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Potential of Partially Superconducting Generators
for Large Direct-Drive Wind Turbines

Dong Liu, Student Member, IEEE, Henk Polinder, Senior Member, IEEE,
Asger B. Abrahamsen, Member, IEEE, and Jan A. Ferreira, Fellow, IEEE

Abstract—This paper aims at assessing the potential of par-
tially superconducting generators for 10 MW direct-drive wind
turbines by investigating their performance for a very wide
range of excitation currents. Performance indicators such as
shear stress and efficiency and other generator characteris-
tics are compared for twelve different generator topologies.
To be sufficiently attractive, superconducting generators must
have significant advantages over permanent magnet direct drive
generators which typically have shear stresses in the order of
53 kPa and efficiencies of 96%. Therefore, it is investigated what
excitation is required to obtain a doubled shear stress and an
efficiency of 98%. To achieve this, the different topologies require
a range of excitation from 200 to 550 kAt (Ampere-turns) with
a low armature current density of 2 A/mm2. The more iron is
used in the core of these topologies, the easier they achieve this
performance. By examining the maximum magnetic flux density
at the location of the superconducting field winding, feasible
superconductors can be chosen according to their engineering
current density capabilities. It is found that high- and low
temperature superconductors can meet the performance criteria
for many of the topologies. MgB2 superconductors are feasible
for the fully iron-cored topology with salient poles but needs
cooling down to 10 K.

Index Terms—Direct drive, HTS, LTS, MgB2, performance,
potential, superconducting generator, wind turbine.

I. INTRODUCTION

SUPERCONDUCTING synchronous generators are being
proposed and designed for large direct-drive wind power

conversion (10-20 MW) [1], because of their low weight
and compactness [2]-[4]. A commonly applied approach is
to use superconducting (SC) wires with high current carrying
capability in the DC field winding, whereas copper conductors
remain in the AC armature winding [5]-[8]. Such so-called
partially SC generators can be designed based on the properties
of currently available SC materials. However, the designs
proposed in the literature have been facing various challenges,
such as large amounts of costly SC materials [9], [10], low
efficiencies [9]-[13], large diameters [11], [12] or large active
material weights [13].

These designs partly or entirely use iron cores, which
tend to increase the generator weight [10]-[14]. Large air
gap diameters with more poles can be adopted to reduce
the weight [11], [12]. However, this approach increases the
generator and nacelle sizes and challenges the mechanical
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construction [15]. To reduce the diameter, higher electrical
loadings may be used but the results are higher copper losses
and lower efficiencies [11], [12].

An SC generator has a much wider range of field excita-
tion than permanent magnet and copper-field-winding gener-
ators. Moreover, the superconductor technology is developing
rapidly. Thus, it does not make sense to base SC gener-
ator designs only on the properties of currently available
superconductors. It is therefore interesting to evaluate the
potential performance of an SC generator by disregarding
the superconductor type, eliminating the limitation of critical
characteristics and increasing the current density capability
of the superconductors. We can then find out the required
superconductor types that meet the magnetic field level and
required current density for achieving certain high generator
performance.

The objective of this paper is to find the potential of
partially SC generators. Such generators can only be attractive
if they have significant advantages over permanent magnet
direct drive (PMDD) generators. Typically, a PMDD generator
has shear stresses in the order of 53 kPa and efficiencies
of 96%. Therefore, it is investigated what excitation is re-
quired to obtain a doubled shear stress of 106 kPa and an
efficiency of 98%. Other generator characteristics, such as
normal stress, stack length and active material mass, are also
investigated to show the effects of increasing the excitation.
Commercial superconductors, i.e. low- and high-temperature
superconductors and MgB2 superconductors are evaluated to
meet the magnetic field and field current density resulted from
the required excitation.

II. GENERATOR TO BE STUDIED

A. General Specifications

The partially SC generator for this study is proposed for
a 10 MW direct-drive offshore wind turbine with a foun-
dation for the water depth of 50 m as investigated in the
INNWIND.EU project [1]. The rated speed is 9.6 rpm, and
the rated torque is therefore 10 MN·m.

