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ABSTRACT This paper proposes and analyzes a novel high-temperature superconducting (HTS) modular
flux-switching linear machine for long-stator applications, which adopts the stator with a low-cost salient-
pole iron core and accommodates both the armature windings and HTS-excitation windings on the short
mover, thus facilitating static seals of cooling Dewar for the HTSwindings. The key of the proposed machine
is to employ a modular mover structure composed of separate phase modules to achieve a complementary
pattern, such that the cogging force can be significantly offset to effectively reduce the force ripple while
offering the advantages of very symmetrical back electromotive force (EMF) and high fault tolerance. The
operation principle and optimization analysis of the proposed machine with concern on the HTS-excitation
characteristics are carried out. Also, by using the two-dimensional finite elementmethod, the electromagnetic
performances of the proposed machine are investigated to verify its validity. The results show that it can offer
symmetrical and sinusoidal back-EMF, high fault tolerance, and low force ripple.

INDEX TERMS Finite element method (FEM), flux-switching machine, high-temperature superconducting
excitation; linear machine.

I. INTRODUCTION
For the linear motion applications such as urban rail transit,
the linear machines can provide a direct thrust force without
the energy conversion from rotary to linear motion com-
pared to the rotary machines [1], [2]. It is known that the
linear permanent-magnet synchronous (LPMS) machine has
higher power density and efficiency than the linear induction
machines [3]. However, for linear long-stator applications,
the conventional LPMS machine inevitably suffers a signifi-
cant cost since a large number of magnets or armature wind-
ings need to be set along the long stator. To solve this issue,
a series of primary PM linear machines [4]–[7] have been
presented and attracted much attention, which places both
the magnets and armature windings on the short mover and
adopts the long stator with low-cost salient-pole iron core.
Moreover, in order to improve the disadvantages of asymmet-
ric magnetic circuit and large cogging force, the modular and
complementary structures have been investigated and applied
for the primary PM linear machines [8]. However, when
these existing primary PM linear machines are used for the
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high-power direct-drive applications, they still face bulky
volume and reduced power density.

In recent years, the high-temperature superconduct-
ing (HTS) machines have attracted increasing attention in
high-power direct-drive applications [9], [10], because it is
easy for the HTS machines to achieve large power capacity,
high power density and efficiency [11]–[13]. Also, since
the air-gap magnetic field can be flexibly regulated by con-
trolling the HTS-excitation current, the HTS machine can
easily achieve the high-speed constant-power operation [14].
In general, compared with the rotor HTS-excitation machine
using rotating dynamic seals of cryogenic transfer coupling
and cooling Dewar [15], the stator HTS-excitation machine
with static seals has a simple refrigeration system design, thus
greatly reducing the structural complexity and manufacturing
costs [16], [17]. Recently, a rotary 12-slots/14-poles stator
HTS-excitation flux switching (HTS-FS) machine with static
seals as shown in Fig. 1(a) was proposed, and its operation
principle and electromagnetic performances were also inves-
tigated in [18].

Based on the configuration of the presented rotary
12-slots/14-poles stator HTS-FSmachine, a 12-slots/14-poles
HTS flux-switching linear (HTS-FSL) machine can be
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FIGURE 1. Topologies of the 12-slots/14-poles HTS-FS machine.
(a) Rotation type. (b) Linear type.

directly obtained by splitting it along the radial direction
and unrolling it as shown in Fig. 1(b). However, this kind
of HTS-FSL machine exists the problems of asymmetri-
cal magnetic circuit, large cogging force and phase mag-
netic circuit coupling. Therefore, this paper is to derive
and analyze a HTS-excitation modular flux-switching linear
(HTS-MFSL) machine for long-stator applications, in which
the modular mover design can significantly reduce the cog-
ging force and improve the fault tolerance, meanwhile it is
easy to implement static seals of cooling Dewar for the HTS
windings accommodated on the short mover. The configu-
ration and operating principle of the proposed HTS-MFSL
machine will be described in Section II. Section III will focus
on investigating its design rules and analyzing the influence
of key design parameters on its electromagnetic character-
istics. Then, in Section IV, its electromagnetic performance
analysis will be conducted by using two-dimensional finite
element method (2D-FEM). Finally, some conclusions will
be drawn in Section V.

