just like FCH 70 mm in this work.

Accordingly, conclusion could also be drawn that regardless
of existence of external excitations, the vertical stability of the
linear HTS maglev bearing decreases firstly and then increases
with the increase of FCH. The turning point varies from differ-
ent systems. The reason for this nonlinear varying trend is still
in vague and deserves much attempt in future research.

Besides, one fact that cannot be ignored is that the above re-
sults are calculated with same loading weight, however, loading
weight is also positively related to the stability. As a result of
this, for this contradiction between load-carrying capacity and
vertical stability, the potential solution is to increase the loading
weight properly after the load-carrying capacity is enhanced
through increasing the FCH to enhance the vertical stability of
the system.
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Fig. 12 Vertical displacements under the track irregularity excitation with
FCH of 30, 40, 70, and 100 mm.

b) Lateral stability

The lateral displacements and guidance forces under cross-
wind with 1.5 N lateral force excitation are depicted in Figs.
13(a) and 13(b) respectively. The influences of the FCH on both
the amplitude and frequency can be found in Fig. 13. With the
increase of FCH, the amplitude of the lateral displacement in-
creases firstly and then decreases, while the frequency increases
except when FCH=70 mm. The lateral stability decreases with
the increase of FCH firstly, thus when FCH reaches 70 mm the
system cannot bear such lateral excitation and the guidance
force becomes zero after the HTS bulk is “blown” away. It can
be seen that the influence of FCH on lateral stability is stronger
than that on vertical stability, recalling extra attention on the
lateral stability when selecting FCH.

To conclude, both vertical and lateral stability decrease
firstly and then increase with the increase of FCH. Its influence
on the lateral stability, however, is stronger than the influence
on vertical stability. Although this dilemma can be solved by
increasing the loading weight to some extent, the tradeoff be-
tween stability and load-carrying capacity still need to be made
cautiously.
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Fig. 13(a) Lateral displacements under crosswind with 1.5 N excitation. The
guidance force becomes zero after the HTS bulk is “blown” away with FCH 70
mm. Thus the curve of lateral displacement at FCH 70 mm is not complete.
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Fig. 13(b) Lateral forces under crosswind with 1.5 N excitation.

2) Influence of pre-load
Pre-load method was put forward in [61] to reduce levitation
force decay and was verified further in[56] and [62]. There are
little studies related to the influence of pre-load on the vibration
performance of the linear HTS maglev bearing to our
knowledge. The responses to aforementioned excitations calcu-
lated without pre-load are reported too as the reference.
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Fig. 14(a) Levitation forces during pre-load. The HTS bulk firstly descends
vertically from 30 mm to pre-load height (PH) 7.5 mm above the center of PM,
and then returns upward to its working height of 10 mm.
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Fig. 14(b) Vertical displacements under track irregularity excitation calcu-
lated with and without pre-load. In order to express the tendency more intui-
tively, same y-axis scale was used in 2 subplots.

a) Vertical stability

The levitation forces during pre-load and the vertical dis-
placements under the track irregularity excitation calculated
with and without pre-load are sketched in Figs. 14(a) and 14(b)
respectively. It can be found that 17.3% of levitation force is
lost after pre-load. Under the same track irregularity excitation,
the amplitude of vertical displacement decreases by 24.9% in
terms of the last complete wave before calculation finished.
This result could be interpreted as that the vertical stability
could be greatly enhanced by pre-load while the load-carrying
capacity is slightly decreased. Note that the pre-load could also
reduce the levitation force decay. Therefore, the pre-load pro-
cess is still worthwhile for its dual merits of reducing levitation
force decay and enhancing vertical stability in terms of cost per-
formance.

b) Lateral stability

The lateral displacements and guidance forces under cross-
wind with 1.5 N lateral force excitation are depicted in Fig.
15(a) and Fig. 15(b) respectively. It can be seen that the system
can maintain in operation before preload, however, it cannot
bear same excitation after pre-load as shown in Fig.15. This
phenomenon indicates that the lateral stability of the studied
system weakens more or less after the pre-load unfortunately.
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Fig. 15(a) Lateral displacements under crosswind with 1.5 N excitation. The
guidance force becomes zero after pre-load, thus the curve of lateral displace-
ment with pre-load is not complete.
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Fig. 15(b) Lateral forces under crosswind with 1.5 N excitation.

3) Ambient temperature

It is known that the lower the ambient temperature, the larger
levitation force the system could obtain. This is to say the load
capacity of the linear HTS maglev bearing could be strength-
ened with lower ambient temperature. But what is the influence
of ambient temperature on the dynamic performance of linear
HTS maglev bearing still stays unclear. In this part the dynamic
responses under track irregularity and crosswind excitations at
different ambient temperatures were consequently calculated.

The parameters of the thermal model in this work are chosen
based on the liquid nitrogen cooling. We have to claim that
there is a liquid-solid phase transition for liquid nitrogen when
temperature drops to about 63.5 K. It will be solidified to solid
nitrogen if being cooled in further step [63]. The thermal prop-
erties of solid nitrogen are greatly different from that of liquid
nitrogen, so is the cooling from solid nitrogen to the HTS bulk.
Also, the existence of solid nitrogen will also affect the dynamic
response of the system during vibration. As a result, ambient
temperatures above 63.5 K, i.e. 77 K, 70 K and 65 K are se-
lected in this work.

With FCH 30 mm and working height 10 mm, the levitation
forces during field cooling with different ambient temperatures
are shown in Fig. 16. The final levitation force for 65 K, 70 K
and 77 Kiis 17.32 N, 17.22 N and 16.50 N respectively.
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Fig. 16 The levitation forces during field cooling with different ambient tem-
peratures.
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a) Vertical stability

The vertical displacements under the track irregularity exci-
tation with different ambient temperatures are sketched in Fig.
17. With the decrease of the temperature, the amplitude of ver-
tical displacement gradually increases, which keep consistent
with the trend of obtained levitation force after field cooling.