B. Twelve Topologies

Iron and non-magnetic cores can both be used in an SC
machine. Using iron cores is more conventional and can
reduce the magnetic reluctance of a machine and the amount
of used superconductors. The downsides are large weights
and extra iron losses. Non-magnetic cores can be applied to
SC machines because the magnetic field excited by SC field
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Fig. 1. Twelve topologies to be compared. Red: SC field winding. Yellow:
copper armature winding. Brown: non-magnetic core. Gray: iron core. The
dashed boxes are the contours for a larger coil.

windings can be very high. Usually non-magnetic cores are
lightweight and loss free, but the magnetic reluctance of a
machine would be so large that more superconductors have to
be used to produce a sufficiently high magnetic field.

Combining iron and non-magnetic cores in the rotor back
core, rotor pole core, stator tooth and stator yoke results in
twelve applicable topologies (T1-T12) in total as listed and
illustrated in Fig. 1. In this list, nine topologies T1-T3, T5-
T7, and T9-T11 have a large effective air gap length due to
space allocated to the cryostat wall and thermal insulation.
The other three topologies T4, T8 and T12 with salient poles
have a significantly reduced effective air gap length. T4, T8
and T12 can be regarded as the extensions of T3, T7 and T11,
respectively, from the topology point of view. In these three
topologies, the cryostat can be made modular in the shape of
racetrack so that the iron pole can go much closer to the stator
[11]-[13], [16].

C. Dimensioning
One pole of the SC generator is dimensioned as illustrated

in Fig. 2. Then this single pole can be applied to different gen-
erator diameters. The size of the generator is then determined
by the number of poles according to specific requirements.

The basic generator design and pole dimensioning are rough
but generalized for all the topologies. The design parameters
are set to achieve realistic designs although they may affect
each topology a bit differently. Since the purpose of topology
comparison is to show trends with the excitation currents
and then no optimization is involved, the basic design which
provides the same conditions is considered acceptable for
performance comparison.

The pole pitch is set to τp = 0.4 m and three reasons support
this choice:

τp 

20

20wcrw

bs

τs hsy

wcrw

hry

wfpc

g
hfpc

hs

Fig. 2. Sketch of dimensioning parameters of one pole.

• According to the design proposals available in the litera-
ture, pole pitches between 0.379 m [10] and 0.660 m [12] are
all possible.
• A previous optimization study for a low cost has shown

that the pole pitch lies between 0.4 m and 0.7 m for different
topologies [14]. The generator design resulting in the lowest
cost has a small pole pitch about 0.4 m.
• The pole pitch should be larger than the minimum bending

diameter of the superconductor which differs from type to
type. It is thus not allowed to wind an SC field coil with
a very small pole pitch.

The mechanical air gap length of the machine is g = 10 mm
which is roughly around 0.1% of possible air gap diameters. In
the rotor, the pole core width is assumed to be wfpc = 0.5τp =
0.2 m. The heights of the rotor back core and the stator yoke
are thus equally set to hry = hsy = 0.5wfpc = 0.1 m. The
pole core height is hfpc = 60 mm for topologies T1-T3, T5-T7
and T9-T11, and hfpc = 100 mm for topologies T4, T8 and
T12 (the difference of 40 mm is due to the extension of the
pole core). The cryostat wall thickness with thermal insulations
occupies wcrw = 40 mm, which makes the effective air gap
length of T1-T3, T5-T7 and T9-T11 become geff=g+wcrw =
50 mm.

In the stator, the number of phases is m = 3. The number
of slots per pole per phase is q = 4. The ratio of slot width
to slot pitch is bs/τs = 0.5 (an equal fraction for a slot
and a tooth). The slot height of hs = 84 mm is determined
for achieving an electrical loading of 75 kA/m for forced-
air cooling [17], with the rated current density in the stator
winding being Js = 3 A/mm2 (RMS value). The armature
current density of Js = 3 A/mm2 is usually a starting point
for designing a large electrical machine [18]. Many designs
of SC generators for wind turbines in the literature have used
this current density or slightly lower [9]-[13]. However, the
efficiency of these designs may not be high. A lower current
density could be used to improve the efficiency. Therefore,
this study will also investigate Js = 2 A/mm2 and compare it
with Js = 3 A/mm2. Accordingly, the slot height is adjusted
to hs = 126 mm for Js = 2 A/mm2 to maintain the electrical
loading of 75 kA/m.

