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Abstract: This paper proposes the application of high-voltage stator-cable windings in superconducting machines, based on the
characteristics of strong magnetic fields and large air gaps. Cross-linked polyethylene cable winding can be employed to achieve a
rated voltage of 35 kV in DC-field superconducting machines, thereby enabling a direct connection between the superconducting
machine and the power grid, eliminating the need for transformers. We first, through finite-element analysis, demonstrate that the
proposed high-voltage high-temperature superconducting machine not only meets the requirement of a 35-kV rated voltage, but
also exhibits minimal flux leakage, torque fluctuation, and harmonic distortion. We then compare three candidate Types to discuss
the tradeoff between the multi-group superconducting field winding arrangement and machine performances. We propose inverted
trapezoidal superconducting field winding as a promising candidate, because it has minimal superconductivity material usage, the
largest safety margin for the superconducting coils (SC), low thrust ripple, and low total harmonic distortion with the desired
35-kV-rated voltage. Finally, through large-scale design parameter sweeping, we show how we selected the optimal parameters for
field winding and validated them by the finite-element method.
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1 Introduction

In recent years, superconducting machines have
been regarded as promising new equipment for
industrial and transportation applications, offering
steady reductions in the cost of superconducting
materials and continuous improvements in their
performance (Qiuli, 2022) (Muttagi et al., 2019)

(Masson and Luongo, 2005) (Cucciniello et al., 2022).

They exhibit remarkable benefits such as compact
structure, superior efficiency, and high torque density
(Terao et al., 2019) (Dias et al., 2022). These
characteristics have made them a standard solution
for space-sensitive applications such as offshore
platforms (Hsieh et al., 2013) (Wang et al., 2015)
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(Fang et al., 2015).

Superconducting machines can be divided into
two primary categories: fully superconducting ma-
chines(Balachandran et al., 2022) (Kovalev et al.,
2019) (Manolopoulos et al., 2020) (Liu et al., 2021)
and direct-current (DC) -field superconducting ma-
chines. The development of fully superconducting
machines is currently confined to the realm of theo-
retical research (Komiya et al., 2020). Supercon-
ducting machines are largely commercialized as
DC-field Types, in which DC-field excited super-
conducting windings are employed in the rotor and
traditional copper windings are adopted for the stator.
During the era of low-temperature superconductivity
(LTS), these machines demonstrated their reliability,
with a 70 MW LTS motor in Japan running stably for
1500 hours with a rated voltage of 10 kV (Oishi and
Nishijima, 2002). In 2019, Bong et al. outlined a
design investigation into a 40-MW synchronous
motor featuring no-insulation (NI) HTS field wind-
ings (Bong et al., 2019). The rated voltage of 6.6 kV
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indicated a high rated current. A 10-MW fully su-
perconducting generator with HTS superconducting
tapes was studied by Komiya et al. in 2019. The rated
voltage of the motor was 6.9 kV. The China Southern
Power Grid Corporation proposed the electromag-
netic design for a 10 Mvar DC-field HTS synchro-
nous condenser in 2021 (Duan et al., 2022). The rated
voltage of this motor was 11 kV, which meant that it
needed to be connected to the grid with a transformer
to adjust the reactive power. In the above examples,
the power density of the machines was significantly
improved by employing high-current-density super-
conducting field windings. However, almost all
DC-field superconducting machines are conventional
machines with the addition of superconducting rotors.
The full potential advantages of superconducting
machines remain underutilized, thus limiting the
widespread adoption and implementation of DC-field
superconducting machines. Moreover, the majority of
DC-field superconducting machines have voltage
ratings below 13.8 kV, necessitating their connection
to the grid through a transformer.

In order to further improve the power density of
superconducting machine systems, the primary ob-
jective of this study was to investigate supercon-
ducting machines that can be directly connected to the
grid to further increase the power density of the sys-
tem. Superconducting machines offer excellent ad-
vantages over traditional  room-temperature
high-voltage machines (Liu et al., 2022) (Sumption et
al., 2020), including a remarkably high magnetic field
and non-magnetic stator teeth, which cause the volt-
age to exhibit very low levels of total harmonic dis-
tortion (THD). This design also creates additional
room to accommodate the high-voltage armature
windings, enabling a substantial augmentation in the
number of winding turns. Therefore, in this study,
cross-linked polyethylene (XLPE) cable winding was
employed to achieve a rated voltage of 35 kV in the
DC-field superconducting machines, thereby ena-
bling a direct connection between the superconduct-
ing machine and the power grid, and eliminating the
need for transformers (Lee et al., 2014) (Gao et al.,
2019) (Li et al., 2023). This advancement signifi-
cantly enhances the short-circuit capacity and power
density of the system. This paper presents a compre-

