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Concentric-Coil Distributed Winding Design for
Large Direct-Drive Fully Superconducting Machines

Jiaxi Lin, Dong Liu, Member, IEEE, Yingjun Wu, Member, IEEE

Abstract—Fully superconducting generators (FSCGs) use su-
perconducting wires for both the field and armature windings
to reach a high torque density for wind turbine applications.
The AC armature winding of an FSCG design mostly employed
racetrack tooth-coils to form fractional-slot concentrated wind-
ings. This winding type has high leakage flux and excessive
harmonics, especially when used in superconducting machines.
Other attempts like applying full-pitch racetrack coils can only
be with one slot per pole per phase which also has significant
slotting harmonics. This paper proposes an innovative concept
of double-layer concentric coils to enable distributed windings
with a larger integral number of slots per pole per phase.
The concept successfully breaks the limitation that racetrack
coils cannot be built with such integral slots. This paper then
assesses the performance of the proposed winding concept within
a context 20 MW FSCG design. The assessment finds out that
the proposed concept has balanced three phases but reduces
inductance compared to single-layer windings. The force on each
concentric coil can significantly be different, thereby complicating
the mechanical design of these superconducting coils.

Index Terms—Armature winding, fully superconducting ma-
chine, MgB., racetrack coil.

I. INTRODUCTION

UPERCONDUCTING generators have been proposed for

large direct-drive offshore wind turbine applications. Their
suitability and feasibility in many aspects are being inves-
tigated [1]-[8]. The benefit from applying superconducting
windings is the high torque density. Fully superconducting
generators (FSCGs) use superconducting wires for both the
field and armature windings. Despite AC loss issues, a typical
way of designing the AC armature winding for an FSCG is to
use racetrack tooth-coils. The tooth coils allow for racetrack
shape and the minimum bending radius of the superconducting
wire can easily be satisfied.

However, tooth coils which form fractional-slot concen-
trated windings have two significant drawbacks. The first
drawback is the weak flux linkage between the DC field
winding and the AC armature winding. This is mainly because
the magnetic air gap of a superconducting machine is relatively
quite large compared to the short pole pitch due to the slot-
pole combination. The weak flux linkage limits the torque
production capability. The second drawback is that fractional-
slot concentrated windings contain significant space harmon-
ics. Such space harmonics will produce excessive AC losses in
the rotor components. To address these two problems, hence,
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Fig. 1. Saddle racetrack coils for forming distributed windings, (a) double-
layer winding with ¢ = 1, (b) concentric coils for windings with ¢ = 2.

there is a need for an AC armature winding design which em-
ploys integral-slot distributed winding (ISDW) arrangements.
ISDWs result in a large pole pitch that can increase the flux
linkage and then the torque production. ISDWs also have
negligible space harmonics especially when the number of
slots per pole per phase is large [9], [10].

In the literature, attempts of designing distributed windings
with racetrack coils have been made with full-pitch coils [11]-
[13]. To date, however, the number of slots per pole per phase
can only be ¢ = 1. The racetrack shape and minimum bending
radius of superconducting coils severely limit the flexibility
of winding arrangements. One slot per pole per phase still
makes noticeable space harmonics although being better than
fractional slots. A larger integer of ¢ is needed to reduce slot-
ting effects and the resulting space harmonics. Such demand
has not been fulfilled before as racetrack coils were thought
unable to form a distributed winding with ¢ = 2, 3,4, .... The
end winding of multiple racetrack coils will cross with each
other in the same plane.

This paper proposes a novel winding design concept using
concentric racetrack coils. The winding design allows the
number of ¢ to be larger than 1, such as 2, 3 or larger. The
larger number is achieved by using multiple concentric coils in
a double-layer placement. Through this winding concept, we
bring back the benefits of integral-slot distributed windings
to AC superconducting windings and then the fully super-
conducting machines. The benefits include uncompromising
torque production and negligible space harmonics.