The excitation or excitation current NI is calculated by the
current density Jf multiplied by the cross-sectional area of the
field coil Af . In this paper, the cross-sectional dimension of
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Fig. 3. B-H curve (silicon steel NGO M-14) used in the FE simulations.
Reproduced from COMSOL Multiphysics v4.4.

one side of an SC field coil is fixed to 20 mm by 20 mm. As a
result, the excitation is only determined by the current density
applied in the SC field winding. However, only the excitation,
which is equal to the area of Af = 400 mm2 multiplied by the
current density Jf , takes effect for calculating the performance
indicators and generator characteristics. Therefore, we do not
need to know specifically either the current density or area
until the feasibility of superconductors is evaluated, which will
be presented in Section VI.

D. Modeling Methods and Generator Operation

The performance indicators and generator characteristics
are modeled and calculated regarding their relation with the
excitation current for the twelve topologies. 2D finite element
(FE) models have to be used to calculate the magnetic field
because this study involves the linear low field region, the
non-linear medium field region and the linear high field region
of the B-H curve of iron (Fig. 3). Then these quantities are
calculated with analytical equations.

For calculating all these quantities, the generator is operated
in such a way that the armature magnetic field is perpendicular
to the excitation field. In the d-q reference frame, this operation
corresponds to the zero d-axis current control.

III. PERFORMANCE INDICATORS

The shear stress and efficiency (or total loss) are perfor-
mance indicators for assessing a generator.

A. Shear Stress

The shear stress σt is used for sizing an electrical machine
by

Te =
π

2
σtD

2
sLs, (1)

where Te is the electromagnetic torque, Ds is the air gap
diameter, and Ls is the stack length. The shear stress needs
to be calculated first of all. In 2D FE models, the shear force
per unit length on one pole Ft is calculated with the Maxwell
stress tensor by

Ft =
1

µ0

l2=τp∫
l1=0

BrBtdl (2)
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Fig. 4. Shear stress with respect to excitation currents of the topologies T1-12.
Dashed horizontal lines indicate the typical shear stress of a PMDD generator
(lower) and twice the PMDD generator level (upper).

where τp is the pole pitch, and Br and Bt are the radial and
tangential components of the air gap flux density.

The shear force Ft is an average value calculated from
two stationary FE simulations. These two simulations differ
in the relative position between the rotor and stator, and the
phase angle of the armature current. From the first position to
the second, the rotor rotates with an angle of 1/(4mq) of a
mechanical cycle while the phase current shifts by a time of
1/(4m) of an electrical cycle. Choosing these two positions
is under the assumption that the 6th time harmonic of the
magnetic field contributes to the force ripples most. Then, an
electrical cycle has 6 cycles of force ripples. Compared with
a complete transient simulation of the shear force, the error
resulted from this averaging method is less than 3%. Since
the aim of this study is just to find trends, this accuracy is
acceptable.

Then the shear stress σt is obtained by averaging Ft over
the pole pitch τp:

σt =
Ft
τp

(3)

The effects of excitation currents on the shear stress of
the twelve topologies are shown in Fig. 4. At low excitation,
the shear stress increases fast when the excitation increases.
Saturation starts to play a role with a higher excitation and
the increase of shear stress becomes slow. Finally, the relative
permeability of iron becomes µr ≈ 1 with a significantly high
excitation, and the shear stress varies linearly.

The twelve topologies, in general, follow the trend: the
shear stress becomes higher from T1 to T12. With a very
high excitation, the shear stress of all the topologies finally
becomes parallel with each other. This result implies that using
iron cores can effectively increase the shear stress even though
it is saturated.

The typical shear stress of a PMDD generator is about
53 kPa which is also plotted in Fig. 4. This number is estimated
by considering an air gap magnetic field of 1 T (amplitude)
and an electrical loading of 75 kA/m (RMS). If we want to
achieve a doubled shear stress, i.e. 106 kPa, as indicated in
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Fig. 4, the excitation must be sufficiently high. However, the
difficulty in reaching 106 kPa is quite different for the twelve
topologies. The topologies with more iron show higher shear
stresses than the others. The topology T12 achieves 106 kPa
much more easily than T1. For 106 kPa, T12 requires the
excitation of 200 kAt while T1 requires 800 kAt. The other
topologies lie in between.

