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Abstract—Compared with rotary electrical machine in linear
drive applications, linear machine without rotary-linear motion
conversion equipment can have higher force density and efficiency.
Linear superconductivity machine (LSM) consists of high
performance superconducting magnet instead of permanent
magnet can offer very high force density and efficiency compared
with other linear machines, such as linear induction machine,
linear permanent magnet machine and so on. In this paper, LSM
with different stators and winding configurations are investigated,
specifically LSMs with concentrated winding or distributed
winding and unilateral side stator or bilateral side stator. The
electromagnetic parameters and performance of these LSMs are
calculated and compared by using the finite element method
(FEM), then the main difference of various design methods in LSM
have been concluded.

Index Terms—linear superconductivity machine (LSM), con-
centrated winding, distributed winding, finite element method
(FEM)

I. INTRODUCTION

ompared with using traditional rotary machine, the linear

drive systems can have high output force density, high ef-
ficiency, good mechanical robustness if the linear electrical
machine is adopted, as there is no rotary-linear conversion
mechanical device is required [1]-[5]. In the past decades, var-
ious kinds of linear machines had been proposed, including
the linear induction machine, linear permanent magnet ma-
chine, linear reluctance machine and etc. [6]. Among these
machines, the linear permanent magnet machine has shown
the highest force density and efficiency, due to the adoption of
high co-energy permanent magnet [7]. Currently, the high
temperature superconductivity (HTS) has undergone a great
step progress and it can be used in electromagnetic device
which including the linear electrical machines and energy sys-
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tem and etc. [8]. With adoption of HTS bulks, the linear su-
perconductivity machine (LSM) can have very high force den-
sity and efficiency, if compared with the linear permanent
magnet machine [9]-[11]. Recently, for the transportation ap-
plication, a linear superconductivity machine (LSM) with HTS
bulks had been proposed and verified [12]-[14].

Then LSM can have different characteristic when different
topologies are applied. In this paper, the LSM with different
stators and winding configurations, specifically the LSM with
concentrated winding or distributed winding, and LSM with
unilateral stator or bilateral stator are analyzed and compared,
based on the finite element method (FEM). The electromag-
netic parameters of the LSM with concentrated winding and
unilateral mover can be verified by the experiment results in
[15][16]. After the comparison, some profound conclusions

can be drawn.
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(a) Unilateral flat-plate LSM, LSM A

(b) Bilateral flat-plate LSM, LSM B
Fig. 1. Two LSMs with concentrated winding configuration
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(a) Unilateral flat-plate LSM, LSM C
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(b) Bilateral flat-plate LSM, LSM D
Fig. 2. Two LSMs with distributed winding configuration

Il. TOPOLOGIES AND WORKING PRINCIPLE OF
SUPERCONDUCTIVITY LINEAR MACHINES

The topologies of LSM with different stators and winding
configurations are illustrated in Fig. 1 and Fig. 2. As shown,
the LSM is designed with long primary stator and short sec-
ondary mover. In these figures, all complete secondary movers
are shown. However, for the primary stator only part of them
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are shown. The primary stator is designed by using silicon
steels and the secondary mover is designed by using HTS
bulks. The stator length is considered to be infinite long and
the number of HTS bulks is equal to 6, thus the number of
pole pairs of LSM is 3. The HTS bulk is made by the YBCO,
and it can work under the temperature of 77 K, its captured
highest flux density is about 3.5 T. Compared with the tradi-
tional linear PM machine, LSM has the advantages of high
force density and efficiency. However, due to the limit of ex-
periment condition, we just used the 0.5 T to represent its cap-
tured flux density in this paper. For the HTS bulks in the sec-
ondary mover, they are magnetized along y-direction and the
adjacent HTS bulks are magnetized along the opposite direc-
tions. For different motor topologies, different sizes of HTS
bulks are adopted. Especially in the LSM C and D, in order to
achieve the number of slot per phase per pole equals 3, the
length of the HTS bulks are stretched thus the active length of
these machines are different. For fair comparison, the volume
of HTS bulks in all these four linear machines are kept the
same. In the LSM with HTS bulks, a refrigeration system is
essential. Conventional cooling methods include liquid cool-
ing, and in short-range reciprocating motion, the Stirling en-
gine is used to simplify the cooling system. YBCO coil mag-
nets can be cooled to a temperature of 20 K by helium conduc-
tion cooling. [17][18]
TABLE | MAIN PARAMETERS OF THESE LSMs

