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Investigation Into Multi-Phase Armature Windings
for High-Temperature Superconducting
Wind Turbine Generators

Dong Liu"Y, Member, IEEE, Xiaowei Song

and Jianning Dong

Abstract—High-temperature superconducting (HTS) genera-
tors are being considered as a competitive candidate in large
direct-drive (DD) wind turbines because of their features of being
lightweight and compact. Normally a large air gap is inevitable in
partially HTS generators, sacrificing the torque producing capabil-
ity. In this paper, multi-phase armature windings for HTS genera-
tors are investigated to reduce the air gap length in HT'S generators
while not compromising generators’ performance. Therefore, the
torque density of HTS generators can be improved without any
added costs. Five different multi-phase armature winding schemes
are studied in the paper. Their performance regarding torque
production and rotor losses in a 10 MW DD HTS generator are
examined. The findings show that employing multi-phase armature
windings can reduce the mechanical air gap without generating
extra eddy current losses in the rotor, and the torque production can
be improved by up to 9.1%. In addition, the alternating magnetic
field reaching the HTS field winding are also reduced by using
multi-phase armature windings, resulting in lower AC losses and
cooling costs.

Index Terms—AC loss, eddy current loss, multi-phase, HTS
generator, torque, wind turbine.

1. INTRODUCTION

IGH temperature superconducting (HTS) generators
H are expected to be lightweight and compact compared
to conventional synchronous generators. Thus, they are being
considered in 10+ MW offshore direct-drive (DD) wind turbines
to reduce the levelized cost of energy (LCOE) [1]-[6]. The
state of the art of HTS generators for wind turbines is that
within the EcoSwing project a full-scale 3 MW-class DD HTS
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generator has been successfully commissioned on a real wind
turbine [7], [8].

Currently, feasible HTS generators are usually partially super-
conducting, i.e. only the field winding applies superconductors.
As a result, the magnetic air gap in HTS generators is much
larger than that in conventional generators [9]-[11]. There are
two main reasons for this large magnetic air gap. One is that
reasonable space is needed for a cryostat wall and thermal
insulation required for operating the HTS field winding, which
is very obvious. The other is that the mechanical air gap, i.e.
the free space between the rotor and the stator, can not be
as small as that in conventional machines. Otherwise, higher-
than-accepted losses will be induced in the rotor, including
eddy current losses in the electromagnetic (EM) shield and the
cryostat wall [12], [13], and also AC losses in the HTS field
winding [14].

However, the large air gap will sacrifice torque production of
the HTS generator. As the torque density is one of the most
critical factor to commercialize HTS generators in the wind
industry, it is of great commercial interest to improve the torque
density by reducing the air gap while not compromising the
generator performance. From the vacuum and thermal insulation
point of view, the space needed for the cryostat and thermal
insulation materials, e.g. multilayer insulation (MLI), can hardly
be reduced. Therefore, the only viable direction is trying to
reduce the mechanical air gap while not bringing more rotor
losses. Motivated by this thought, this paper evaluates the effects
of employing multi-phase armature windings in HT'S generators
to reduce the mechanical air gap and to improve the torque
production capability.

Multi-phase armature windings have been studied in the field
of permanent magnet (PM) machines for better integration with
power converters [15]-[21]. In the context of HTS generators,
especially for the purpose of reducing the mechanical air gap,
multi-phase armature windings have not been investigated yet.
In a wind turbine’s power conversion system using a DD HTS
generator, multi-phase armature windings directly make use of
currently equipped multiple power converters, as illustrated in
Fig. 1. Hence, no additional costs will be added but only the
winding connections should be adapted.

This paper investigates the effects of different multi-phase
armature winding schemes on lifting the torque production of a
10 MW HTS generator by reducing the mechanical air gap while
not increasing rotor losses. The minimum mechanical air gap
and the best candidates among the studied multi-phase winding
schemes will be identified. The findings show that employing
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See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: TU Delft Library. Downloaded on September 06,2021 at 12:38:50 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0002-5963-7677
https://orcid.org/0000-0002-5768-2351
https://orcid.org/0000-0002-9832-004X
https://orcid.org/0000-0003-2214-1472
mailto:xiaowei.song0807@gmail.com
mailto:fdeng@seu.edu.cn
https://ieeexplore.ieee.org

5201005

AC-DC-AC converter

Multi-phase HTS

s
: 1A 1

Step-up
transformer

Power
grid

Fig. 1.  Configuration of multi-phase armature windings connected to multiple
power converters in a direct-drive wind turbine.

