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A B S T R A C T

High-temperature superconducting (HTS) linear synchronous motor (LSM) with coreless stator presents nu-
merous advantages, among which we stress the high thrust density, large electromagnetic gap as well as the
absence of iron losses. This paper aims to investigate the magnetic fields and forces in a coreless HTS LSM and
the AC losses in the REBCO coil serving as the excitation system therein. First, a three-dimensional analytical
model to calculate the magnetic fields and forces is derived, based on the Biot-Savart law and the Lorenz
equations. Secondly, the air-gap magnetic fields and forces are calculated by the analytical model and its ef-
fectiveness was confirmed by comparison with the finite element method (FEM) model and experimental
measurement. Lastly, the AC losses in the REBCO secondary coil are calculated by a two-dimensional FEM model
combined with the three-dimensional analytical model. These results prove that the analytical model presents
several advantages of high computational accuracy and less computing-time consumption.

1. Introduction

The coreless high-temperature superconducting (HTS) linear syn-
chronous motor (LSM), due to its high thrust density, large electro-
magnetic gap and the absence of iron losses, has attracted growing
attention in the high-speed transportation systems, such as the high-
speed train with wheel-rail support [1,2] and the electrodynamic sus-
pension (EDS) train [3,4]. The EDS train consists of the suspension
system and the driving system in which the coreless HTS LSM is used
because of its unique advantages, for instance, the robust driving sta-
bility and increasing suspension stability with lateral displacements [5].
In order to promote the development of the EDS train and wheel-rail
train in the high-speed transportation, a systematical examination of
the electromagnetic properties of coreless HTS LSM is essential.
Several studies on the electromagnetic properties of coreless HTS

LSM have been carried out in recent years. A 7-kW air-core-type HTS
LSM prototype has been designed and installed in a bogie on a 10-m
track, and the test results have verified the effectiveness of the coreless
HTS LSM for high-speed trains [2]. More recently, the comparison of
electromagnetic forces generated by two types of small-scale HTS LSMs
with air-core stator and iron-core stator respectively was performed,
and it proved that the coreless HTS LSM can provide better thrust and
normal force [6]. Besides, based on the Genetic Algorithm method and
virtual displacement method, two analytic models were developed in

parallel to calculate and optimize the electromagnetic forces of the
coreless HTS LSM for the EDS train [5,7]. The obtained results show
that the racetrack magnet with elliptical sides can improve thrust and
normal force, and the thrust fluctuation can be mitigated by using the
optimal parameters of the propulsion coil.
The existing studies on the electromagnetic forces of coreless HTS

LSM are mainly based on the experimental measurement and the nu-
merical simulation, where a two-dimensional (2-D) finite element
method (FEM) model has been the most common choice. However, the
2-D FEM model cannot take the transverse end effect of LSM into ac-
count, leading to the degradation of calculation precision. Therefore, it
is necessary to develop a 3-D model for precisely and efficiently eval-
uating the electromagnetic properties of the coreless HTS LSM. For this
purpose, this paper will establish a 3-D analytical model based on the
Biot-Savart law and the Lorenz equations to systematically investigate
the electromagnetic properties.

2. Analytical model

The coreless HTS LSM consists of the REBCO coil serving as the
excitation system and the flat stator made of three-phase copper-based
windings embedded in non-magnetic frame, as shown in Fig. 1. The
REBCO coil has the racetrack structure composed of two straight sides
of length 2l and two semi-circular sides of radius r. The copper windings
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of the flat stator have the double-layer distributed structure and each
copper winding is treated as a rectangular coil. These rectangular coils
are clockwise rotated by an angle θ.
Fig. 2 shows a rectangular coil with length 2a and width 2b and a

circular coil with radius r, where the rectangular coil carries current Is
and the circular coil carries current I0. In order to simplify the calcu-
lation, none of the cross sections of the coils are considered in the
analytical model. The parameters of HTS LSM have been specified in
Table 1. and more details can be found in [8,9]. The Cartesian co-
ordinate systems are established at the centers of two coils. The mag-
netic field components of the rectangular coil and circular coil can be
calculated by Biot-Savart law, and then the air-gap magnetic field in
coreless HTS LSM can be derived from these field components based on
the superposition principle of the magnetic field, due to the absence of
magnetic material.

