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Abstract: This paper has proposed a high temperature superconducting (HTS) field-modulation
double-stator (HTS-FMDS) machine with a stationary seal for low-speed and direct-drive applications.
The originality of this paper lies in the HTS field-excitation windings, which were fed with a direct
current in order to offer strong field excitation, were placed in the inner stator, while the armature
windings were installed in the outer stator so that the stationary seal of the cryogenic cooling
system could be achieved. Moreover, a ferromagnetic ring was mounted on the top of each HTS
coil to prevent the quench of the HTS wires resulting from the armature-reaction magnetic-field.
By using finite-element analysis (FEA), the influence of the armature-reaction magnetic-field on the
critical current and the electromagnetic properties were carried out so as to verify the validity of the
proposed machine.

Keywords: high-temperature superconducting; field-modulation; double-stator; stationary seal;
armature-reaction magnetic-field; quench

1. Introduction

In the past decades, superconducting machines have attracted widespread attention in
high-power, low-speed, and direct-drive applications, such as marine propulsion and wind power
generation, because of their significant advantages of high efficiency and high power/torque
density [1-3]. Generally, in order to take full advantage of the high critical-current characteristic of the
superconducting wires, the field-excitation windings, which were wound with superconducting wires
and mounted on the rotating rotor side, were fed with a direct current so as to offer a strong magnetic
field [4,5]. Therefore, the coupling device for a cryogenic transfer of this kind of superconducting
machine was installed between the rotating rotor and stationary cryogenic refrigeration system,
in order to realize the circulation of the refrigeration coolant in the cooling system [6,7]. However,
this kind of superconducting machine with a rotating seal undoubtedly increases the manufacturing
cost and reduces the operational reliability of the cryogenic refrigeration system.

In recent years, borrowing the idea of setting a magnetomotive force (MMF) source in the stator
side of stator-excitation machines, such as flux-switching machine and flux-reversal machine [8-13],
a kind of high-temperature superconducting (HTS) machine with a stationary seal was proposed
and investigated [14-16]. Since their HTS field-excitation windings are installed in the stator side,
the coupling device for cryogenic transfer can be removed, hence transforming the rotating seal into
a stationary seal and simplifying the structure of the cooling system. However, since both the armature
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windings and the HTS field-excitation windings are located on the same stator, the HTS field-excitation
windings will be exposed to the applied armature-reaction magnetic-field when the machines run
with loadings. Accordingly, the alternate armature-reaction magnetic-field will directly act on the HTS
wires and thus cause hysteresis loss in the HTS wires. If the hysteresis loss is greater than the minimum
quench energies (MQE), it will lead to the quench, which means that the superconductor changes into
a normal conductor, of the superconducting wire. Therefore, it is urgent to solve the problem of the
quench of the superconducting wire that is caused by the armature-reaction magnetic-field of the HTS
machines with a stationary seal.

For this purpose, this paper has proposed an HTS field-modulated double-stator (HTS-FMDS)
machine with a stationary seal, which can prevent the quench that is caused by the armature-reaction
magnetic-field for low-speed direct-drive applications. The proposed machine not only achieved
the stationary seal of the cooling system, but also prevented the quench resulting from alternating
the armature-reaction magnetic-field, hence reducing the manufacturing cost and improving the
operational reliability of the machine. In Section 2, the configuration and operation principles of the
proposed machine are discussed. Section 3 focuses on the influence of armature-reaction magnetic-field
on the critical current. Then, in Section 4, the electromagnetic properties of the proposed machine are
presented and analyzed. Finally, some conclusions are drawn in Section 5.