(a) ¢ = 4, three phases
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(e) ¢ = 3, nine phases

Fig.2.  Winding distribution of multi-phase windings with the number of slots
per pole per phase ¢ = 4 and ¢ = 3.

multi-phase armature windings is a feasible and easy way to
improve the torque density of HTS generators.

II. CONCEPT OF MULTI-PHASE ARMATURE WINDINGS

Multi-phase armature windings mean that the number of
phases is larger than three [19], [22]. For integral-slot distributed
windings, the number of phases is usually multiples of three but
depends on the number of slots per pole per phase g. For example,
nine phases consist of three sets of balanced three phases and ¢
should be 3 or 6. Twelve phases consist of four sets of balanced
three phases and ¢ should be 4 or 8. Normally the value g is not
very large, and thus 2, 3 and 4 are the most practical values. The
winding distribution of six, nine, twelve phases, combined with
the ¢ value being 3 and 4, as sketched in Fig. 2, are studied in this
paper. Single-layer windings are chosen for this investigation.

Magnetic field harmonics from the armature winding,
other than the torque-producing harmonic, do not rotate syn-
chronously with the rotor. The relative motion between these
harmonics and the rotor induce losses in the HTS field winding
and electrically conductive parts in the rotor, such as an EM
shield made of copper.

To reduce harmonic contents in the magneto-motive force
(MMF) of the winding, each set of three phases is shifted with
the neighboring set by an angle in the phase current [15]. To

IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 30, NO. 4, JUNE 2020

o 1 Elo=4, 3 phases ]
g [Tg=4, 6 phases
=58 Elo=4, 12 phases |
g' : [lg=3, 3 phases
< =3, 9 phases
© 0.6 ]
=
T
© 0.4 1
L
>0.2 1
=
“‘lﬂ‘ln‘“_n‘_n“‘n‘m“‘. | |
3 5 7 9 111315171921 23 25

Harmonic order
(a) MMF spectra of multi-phase windings

o 0.1 Bl g-4, 3 phases
3 [@g=4, 6 phases
= 0.08 Bl o=4, 12 phases
g' ) [ lg=3, 3 phases
< =3, 9 phases
o 0.06
=
T
© 0.04
L
S 0.02 |H
= i

R (I | N

1 35 7 911131517 19 21 23 25
Harmonic order
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Fig. 3.  MMF spectra of the studied multi-phase windings.

maximize this effect, this angle should be 180°/6 = 30° for
six phases, 180°/9 = 20° for nine phases, and 180°/12 = 15°
for twelve phases. Combining such a shift in the phase current
angle and also the space shift by a number of slots, certain
MMF harmonics will be eliminated. As shown in Fig. 3(a),
the multi-phase windings with the same number of ¢ eliminate
certain orders of harmonics. With ¢ = 4, for example, six and
twelve phases eliminate the Sth and 7th harmonics, whereas
twelve phases eliminates the 11th and 13th harmonics. With
q = 3, nine phases also eliminates the Sth, 7th, 11th and 13th
harmonics. These harmonics are the primary contributors to
induced losses in the rotor. However, some orders of harmonics
are increased by applying the multi-phase windings, such as
the 17th, 19th, 23 rd and 25th. Although these high orders of
harmonics contribute to rotor losses, the contribution is much
less compared to that from the lower orders.

Another notable advantage of multi-phase windings is that
the fundamental component of MMF is slightly increased, as
pointed out in Fig. 3(a). Apparently, a higher fundamental com-
ponent of MMF helps to improve torque production.