hensive design and optimization process for
high-voltage  high-temperature  superconducting
(HVHTS) machines. The field winding was opti-
mized to meet the low THD of the voltage required by
the grid, while minimizing the amount of supercon-
ducting tape. In addition, it was necessary to combine
the properties of superconducting materials and de-
sign the structure of the superconducting magnet coil
to weaken the influence of sensitive angle fields on
critical current and improve the utilization efficiency
of the superconducting material. Finally, an inverted
trapezoidal field winding HVHTS machine was val-
idated and appeared to be a promising candidate.

The rest of this paper is organized as follows.
The structure of the HVHTS motor and the design
method and theory are presented in Section II. In
Section Ill, the electromagnetic performance of three
candidates for the machine design are compared. In
Section 1V, the influence of several key parameters of
the proposed HVHTS machine are discussed in detail.
Section V concludes the paper.

2 Design of high-voltage superconducting
machines

The basic design for 35 kV HTS synchronous
machines employs a DC HTS field winding. An ul-
tra-high-voltage stator using cross-linked polyeth-
ylene (XLPE) cable winding is employed to achieve a
rated voltage of 35 kV. The proposed HVHTS ma-
chines incorporate a stator back iron made of lami-
nated iron. The rotor employs four double-pancake
HTS coils for the rotor field winding, and, a slotless
stator and a coreless rotor are chosen. Fig. 1 shows the
topology of the proposed HVHTS machine.

Stator back iron

Fig. 1 Topology of a HVHTS machine



In the design of superconducting machines,
critical factors such as terminal voltage and rotor
speed are principally dictated by the power system.
These parameters establish the design criteria for the
machines. In this section, we explain the design of a
DC-field HTS machine with a rated line voltage of 35
kV.

2.1 Stator design

Currently, almost all synchronous machines are
designed with a limitation on their output voltage,
capping it at 25 kV. Asea Brown Boveri (ABB) has
successfully conducted experiments with cable insu-
lation for high-voltage generators rated at 45 kV, and
successfully connected them to the grid at the Purjus
hydroelectric power station in Sweden (Perers et al.,
2007). It is noteworthy that high-voltage cables
equipped with XLPE insulation have now been im-
proved further, reaching voltages of up to 500 kV
(Metwally et al., 2008).

The key to designing the stator with a rated
voltage of 35 kV is to determine the cable diameter.
According to Hao et al. (2012), the electric field in the
stator winding is distributed between the inner and
outer semiconductor layers of the cable. The cable
capacitance per unit length C, between the inner and
outer semiconductor can be calculated from

_1.778e 'mnm,
In(r, /v,;)
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0

where relative permittivity m,;=2-3, r,; is the outer
radius of the inner semiconductor layer, and r, is the
inner radius of the outer semiconductor layer.
However, C, varies at different positions along
the winding as the insulation thickness of the cable
increases gradually from the neutral to the terminal
(Tian and Lin, 2006). As an example, we will use a
two-segment cable as a model for high-voltage
winding, as shown in Figure 2. The proportion be-
tween the two segments is a:(1-a). U; and U, are
terms used to denote neutral voltage and terminal
voltage, respectively. The capacitance per unit length
for the first and second segments are represented by
C; and C,, respectively. The entire length of the
winding is denoted as I. The voltage per unit length of

J Zhejiang Univ-Sci A (Appl Phys & Eng) inpress | 3

phase a in the winding, represented by E;,, has a re-
lationship with the neutral and terminal voltages.

Eul=U:-U, )

The capacitive current 1, of phase a during
normal operation can be calculated as follows:

la= jo Ioal Ex xC,dx + ja)J: Ex xC,dx (3)

Ep

U1 Cl — C2 U2

al (1-a)l
Fig. 2 The two-segment cable

Consider a high-voltage synchronous machine
operating at 35 kV. The stator-cable winding of the
HVHTS machine, as depicted in Fig. 3, is configured
with ten cables within each slot. After the rated
voltage and rated current of the motor are determined,
the insulation thickness is determined iteratively ac-
cording to formulas (1) - (3). This paper has simpli-
fied that the first five cables nearest to the rotor sur-
face are rated for 10 kV, while the remaining five are
20-kV cables. The fundamental design parameters for
this 35-kV stator-cable winding are provided in Table
1.