Items LSM A LSM C LSM B LSM D
Stator type Single Double
Winding type Concentrated  Distributed Concentrated  Distributed
Stator pole
pitch(mm) 30 22 30 22
Stator tooth
width(mm) 10 10 10 10
Stator slot
width(mm) 20 12 20 12
Stator tooth
high(mm) 99 99 495 49.5
Stator yoke
high(mm) 41 41 20.5 20.5
Number of super-
conductivity 6
blocks
Superconductivity
block high(mm) 15 525/97 15 525/97
Superconductivity
block width(mm) 35 97 35 97
Air gap length be-
tween stator and 10.5 10.5 10.5 10.5
mover(mm)
Air gap length be-
tween HTS 10 35 10 35
bulks(mm)
Winding Turn 200 160 100 80

As shown in Fig. 1, LSM is designed with the configuration
of 9 stator slots and 6 poles number. The main difference be-
tween LSM A and LSM B is that the LSM A is designed with
one primary stator and one secondary mover while the LSM B
is designed with one secondary mover in between of two pri-
mary stators. As shown in Fig. 2 the LSM C and LSM D both
has the stator slot number of 36 and pole number of 6. The
main difference between LSM C and LSM D is that LSM D
has two primary stators and one secondary mover. From the
perspective of stator structure, the adoption of unilateral stator

structure will make the mover with normal force, this kind of
force is required for some applications. However, only the
thrust force along the motion direction is considered in this
paper. As shown, LSM A and LSM B are designed with con-
centrated windings and LSM C and LSM D are designed with
distributed windings. The main parameters of the motor are
tabulated in Table. 1.

(2) Unilateral flat-plate LSM (b) Bilateral flat-plate LSM
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(c) Unilateral flat-plate LSM (d) Bilateral flat-plate LSM

Fig. 3. Flux linkage of the four LSMs under no-load condition. (a) and (b) are
the flux linkage of LSM A and LSM B shown in the Fig. 1. (c) and (d) are the
flux linkage of LSM C and LSM D shown in the Fig. 2.

(@) LSM A
Fig. 4. Flux distribution of LSM A and LSM B shown in the Fig. 1.

(b) LSM B

I1l. MAGNETIC PARAMETER COMPARISON

In this section, by using FEM the main magnetic parameters
of LSM with four different configurations have been obtained.
Fig. 3 shows the flux linkage of these LSMs, it can be seen
that all LSMs can have three phase symmetrical magnetic flux
distribution. The magnitude of the magnetic flux for machine
A, B, C and D is 0.0175 Wb, 0.0365 Wb, 0.12 Wb and 0.4 Wh
respectively. As shown, the flux linkage of LSM can be im-
proved by using bilateral side primary stator configuration as
the flux leakage is decreased. The magnetic flux distribution
of the LSM A and LSM B is illustrated in Fig. 4. The bilateral
side primary stator can bring LSM with the advantage of
symmetrical magnetic pull force as well. With using distribut-
ed winding, the magnetic flux across the winding will be im-
proved if compared with that with concentrated winding con-
figuration. The main reason is that the length of HTS bulks is
longer and thus more magnetic flux can be produced. Howev-
er, the application of distributed winding will bring the ma-
chine with longer end length of the winding and thus the cop-



per loss will be increased. Therefore, from the viewpoint of
magnetic flux the flux linkage of LSM D is the highest one.

Induced voltage is another important parameter to represent
the performance of electrical machine, it is obtained by using
below equations,

Y=NJ (1)
e=-Y @

where ¥is the flux linkage, N the turn number, ¢ the magnetic
flux, and e the induced voltage. Fig. 5 shows the induced volt-
age of these LSMs respectively. As the induced voltage is ob-
tained based on the deviation of magnetic flux linkage, the
magnitude of the induced voltage of LSM D is the highest one
among these machines.
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(a) Unilateral flat-plate LSM (b) Bilateral flat-plate LSM
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(c) Unilateral flat-plate LSM (d) Bilateral flat-plate LSM

Fig. 5. Induced voltage of the four LSMs under no-load condition. (a) and (b)
are the induced voltage of LSM A and LSM B (c) and (d) are induced voltage
of the LSM C and LSM D