Furthermore, it is common to employ multiple converters in
wind turbines above 6 MW to share the high rated power [23].
Multiple phases directly make use of such currently applied
multiple-converter configurations, thus there is no added cost
in terms of power converters.
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TABLE I
DESIGN PARAMETERS OF THE HTS GENERATOR

Air gap diameter 6112 mm

No. of pole pairs 24

No. of slots 576 for g = 4
432 for g = 3

No. of turns per field pole 124

Stator slot height 160 mm

Stator slot width 13 mm

HTS field coil height 30.5 mm

HTS field coil Width 14 mm

Engineering current density in the field winding 120 A/mm?

Armature current density 2.6 A/mm?

Rated frequency 3.84 Hz

— Stator iron core

— Armature winding

Mechanical air gap
(length variable)

Cryostat space — HTS field winding
(length fixed)

containing an EM shield — Rotor iron core

Fig. 4. Sketch of the HTS generator. One-pole model is shown, which forms
a half symmetry for finite element analysis.

III. HTS GENERATOR DESIGN

The different multi-phase winding schems are compared un-
der the same HTS generator. This HTS generator is designed for
a 10-MW 9.6-rpm reference DD wind turbine [24]. The genera-
tor design is based on a prototype that has been experimentally
proven in [25] but is optimized for the minimum levelized capital
cost of energy for this wind turbine [26], [27]. Iron cores are
used both in the rotor and in the stator to reach a low cost, and
magnetic poles are chosen to be salient to balance the generator
cost and the cryostat complexity. Table I list the key parameters
of the designed HTS generator.

The superconducting field winding of this generator employs
the second-generation (2-G) HTS wires (GdBCO) operating at
30 K. The cross-sectional dimension of the HTS field coils
considers a fill factor of 0.7, accommodating 124 turns per pole.
The engineering current density in the HTS field winding is
120 A/mm? to have a safety margin of 30% to the critical current
density. Detailed design of the field winding duplicate that in our
previous lab set-up, as reported in [28]. The cryostat and the EM
shield are both cylindrical, and they enclose the whole HTS field
winding and the rotor iron core, as depicted in Fig. 4.

The armature winding uses conventional copper conductors
working at about 120 °C maintained by forced air cooling.
The armature current density is set to 2.6 A/mm? to keep an
affordable copper losses in the stator.

As indicated in Fig. 4, the magnetic air gap consists of two
parts. One is for cryostat and MLI, which is nearly fixed because
of the vacuum and the thermal insulation requirements. The
other is the physical free space between the stator and the rotor,
i.e. the mechanical air gap. The mechanical air gap length varies

5201005

from 16 mm to 8 mm in this paper under different armature
winding schemes. As 8§ mm is approaching 0.1% of the air
gap diameter, it is chosen to be the lower limit of the variation
of mechanical air gap. It has been extensively recognized by
electrical machine designers that it is a rule of thumb to use
0.1% of the air gap diameter as the air gap length of conventional
machines. A mechanical air gap smaller than 0.1% of the air gap
diameter is difficult to handle from the mechanical point of view.

IV. METHODOLOGY

The mechanical air gap of the HTS generator is the key
variable in the study. With a specific winding scheme introduced
in Section II, the torque production and the rotor losses are
calculated and compared while varying the mechanical air gap
from 16 mm to 8 mm. The total eddy current loss in the EM
shield and the cryostat wall is chosen as the rotor loss. Because
of EM shielding, AC losses in the HT'S field winding are assumed
to be negligible compared with eddy current losses in the EM
shield and cryostat. Nevertheless, magnetic fields that reach the
HTS field winding, which produce AC losses in the HTS field
winding, will be briefly discussed.

The HTS generator with the original three-phase winding
and the 16-mm mechanical air gap is selected as the baseline
or reference case. Its torque production per unit length and its
total eddy current loss are used as references to evaluate the
performance of the multi-phase windings. Eddy current losses
that are similar or lower than those in the reference case are
desired.