Conductor XLPE insulation
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Fig. 3 Slot of a 35-kV high-voltage stator with ten cables

Table 1 Cable configuration of high-voltage stator

Parameter value
Diameter of conductor/mm 10
Diameter of 10 kV cable/mm 20
Diameter of 20 kV cable/mm 24
10 kV cable slot width/mm 22
20 kV cable slot width/mm 26

2.2 HTS Field-winding design
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In this study, for a more sinusoidal air-gap
magnetic-field waveform, the rotor had four pairs of
double-pancake SCs arranged in a stepped/tiered
fashion. Taking into consideration the support and
fixation, the cross-sectional structure of the SCs could
not be allowed to exceed the rotor's virtual contour
line (shown in Figure 4). By choosing a suitable air
gap between the inner radius of the stator armature
winding (rs) and the radius of the rotor field winding
(r), the total magnetomotive force (MMF) of the
rotor HTS windings could be represented (Miller and
Hughes, 1977) (Abrahamsen et al., 2009) (Seo et al.,
2023). This representation is a function of the mag-
netic flux density B, the average radius ry, turns of
field winding Ny, field current iy, poles p, and the
field-winding radius rys.

Nbfibf = r nll’f 5, Loy 4)
1o () P+ ()]
I Iy

The B in (4) is calculated as follows:

B, —£onubr 1 (R ©)

bi

Setting the cross-sectional area of each super-
conducting coil to Ay and the total cross-sectional
area of the excitation coil to A, turns of field
winding Ny is:

Acoi |
Awi re l

Ny = (6)

" outer diameter
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Fig. 4 Constraints on the superconducting field coils

2.3 Kim-like model for superconducting proper-
ties

The SC can only maintain superconducting
properties when the incoming current is less than the
critical current. Kim pointed out that the critical cur-
rent density of a superconductor is not only dependent
on temperature, but also on the external magnetic
field. In this analysis, it is assumed that the critical
current decreases most significantly due to magnetic
fields perpendicular to the tape face, which allows the
application of a Kim-like model (Kim et al., 1964), as
in:

|cO

(1+./kBZ +B? / B,)*

Ic(BuB//): (7)

where I is the critical current under the self-field of
the superconducting strip, B. and B,are the magni-
tude of the magnetic field perpendicular and parallel
to the superconducting strip, respectively, and k, a,
and B, are the parameters fitted by experimental data.
Figure 5 illustrates the variation of the critical current
of REBCO with respect to the parallel and perpen-
dicular external magnetic field at 30 K. This con-
straint primarily influences the selection of the field
current.
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Fig. 5 Variation in critical current of HTS with magnetic
field

3 Electromagnetic performance analysis

For comprehensive design and optimization of
HVHTS machines, it is vital to develop a precise
model. Consequently, we employed the fi-
nite-element method (FEM), as shown in Figure 6.
Simulations were carried out using the full model,
utilizing the Maxwell transient solver with a 0 Vec-



torPotential boundary for the outer arc of the stator
back iron. To delve deeper into the influence of the
stator-rotor end, we generated a 3D finite-element
model (Figure 7). However, owing to the substantial
computational load, the 3D finite-element calculation
required 14 hours per iteration. This extended time
frame was a result of predominantly utilizing a 2D
finite-element approach for the optimized design. In
this section, we describe the quantitative comparison
of three typical Types of HVHTS machines by FEM.
As can be seen in Fig.10, the three counterparts have
the same stator structure. The detailed geometric
parameters are listed in TABLE II. Type Il and Type
Il rotors employ four pairs of double-pancake SCs
with a trapezoidal layout, characterized by a stepwise
increasing of SCs from the topmost to the lower SCs.
In contrast, Type | employs an inverted trapezoidal
layout, characterized by a stepwise decrease of SCs
from top to bottom. Notably, Type Il situates the
topmost coil closer to the air gap, while Type | and
Type 1l share a similar positioning. The number of
SCs in Type Il is 2026, which is 110% and 102% of
the numbers in Type | and Type II.