II. CONFIGURATION AND OPERATION PRINCIPLE
A. CONFIGURATION
Fig. 2(a) shows the configuration of the proposedHTS-MFSL
machine. The key design is to adopt the separate modular
mover structure, in which each phase module spans λ1 apart:

λ1 =

(
k −

1
m

)
τs (1)

where k is a positive integer (k = 3, 4, 5 . . .),m is the number
of phases, and τs is the stator pole pitch. That is, for the
presented 3-phase HTS-MFSLmachine as shown in Fig. 2(a),
the position of three phase modules are mutually 120◦ electri-
cal degrees apart. For each phase module, there are two cavi-
ties set on the mover yoke with only one HTS-excitation coil
as single layer winding placed inside, thus it is easy to imple-
ment simple refrigeration system design and static seals of
cooling Dewar. As shown in Fig. 2(b), a special double-layer

FIGURE 2. Configuration of the proposed HTS-MFSL machine. (a) Cross
section. (b) Dewar assembly.

Dewar is designed to accommodate each HTS-excitation coil
for its cooling. That is, the racetrack inner Dewar is suspended
within an outer Dewar by using the poly tetra fluoroethy-
lene (PTFE) supports, and the HTS-excitation coil is housed
in the inner Dewar. The gap between the inner Dewar and
the outer Dewar is evacuated to achieve excellent thermal
insulation. Thus, the cryogenic liquid nitrogen flows in the
inner Dewar to immerse the HTS-excitation coil to keep its
working temperature, and the magnetomotive force (MMF)
direction of each HTS-excitation coil is designed the same.

Moreover, there are twomover teeth on each phasemodule,
and armature windings are wound around eachmover tooth in
which a flux barrier is inserted. The modular mover structure
can offer several advantages: (i) reducing cogging force due
to complementary pattern; (ii) improving the fault tolerance
due to independent phase magnetic circuit; (iii) facilitating
batch processing to save costs. In addition, the proposedHTS-
MFSL machine retains a simple salient-pole stator structure
consisting of low-cost iron, which is very suitable for long-
stator applications.

B. OPERATION PRINCIPLE
In the proposed HTS-MFSL machine, each phase armature
winding consists of two coils. For example, the Coil A1 and
Coil A2 are connected in series to form the Phase A winding.
As shown in Fig. 3, the maximum value of Phase A flux-
linkage can be achieved at two special mover positions. At the
Position 1 as shown in Fig. 3(a), the main flux excited by
the HTS-excitation coil mainly go through the mover yoke,
stator iron, air-gap, and left halves of the teeth of Coil A1 and
Coil A2. According to the principle of minimum magnetic
resistance, it can be assumed that the flux linkage of Coil
A1 reaches the negative maximum value, while the flux
linkage of Coil A2 reaches the positive maximum value. If the
Position 1 is termed as the initial position with θe = 0◦,
when the mover moves 1/2 stator pole pitch to the Position 2,
namely θe = 180◦ as shown in Fig. 3(b), the flux linkages
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FIGURE 3. Operating principle schematic of the proposed machine.
(a) Position 1, θe = 0◦. (b) Position 2, θe = 180◦.

of Coil A1 and Coil A2 will reach the positive and negative
maximum values, respectively. Hence, it can be found that the
flux linkages of Coil A1 and Coil A2 are bipolar, but there
is a 180◦ phase difference between them, thus connecting in
reverse series.

To validate the operation principle analysis, by using the
2D-FEM, the no-load flux distributions of Phase A with
different mover positions, namely, θe = 0◦, 90◦, 180◦, 270◦,
respectively, are also plotted in Fig. 4. It can be observed
that the FEM results well agree with the theoretical analysis.
As the mover moves by one stator pole pitch, the flux link-
age of each phase can change in one electrical period, thus
causing the alternating electromotive force (EMF).