2.1. Magnetic field of rectangular coil

First, the magnetic field components of four finitely long current-
carrying conductors marked by numbers 1–4 in Fig. 2(a), can be cal-
culated by (1)–(4) based on the Biot–Savart law [10].
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where the first and second subscripts of Bij (i = 1, 2, 3, 4; j = x, y, z)
represent the side number and the component of magnetic field, re-
spectively; μ0 is the permeability in vacuum; the variables X1 – X4 are
respectively defined as follows,
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According to the superposition principle of the magnetic field, the
three magnetic field components of one rectangular coil in the x-y plane
can be calculated as presented in (9)–(11).

= +B B B ,x x x2 4 (9)

Fig. 1. 3-D analytical model of the coreless HTS LSM with the REBCO coil as the excitation system.

Fig. 2. (a) Rectangular coil and (b) circular coil used to calculate the air-gap magnetic field in coreless HTS LSM.

Table 1
Specifications of coreless HTS LSM.

Parameters Values

REBCO coil
Width of tape [mm] 4.8
Radius of circular side r [mm] 23
Length of straight side 2l [mm] 170
Width of coil W [mm] 222
Number of coil N 60
Exciting current I0 [A] 80
Flat stator
Number of turns Ns 174
Length of rectangular coil 2a [mm] 52.8
Width of rectangular coil 2b [mm] 103
Frequency of stator current f [Hz] 50
Amplitude of stator current Is [A] 15
LSM
Pole pitch τ [mm] 60
Electromagnetic gap g [mm] 20
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= +B B B ,y y y1 3 (10)

= + + +B B B B B .z z z z z1 2 3 4 (11)

Since all rectangular coils in the flat stator are clockwise rotated by
an angle θ in the x-z plane (see Fig. 1), the following rotation matrix
(12) can be applied.
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Then, three magnetic field components of the rotated rectangular
coil can be expressed by (13).
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Finally, by using the superposition principle once more, the tra-
velling magnetic field components of the coreless flat stator, including
the x-component Bsx, y-component Bsy and z-component Bsz in
Cartesian coordinate system, can be obtained through (13) after con-
sidering all the rotated rectangular coils and applying the symme-
trically three-phase alternating current in these rectangular coils.

2.2. Magnetic field of racetrack coil

The racetrack coil consists of two straight sides and two semi-cir-
cular sides (see Fig. 1), where the coordinates of the centers of two
semi-circular sides are respectively defined as (0, l, 0) and (0, −l, 0).
First, the magnetic field components of the two straight sides can be
obtained from (2) and (4) when replacing a, b, Ns and Is with r, l, N and
I0. Secondly, the magnetic field components of the two semi-circular
sides are obtained by the following definite integrals [11],
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where the Bcx, Bcy and Bcz represent the x-component, y-component and
z-component of the magnetic field, respectively. The r1 and r2 are the
distances between the field point (x, y, z) and two source points, i.e.,
(mcosα, l+ nsinα, 0) and (mcosα, ‒l+ nsinα, 0) on the two semi-cir-
cular sides, respectively.
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where m and n represent the major radius and minor radius of an el-
liptical sides, here m= n= r.
The magnetic field components of one racetrack coil, including the

x-component Brx, y-component Bry and z-component Brz in Cartesian
coordinate system, can be derived from (2), (4), (14)–(16). If the ra-
cetrack coil has a transverse displacement Δy, the variable y in (6), (8),
(16)–(18) needs to be modified as y ‒ Δy. Finally, the air-gap field of
LSM can be quantified by (2), (4), (13)–(16).