The first part of the paper presents the conceptual design of
the winding in the context of a FSCG design for 20 MW direct-
drive wind turbines. The second part is quantitative assessment
of the performance of the proposed winding concept. The
assessment includes the inductance of the windings, forces
on the coils and imbalance of coils and phases.

II. CONCEPT OF THE CONCENTRIC-COIL DISTRIBUTED
WINDING

The idea of making a racetrack coil distributed over one
pole rather than over a tooth is to use multiple layers of saddle
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Fig. 2. Winding arrangement for three-phase distributed windings with ¢ = 2,
(a) sketch of double-layer winding and geometric parameters, (b) double-layer
three-phase winding in the 20 MW FSCG model, (c) imaginary single-layer
three-phase winding (unable to be built with racetrack coils).

racetrack coils [14]. The coils in different layers overlap and
the gaps form the space for stator teeth. The idea of two-
layer windings, which became more practical, was presented
in [15] as shown in Fig. la. However, this original concept
only allows for one slot per pole per phase. To enable more
slots per pole per phase, we split the single coil into multiple
concentric coils. The concentric coils are illustrated in Fig. 1b
with two slots per pole per phase for example. In this way,
we achieve a double-layer three-phase armature winding as
shown in Fig. 2. Both sides of a single coil stay in the same
layer rather than going to the other layer. This is different
from a diamond coil for conventional distributed windings. A
typical saddle racetrack coil can easily be placed in the layout.
An FSCG with the proposed armature winding is sketched in
Fig. 3.

Note that the concentric coils are full-pitch coils. The span
of the innermost coils is shorter than a full pole pitch. The span
of the outermost coils is longer than a full pole pitch. The full
pitch is fulfilled by the coil sides belonging to different coils
of the same phase but in different layers. This can be seen
from the 2D cross-sectional view as pointed out in Fig. 2b.

One problem is that the end winding of the outer coils
may be much longer than that of the inner coils. The large
end winding increases the cost of wires and requires stronger
mechanical support for the end winding. The higher the
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Fig. 4. Cross-section of the armature coil formed with Rutherford cables
and MgBs strands. Left: formation and definition of the coil, turn, cable and
strand. Right: definition of the number of turns and strands.

number of slots per pole per phase, the more difficult for
the end winding support and the higher the cost of wires.
The electromagnetic force is different from the inner coils to
the outer coils, which requires different mechanical supports.
Such differences between the inner and outer coils also make
conduction cooling of the coils more challenging since the
coils have different thermal circuits. In addition, the coils of
the upper and lower layers are not identical or interchangeable
either since their radii and radians are different.

III. GENERATOR DESIGN FOR CONCEPT ASSESSMENT

The conceptual design of the concentric-coil distributed
winding is applied in a 20 MW FSCG design. The design
refers to the coil architecture and generator parameters from
[16]. Considering losses, the electromagnetic power needs to
be 22 MW. The line voltage is Uy, = 6.6 kV, and the phase
current is 1.96 kA with a unity power factor. The magnetic
circuit of the machine adopts a slotless stator and non-salient
rotor. In engineering practice, the use of glass fiber G10 may
be considered to fill in the gaps between stator coils to provide
the mechanical support. The parameters of the 20 MW FSCG
design are summarized in Table I. Note that the effects of AC
losses of superconducting wires on the generator design are not
studied in the paper. AC losses are an important issue for AC
superconducting windings and will be addressed in practical
design phases in future. The presented winding concept can
also be used in other types of AC machines, and therefore, its
application is independent of AC losses.

The field winding is made of ReBCO tapes for a high field
excitation while the AC armature winding is made of MgB.
Rutherford cables for lowering AC losses. The field winding
adopts double-layer racetrack coils (DLRCs). Each layer of
one DLRCs has 200 turns. Each DLRC has 4 layers.