III. INFLUENCE OF KEY DESIGN PARAMETERS ON
ELECTROMAGNETIC PERFORMACES
A. GEOMETRY DESIGN CONSTRAINTS
In order to obtain an optimal performance, it is neces-
sary to investigate the influence of key design parameters
on the machine electromagnetic characteristics [19], [20].
The dimensional parameters of the proposed HTS-MFSL
machine are defined as shown in Fig. 5. In order to ensure suc-
cessful flux switching and maximize the phase flux-linkage,
the initial geometry design of the mover and stator are con-
strained by the conditions below:

wmt ≈ wst ≈ hmy ≈ hsy
τs ≈ τm

wmt < wht

(2)

FIGURE 4. No-load flux distribution of Phase A in the proposed machine.
(a) θe = 0◦. (b) θe = 90◦. (c) θe = 180◦. (d) θe = 270◦.

FIGURE 5. Determination of dimensional parameters of the proposed
machine.

where wmt , wst and wht are the mover tooth width, the stator
tooth width, and the HTS-excitation tooth width, respectively.
hsy and hmy are the stator yoke height and the mover yoke
height, respectively. τm is the mover pole pitch of each phase
module, and τs is the stator pole pitch.
Based on the initial geometry design constraints, by using

the 2D-FEM, the influences of the mover flux barrier width
wmfb, the stator pole pitch τs, the stator tooth-width coefficient
λst on the electromagnetic characteristics of the proposed
HTS-MFSL machine are investigated, in which the perfor-
mance indicators concerned mainly involve the no-load back-
EMF root-mean-square (RMS), thrust force, cogging force
and force ripple. The optimization design flow is shown
in Fig. 6.

B. FLUX BARRIER WIDTH
First of all, because the mover flux barrier has a significant
influence on the flux leakage and the tooth-slot effect, with
the aforementioned geometry design constraints, by using the
2D-FEM, the variations of the electromagnetic characteristics
of the proposed HTS-MFSL machine with the mover flux
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FIGURE 6. Optimization design flow for the proposed machine.

FIGURE 7. Variations of the electromagnetic characteristics with the flux
barrier width wmfb. (a) Back-EMF and cogging force. (b) Thrust force and
force ripple.

barrier width wmfb in the range of 20 mm to 40 mm are inves-
tigated and the results are shown in Fig. 7(a) and 7(b). It can
be observed from Fig. 7(a) that when the mover flux barrier
width is about 32.5 mm, the minimum cogging force can be
reachedwhile keeping a large no-load back-EMF. In this case,
the satisfactory thrust force capability and the acceptable
force ripple can also be offered as shown in Fig. 7(b).

C. STATOR POLE PITCH
In addition, due to flux switching principle resulting in
special magnetic circuit structure, the stator pole pitch
as a key parameter has a great effect on the no-load
back-EMF waveform. Thus, keeping the stator tooth width
constant, by using the 2D-FEM, the variations of the elec-
tromagnetic characteristics of the proposed machine with
the stator pole pitch τs are also investigated as shown
in Fig. 8(a) and 8(b).

TABLE 1. Comparison of the THD of the no-load back-EMF waveforms
under different stator pole pitch τs.

FIGURE 8. Variations of the electromagnetic characteristics with the
stator pole pitch τs. (a) Back-EMF and cogging force. (b) Thrust force and
force ripple.

Meanwhile, the total harmonic distortion (THD) of the
corresponding no-load back-EMF waveforms are calculated
and comparatively listed in Table 1. It can be found from
Table 1 that when the stator pole pitch τs is set as 135 mm,
the THD of back-EMF waveform reaches the minimum
value, thus indicating a very sinusoidal no-load back-EMF.

What is more, from Fig. 8(a), it can be found that the
no-load back-EMF gradually increases with the τs, but from
Fig. 8(b), it can be seen that the variations of the thrust force
and force ripple with the stator pole pitch τs are obviously
opposite, namely, the thrust force increases with τs while the
force ripple decreases when τs is smaller than 135mm.Mean-
while, the cogging force also reaches around the minimum
value when τs is set as 135 mm as shown in Fig. 8(a).
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FIGURE 9. Variations of the electromagnetic characteristics with the
stator tooth-width coefficient λst . (a) Back-EMF and cogging force.
(b) Thrust force and force ripple.