2.3. Electromagnetic forces

With the air-gap magnetic field in hand, the Lorenz equations can be
applied to calculate the electromagnetic forces of coreless HTS LSM
[12],
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where the Fx, Fy and Fz represent the thrust, transverse force and
normal force, respectively. The Γi represents the center line of the ra-
cetrack coil, and the subscript i represents the number of the center
line. Here we have assumed i = 1. The current vector [Ix, Iy] of race-
track coil is defined by (22) [13].
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3. Results and discussions

Based on the aforementioned analytic model, the air-gap magnetic
field distribution of the coreless HTS LSM is calculated in the first place
and compared with the results of a full 3-D FEM model developed in [8]
to verify the analytical model. Secondly, the electromagnetic forces of
the HTS LSM under a mover-locked condition are calculated and
compared with the results of a 2-D FEM model developed in [9] to
further verify the analytical model. Thirdly, the electromagnetic forces
under the transverse displacements of the racetrack coil relative to the
stator are investigated and the effect that the width of the coreless
stator has on forces is studied. Fourthly, the AC losses of the racetrack
REBCO secondary coil are evaluated by a 2-D FEM model combined
with the 3-D analytical model. By default, only one racetrack coil is
considered.
Additionally, we also experimentally verified the 3-D analytical

model in terms of the thrust and normal force of a HTS LSM, which will
be discussed in Appendix A. In Appendix B, the effect of back iron on
the forces of the LSM will be discussed, based on the 3-D analytical
model.

3.1. Magnetic field distribution

The horizontal component Bsx of the travelling magnetic field gen-
erated by the coreless stator is calculated by the proposed 3-D analytical
model and the 3-D FEM model developed in [8]. The results evaluated
in a rectangular domain of 4τ in the x direction per 4τ in the y direction
at 20 mm above the upper surface of the stator (z direction), are shown
in Fig. 3. The two models show a good agreement on the distribution of
magnetic field, which serves as a validation for the 3-D analytical
model. It can also be seen from Fig. 3 that the magnetic field presents a
significantly non-uniform distribution along the width of the coreless
stator, and it decreases from the symmetric cross section (y= 0) to the
transverse end of stator.
Fig. 4 shows the horizontal component Brx and vertical component

Brz of the magnetic field at a height of 20 mm generated by the race-
track coil under different exciting currents, where the solid lines re-
present the results of the 3-D analytical model and the open symbols
represent those of the 3-D FEM model. The inset shows the line where
the magnetic field is extracted. The analytical and numerical results
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agree well on the distribution of the magnetic field, which is in-
dependent of the location and the exciting current of the coil. From
Figs. 3 and 4, we can conclude that the 3-D analytical model can re-
produce accurately the air-gap magnetic field. Since the 3-D analytical
model only needs to solve the definite integrals (14)–(16), its com-
puting-time consumption is much less than the 3-D FEM model.

3.2. Electromagnetic forces

Fig. 5 shows the thrust Fx and normal force Fz of the coreless HTS
LSM under different amplitudes of the stator current when the elec-
tromagnetic gap remains 20 mm, where the solid lines represent the
results of the 3-D analytical model and the open symbols represent
those of a 2-D FEM model [9]. Only a slight difference can be found on
the electromagnetic forces between the two models. Furthermore, the
thrust and normal force behave as sinusoids and they increase linearly
with the amplitude of the stator current.
Fig. 6(a) shows the amplitudes of thrust and normal force with re-

spect to the width of stator 2b. It is found that the two forces first in-
crease linearly with the width of the stator, and then increase slowly
when the width of the stator is around the width of racetrack coil. Lastly
the two forces remain constant after the width of stator becomes larger
than the width of the racetrack coil. It is noteworthy that the maximum
value of the normal force is larger than that of thrust. The explanation is
as follows: the transverse travelling magnetic field component Bsy under
different gap heights above the upper surface of the stator is shown in
Fig. 6(b), and the inset on the top left corner of the figure shows the
normal force generated by the two circular sides of the racetrack coil.
Fig. 6(b) portrays that the transverse magnetic field is mainly dis-
tributed at the edges of the stator. Since the two circular sides are lo-
cated near the transverse end of the stator, an additional normal force

will be generated from the electromagnetic interaction between the
circular sides and the transverse magnetic field according to (21).
However, the transverse magnetic field makes no difference to the
thrust. That is the main reason why the normal force is larger than the
thrust. Furthermore, the amplitude of the additional normal force will
increase with the decrease of electromagnetic gap, as shown in the
inset.
Besides, when the gap is below 8 mm, the amplitude of the normal