Compared with the obtained levitation force after field cool-
ing at 77 K, the levitation force increases by 4.36% and 4.97%
respectively for 70 K and 65 K. In terms of the amplitude of the
last wave of vertical displacement curve before the calculation
ends, it increases by 33.60 % and 40.80% respectively for 70 K
and 65 K, compared with that at 77 K. One can conclude there-
fore that, although lower ambient temperature could increase
the load capacity of system, however, it decreases the vertical
stability of the system.

- — 65 K1
4
';f. 0 L . I
= 20 21 22 23 24 25
g sf ! ! ' ! L —70K]
s
& 2 i
D | |
= d 1 L I i
5 20 21 22 23 24 25
5 6 T T T T
g | — 77K
4 .
2
20 21 22 23 24 25

Time [s]

Fig. 17 Vertical displacements under the track irregularity excitation with
different ambient temperatures. In order to express the tendency more intui-
tively, same y-axis scale was used.

b) Lateral stability

The lateral displacements under crosswind with 1.5 N lateral
force excitation at different ambient temperatures are depicted
in Fig. 18.
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Fig. 18 Lateral displacements under crosswind with 1.5 N lateral force exci-
tation at different ambient temperatures. In order to express the tendency more
intuitively, same y-axis scale was used.

In can be seen from Fig. 18 that the amplitude of lateral dis-
placements at 77 K, 70 K and 65 K are similar. This does not
mean that the ambient temperature has little influence on lateral
stability. There are 11, 13 and 14 peaks in lateral displacement
curve at 77 K, 70 K and 65 K respectively, which means the
frequency of the lateral vibration increases. Accordingly, in-
creasing ambient temperature may weaken the lateral stability.
Besides this work, similar conclusion was drawn in [45], in
which the influence of ambient temperature on the lateral sta-
bility of a rotational HTS maglev bearing was studied.

IV. CONCLUSION

In this paper, a validated three-dimensional strong-coupled
electromagnetic-thermal model for HTS bulk was established
with the significance of HTS thermal effect realized. It includes
both the non-linear electromagnetic characteristics and the ther-
mal characteristics of the HTS material. This model is of great
potential to be used in various studies, for example the thermal
analysis of HTS bulk in pulse magnetization process, HTS
bulk-based electrical machines with proper modifications.
Considering the systematicness and completeness of the paper,
the emphasis of this paper is lied in the application of the estab-
lished electromagnetic-thermal model in studying the dynamic
characteristics of a linear HTS maglev bearing. To predict the
dynamics of the studied system, it is coupled with motion equa-
tions further.

The dynamic responses of a linear HTS maglev bearing un-
der typical excitations for its application, i.e. earthquake, track
irregularity and crosswind, were calculated systematically with
and without thermal effect. Also, the influence of FCH, pre-
load and ambient temperature on system stability were dis-
cussed with the help of this model to find the methods to im-
prove the system stability for future real-scale applications. The
significant conclusions obtained in this work are listed as fol-
lows:

(@) The influence of thermal effect is greatly dependent on
the external excitation. The stronger the external exci-
tation, the more obvious the influence. Generally speak-
ing, due to the extra part of energy that can be dissipated
in the form of heat, with thermal effect taken into con-
sideration, the amplitude of vibrational displacement is
smaller; the period of vibration curve is shorter; and the
levitation drift is also smaller. Therefore, in the predic-
tion of the safety threshold in the future application of
linear HTS maglev bearing, the vibrational displace-
ment can be calculated with model without thermal ef-
fect considering the computing-time consumption.
Concerning the temperature rise, the stronger the exter-
nal excitation, the more intense the internal temperature
rise is. Besides, through looking at the temperature dis-
tribution inside HTS bulk, which are inaccessible by
means of 2-D models, it can be found the higher tem-
perature zone is located close to the bottom edge of HTS
bulk. Therefore, the area close to the bottom edge of
HTS should be paid more attention during the design
phase if quench detection is needed.

(b)
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(c) Concerning the FCH, although a better load-carrying
capacity could be obtained through larger FCH, both
vertical and lateral stability decrease firstly and then in-
crease with the increase of FCH. And its influence on
the lateral stability, is stronger than the influence on
vertical stability. Although this dilemma can be solved
by increasing the loading weight to some extent, the
tradeoff between stability and load-carrying capacity
still need to be made cautiously.

(d) Concerning the pre-load, the vertical stability could be
greatly enhanced by pre-load with load-carrying capac-
ity slightly decreased; however, the lateral stability is
weakened after pre-load unfortunately. A comprehen-
sive measurement therefore could be taken as a com-
promise in future applications: one can apply pre-load
process to enhance vertical stability, and increase FCH
at the same time in order to increase loading weight to
ensure lateral stability.

(e) Concerning the ambient temperature, although a better
load-carrying capacity could be obtained through de-
creasing ambient temperature, it may weaken the verti-
cal stability and lateral stability at the same time. The
tradeoff between load-carrying capacity and stability
need to be made cautiously too.

To conclude, although being based on the ideal simplification
of practical linear HTS maglev bearing, this paper could still
qualitatively provide a guideline for the design of linear HTS
maglev systems for transportation, electromagnetic launching
and other related applications. Promising methods to enhance
the dynamic stability of the system ware also put forward. More
importantly, a comprehensive electromagnetic-thermal-me-
chanical model for HTS bulk was built in this work. It can serve
as the theoretical foundation, through which more precise sim-
ulation will be available in future study on various HTS bulk-
related engineering applications.
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