Fig. 7 1/16 3D FEM model of a 15-MW HVHTS machine
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Table 2 Design parameters of Type I-Type |1

Parameter Typel Typell Type Il
Rated voltage/kV 35
Speed/rpm 1500
Pole number 4
Slot number 72
Stator outer radius(r,)/mm 1010
Stator inter radius(r,)/mm 790
Effective length/mm 1175
Operating current/A 480
Damper inter radius(r,)/mm 500
Damper outer radius/mm 540
Armature coil inter radius(rs)/mm 551
Armature coil outer radius(r,)/mm 790
SC width/mm 10
SC thickness/mm 0.4
Field coil outer radius(rs)/mm 441 461 441
Field coil inter radius(rg)/mm 376 394 376
Number of coils SC; 610 340 376
Number of coils SC, 530 490 450
Number of coils SC; 424 560 574
Number of coils SC, 276 600 626
Toal coil 1840 1990 2026
b pitch/mm 5 5 5
a; pitch/mm 60 60 60
a, pitch/mm 218 140 144
a; pitch/mm 360 240 240
a, pitch/mm 490 300 352

Fig. 8 shows the open-circuit phase back-EMF
waveforms of the three candidates, and Fig. 8 shows
the corresponding spectra. One of the main objectives
of this study was to improve the voltage waveforms,
which is outlined and extensively discussed in this
section. It is notable that the amplitude of Type Il is
3.7% higher than that of Type 1. Figure 9 also shows
the existence of high synchronization between the
back-EMF and the corresponding spectra in Types |
and IlI. In all three candidates, the low values of the
third and fifth harmonic amplitudes demonstrated the
proper design of the proposed machine. In addition,
the THD of the voltage waveform was calculated to
be less than 5.1%, 9.3%, and 5.3% for Types I, I, and
I1. The results reveal that the peak value of the phase
voltage amounts to approximately 27.8 kV, while the
effective value of the phase voltage reaches around
19.7 kV. Consequently, the rated three-phase voltage
adequately fulfills the stipulated 35 kV requirements.
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Fig. 9 Comparison of phase back-EMF spectra

It is evident from Fig.10 that the average torque
for all three types is almost identical, with each type
globally optimized to achieve the maximum average
torque while adhering to the constraint of 4.3 kW
copper loss, approximately 91.2 kNm, owing to the
equal fundamental component of the magnetic field
within the air gap. Upon achieving a steady state, the
torque for Type Il peaks at 91.38 kNm, in contrast to
the minimum value of 91 kNm, resulting in a torque
fluctuation of approximately 0.38 KNm. Furthermore,
many peaks are apparent in the Type Il curves.
Compared with the torque ripple in Type Il, 28.6%
and 63% torque-ripple reduction is achieved for
Types | and Ill. The results of our calculations
demonstrate that when the sides of the stator are
identical, Type | employs 7.5% and 9.2% fewer SCs
compared to Type Il and Type IlI, respectively.
Moreover, despite this reduction, Type | can generate
the same average torque with significantly lower
torque ripple.

As depicted in Figure 11, the 3D finite-element
analysis outcomes reveal that comparable results can
be achieved. This is because the superconducting
rotor end generates a robust magnetic field, causing
the magnetic lines of force to interlink with the stator.
Consequently, all three types of torque appear to
increase when the end is taken into account. With an

equivalent superconducting usage as in the 2D case,
Type 1 maintains the highest average torque and the
least torque fluctuation.

Torque (kNm)

Time (ms)

Fig. 10 Comparison of torque (2D)
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Fig. 11 Comparison of torque (3D)

Fig. 12 demonstrates the flux-density and
flux-line distribution in the cross-section of the three
Types of HVHTS machines. It is clear that the mag-
nitudes of the flux density around the HTS coils are
much higher than those around other parts. Moreover,
the innermost regions of the SCs in all three Types
experience by far the highest magnetic field. This
indicates that the critical current of an SC is deter-
mined by the magnetic field in its innermost regions.
Among the three Types, the SCs of Type | were sub-
jected to the least external magnetic field at their
corresponding locations. We attribute this to the fact
that all three Types of SC operate at the same current
density, while Type | has the fewest number of coils.
Fig. 10 also reveals that the three Types have the same
main flux through the center of the N-pole coil, the
stator yoke, the center of the S-pole coil, and the rotor
yoke, with minimal flux leakage. For all three Types,
flux leakage near the air gap is minor, but the level of
flux leakage between the North and South poles of the
rotor and the coil is relatively high. This is attributable
to the robust magnetic field created by the SCs and
the considerable magnetic potential on the stator side.