force declines after reaching its maximum value, which results from the
end effect of the stator. That is to say, when the width of racetrack coil
is equal to the width of the stator, the circular sides of the racetrack coil
suffer from the maximum transverse component shown in Fig. 6(b),
thus the additional normal force reaches its maximum value. With the
increase of the width of the stator, the circular sides suffer from a
smaller transverse magnetic field, so the amplitude of the additional
normal force decreases, leading to a decline of normal force. In addi-
tion, the amplitude of thrust has a slight increment after the width of
stator exceeds the width of racetrack coil, since the thrust generated by
the straight sides of the racetrack coil always increases with the in-
crease of the width of the stator. That can be explained by the non-
uniform distribution of the travelling magnetic field along the width of
stator, as shown in Fig. 3. According to the above discussion, we can
conclude that the maximum forces happen when the racetrack coil and
coreless stator keeps the same width, which is independent of the gap.
Therefore, the optimal width of the racetrack coil is the width of the
coreless stator.
A 2-D FEM model is the most common choice to calculate the

electromagnetic forces of a LSM, but it ignores the transverse end effect
of the LSM and brings the decrease of calculation precision. Therefore,
several actions need to be taken to improve its precision. Fig. 7(a)
shows the effective width of the racetrack coil for calculating the

Fig. 3. Horizontal component Bsx of travelling magnetic field generated by the coreless stator, which is calculated by the 3-D analytical model (a) and the 3-D FEM
model (b) developed in [8], respectively.

Fig. 4. Horizontal component Brx (a) and vertical component Brz (b) of the magnetic field at a height of 20 mm generated by the racetrack coil under different
exciting currents, where the solid lines represent the results of the 3-D analytical model and the open symbols represent the results of the 3-D FEM model.
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electromagnetic forces of coreless LSM based on the 2-D FEM model
[9]. The average effective width in Fig. 7(a) is obtained by averaging
the effective widths of both the thrust and normal force. Two cases can
be discerned, when the width of the racetrack coil is larger than that of
the stator, the effective width is about 0.97 times the width of the
stator. On the other hand, when the width of the stator is larger than the
racetrack coil, the effective width is now 0.91 times the width of the
racetrack coil. In both cases, one can find that the average effective
width is closer to the smaller one between both the stator and racetrack
coil. It is due to the transverse end effect of the smaller coil that the
effective width is a little smaller than the width of this one. If the ef-
fective width of racetrack coil is not defined, one could select the
smaller width between the racetrack coil and stator. That is to say, the
smaller one of two widths of racetrack coil and stator can be selected to
calculate the forces of a coreless LSM by resorting to a 2-D FEM model.
It needs to be clarified that the results of 2-D FEM model shown in Fig. 5
were calculated using the width of the stator, so the forces are a little
larger than the one of the 3-D analytical model.
Fig. 7(b) shows the amplitudes of the electromagnetic forces (open

symbols) calculated by the 2-D FEM model after considering the
average effective width. In order to facilitate the understanding of the
comparison, the forces calculated by the 3-D analytical model are
shown again herein. Which shows a good agreement on the amplitudes
of forces between the 2-D FEM model and the 3-D analytical model.
There is a relatively large divergence only near the transition region
where the widths of both stator and racetrack coil are the same. It can

be concluded that a 2-D FEM model can give approximate results when
calculating the electromagnetic forces of a coreless LSM by considering
the effective width of racetrack coil, but the divergence still exists since
the transverse end effect cannot be completely characterized by an ef-
fective width.
Fig. 8 shows the amplitudes of thrust, normal force and transverse

force with respect to the plus y-direction transverse displacement Δy
(Δy > 0) of the racetrack coil when 2b = W. It can be found that the
amplitudes of thrust and normal force slowly decrease before one cir-
cular side of racetrack coil moves out the upper surface of stator, i.e.,
Δy < r, that is mainly because of the fact that the thrust and normal
force generated by the circular side decrease. Likewise, when Δy > r,
the thrust and normal force linearly decrease, since the two forces
generated by the straight sides decrease. On the contrary, the transverse
force linearly increases when Δy < r, and then slowly increases to a
saturated value. It is worth mentioning that the transverse force trends
to improve the transverse stability of the LSM, because the direction of
transverse force is opposite to the direction of displacement.