Referring to the cable concept in [16], [17], the armature
winding coils are wound with Rutherford cables made of
MgB, strands. Each Rutherford cable is wound with 9 MgB,
strands. The number of parallel strands in each cable forming
one turn is determined to achieve the rated phase current. The
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TABLE I
DESIGN PARAMETERS OF THE 20 MW FSCG

Geometry parameters

Stack Length m ls 2.13
Inner rotor core radius m Ry 2.697
Armature yoke height mm hsy 456.31
Field yoke height mm hry 411.55
Distance between the
outer rotor surface and mm hr 107.37
outer rotor winding surface
Distance between the
outer rotor winding surface and mm Goff 120
the inner stator winding surface
Distance between the
inner stator winding surface and mm hs 57.62
the outer stator winding surface
Distance between the
outer stator winding surface and mm dss 20
the inner stator yoke surface
Air gap radius mm R 3068.91
Radial length of armature coil mm ds 23.81
Tangential width of armatrue coil mm Ws 14.88
Electromagnetic parameters
Number of pole pairs 1 p 10
Number of slots per pole per phase 1 q 2
Number of turns per field pole 1 Ng 800
Engineering field current density A/mm? Je 175

Number of turns per slot 1 Ng 40
Fundamental frequency Hz f 1.1
1
1
1

Number of phases m 3
Armature winding packing factor kel 0.5

Field coil packing factor kil 0.7
Line voltage kV Uline 6.6
Phase current kA Is 1.96

Rated power Pem 22

phase current density is limited by the J.(B,T') characteristic
of MgB, wires and determined by the load line analysis as
shown in Fig. 5. Single-layer racetrack coils (SLRCs) are used.
The design uses n,s = 5 layers of SLRC, each layer of SLRC
is wound with nis = 8 turns, so each coil has 40 turns. The
stator adopts the proposed concentric-coil distributed winding
with ¢ = 2. An example of the armature coil and its cables
and strands is sketched in Fig. 4. The number of MgBs strands
in a single Rutherford cable, i.e., one turn, is calculated by

51,
Nug, = ( V2 (1

1-— Ksafe)Icrit

where I, = 1.96 kA is the rated phase RMS current, I, is
the critical current of MgB, strands, and K, is the safety
margin of the MgBs strands.

Two separate cryostats are adopted to achieve different
required operating temperatures for maintaining superconduct-
ing states. The stator operates at 20 K for MgB» and the rotor
operates at 30 K for ReBCO. The stator cryostat is fixed while
the rotor cryostat rotates.

As shown in Fig. 5, the load line of the proposed double
layer concentric-coil winding and the J.(B,T) characteristic
for the MgB, wires are compared to determine the operating
current density in the armature winding. The selected current
density in each MgB, strand of the armature winding is
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Fig. 5. Determination of the operating current density of the armature winding
with the load lines.

221 A/me. A margin of K. = 25% is introduced in both
the field and armature windings to tolerate disturbances.

IV. PERFORMANCE ASSESSMENT

The FSCG is modeled with finite element methods in
COMSOL Multiphysics. The performace, such as inductances
and forces, are calculated from the finite element model. The
balance of three phases, the inductance loss and the electro-
magnetic force on the coils are analyzed to assess the perfor-
mance of the proposed double-layer concentric coil distributed
winding. An imaginary single-layer distributed winding with
g = 2 is also modeled with the same FSCG design for
showing the trade-offs of the proposed winding. Please note
that the single-layer winding is only possible in theory since
it is practically unable to be built with racetrack coils. The
generators with the two winding arrangements have the same
nominal torque, rated voltage, size and unity power factor.
As shown in Fig. 5, the proposed double-layer concentric-coil
winding has an 8% lower critical current density compared to
the imaginary single-layer winding.

A. Inductance and Balance of Three Phases

The double-layer concentric-coil winding is supposed to be
symmetrical. Since the resistance is zero in superconducting
windings, we only check if the inductance of the three phases
are the same. Furthermore, the armature winding has two
layers. Compared to the single-layer winding shown in Fig. 2c,
the added layer increases the average distance between the
field winding and the armature winding. This larger distance
causes a drop of inductance. Thus, it is inevitable to sacrifice
certain inductance to realize a distributed winding with ¢ > 1.
This section will show how much the inductance is lost due
to the added layer.