D. STATOR TOOTH-WIDTH COEFFICIENT
In the proposed HTS-MFSL machine, the stator tooth-width
coefficient λst can be defined as

λst = wst
/
τs (3)

Keeping the τs constant 135 mm, Fig. 9 (a) and 9(b) show the
variations of the electromagnetic characteristics with the sta-
tor tooth-width coefficient λst in the range of 0.2-0.5. When
the stator tooth-width coefficient λst is smaller than 0.325,
the back-EMF and thrust force increase with the increase
of λst . However, when the λst is over 0.325, the back-EMF
and thrust force will gradually reduce due to intensified flux
leakage. Hence, the stator tooth-width coefficient λst can be
selected as 0.325 for obtaining the optimal back-EMF and
thrust force. And in this case, the minimum cogging force
and force ripple can also be achieved as depicted in Fig. 9.
Meanwhile, the THD of the no-load back-EMF waveforms
under different stator tooth-width coefficient are calculated
and comparatively listed in Table 2. It can be found that when
the stator tooth-width coefficient is set as 0.325, the THD of
the no-load back-EMF waveform can further reduce to 7.6%.

E. HTS-EXCITATION MMF
Based on the above structural parameter analysis, and in order
to take full advantage of the strong magnetic field capability
of the HTS excitation, the HTS-excitation magnetomotive

TABLE 2. Comparison of the THD of the no-load back-EMF waveforms.
under different stator tooth-width coefficient λst .

FIGURE 10. HTS-excitation characteristic analysis. (a) Variations of the
flux density in the mover tooth and air-gap with the HTS-excitation MMF.
(b) Measured I/V characteristics of the fabricated HTS-excitation coil.

force (MMF) in the proposed HTS-MFSL machine should
be carefully designed. As depicted in Fig. 10(a), the vari-
ations of the flux densities in the mover tooth and air-gap
with the HTS-excitation MMF are investigated, in which
the Btooth and the Bair-gap represent the flux densities in the
mover tooth and the air-gap, respectively. It can be seen
that when the HTS-excitation MMF is less than 5000 At,
the Btooth and the Bair-gap increase almost linearly, and then
gradually becoming saturated. Therefore, concerned about
the influence of the magnetic saturation of iron materials
on the flux distribution, the HTS-excitation MMF can be
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TABLE 3. Key design parameters of the proposed HTS-MFSL machine.

set as 5000 At. In this case, the flux density in the air-gap
is about 1.5 T and that in the mover tooth is up to 2.1 T.
Moreover, the measured I/V characteristics of the fabricated
HTS excitation coil is given in Fig. 10(b). It can be seen that
the HTS excitation coil apparently lost its superconducting
properties when the injected excitation current exceeds 40 A,
which indicates the critical excitation current for the fabri-
cated HTS excitation coil. Considering the number of turns
per HTS-excitation coil, the HTS-excitation MMF can reach
6000 At while ensuring the superconducting characteristics
of the HTS coil. And then, an optimized HTS-MFSLmachine
is finally determined, and its key design parameters are listed
in Table 3.

IV. ELECTROMAGNETIC PERFORMANCE ANALYSIS
A. FLUX DENSITY AND NO-LOAD BACK-EMF
The no-load flux density distribution by 5000 At
HTS-excitation and the corresponding air-gap flux density
waveform along the longitude in the range of ten times τs are
figured in the Fig. 11(a) and 11(b), respectively. It is obvious
from Fig. 11(a) that the Phase C module is located at the
position providing the maximum flux linkage for the Phase
C armature windings, and thus the flux density of the mover
teeth on the Phase C module reaches a high value around
1.9 T, which is also evidenced by the air-gap flux density up
to 1.55 T as shown in Fig. 11(b). Moreover, it shows that the
magnetic field between two adjacent phase modules almost
has no interference on each other, which is helpful to achieve
a reliable fault tolerant operation.

From what has been discussed above, the formula of the
no-load back-EMF e0 in the linear machine can be referred
to as:

e0 =
dψHTS

dt
=
dψHTS

dx
dx
dt
= v

dψHTS

dx
(4)

FIGURE 11. Flux destiny under no load condition. (a) Flux density
distribution. (b) Air-gap flux density waveform along the longitude.

where ψHTS represents the winding flux linkage caused by
the HTS-excitation, while x is the displacement of the mover,
and v denotes the mover speed. By the means of 2D-FEM,
the no-load back-EMF of Coil A1 and Coil A2 are calculated
and described in Fig. 12(a). It can be seen that there is a
phase angle difference of 180◦ electric degrees between them,
which is consistent with the theoretical principle analysis.