3.3. AC losses of racetrack REBCO secondary coil

Based on the developed 3-D analytical model and the 2-D FEM
model [9], the AC losses of racetrack REBCO secondary coil can be
obtained. Recently, various numerical methods have been developed to
calculate the AC losses of REBCO coil, such as the H-formulation
[13–16], T-A formulation [17–19] and the integral equations method

Fig. 5. Thrust Fx (a) and normal force Fz (b) of the coreless HTS LSM under different amplitudes of stator current, where the solid lines represent the results of the 3-D
analytical model and the open symbols represent those of a 2-D FEM model [9].

Fig. 6. Amplitudes of thrust and normal force with respect to the width of stator 2b (a) and the transverse travelling magnetic field component Bsy (b) under different
gap heights above the upper surface of the stator. The inset shows the normal force generated by the two circular sides of the racetrack coil.
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[20,21]. In this paper, the widely accepted homogenous H-formulation
has been adopted and a 2-D FEM model is developed to calculate the AC
losses of the racetrack REBCO secondary coil. For the purpose of con-
sidering the transverse end effect of the LSM, the cross sections of both
the straight side and circular side of REBCO coil are selected and the
corresponding models are named straight side model and circular side
model respectively, as shown in Fig. 9, where the magnetic field on the

Dirichlet boundary condition is calculated by the 3-D analytical model.
To verify the developed 2-D FEM model, the AC losses of racetrack

REBCO coil presented in [13] are calculated by the 2-D FEM model and
a comparison of the results is shown in Fig. 10(a). The slight difference
on the AC losses between the developed model and the full 3-D FEM
models [13] validates the 2-D model. It is a fact that the 2-D FEM model
coupled with the 3-D analytical model costs less computing time than
the full 3-D FEM model. For instance, in order to calculate one data
point in Fig. 10(a) the 2-D FEM model costs about 0.17 h and the 3-D
FEM model costs about 17.6 h on a PC (Intel i7-7700, 3.60 GHz, RAM
32 GB). Fig. 10(b) shows the AC losses of the straight side and the
circular side of the REBCO coil. One can find that the AC losses of the
straight side are a little larger than that of the circular side, due to the
longer effective length of the straight side [13]. After the exciting
current reaches 120 A, however, the AC losses of the circular side
quickly increase and then exceed those of the straight side owing to the
effect of self-field of racetrack coil. The inset shows the instantaneous
AC losses for the case of an exciting current of 100 A, it can be seen that
the maximum value of the instantaneous losses of the straight side is a
little lager than those of the circular side.
According to the validated 2-D FEM model, the AC losses of the

racetrack REBCO coil, serving as the excitation system of the LSM, are
calculated under the mover-locked condition and the results for dif-
ferent amplitudes and frequencies of the stator current are shown in
Fig. 11. Since the amplitude of the induced transport current in the
REBCO secondary coil is dependent of not only the frequency and
amplitude of the stator current [8], but also the resistance and capa-
citance of REBCO secondary coil [22], the induced current is difficult to
be determined in the FEM model. Here, we assumed that the induced
current is proportional to the amplitude of the stator current, and that a
stator current of 20 A corresponds to the induced current of 20 A. An
additional supplement is that the frequency of the induced transport
current is the same with the frequency of stator current [6]. The
magnitude of travelling magnetic field on the Dirichlet boundary con-
dition was shown in Fig. 3. Before applying the travelling magnetic field
to the boundary, a decay of 0.5 s has been taken into account for the
flux creep and relaxation of the magnetic field in REBCO coil, which
follows the starting process of a HTS LSM [23].
It can be inferred from Fig. 11 that the AC losses of REBCO sec-

ondary coil increase nonlinearly in the logarithmic coordinate system
with the normalized exciting current for all given amplitudes of the
stator current, which is different with the characteristic presented in
Fig. 10. The main reason for the difference on the nonlinear variation
law of the losses could be that the REBCO secondary coil carried a
hybrid exciting current composed of the enforced direct current and the

Fig. 7. (a) Effective width of racetrack coil for calculating the electromagnetic forces of coreless LSM by a 2-D FEM model, where the average effective width is
obtained by averaging the effective widths of both the thrust and normal force. (b) Maximum electromagnetic forces (open symbols) calculated by the 2-D FEMmodel
after considering the average effective width.