2. Topology and Operating Principle

2.1. Topology

As shown in Figure 1a, the proposed HTS-FMDS machine mainly includes an outer stator,
a modulation-ring rotor, a ferromagnetic ring, and an inner stator from the outside to the inside.
The outer stator has 42 slots and the number of pole-pairs of the three-phase armature-windings
is 14. While the HTS field-excitation windings with four pairs of magnetic poles are placed on the
inner stator side, so that the armature windings and the HTS field-excitation windings are located
in two spatially independent stator. In order to modulate both the internal and external air-gap
magnetic-field and transmit electromagnetic torque, a modulation-ring rotor, which consists of 18
ferromagnetic blocks, is mounted between the inner and outer stators. In addition, for the purpose
of facilitating the installation of the cooling system, the HTS field-excitation coils and their cooling
Dewars, which accommodate the HTS coils, are all designed to be racetrack-shaped, as shown in
Figure 1b. It should be particularly noted that the ferromagnetic ring, which is located on the top of the
field-excitation magnetic poles, not only provides a magnetic circuit for the field-excitation magnetic
field, but also guides a path for the armature-reaction magnetic field, as shown in Figure 2. Thus,
the armature-reaction magnetic field does not directly act on the surface of the HTS coils. Accordingly,
the quench that is resulted from the armature-reaction magnetic field can be avoided.

HTS coil and Dewar

— Ferromagnetic ring

(@)

Figure 1. Cont.
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Figure 1. Configurations of the proposed high temperature superconducting (HTS) field-modulation
double-stator (HTS-FMDS) machine: (a) cross-section and three-dimensional model and (b) HTS coil
and its Dewar.

7

L5ily
= S

” >

(b)

Figure 2. Magnetic-flux path of the proposed machine: (a) field-excitation magnetic-field and
(b) armature-reaction magnetic-field.

2.2. Operating Principle

Assuming that the outer stator adopts a closed slot stator construction, the influence of the
alternation between the outer stator slots and stator teeth on the air-gap magnetic-field can be ignored.
According to the general theory of magnetic-field modulation [17-22], the magnetic field that is excited
by the HTS field-excitation windings will be statically modulated by the inner stator teeth. The number
of pole pairs of the modulated magnetic field can be obtained as follows:

Py = (2i — 1)Pyrs 1

where Pyrs and Pg are the number of pole pairs of the HTS excitation magnetic-field and the modulated

magnetic-field by inner-stator teeth, respectively; i is a positive integer, namely,i=1,2,3, ..., co. Then,

the aforementioned magnetic-field will be further modulated by the rotating modulation-ring rotor.

The number of pole pairs P}, and the rotational speed wy, of this magnetic field can be calculated as
follows [23-25]:

Py = [(2i — 1)Pyrs + jNr| 2

JNr

= o= - 3
“h (2i = 1)Purs +]Nrwr ©)

where N, and w; are the number of ferromagnetic modulation-blocks of rotor and rotational speed,
respectively; j is a integer, namely, 0, =1, £2, ... , £oo.

In order to further clarify the operating principle of the proposed HTS machine with a stationary
seal, one of the main effective harmonics is taken as an example for specific analysis. The existing
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literatures have shown that the best modulation effect can be obtained when i =1, j = —1. Therefore,
for the proposed HTS machine, the 14th harmonic is its main effective harmonic. As illustrated in
Figure 3, when the modulation-ring rotor rotates for 20 mechanical degrees, the back electromotive
force (EMF) that is induced in the armature windings by the 14th effective harmonics, will alternate for
an electrical cycle. This phenomenon shows that the sinusoidal back-EMF is induced in the armature
windings of the outer stator, since the stationary HTS field-excitation magnetic-field is modulated by
the rotating modulation-ring rotor. In this way, the stationary seal of the cryogenic refrigeration system

can be achieved.
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Figure 3. Operating principle.

3. Influence of Armature-Reaction Magnetic-Field on the Critical Current

In this paper, the field-excitation windings of the proposed HTS machine were made of
BSCCO-2223 HTS wires. Its corresponding main performance parameters under the self-field condition
are listed in Table 1. When the proposed machine operates stably, the allowable maximum excitation
current that is to be applied to the HTS field-excitation windings is determined by the operating
temperature, the armature-reaction magnetic-field, and the corresponding properties of the HTS wires.
Therefore, it is necessary to evaluate the shielding effect of the magnetic ring on the armature-reaction
magnetic-field, so that the quench that is resulted from the external magnetic-field can be prevented.
Then, the rated value of the applied field-excitation current can be determined.
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Table 1. Key parameters of the high temperature superconducting (HTS) wire.