And by connecting the Coil A1 and Coil A2 in reverse
series, the back-EMF of the phase A under no load con-
dition is also calculated, shown in Fig. 12(a). In addition,
Fig. 12(b) gives the no-load back-EMF waveforms of the
3-phases, which shows that the longitudinal end-effect on
the phase-EMF is decreased significantly with the design of
phase modular mover. Besides, the harmonic analysis points
out that the total harmonic distortion (THD) of the phase
no-load back-EMF is only 7.6%. Hence, the brushless alter-
nating current (BLAC) control is suitable for the designed
machine. Moreover, Fig. 12(c) shows the phase no-load back-
EMF waveforms of the proposed HTS-MFSL machine with
different HTS-excitation MMF. It can be seen that with the
increase of the HTS-excitation MMF, the no-load back-EMF
also increases, but the growth rate of the no-load back-EMF
amplitude gradually slows due to the non-linear influence of
the iron magnetic saturation, which also matches with the
HTS-excitation characteristic analysis as shown in Fig. 10(a).
And it indicates that the phase back-EMF can be easily regu-
lated by changing the HTS-excitation current to meet various
control demands.

B. SELF-INDUCTANCE AND MUTUAL-INDUCTANCE
The physical configuration of the machine can determine the
winding inductances. The self-inductances of Coil A1, Coil
A2 and phase A without taking the magnetic saturation into
consideration are displayed in Fig. 13(a), which means the
rated current (namely, 45 A) is applied to the windings of
the phase A while no current is applied to the HTS-excitation
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FIGURE 12. No-load back-EMF waveforms. (a) Coil A1, Coil A2 and
phase A. (b) Three phases. (c) Under different HTS-excitation MMF.

windings. It is obvious that there is little differences between
the self-inductances of Coil A1 and Coil A2 due to the
structural symmetry of each phase module, but the changing
of the phase self-inductance with the different positions of the
mover shows a little large fluctuation, which is caused by the
double salient structure of each phase module.

To accurately calculate the inductance, the investiga-
tion into the self-inductance characteristics of the designed
machine is completed by adopting the method of considering
themagnetic saturation. The results are depicted in Fig. 13(b),
where ‘+45 A’, ‘HTS + 45 A’ and ‘HTS − 45 A’ indicate
three different field conditions, which means only applying
the rated phase armature current 45 A, applying the 5000 At
HTS-excitation with rated phase current to strengthen the
magnetic field (HTS + 45 A), or to weaken the mag-
netic field (HTS − 45 A), respectively. It is clear that the
phase self-inductances when the phase armature current and

FIGURE 13. Inductance characteristics of the proposed HTS-MFSL
machine under different field conditions. (a) Self-inductance when
applying phase armature current 45 A with no HTS-excitation. (b) Phase
self-inductance. (c) Phase mutual-inductance.

HTS-excitation are both applied are much lower compared to
that of only applying phase armature current because of the
oversaturation of the magnetic circuit. Meanwhile, the aver-
age values and the shapes of the phase self-inductance under
the condition of ‘HTS+45 A’ and ‘HTS−45 A’ are nearly the
same, which indicates that the armature field has little effect
on the strong HTS-excitation field in the designed machine.
However, the fluctuation of the phase self-inductance when
taking the HTS-excitation field into account is slightly larger
than that without it due to the progressively severe magnetic
flux leakage.

What’s more, the advantageous feature of the phase mod-
ular mover design in the proposed machine is that each
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phase module has its own separate magnetic circuit, which
helps to prevent the effects of the fault phase imposing on
the healthy phases under the fault condition, thus attain-
ing a highly reliable operation. To some extent the mutual
inductance as a critical parameter can refer to the mag-
netic coupling characteristics between phases. Therefore,
the phase mutual-inductances of the machine are calculated
under three different field conditions, and the results are
shown in Fig. 13(c). It can be found that the phase mutual-
inductances of the proposed HTS-MFSL machine are always
very small, almost zero. Hence, the fault phase has mini-
mum, even no impact upon the others, that is, the machine
can still operate with other healthy phases working during
loss of one phase. Therefore, it can be expected that the
proposed machine will be a viable candidate of fault tolerant
machine.