The combinations of the mechanical air gap length and the
multi-phase scheme, which result in the same or similar eddy
current loss in the reference case, will be identified. Then,
the torque production of the identified combinations will be
compared with that of the reference case to see how much the
torque can be increased. If the torque increase is significant, the
mechanical air gap length and multi-phase winding scheme of
the combination will be proposed to replace the original length
(16 mm) and the original winding type (three-phase winding).
Modelling, calculation and simulation with finite element meth-
ods (FEM) are used to obtain the torque, eddy current loss, flux
density and other relevant quantities. The used FEM package is
COMSOL Multiphysics.

V. EFFECTS ON TORQUE PRODUCTION

In this study, torque production per unit (axial) length is a
function of the mechanical air gap and the type of the arma-
ture winding. The correlation is depicted in Fig. 5. The torque
production with the 16-mm mechanical air gap, three phases
(g = 4) is set to be the reference torque. The torques per unit
length in other cases are normalized to this reference torque. As
depicted in Fig. 5, with the same number of g, the multi-phase
windings increase the torque. Note that the engineering current
density in the field winding is fixed to 120 A/mm? for all the
cases in Fig. 5 so that any differences in the torque production
due to the field excitation are excluded.

Then, it is necessary to identify which mechanical air gap
results in a similar eddy current loss as the reference case. As
shown in Fig. 6, 9-mm mechanical air gap with six or twelve
phases achieves this target for ¢ = 4. For ¢ = 3, the mechanical
air gap between 12 mm and 11 mm achieves this target with nine
phases.
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Fig.7. Waveforms of radial flux density at one point of the HTS field winding.
Three scenarios are compared.

Looking back at Fig. 5, for ¢ = 4, the torque per unit length
is increased by 7.2% with 9-mm gap and six phases, and 9.1%
with 9-mm gap and twelve phases. For ¢ = 3, the gap of 11 mm
is the minimum and here the torque is increased by 6.2% with
nine phases. As stated already, these torque enhancements are
nearly free of charge since implementing multi-phases will not
increase the cost.

The original mechanical air gap, i.e 16 mm, used for three-
phase windings can be replaced by a much smaller gap, i.e.
9 mm, with six or twelve phase windings for ¢ = 4. For ¢ = 3,
the gap can be shortened to 11 mm if a nine-phase winding is
applied.

VI. MAGNETIC FIELDS ON THE HTS FIELD WINDING

So far, only the eddy current losses in the EM shield and
cryostat wall are considered as the rotor losses. As AC losses
in the HTS field winding are related to thermal budgets of the
cryogenic system, it is worth assessing the alternating magnetic

fields on the HTS field winding because these fields are the main
source of AC losses in the HTS field winding.

Fig. 7 plots the radial flux density (only the alternating
component) at one point of the HTS field winding. Appar-
ently, the two multi-phase windings for ¢ = 4 effectively mit-
igate the amplitude of ripple fields at the minimum mechan-
ical air gap obtained in Section V. The twelve-phase wind-
ing almost achieves a zero alternating field at the HTS field
winding. Hence, one notable merit of multi-phase windings
is smaller ripple magnetic fields on the HTS field winding,
which directly reduces AC losses and benefits the cooling system
design.

VII. CONCLUSION

It is inevitable to have a large magnetic air gap in currently
feasible HTS generators that use a partially superconducting
topology. Multi-phase armature windings can effectively reduce
eddy current losses induced in the EM shield and the cryostat
wall due to reduction of MMF harmonics. Therefore, the me-
chanical air gap can be reduced by applying multi-phase arma-
ture windings, which results in higher torque production while
not compromising the generator performance. With a six-phase
or twelve-phase winding, the mechanical air gap decreases from
16 mm to 9 mm, and the corresponding torque increase is 7.2%
and 9.1% for ¢ = 4. In the case of ¢ = 3, the mechanical air
gap can be reduced from 16 mm to 11 mm, and accordingly the
torque rises by 6.2% with a nine-phase winding. Besides, the
alternating magnetic fields that reach the HTS field winding are
also minimized by employing a multi-phase armature winding,
which helps to lower the cooling cost. Overall, the findings from
the paper show that employing multi-phase armature windings
is a promising and viable solution to improve the torque density
of HTS generators.
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