Parameters Value
Ic@77K,0T 120 A
Max. tensile strength 100 MPa @ 77 K
Critical bending radius 30 mm
Thickness 0.25 mm
Width 4.2 mm

As mentioned before, since the alternating armature-reaction magnetic-field may be applied
on the surface of the HTS wires in any direction, the quench of the HTS wires will be caused.
Therefore, bow-shaped ferromagnetic blocks, as shown in Figure 4, are mounted on the top of each
HTS coil, in order to prevent the quench that is resulted from this externally applied magnetic-field.
As depicted in Figure 2b, most of the armature-reaction magnetic-field forms a closed magnetic circuit
through these bow-shaped ferromagnetic blocks, which reduces the influence of the armature-reaction
magnetic-field on the critical current of the HTS wires. In order to facilitate the processing and assembly,
these bow-shaped ferromagnetic blocks are integrated by a thin magnetic bridge with the radial length
Iy, to form a ferromagnetic ring. Generally, the value of the radial length I, determines the magnetic
shielding effect of the ferromagnetic ring on the armature-reaction magnetic-field. The larger the value
of I, the better the magnetic shielding effect that can be obtained. However, it will cause a decrease of
the power density of the machine. In contrast, if the value of /; is too small, the magnetic shielding
effect of the ferromagnetic ring will be reduced, and the critical current of the HTS wires will be
suppressed. Therefore, it is necessary to balance the compromise between the magnetic shielding effect
and power density of the machine.

Figure 4. Ferromagnetic ring parameters.

For the ferromagnetic ring, its magnetic shielding effect depends on the saturation level of the
bow-shaped ferromagnetic blocks. Figure 5 shows the flux density contour plots of point A, B, and C
on the inner wall of the cooling Dewar, with and without the rated field-excitation current. It can be
found that, when the rated field-excitation current and armature current are applied simultaneously,
the magnetic flux density of the ferromagnetic ring is significantly higher than that without the
excitation current. The underlying reason is that the magnetic flux density of the ferromagnetic
ring is determined only by the armature-reaction magnetic-field when there is no field-excitation
current, however the magnetic flux density of the ferromagnetic ring is generated by the combination
of both the HTS field-excitation magnetic-field and the armature-reaction magnetic-field, when the
field-excitation current is applied to the HTS windings.
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Figure 5. Magnetic flux density contour plot: (a) rated load without field-excitation current and
(b) rated load with rated field-excitation current.

Figure 6a illustrates the variation of the magnetic flux density at point A, B, and C in an electrical
cycle, when the rated armature current is fed without the field-excitation current. By means of
harmonic analysis, the magnetic flux density at each point can be decomposed into a DC component
and harmonic components, among which, both the fundamental and harmonic components of point A
are higher than those of the other two points, as shown in Figure 6b. The amplitude of the fundamental
component of the magnetic flux density is about 2.5 mT, and its other harmonic components are
successively reduced. Figure 7 further shows the variation of the magnetic flux density of each point
in one electrical cycle, under the rated armature current and field-excitation current. Compared
with the condition without the rated field-excitation current, the DC component of the flux density
increases significantly up to 135 mT. Furthermore, the amplitude of the corresponding fundamental
and harmonic components also increase obviously. The amplitude of its fundamental component
reaches 20 mT.

According to the datasheet that has been provided by the manufacturer, the parallel and vertical
magnetic-field characteristics of the employed BSCCO-2223 HTS wires under 77 K condition are
depicted in Figure 8. It can be seen that, when the applied armature-reaction magnetic-field is
perpendicular to the surface of the superconducting wires, namely, the acting angle o is 90°, the critical
current I, drops sharply with the increase of the external magnetic field. When the applied magnetic
field reaches 0.1 T, its critical current drops to 55.1% of the critical current Iy under the self-field
condition. Considering that the armature-reaction magnetic-field in the machine may act on the
surface of the superconducting wires at any angle, all of the alternating flux-density components of
the armature-reaction magnetic-field are regarded as perpendicular magnetic-field in this paper, so as
to prevent the quench of the HTS wires. The DC component of the flux density can be considered as
a self-field component of the HTS excitation field, because its influence on the critical current of HTS
wires is similar to that of the self-field condition. Since the amplitudes of the fundamental component
and harmonic components at each point are much lower than 100 mT, as shown in Figure 8, the rated
field-excitation current of the superconducting windings is set to be 55.1% of the critical current I in
the self-field condition. The corresponding parameters, I and I, are 41.2 mm and 1 mm, respectively.
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Figure 6. Magnetic flux density of point A, B, and C without field-excitation current: (a) magnetic flux

density and (b) harmonic analysis.
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Figure 7. Magnetic flux density of point A, B, and C with rated field-excitation current: (a) magnetic

flux density and (b) harmonic analysis.
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Figure 8. Anisotropy of critical current in applied magnetic field at 77 K with different c.