B. Efficiency at Rated Load (Simplified Loss Model)

An efficiency is actually dependent on the torque, speed
and machine size. However, calculation of efficiency can be
simplified if armature copper Joule losses are dominant and
other losses, such as iron losses and copper eddy current
losses, are neglected. Such simplification can facilitate basic
observation of how efficiency is related to the key variables.

The total loss primarily comes from the copper loss in the
armature winding and the core loss in the iron, if the cooling
power consumption is not taken into account. The copper
loss consists of Joule losses and eddy current losses. For the
purpose of making an efficiency independent of the power
rating, the iron loss can be assumed to be negligible due to
the low frequency of the direct-drive generator. The copper
eddy current loss can also be assumed to be negligible by
assuming very fine stranding of copper filaments. Therefore,
only the Joule loss is left in efficiency calculation. Then the
efficiency η can be calculated by:

η = 1−
C · J2

s (1 +
Lew

Ls
)

σtv
(4)

where Lew is the length of one end of an armature winding
turn, Ls is the stack length, Js is the RMS current density in
the armature winding, σt is the shear stress calculated from
Eq. (3), and v is the relative linear speed between the generator
rotor and stator. The constant C is defined as

C = ρCuhskfil(
bs
τs
) (5)

where ρCu is the resistivity of copper, kfil is the fill factor
of the armature slots, and hs, bs and τs have been defined in
Section II-C. From Eq. (4), it is clear that the efficiency can
be increased by reducing the armature current density Js or
the ratio of end winding length to stack length Lew/Ls, or by
increasing the linear speed v.

The efficiencies at rated load with an armature current
density of Js = 3 A/mm2 are plotted in Figs. 5, assuming
the end winding length is much smaller than the stack length
whereby the term Lew/Ls is neglected in Eq. (4). The topolo-
gies T1 and T12 are shown as two extreme cases (fully non-
magnetic compared with fully iron-cored with salient poles).
In Fig. 5, T12 is much more efficient than T1 in the excitation
region lower than e.g. 1000 kAt. With a higher excitation, the
differences become small. This result matches the comparison
of shear stress σt in Fig. 4 since T12 has much higher shear
stresses than T1. This result also implies that using more
iron cores can effectively increase the generator efficiency,
especially when the excitation is limited.
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Fig. 5. Efficiency of topologies T1 and T12 with Js = 3 A/mm2, when only
armature copper Joule losses are considered and Lew/Ls → 0 is assumed
in Eq. (4).

C. Losses at Rated Load (Detailed Loss Model)

For calculating all the losses, we use the rated torque of
Te = 10 MN·m and the rated angular speed of nN = 9.6 rpm.
Three air gap diameters Ds = 6.11 m, 10.19 m and 14.26 m
are compared which cover the range of commonly applied
diameters proposed in the literature. These diameters contain
48, 80 and 112 poles, respectively, as a result of the fixed pole
pitch of τp = 0.4 m defined in Section II-C.

Three types of losses are usually considered and calculated
in an electrical machine:
• Copper Joule loss (I2R loss)
• Copper eddy current loss
• Iron loss
In Section III-B, the first loss has been calculated and the

latter two losses were neglected, because the power rating and
the generator size were both assumed unknown. In this section,
we have set a rated power and three air gap diameters so we
can then calculate all these three losses.

A few assumptions are made for calculating these losses:
• Iron will saturate when the excitation becomes high.

Under heavy saturation, the hysteresis loop can be illustrated in
Fig. 6. We may increase the excitation to such a high level that
iron is fully saturated. Thus, the most important assumption
for iron losses is that the relative permeability of iron becomes
µr = 1 after the magnetic flux density is over a particular
value. Here we assume this value to be Bhys = 2.5 T. This
assumption also implies that the area of the hysteresis loop
reaches its maximum at Bhys = 2.5 T at point U (also point
X). With a higher magnetic field, the area of the hysteresis
loop will not expand anymore.
• The copper eddy current loss is calculated only in the stack

length without the end winding. This allows for 2D analyses
with an acceptable accuracy. For calculating the copper Joule
loss, the end winding is included.
• The rotor iron is assumed to be loss free, so iron losses

only occur in the stator iron cores.
• In the calculation of losses due to an alternating magnetic

field, only the fundamental components of the field are used.
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Fig. 6. Hysteresis loop of iron with heavy saturation. The area of hysteresis
loop become maximum and constant when the magnetic field is above Bhys

at the point of U (also X). The relative permeability becomes µr = 1 from
U to V and from X to R.