This means that flux leakage does not rise signifi-
cantly with the widening of the physical air gap in
these HVHTS machines.

Because of the symmetry of the rotor coil, we
selected only one pole for analysis (see Fig. 13), with
the upper half divided into the left part of one pole in
Fig. 10 and the lower half into the right part. The
maximum flux density in all three Types is exhibited
in the topmost SC. However, the highest flux density
in Type | is predominantly parallel to the SC, whereas
the flux-density components in Types Il and Il are
considerably greater in the vertical SC. Apart from

,@
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the innermost flux lines, which are nearly parallel, all
others display curvilinear trajectories, creating a dis-
tinct "nucleus point™ within the lower coil. Maximum
flux leakage is observed in the lower coil, with the
flux density at the "nucleus point" being the least.

Based on the information in the first section, the
critical current of an SC at the same temperature is
determined by the magnitude of the magnetic fields
parallel and perpendicular to it. Therefore, we calcu-
lated the parallel and perpendicular magnetic fields
near the SC in three different scenarios.

©

Fig. 12 Flux-contour distributions of three SC candidates . (a) Type I. (b) Type I1. (c) Type 111

S
S

The magnetic field in the parallel SC corre-
sponds to the results in Figs. 14 to 17. When calcu-
lating the magnetic field in parallel SC; and SC, the
absolute of the magnetic field is consistently smaller
for Type | compared to both Type Il and Type llI,
despite Type | having a larger number of coils. Con-
sidering SCs, the peak value of Type I in the external
magnetic field was determined to be 1.8 T. Figure 16
represents a reduction of approximately 38.7% and
41.9% compared to Types Il and Ill, respectively.

Sk

(b)

Fig. 13 Flux-contour distributions of the three SC candidates. (a) Type I. (b) Type I1. (c) Type 11

N

Similarly, for SC4, the peak value of Type | was cal-
culated to be 0.9 T, which corresponds to 34.6% and
40.9% of the values for Types Il and 111, respectively.
Comparing Figures 14 to 17, it is apparent that
the maximum of the magnetic field in the parallel SC
for all three Types is located on the innermost side of
SC;. The maximum of Type Il is 4.05T, which is
104% and 102% of the value for Types | and II. It is
worth noting that all three Types exist in regions
where the magnetic field of the parallel SC is zero.
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Fig. 14 Comparison of magnetic field of the parallel SC;
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Fig. 15 Comparison of magnetic field of the parallel SC,
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Fig. 16 Comparison of magnetic field of the parallel SC;
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Fig. 17 Comparison of magnetic field of the parallel SC,

The distribution of the magnetic field perpen-
dicular to the SC corresponds to the results in Figures
18 to 21. We found that the highest perpendicular
magnetic field consistently resides in the innermost
region of the coil. Notably, if the SC; distance sur-

passes 60 mm, the perpendicular magnetic field of the
coils maintains a consistent value of approximately
-0.1T, regardless of the increasing distance from SC;.
Both Types Il and Il exhibited a peak value of the
perpendicular magnetic field of approximately 2.6 T,
located within the SC;. Conversely, for Type I, the
maximum value was slightly lower, approximately
2.4 T, also situated within the SCs. All three Types
exist in regions where the magnetic field of the per-
pendicular SC is zero.

It is known that the magnetic field of the per-
pendicular SC has a more dramatic impact on current
density than the magnetic field parallel to it. Howev-
er, since the magnetic field in a machine is continu-
ously changing in terms of the impact of the magnetic
field on HTS coils, it should be treated as a perpen-
dicular field to ensure the safety of HTS coils. Be-
cause of this, the SC of Type Ill experienced the
highest external magnetic field of all three Types,
reaching a maximum of 4.1 T. Nevertheless, the SC of
Type | had the lowest external magnetic field at 3.8 T,
with all three Types having a field current density of
480 A. Furthermore, the field distributions within the
coils are much more uniform (smaller field angles) in
Type |. The variation in critical current of a HTS with
magnetic field (see Figure 5) confirms that at a tem-
perature of 30 K, the critical current maintains a sub-
stantial margin, ensuring the safety of HTS conduc-
tors. Consequently, it can be concluded that Type |
demonstrates the most substantial safety margin for
the SC.