4. Electromagnetic Characteristics Analysis

For the purpose of verifying the electromagnetic characteristics of the proposed HTS-FMDS
machine, its electromagnetic performance was analyzed by means of 2D-FEA. The key design
parameters of the proposed machine are listed in Table 2.
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Table 2. Key parameters of the proposed machine.

Parameters Value
Number of outer stator teeth 42
Number of inner stator teeth 8
Number of pole pairs of armature windings 14
Number of pole pairs of field-excitation windings 4
Number of modulation-ring rotor teeth 18
Stator outside diameter of outer stator (mm) 760
Stator inside diameter of outer stator (mm) 546.4
Stator outside diameter of inner stator (mm) 504
Stator inside diameter of inner stator (mm) 240
Rotor outside diameter (mm) 42
Stack length (mm) 100
Inner air-gap length (mm) 0.6
Outer air-gap length (mm) 0.6
Number of phases 3
Rated speed (rpm) 167
Rated power (kW) 25
HTS material Bi-2223
Number of turns of each HTS winding (turn) 80
Consumption of total HTS wires (m) 373

4.1. Back EMF

As a result of the magnetic field modulation by both the modulation-ring rotor and the inner
and outer stator teeth, the air-gap magnetic field of the proposed machine contains rich harmonic
components. Figure 9 shows the flux-density distribution in the double air-gap and their corresponding
harmonic components under no-load condition, whose amplitude is higher than 0.1 T. Among of them,
the 4th, 14th, 20th, 22th, 28th, 38th, 46th, 56th, and 64th-order harmonic components are modulated by
the modulation-ring rotor, while the 33th, 50th, and 58th-order harmonic components are generated by
the modulation of the inner and outer stator teeth.
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Figure 9. Distribution of air-gap flux-density and their harmonic components: (a) outer air-gap and
(b) inner air-gap.
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Since the pole pairs of the armature windings are 14, the harmonic components, which have
the same star graph of the slot potential as that of the armature windings with 28 poles, will not
cause the distortion of the armature-windings back-EMF, while the other harmonic components will
lead to the increase of the total harmonic distortion (THD). Thus, the method of the skewed teeth
of modulation-ring rotor is used to eliminate the harmonic components of the air-gap flux-density,
so that the sinusoidal back EMF can be obtained. As shown in Figure 10a, the back-EMF waveforms
not only have high harmonic components, but also take on an obvious asymmetry of a positive and
negative half-wave when the skewed rotor teeth are not applied. On the contrary, by skewing the
rotor-teeth with two mechanical degrees, the sinusoidal back EMF can be obtained, as depicted in
Figure 10b. Its THD content is less than 2.1%. Figure 11 depicts the variation of the armature-winding
inductance with the rotor position. It can be found that the inductance value of the phase winding
exhibits obvious fluctuations, because of the modulation of the modulation-ring rotor.
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Figure 10. Back electromagnetic force (EMF): (a) without skew and (b) with skew.
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Figure 11. Variation of armature-winding inductance.

4.2. Unbalanced Magnetic Force

When the proposed HTS machine is in operation, there is a strong radial electromagnetic force,
which will cause the mechanical vibration of the machine between the magnetic-ring rotor and the
inner and the outer stator cores. Since the proposed machine employs a double stator configuration,
its rotor should be designed as a single-end fixed cup-rotor, in order to achieve a mechanical installation.
When the cup-rotor suffers from an unbalanced magnetic force (UMF), deformation is liable to occur,
resulting in friction between the rotor and stator. In order to eliminate the negative influence of UMEF,
both the even-number rotor-teeth and stator-teeth were adopted to maintain the symmetry of the
magnetic circuit. Furthermore, the numbers of both the stator-teeth and the rotor-teeth have a relatively
high common least multiple, which suppresses the generation of UMF by the optimized combination
between the poles and slots. In addition, the skewed magnetic-ring rotor further reduces the influence
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of UME Figure 12 depicts the UMF under the conditions of both no load and rated load. It can be
found that the amplitude of UMF is only 15 N under no load. However, when the iy = 0 control strategy
is employed, the amplitude of UMF increases to 135 N under rated load because of the increase of the
flux density of both the magnetic-ring rotor and stator cores. Since the proposed machine operates at
a low speed, the UMF is within the acceptable range.