Fig. 8. Amplitudes of thrust, normal force (a) and transverse force (b) with
respect to the transverse displacement of racetrack coil.

Fig. 9. 2-D FEM model of the racetrack REBCO secondary coil, where the
magnetic field on the Dirichlet boundary condition is calculated by the 3-D
analytical model.
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induced alternating current. It is easy to understand that an increase of
the amplitude of the stator current resulted in the rise of the losses.
Fig. 11(b) shows the AC losses of REBCO secondary coil with respect to
the normalized exciting current for varying frequencies of the stator
current. When the exciting current of the coil is below 50 A, the losses
are almost independent of the frequency of the stator current, which
may be because the AC losses are dominated by the hysteresis losses.
After the exciting current of the coil exceeds 50 A, there is a large re-
gion occupied by the overcritical current density in the REBCO sec-
ondary coil, leading to a considerably large increase of the losses. As
seen from the two insets in Fig. 11, the average power losses augment
with the increase of the amplitude and frequency of the stator current.

4. Conclusions

Based on the Biot-Savart law and the Lorenz equations, a general 3-
D analytical model for calculating the electromagnetic properties of a
coreless HTS LSM was established and confirmed. With the help of the
3-D analytical model, a 2-D FEM model was developed to evaluate the
AC losses of the racetrack REBCO coil serving as the excitation system
of the LSM. An extended application of the developed 3-D analytical
model was given in the Appendix. The following conclusions are drawn.
The exhibited 3-D analytical model is capable of precisely re-

producing the air-gap magnetic field and electromagnetic forces in a
coreless HTS LSM. Compared to both the full 2-D FEM and 3-D FEM

models, the 3-D analytical model costs much less computing time and is
therefore more promising for the design optimization of a coreless HTS
LSM.
The maximum thrust and normal force happen when the widths of

both the racetrack coil and the coreless stator are the same, which is
independent of the gap. The circular side of racetrack coil will increase
the normal force more than the thrust because of the transverse tra-
velling magnetic field component, which cannot be considered in a 2-D
FEM model. By considering the effective width of racetrack coil, a 2-D
FEM model can approximately calculate the electromagnetic forces of a
coreless LSM. If the effective width of the racetrack coil is not defined,
the smaller one of two widths of the racetrack coil and the stator can be
selected to calculate the forces by resorting to a 2-D FEM model.
By resorting to the 2-D FEMmodel combined with the 3-D analytical

model, the AC losses of the racetrack REBCO coil serving as the ex-
citation system of the coreless LSM are obtained. The results show that
the developed 2-D FEM model can reproduce precisely and efficiently
the AC losses of REBCO secondary coil subjected to the travelling
magnetic field.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Fig. 10. (a) AC losses of REBCO coil calculated respectively by the developed 2-D FEM model and the full 3-D FEM model [13] and (b) a comparison of the AC losses
of the straight side and circular side.

Fig. 11. AC losses of the racetrack REBCO secondary coil under different amplitudes (a) and frequencies (b) of the stator current.
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Appendix A. Validation of the 3-D analytical model

To experimentally validate the exhibited 3-D analytical model, the electromagnetic forces obtained from the 3-D analytical model were compared
with the results of the experimental measurement, which has been presented in our previous work [6]. Fig. A1 shows the comparison of the
electromagnetic forces between the experimental measurement and the 3-D analytical model under different amplitudes of stator current. The
electromagnetic gap remains 25 mm and the frequency of stator current is 30 Hz. The solid lines represent the 3-D analytical results and the open
symbols represent the measured results. Due to the absence of iron core, the zero-order components of the thrust Fx and normal force Fz have been
eliminated during the data processing. Fig. A1 illustrates that the 3-D analytical model reproduces the measured results, regardless of the amplitudes
of stator current. The forces of the experimental measurement exhibited a significant variation as a result of the induced current in the REBCO coil
subjected to travelling magnetic field [6,8]. Nonetheless, the fundamental components of both the thrust and normal force follow proportional
relation with the stator current, because the amplitude of travelling magnetic field is proportional with the stator current.
Based on the Fast Fourier Transform, the fundamental components of the thrust and normal force in Fig. A1 are extracted and shown in Fig. A2,