-------- Type I

———Type ll
= = — Type Il
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Fig. 18 Comparison of magnetic field of perpendicular SC,
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Fig. 19 Comparison of magnetic field of perpendicular SC,
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Fig. 20 Comparison of magnetic field of perpendicular SC;
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Fig. 21 Comparison of magnetic field of perpendicular SC,4

In a rotating machine, the interaction between
the rotor and the stator is primarily decided by the
radial component of the magnetic field generated by
the rotor. Consequently, the distribution of the radial
magnetic induction intensity produced by the SC is
crucial.

As shown in Fig. 22, the R=550 mm air-gap ra-
dial magnetic fields at the same position in Types |
and 11 agree well with one another. The peak of Type
Il was calculated to be 1.78 T, which is approxi-
mately 11% and 9.6% higher than Types | and I,
respectively. The corresponding spectra results are
shown in Fig. 23. In accordance with the aforemen-
tioned design specifications, all three Types consist-
ently maintain a primary magnetic field of 1.38T. It is
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notable that only the third harmonic components
exhibit substantial amplitudes, calculated as 0.233 T,
0.393 T, and 0.225 T for the three Types.
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Fig. 22 Comparison of air-gap radial magnetic field
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Fig. 23 Comparison of air magnetic-field spectra

The R=550 mm tangential component of the
magnetic field generated by the rotor is the main
cause of vibration noise in a rotating machine.
Therefore, attention is also paid to the distribution of
tangential magnetic induction intensity generated by
the SC. As illustrated in Fig. 24, many peaks are ap-
parent in the Type Il curves. The peak of Type Il was
calculated to be 0.95T, which is approximately 15.8%
and 15.1% higher than Types Il and 111, respectively.
As shown in Fig. 25, the spatial distribution of the
three Types are non-sinusoidal. Types | and Il pro-
duced almost the same results, with the highest con-
tent in Type Il being 0.381T.
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Fig. 24 Comparison of air-gap tangential magnetic field
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Fig. 25 Comparison of air-gap tangential magnetic-field
spectra

The self and mutual inductance of the three
Types of HVHTS machines, as determined by 2D
finite-element analysis, are presented in Figs. 26 and
28. Fig.24 demonstrates that the mutual inductance
amplitude of the three Types of field windings and
stator windings A (MLFS) is equal; i.e., the stator and
rotor magnetic coupling are equal, meeting the pre-
viously outlined design requirements for HVHTS
machines. Each pole field-winding self-inductance
(LField) for Type Il was calculated to be 3.237 H,
which is approximately 17.8% and 1.3% higher than
for Types | and II, respectively. The mutual induct-
ance of the superconducting field windings of
neighboring poles (MLfield) of Type Il was calcu-
lated to be 421 mH, which is approximately 10.7%
and 21.3% higher than for Types | and I, respec-
tively. As can be seen from Figure 25, the maximum
mutual inductance within the SC of Type I is 322 mH
between SC, and SC; (Lsc23). In contrast, the max-
imum mutual inductance within the Type Il and Type
I coils is 435 mH and 494 mH, respectively, both
occurring between SC; and SC, (Lsc34). Increasing
the inductance is detrimental to the ability of a ma-
chine to rapidly respond to frequent changes in load
by adjusting the field current, thereby weakening its
transient regulation capability.

Based on 3D finite-element analysis, the corre-
lation between the three 3D finite-element types
closely aligns with the 2D results, predominantly due
to a significant enhancement in the 3D outcomes
when factoring in the stator-rotor ends. The results
reveal that the mutual inductance among the SCs is
minimal, indicating a low level of magnetic coupling
between them. This means that there is negligible

leakage inductance in the field coil ( Figure 27 and
Figure 30).
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4 Parameter optimization



The findings described in the sections above
made it clear that Type | should be considered a
promising topology. In this section, we discuss the
influence of variations in structural parameters on
electromagnetic performance, utilizing the FEM. In
order to ensure fairness in the optimization process,
we took into account the constraints of equal machine
volume, stator heat-dissipation power, and the num-
ber of SCs.

4.1 Stator back iron

The HVHTS machines incorporate a stator back
iron made of laminated iron. The laminated iron
shield has the added benefits of reduced energy loss
and the potential to serve as a portion of the sta-
tor-winding support structure.