Wl A g
o oA
o VN S e N

N W
0 5 10 15 20 25 30 35 40
Rotor position (Mech. Degree)

F(N)

Figure 12. Unbalanced magnetic force (Iq is the quadrature component of the armature current).

4.3. Electromagnetic Torque

In order to investigate the output torque capability of the proposed machine, the variation of
the electromagnetic torque with the change of the armature current can be calculated, as described in
Figure 13a. It can be found that the output torque increases rapidly with the increase of the armature
current, before the armature current reaches the rated value. However, the output torque increases
slowly after the armature current is higher than the rated value. Figure 13b shows its steady-state
torque waveform when the armature windings were fed with three-phase symmetrical rated current.
The rated output torque is 1534 Nm, namely, the torque density of the proposed HTS machine can
reach 340 kNm/m?3. The torque ripple T1ipple Was calculated to be only 8.7%, as shown below:

Tmax — Ti
Tripple _ maxT min @)
av

where Tmax, Tmin, and Tay represent the maximum value, minimum value, and average value,
respectively, of the electromagnetic torque. This level of torque ripple is acceptable and generally
lower than that of other stator-excitation machines [26-28]. Also, cogging torque, which results from
the interaction between the HTS field-excitation coils in the inner stator and ferromagnetic materials
of both the modulation-ring rotor and outer stator, is an important factor that should be taken into
consideration when designing the HTS-FMDS machine for low-speed and direct-drive applications.
Figure 14 shows the cogging torque of the proposed machine under rated field-excitation currents.

It can be found that the magnitude of the cogging torque is only about 4.9% of the average value of the
steady torque.
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Figure 13. Electromagnetic torque (T is the rated torque): (a) electromagnetic torque variation with
armature current and (b) rated electromagnetic torque.
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Figure 14. Cogging torque under rated field-excitation currents.

4.4. Efficiency

The efficiency # of the proposed HTS-FMDS machine can be calculated from the following formula:

Py
P+ Peul + Pf + PFe—in T PFe—out + Pmech + Pcool

7 x 100% (5)

where P; is the output mechanical power, p,; is the copper loss of armature winding, pr is the
excitation loss of HTS coils, pre.in is the iron loss of inner stator, pre-out is the iron loss of outer stator,
Pmech is the mechanical loss, p.oj is the cooling loss. According to Equation (5), the efficiency curve
of the proposed HTS-FMDS machine under rated speed condition can be obtained, as shown in
Figure 15. It can be found that the efficiency of the proposed machine is above 80% when the value
of the armature current varies from 10 A to 60 A, namely, the proposed machine possesses the merit
of wide high-efficiency operating-area with the variation of load current. It should be noted that the
HTS-FMDS machine with low power is non-competitive, since the HTS wires and its cooling consume
a relatively high manufacturing cost. However, for the high power machine, the proposed HTS FMDS
machine exhibits a clear competitive advantage, because of its advantages of high efficiency and high
power density.

08 o 9\5\@\
3\8\

>
g 06 g
g
S 04
0.2
0
0 20 40 60 80 100 120

Armature current (A)

Figure 15. Variation of efficiency with armature current under rated speed condition.

5. Conclusions

In this work, an HTS-FMDS machine with a stationary seal for low-speed and direct-drive
applications was proposed and investigated. Since the HTS field-excitation windings, which were fed
with direct current to offer strong field excitation, were placed in the inner stator, the stationary seal of
the cryogenic cooling system can be achieved, hence reducing the manufacturing costs and increasing
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the operational reliability of the proposed machine. By mounting a ferromagnetic ring on the top of
each HTS coil, so as to guide a path for the armature-reaction magnetic field, the quench of the HTS
wires, which is resulted by the external magnetic field, can be avoided. The FEA results show that
the proposed machine offers the merits of a small UMF, low torque ripple, and high torque density.
The proposed HTS-FMDS machine exhibits a potential prospect in marine propulsion and offshore
wind power generation.
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