where the results of the 2-D FEM model of the coreless HTS LSM have also been shown to better verify the 3-D analytical model. A good agreement
can be found on the fundamental components of the thrust and normal force between the experimental measurement and 3-D analytical model, and
the maximum relative error is less than 7%, thus validating the 3-D analytical model. As expected, the amplitudes of the fundamental components of
the thrust and normal force, obtained from both the 2-D FEM model and 3-D analytical model, increase linearly with the amplitude of stator current.

Appendix B. Introduction of back iron

The developed analytical model can be used to calculate the air-gap magnetic field and electromagnetic forces of HTS LSM with the back iron in
the flat stator and racetrack coil. As expected, the introduction of back iron into the LSM can lead to an increase in thrust and normal force [24,25].
Fig. B1(a) shows the vertical component Brz of magnetic field generated by the racetrack coil in the center point shown in the inset, where the open
symbol represents the result of a full 3-D FEM model and the solid line represents those of the 3-D analytical model. It is found that the analytical
model can reproduce precisely the result of FEM model when the magneto motive force of coil is below 5 kA·turns, but the error of analytical model

Fig. A1. Comparison of the electromagnetic forces of a coreless HTS LSM between the experimental measurement [6] and the 3-D analytical model, (a) thrust and (b)
normal force under different amplitudes of stator current, where the solid lines represent the 3-D analytical results and the open symbols represent the measured
results.

Fig. A2. Fundamental components of the thrust Fx (a) and normal force Fz (b) under different amplitudes of stator current.
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occurs and augments after the magneto motive force exceeds 5 kA·turns on account of the saturation of back iron, which is not able to be represented
in the analytical model. Fig. B1(b) shows the transverse component Bry and vertical component Brz of magnetic field generated by the racetrack coil
in the center line shown in the inset with a magneto motive force of 4.8 kA·turns. These identical results of the two models prove that the analytical
model can reproduce precisely the magnetic field of racetrack coil with a back iron when unsaturated.
Fig. B2 shows the transverse component Bsy of travelling magnetic field at the transverse end of the stator under different gap heights, i.e., 3 mm,

15 mm and 25 mm. The magnetic field of the stator without back iron is shown in Fig. B2(a) and the magnetic field of the stator with back iron is
shown in Fig. B2(b), where the dashed lines represent the results of a 3-D FEM model and the solid lines represent those of the 3-D analytical model.
The identical results validate the analytical model. It is important to point out that the back iron in stator is difficult to be saturated because of the
small value of travelling magnetic field [5]. Besides, by comparison with Fig. B2(a) and (b), one can observe that the magnetic field of the stator with

Fig. B1. (a) Vertical component Brz of magnetic field generated by the racetrack coil in the center point and (b) the transverse component Bry and vertical component
Brz of magnetic field in the center line of the coil with a magneto motive force of 4.8 kA·turns.

Fig. B2. Transverse component Bsy of the travelling magnetic field at the transverse end of the stator without back iron (a) and with back iron (b).

Fig. B3. Amplitudes of the thrust and normal force as a function of electromagnetic gap of the LSM with and without back iron.
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back iron is a little larger than that of the stator without back iron. When the gap exceeds 15 mm, the waveform of magnetic field becomes very
smooth, which implies a significantly less harmonic component for the large-gap HTS LSM.
The amplitudes of the thrust and normal force as a function of electromagnetic gap of the LSM with and without back iron are shown in Fig. B3. In

which, the enhanced coefficient η of the forces is defined as follows,

= F F
F

,ironcore aircore

aircore (A1)

where Firon core represents the force of the LSM with back iron, and Fair core represents the one without back iron.
It can be inferred from Fig. B3 that the thrust and normal force with back iron in both the coil and stator are twice larger than the one without

back iron, and the enhanced coefficient of back iron in coil is larger than the one in stator. In particular, the sum of the enhanced coefficients of both
the coil and stator respectively with back iron is less than the one simultaneously in both because of the electromagnetic interaction between the two
back irons.
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