1) Mutual inductance between the field and armature wind-
ings: The mutual inductance between the field and armature
windings is shown in Fig. 6 as the rotor rotates. The three
phases have symmetrical waveforms. This shows that the three
phases are balanced with the double-layer concentric coils. The
double-layer winding loses 13.2% of the inductance compared
to the single-layer winding, which is not negligible.

2) Self- and mutual inductances of the three phases: As
shown in Fig. 7a, the self-inductance of each phase drops
by 8.7% compared to the single-layer winding (Fig. 2¢). A
drop of 9.6% can also be seen in the phase-to-phase mutual
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Fig. 7. Inductances of the three phases with ¢ = 2, (a) self-inductance,
(b) mutual inductance.

inductance as shown in Fig. 7b. Besides, the three phases are
well balanced as expected.

The lower inductance makes the electro-motive force (EMF)
drop by 12.6% compared to that of the single-layer winding.
The torque density remains the same since the torque produced
by both windings are kept equal by keeping the unity power
factor and tuning the number of turns per slot from 40 to 28.

However, the single-layer winding cannot be built in prac-
tice. The losses of critical current density and inductances will
not weaken the advantages of the proposed winding concept
until the single-layer distributed winding can be realized with
appropriate end windings.

B. Electromagnetic force on the concentric coils

It is apparent that the inner coils and outer coils withstand
different electromagnetic forces when carrying currents. We
calculated the tangential component of the force on the con-
centric coils of the same phase with ¢ = 2. Two coils are in the
upper layer while the other two coils are in the bottom layer.
The locations of the calculated coils are pointed out in Fig. 8.
The forces on these coils are shown in Fig. 9 with respect to
time. This method compares the inner and outer locations and
compares the upper and lower layers.

We can tell the difference between the outer coil and the
inner coil in the same layer. In the upper layer, the peak force
on the outer coil Coil 1 is about 7.8% higher than that of
the inner coil Coil 2. In the lower layer, the peak force on
the outer coil Coil 3 is about 12.7% higher than that of the
inner coil Coil 4. The difference between the two layers is
small if the compared coils are both outer or both inner. The
maximum difference of force on the concentric coils of the
same phase occurs between Coil 1 and Coil 4 and is as high
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Fig. 9. Tangential component of the electromagnetic force on each coil of
the same group of concentric coils with the rated current.

as 17.6%. Thus, Coil 1 and Coil 4 may need different designs
of mechanical support.

V. CONCLUSION

A concept of double-layer armature winding employing
concentric saddle racetrack coils is developed to realize
distributed windings with integral slots per pole per phase
q = 2,3,4, .... The concept successfully breaks the limitation
that racetrack coils cannot be built with such integral slots. The
breakthrough comes from the idea of double-layer placement
for concentric racetrack coils. Now the distributed winding
with a large number of slot per pole per phase can be applied
to the design of FSCGs. The concept will increase the feasi-
bility of FSCGs since the drawbacks related to concentrated
windings with tooth coils have gone, such as high leakage of
magnetic flux and excessive space harmonics.

The double-layer layout of the proposed winding may lead
to a lower inductance and critical current density, as compared
with an imaginary single-layer winding. More importantly, the
proposed winding’s electromagnetic force on each concentric
coil of the same phase may significantly be different. The
difference of force may be as high as 17.6% and will compli-
cate the design of the superconducting coils. The mechanical
support of all the concentric coils should either be rated for
the highest force, meaning waste of structural material, or
designed separately for each coil, meaning less cost-effective.
It is also foreseen, not studied yet in this work though, that
the cryogenic cooling design should also be different since the
concentric coils have different thermal circuits.
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