C. COGGING FORCE
It is known that when the HTS windings are applied with the
excitation current with the armature windings open circuited,
due to the tooth-slot alternation, there will be a cogging force
on the mover, which can enlarge the thrust force pulsation.
In order to obtain satisfactory thrust force performance, it is a
valuable work to take measures to suppress the cogging force.
With the help of the 2D-FEM, the cogging force varying with
themovermovement in the designedmachine can be obtained
and compared as shown in Fig. 14. From Fig. 14(a) and 14(b),
it indicates that the peak value of the cogging force of each
phase module is pretty high, up to 640 N, but a 120◦ electric
degrees shift between the cogging force of each phasemodule
exists. Hence, the total cogging force which is attained by
summing these three phase module cogging forces (denoted
by ‘Sum’ in Fig. 14(b)) can be significantly weakened by
76%, to only 155 N, namely, there is a complementary effect
which thanks to the phase modular mover design to greatly
facilitate cogging force reduction. In addition, the cogging
force on the overall mover ,which consists of three phase
modules, known as ‘FEM_whole’, can also be directly cal-
culated by applying the 2D-FEM, and in Fig. 14(c), it is
depicted and compared with the ‘Sum’. It shows that the
‘FEM_whole’ matches well with the ‘Sum’, which confirms
the fact that the design of the modular mover can effec-
tively offset the cogging force in the proposed HTS-MFSL
machine.

D. THRUST FORCE AND NORMAL FORCE
Considering the fact that the phase back-EMF of the designed
machine is nearly sinusoidal, to evaluate its electromagnetic
thrust force characteristics, the brushless AC (BLAC) oper-
ation can be applied. Generally, id = 0 control method is
adopted to keep the armature current and the back-EMF in the
same phase with each other. Then, with the help of the 2D-
FEM, the thrust force of the designed machine is computed
and depicted in Fig. 15(a), which shows that the maximum
value, minimum value and average value of the thrust force
are 3.72 kN, 3.45 kN and 3.61 kN, respectively. In addition,

FIGURE 14. Cogging force analysis of the designed machine. (a) Phase A
module. (b) Each phase module and the sum. (c) Comparison based on
two calculation methods.

the thrust force ripple Ke_rip can be defined as

Ke_rip =
Fe_max − Fe_min

Fe_avg
× 100% (5)

where Fe_min, Fe_max and Fe_avg are the minimum value,
maximum value and average value of the thrust force, respec-
tively. It can be seen that the calculated thrust force ripple
accounts only about 7.5%, which is mainly caused by the
cogging force. In addition, the electromagnetic thrust force
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FIGURE 15. Force performance characteristics of the designed machine in
the BLAC operation. (a) Thrust force. (b) Normal force.

can be computed by

Fe_cal =
c∑

k=a

(
1
2
i2k
dLkk
dx
+ ik

dψHTSk

dx

)
(6)

where k means each phase, namely, a, b, c, and ik is the phase
current, Lkk represents the phase self-inductance, ψHTSk
denotes the phase flux linkage excited only by the HTS-
excitation MMF, respectively. Thus, it can be obtained that
the calculated thrust force Fe_cal is about 3.76 kN, which
matches well with the FEM results. Apart from that, the nor-
mal force of the machine in the BLAC operation is also
studied and shown in Fig. 15(b), which indicates that the
value of the normal force is pretty high due to the adoption of
the single-side structure.

V. CONCLUSION
In the paper, a novel HTS-MFSL machine designed for long-
stator applications has been presented and analyzed. The pro-
posed machine possesses a simple stator consisting of only
iron to offer the reduced cost and high robustness, meanwhile
it employs the attractive HTS excitation with static seals to
easily obtain simple refrigeration system. Also, the phase
modular mover structure is designed, which can greatly off-
set the cogging force, thus effectively reduce force ripple.
Also, the modular mover pattern makes a good candidate

for high fault tolerance due to independent phase magnetic
circuits. With the help of the 2D-FEM, the electromagnetic
performance analysis of the proposed machine is conducted
to verify its validity. The results confirm that the 3-phase
symmetrical and sinusoidal back-EMF can be offered, and
the almost zero mutual-inductance between adjacent phases
indicate a good phase magnetic circuit independence, while
the small force ripple is achieved due to greatly reduced
cogging force.
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