1) Copper losses: The copper Joule loss PCu,joul can
easily be calculated. However, the calculation for the copper
eddy current loss is a bit complicated since it is a function
of the magnetic flux density and the fineness of stranding or
transposing. Here only stranding is employed and modeled
while the transposing is not. The copper eddy current loss can
be expressed by [19]

PCu,eddy =
1

24ρCu
ω2(a2B̂r

2
+ b2B̂t

2
)VCu,s (6)

where ω is the angular electrical frequency, B̂r and B̂t are
the radial and tangential components of the flux density
(amplitude) in the copper conductor respectively, VCu,s is the
copper volume only in the stack length, and a and b are the
height and width of a copper strand. We assume very fine
strands for the copper conductors with a = b = 1 mm.

2) Iron losses: The eddy current loss per unit iron mass is
basically calculated by [20]

PFe,eddy = 2ke(
f

50 Hz
)2[(

B̂r
1.5 T

)2 + (
B̂t

1.5 T
)2] (7)

where ke = 0.5 W/kg is the eddy current loss per unit iron
mass with the field of 1.5 T and the frequency of 50 Hz, Br
and Bt are the radial and tangential components of the flux
density (amplitude) in the iron core respectively. Equation (7)
applies to both the stator iron teeth and the stator iron yoke.

The hysteresis loss per unit iron mass is calculated by

PFe,hys = 2kh(
f

50 Hz
)(
Bnorm
1.5 T

)2 (8)

where kh = 2.0 W/kg is the hysteresis loss per unit iron mass
with the field of 1.5 T and the frequency of 50 Hz, Bnorm
is the norm of the flux density (peak value) in the iron core.
Equation (8) applies to both the stator iron teeth and the stator
iron yoke.

The factor of 2 is included in Eqs. (7) and (8) because the
flux density distribution contains harmonics, which increases
the iron losses. In addition, manufacturing of steel laminates
into a core increases the iron losses [20]. This factor is
approximated to range from 1.5 to 2.0 according to [17].

The hysteresis loss per unit volume is the area of the
hysteresis loop multiplied by the frequency. When the applied
magnetic field exceeds the upper field of the maximum hys-
teresis loop (e.g. Bhys), the hysteresis loss per unit volume

per electrical cycle will become constant as the area of the
maximum hysteresis loop. This maximum loop implies that
the hysteresis loss has an upper limit even if a higher magnetic
field can be imposed on the iron.

This upper limit also leads to the fact that it is not convenient
anymore to separate the field into two orthogonal components
because it is hard to define the upper limit in either of the
orthogonal components. By using the norm of the flux density,
the upper limit can be assumed to be Bhys = 2.5 T, above
which the hysteresis loss remains maximum and constant.

The total iron loss in the stator PFes is therefore given by

PFes = PFe,eddy + PFe,hys (9)

3) Total loss: The total loss Ploss is obtained by adding up
the three losses:

Ploss = PCu,joul + PCu,eddy + PFes (10)

The effects of excitation on the total loss are shown in Fig. 7
for two armature current densities and three air gap diameters.
The dashed lines of 3% and 2% of the rated power of 10 MW
are also plotted to indicate two reference loss levels for an SC
generator. A loss of 2% plus a cryogenic cooling power of
roughly 0.5% results in a higher efficiency (97.5%) compared
to a PMDD generator (96%) [21].

Compared to the study on the efficiency in Section III-B,
the total loss here consists of not only copper Joule losses but
also iron losses and copper eddy current losses. The latter two
losses are functions of the frequency or the number of poles
and the amplitude of magnetic fields according to Eqs. (6)-(8).
As a result, a larger air gap diameter, i.e. a larger linear speed
v, does not definitely mean a lower total loss anymore. For
the case of Ds = 14.26 m as shown in Fig. 7, the total loss
turns reversely to go higher when the excitation reaches a very
high level, e.g. 1000 kAt with Js = 2 A/mm2. This is mainly
a result of a higher copper eddy current loss together with a
higher iron loss due to such a high excitation and frequency.
For the same diameter of Ds = 14.26 m, the total loss cannot
even reach the 2%-loss level with Js = 3 A/mm2 no matter
how far the excitation increases. Reducing the armature current
density to Js = 2 A/mm2 makes it possible to achieve 2% but
only in a small range of excitation. This result implies that
reducing the armature current density apparently reduces the
total loss while increasing the air gap diameter may not.