Figure 30 shows the variation in torque and
torque ripple with stator environmental shielding
thickness. We found that the torque increases and
torque ripple decreases immediately when the stator
environmental shielding thickness is less than 200
mm. This is because thicker environmental shielding
results in a more effective magnetic circuit. Upon
achieving a steady state, neither average torque nor
torque ripple show a noticeable change when the
stator environmental shielding thickness is increased
by up to 220 mm. We therefore selected an environ-
mental shielding thickness of 220 mm.
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Fig. 30 Comparison of average torque and torque ripple
with different back-iron thickness

4.2 The damper shield

The damper shield is a distinctive structure of
superconducting machines, which protects the su-
perconducting windings from the impact of higher
harmonic originating from the stator side. As illus-
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trated in Fig. 31, many peaks are apparent in the
curves of a damper shield with a thickness of 13 mm.
Moreover, the torque for a damper-shield thickness of
13 mm peaks at 91.46 KNm, in contrast to the mini-
mum value (calculated at 90.9 kNm) resulting in a
torque fluctuation of approximately 0.56 kNm. The
power output does not show obvious variation, and
the torque ripple is significantly reduced with the
increase in shield thickness. We therefore determined
that the optimal value of damper-shield thickness was
40 mm. The shield-eddy current losses for the three
cases are 30.4 W, 51.0 W and 218.2 W. It should be
noted that the shield here includes Dewar's, and a
sufficiently thick shield is necessary for effective
protection of the superconducting coils under motor
transients.
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Fig. 31 Comparison of average torque vs shield thickness

4.3 HTS coil

The field winding was thus optimized to meet
the low total harmonic distortion of the voltage re-
quired by the grid. For a more sinusoidal air-gap
magnetic-field waveform, the rotor employs four
pairs of double-pancake SCs arranged in a
stepped/tiered formation. Ensuring air-gap magnet-
ic-field performance and minimizing the costs of
superconducting materials are critical factors for op-
timization of HVHTS machines. In addition, it is
necessary to consider the properties of supercon-
ducting materials and design the structure of the SC to
weaken the influence of sensitive angle fields on
critical current and improve utilization of the super-
conducting material.

As illustrated in Figure 1, "b" denotes the verti-
cal pitch between the trapezoidal superconducting
field coils of the rotor. It is presumed that the vertical
spacing remains consistent for each coil. As can be
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seen in Fig.32, the average torque and torque ripple
exhibit an almost linear response to the b pitch, owing
to the proximity of the SC to the stator. However, the
SC must be securely positioned between the struc-
tures, necessitating a suitable distance between them.
Therefore, it is essential to ensure that the spacing
between the coils, denoted as "b", is not overly
compact. The optimal value of b pitch was deter-
mined to be 5 mm.
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Fig. 32 Comparison of average torque and torque ripple vs
b pitch

The a;-a4 are defined as the inner diameters of
the four double-pancake HTS coils. Figs.33 to 36
show that the average torque increases positively with
the pitch for ay, a,, as, and a4. Ideally, maximizing the
value of a; among the four horizontal distance varia-
bles would yield the highest torque-lifting efficiency,
due to the linear decrease in the distance from the
stator. However, the torque ripple will be considera-
bly boosted as a; pitch increases. With a value of 120
mm for a;, the torque ripple reaches a substantial
22%. The torque ripple decreases with a, pitch first,
then reaches a minimum value and increases linearly
from 2% to 9%. As the a; pitch increases from 160
mm to 380 mm, the torque ripple first drops and then
increases linearly from 1.5% to 9%. It is evident that
when the a, pitch increases, the torque ripple in-
creases slightly, then decreases sharply at the a4 pitch
of 500 mm.
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5 Conclusions

We propose a rated voltage of 35 kV in a
DC-field superconducting HVHTS machine . In our
model, the machine is considered to be applied in a 35
kV power grid, eliminating the utilization of trans-
formers. Three candidates Types are compared to
discuss the tradeoff between the multi-group super-
conducting field-winding arrangement and machine
performances. In addition, we propose an inverted
trapezoidal field winding, which experiences the
smallest external magnetic field at merely 3.8 T. The
number of SCs in the candidate Type is 1840, which
is 92.4% and 90.8% of the number for the other two



types. In addition, the THD of the voltage waveform
is calculated to be less than 5.1%.The orientation of
the strongest magnetic fields in the most promising
candidate is predominantly parallel to the SC, which
also indicates the most substantial safety margin for
the SC. The peak of Type Il is calculated to be 0.95T,
approximately 15.8% and 15.1% higher than the
peaks for Type Il and Type IlI, respectively. Thus,
the results reveal that the mutual inductance among
the SCs is minimal, signifying a low level of magnetic
coupling between them; this indicates negligible
leakage inductance in the field coil.
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