For LSM, the thrust force is most important parameter. In
this paper the electromagnetic force along x-direction is the
thrust force. By using FEM, the force along x-direction of
these LSMs at the current density of 2.55 A/mm? is illustrated
in Fig. 6. The aim of linear machine design is to achieve high-
est average thrust force and lowest thrust force ripple. It can
be seen that the rated thrust force of LSM A is about 620 N
while that of LSM B is about 809 N. As shown the average
force for LSM C and LSM D is 920 N and 1700 N respective-
ly. The calculated force of these LSMs have the same relation-
ship with the calculated induced voltage. The utilization of the
distributed winding and bilateral topology will bring the LSM
with better performance.
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Fig. 6. Force_x of the four LSMs under load condition. (a) and (b) are the
Force_x of LSM A and LSM B (c) and (d) are Force_x of the LSM C and
LSM D

Table 1l tabulates the comparison of peak-to-peak and aver-
age thrust force of these four LSMs. It can be seen that the
force ripple of LSM A is the highest one. LSM C had the low-
est force ripple, reaching 0.77%. Compared with other LSMs,
LSM D has the maximum thrust force, and the thrust force
ripple is lower than that of LSM A and LSM B. Therefore, it
can be regarded as the best configuration for the LSM.

TABLE |l FORCE AND FORCE RIPPLE COMPARISON OF THESE LSMs

Item single double
concentrated distributed concentrated distributed
Avg/N 620.92 924.33 809.46 1702.23
P-P/N 30.72 15.20 6.22 24.41
Force ripple 4.94% 1.64% 0.77% 1.43%

The unbalanced magnetic pull force between the primary
stator and the secondary mover will bring LSM with a great of
drawbacks, thus it cannot be ignored in the analysis of the
LSM with above four configurations. The calculated unbal-
anced magnetic pull force of these four LSMs are illustrated in
Fig. 7. As shown, for bilateral side primary stator and one sec-
ondary mover configurations the average unbalanced magnetic
pull force equals 0, thus it can be good for some applications.
However, for the magnetic levitation applications, this kind
force can be useful. For the effect of the different winding
configurations, the distributed winding will bring the LSM
with lower unbalanced magnetic force.
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Fig. 7. Force_y of the four LSMs under load condition. (a) and (b) are the
Force_y of LSM A and LSM B, (c) and (d) are Force_y of the LSM C and
LSM D.



The core loss produced in LSM will reduce the efficiency of
the LSM, thus it has been analyzed. Fig. 8 shows the calculat-
ed core loss of these four LSMs at the current density of 2.55
A/mm? and the speed of 0.45 m/s. As shown the core loss of
LSM A is about 13 W, that of LSM B is about 3.5 W, that of
LSM C is about 5.5 W and that of LSM D is about 5.7 W. It
can be seen that for the concentrated winding configuration,
the adoption of two primary stators will make the LSM with
much lower core loss. As for the distributed winding configu-
ration, the difference resulted by one primary stator or two
primary stators is very small.
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Fig. 8 Core loss of the four machines under load condition. (a) and (b) are the
core loss of LSM A and LSM B, (c) and (d) are the core loss of LSM C and
LSM D.

IV. CONCLUSIONS

In this paper, LSM with different stators and winding con-
figurations are analyzed and compared. Specifically, LSM A
with one primary stator, one secondary mover and concentrat-
ed winding, LSM B with two primary stators, one secondary
mover and concentrated winding, LSM C with one primary
stator, one secondary mover and distributed winding, LSM D
with two primary stators, one secondary mover and distributed
winding. With the help of FEM package MAXWELL 2D, the
main parameters and performance of these LSMs has been an-
alyzed and compared. It can be seen that with two primary sta-
tor configurations the average magnetic thrust force of the
LSM can be improved and also with the adoption of distribut-
ed winding the force can be increased. As for unbalanced
magnetic force, it can be known that the two primary stators
will bring the LSM with lower force, it is interested in many
applications. However, for some determined applications e.g.
the magnetic levitation application the unbalanced magnetic
force is welcome. As for the core loss comparison, it can be
seen that for the LSM with distributed winding, the effect re-
sulted by the stator configurations is quite low.
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