The topologies with more iron cores, e.g. T9-T12, reach
the 2%-loss level more easily than the topologies with more
non-magnetic cores, e.g. T1-T4. The other topologies lie in
between. At low excitation, e.g. below 200 kAt, the total loss
of the topologies is considerably different. The topologies of
T11 and T12, are much more efficient than the other topolo-
gies. However, the difference becomes much smaller when the
excitation increases significantly, since heavy saturation makes
the magnetic circuit similar for all the topologies and produces
more iron losses in the topologies with iron stator cores.

IV. GENERATOR CHARACTERISTICS

The generator characteristics, such as normal stress, stack
length and active material mass, are calculated to show the
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Fig. 7. Total loss of topologies T1-T12 with respect to excitation currents for diameters of 6.11 m, 10.19 m and 14.26 m as well as current density of Js = 3
A/mm2 and Js = 2 A/mm2. The horizontal dashed lines indicate loss levels of 2% and 3%, respectively.

trend of increasing the excitation current. For calculating the
normal stress, it is not needed to know the rated torque, rated
speed and air gap diameter. For calculating the other generator
characteristics, we use the rated torque of Te = 10 MN·m
and the rated angular speed of nN = 9.6 rpm. Two air gap
diameters Ds = 6.11 m and 14.26 m are compared.

A. Normal Stress

The normal stress σr indicates the attractive force between
the rotor and stator and influences the structural mass which
contributes to the total generator mass. Here we only estimate
the normal stress at no load, because the armature load current
contributes much less to the normal stress than the field current
in a partially SC generator. For example, the fraction is less
than 1% for the topology T12 which has the most iron in the
core. This no load means that no force is produced by armature
currents and the normal force is only produced between field
currents and stator iron cores.

Firstly we calculate the resultant normal force on one pole
Fr with the Maxwell stress tensor by

Fr =
1

2µ0

l2=τp∫
l1=0

(B2
r −B2

t )dl (11)

Although not uniformly distributed over one pole, the nor-
mal stress σr can be calculated by averaging Fr over one pole:

σr =
Fr
τp

(12)

The average normal stress between the rotor and stator
is plotted in Fig. 8 with respect to the excitation current,
assuming an unchanged air gap length. As an example, the
normal stress of a PMDD machine (200 kPa) is also indicated
in both of the sub-figures for comparison [15]. The topologies
with iron stator teeth (T9-T12) have higher normal stresses
than the topologies with non-magnetic stator teeth (T5-T8).
In the topologies with an ironless stator (T1-T4), the normal
stress is σr = 0.

With a higher excitation, the normal stress becomes much
greater in the topologies with iron stator teeth (T9-T12) or iron
stator yoke (T5-T8). These normal stresses are much higher
than those of a PMDD machine. As a result, the mechanical
structure must be designed to support the rotor and stator under
such high normal stresses. High normal stresses will thus be a
significant challenge if a higher excitation has to be used for
a high shear stress and a low total loss.
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Fig. 8. Average normal stress (attractive force density) per pole between the
rotor and stator with respect to excitation currents. The horizontal dashes line
indicates the typical level of a PMDD generator.

B. Stack length

The stack length Ls is calculated from the sizing equation
Eq. (1):

Ls =
2

π

Te
σtD2

s

(13)

if we set the torque to Te = 10 MN·m for a 10 MW direct-
drive wind turbine. The results of stack length obtained with
Js = 3 A/mm2 are shown in Fig. 9. In general, the stack length
decreases when the excitation increases. The stack length of
the topologies with more non-magnetic cores decreases very
fast, whereas that of the topologies with more iron cores
decreases slowly. However, the fact is that the topologies with
more iron cores already have much smaller stack lengths at
low excitation.

The reference stack length of a 10 MN·m PMDD generator
is also indicated by the dashed lines in this figure. This stack
length is obtained by assuming a shear stress of 53 kPa. A
half of this stack length is also shown for the shear stress of
106 kPa. This stack length will be achieved when the excitation
is as high as 200 kAt for T12 and 800 kAt for T1 for both the
diameters. The other topologies lie in between. The topologies
with more iron require lower excitation currents.

If the excitation increases to about 4000 kAt, the differ-
ence of stack length for the topologies becomes minuscule.
This vanishing difference is because the completely saturated
iron behaves like a non-magnetic material, and then all the
topologies have the same magnetic reluctance.

C. Active material mass

The active material mass consists of the core mass and the
copper mass, neglecting the insignificant mass of the SC field
winding. The iron mass density is 7650 kg/m3 and the non-
magnetic core material (i.e. glass fiber G10) has a mass density
of 1850 kg/m3. The copper mass density is 8900 kg/m3.

The active material mass is not fully but nearly proportional
to the stack length. It thus follows a trend similar to the stack
length, as shown in Fig. 10. A larger diameter reduces the
active material mass, but it does not change the ranking of
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Fig. 10. Active material mass with respect to excitation currents for diameters
of 6.11 m and 14.26 m, with Js = 3 A/mm2.

the compared twelve topologies. Also, with a high excitation,
e.g. above 300 kAt, the difference between the active material
mass of all the topologies becomes small.

With the same excitation in the region of low excitation
(e.g. lower than 100 kAt), using iron cores can provide a
lower active material mass. Using lightweight non-magnetic
core materials, e.g. composites, is thus not the only choice to
reduce the active material mass. For a higher excitation over
100 kAt, however, using either iron cores or non-magnetic
cores with the same excitation does not make big differences.

V. DISCUSSION ON DESIGN EXAMPLES IN LITERATURE

In the literature, a few designs have been proposed for
partially SC generators for 10 MW direct-drive wind turbines.
Five available design examples which provide sufficient design
details are summarized in Table I. They use different excitation
currents (Exci.), superconductor types (SC type), cryogenic
temperatures (Temp.), armature current densities (Js), shear
stresses (σt) and air gap diameters (Ds), resulting in the
different stack length (Ls), active material mass (Mact) and
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TABLE I
DESIGN EXAMPLES OF PARTIALLY SC GENERATORS FOR 10 MW DIRECT-DRIVE WIND TURBINES

Design Topology SC
type

Temp.
(K)

Exci.
(kAt)

Js
(A/mm2)

σt
(kPa)

τp
(m)

Ds

(m)
Ls

(m)
Mact

(ton)
Efficiency Reference

Abrahamsen T5 MgB2 20 470 3.0 75 0.536 5.46 3.10 52 †96.7% [9]
Tecnalia T8 MgB2 20 230 3.0 112 0.660 10.10 0.74 118 ††96.2% [12]

GE T9 NbTi 4 928 †††2.5 179 0.379 4.34 1.88 ††70 95.7% [10]
Xu T12 HTS 50 31 3.0 ††††109 0.438 13.40 0.31 49 96.8% [11]
Liu T12 MgB2 20 25 3.0 74 0.471 6.00 2.56 149 96.9% [13]

† Estimated with the copper Joule loss of 2.3% given in [9], considering an additional copper eddy current loss of roughly 1%.
†† Estimated with the parameters provided in [10].
† † † Estimated with the overall efficiency of 95.2% provided in [12], plus assumed 1% for cryogenic cooling and auxiliary components.
†††† Estimated with the generator size and torque provided in [11].

rated-load efficiency (only considering copper and iron losses
in the generator). Each of these designs originates from one of
the twelve topologies listed in Fig. 1 and their corresponding
topologies are also indicated in Table I.
• GE design employing NbTi at 4 K has already obtained a

competitively small size (4.34 m diameter) and active material
mass with a very high excitation of 928 kAt. The resulting
shear stress is as high as 179 kPa. Its efficiency is only 96%
and can not comply with the efficiency demand of 98%. It
is also observed that no further efficiency increase can be
obtained by increasing the excitation. However, the efficiency
could be improved by, for example, enlarging the air gap
diameter or reducing the armature current density.
• Abrahamsen’s and Liu’s designs both have small di-

ameters of 6 m but the generators are both long due to
relatively low shear stresses of 75 kPa. Abrahamsen’s design is
lightweight because of its non-magnetic cores, but it employs
the topology T5 which results in a bulky and costly SC field
winding [9]. On the contrary, Liu’s design using the topology
T12 has heavy active materials due to a large amount of iron,
but it uses much less superconductors and then could have a
lower active material cost [13]. This large active material mass
needs to be reduced by increasing the excitation.
• Tecnalia’s and Xu’s designs have higher shear stresses

compared to Abrahamsen’s and Liu’s designs. Tecnalia’s de-
sign based on the topology T8 also uses a large air gap diam-
eter (10.10 m) as well as a high electrical loading (120 kA/m)
to achieve its axial length (0.74 m) and active material mass
(118 tons). Xu’s design also based on the topology T12
uses an even larger air gap diameter (13.40 m) as well as
a high electrical loading (120 kA/m) to achieve a lightweight
generator design (49 tons). However, these two designs both
have efficiencies below 97% and their high electrical loadings
increase the complexity of cooling the armature winding.

None of the five designs in Table I provide an efficiency of
over 98% (or the 2%-loss level) without considering the cryo-
genic cooling power. Reducing the armature current density or
increasing the air gap diameter together with a much higher
excitation current can be considered to address this challenge.

VI. FEASIBILITY OF COMMERCIAL SUPERCONDUCTORS

Not all SC wires can achieve the high excitation for a
shear stress of 106 kPa and a 2%-loss level, because the

Fig. 11. Critical engineering current density Je of commercial supercon-
ducting wires. References: NbTi from [10], Nb3Sn from [22], MgB2 from
[23], HTS 2G SuperPower 2012 from [24] and HTS 2G SuperPower 2016
from [25]. The base MgB2 is the production wire in 2013. MgB2 Exp is
an experimental wire reported in 2013. MgB2 INNWIND.EU is from the
deliverable report for the INNWIND.EU project.

current density is limited by the critical engineering current
density Je as shown in Fig. 11 for different SC wires. When
evaluating the superconductors, we need to know the magnetic
flux density B which the superconductors are exposed to. The
magnetic flux density is produced by the excitation of SC field
windings.

The four topologies (T5, T8, T9 and T12) of the five
design examples shown in Table I will be used to evaluate
the feasibility of superconductors.

A. Required Excitation

By comparing Fig. 4 and Fig. 7, it is seen, that it is harder
to reach the 2%-loss level than reaching the shear stress of
106 kPa for Js = 3 A/mm2. If the armature current density
is reduced to Js = 2 A/mm2, the 2%-loss level will be
fulfilled before the shear stress demand of 106 kPa is reached.
Therefore, the criteria for selecting the required excitations are
to achieve the 2%-loss level for Js = 3 A/mm2 and to achieve
the shear stress of 106 kPa for Js = 2 A/mm2.

Table II shows the excitations required by the four topolo-
gies. Three air gap diameters (6.11 m, 10.19 m and 14.26 m)
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TABLE II
REQUIRED EXCITATION (KAT) FOR DIFFERENT TOPOLOGIES TO ACHIEVE

THE SHEAR STRESS OF 106 KPA AND THE 2%-LOSS LEVEL

Js †3 A/mm2 ††2 A/mm2

Ds (m) 6.11 10.19 14.26 6.11 10.19 14.26

T5 910 1370 n/a 550 550 550
T8 680 1250 n/a 310 310 310
T9 820 1280 n/a 450 450 450
T12 580 1050 n/a 200 200 210

†The loss level is just equal to 2% while σt is higher than 106 kPa.
††σt is just equal to 106 kPa while the loss level is lower than 2%.

and two armature current densities (3 A/mm2 and 2 A/mm2)
are investigated. The other parameters of the generator design
are identical to those used in the studies of Sections III and IV
and have been described in Section II-C. For Js = 3 A/mm2,
the required excitations are obtained when the total loss equals
2%. As a result, the shear stresses with these excitations are
much higher than 106 kPa. For Js = 2 A/mm2, the required
excitations are obtained when the shear stress equals 106 kPa.
As a result, the total losses with these excitations are a bit
lower than 2%.

As shown in Fig. 7c, none of the four topologies can achieve
the 2%-loss level for the air gap diameter of Ds = 14.26 m
with Js = 3 A/mm2. For Js = 3 A/mm2 and Ds = 6.11 m,
T12 requires as high as 580 kAt and the other topologies
require even higher. Reducing Js = 3 A/mm2 to Js =
2 A/mm2 makes the required excitations much lower as shown
in Table II. Then, the topology T12 requires only 200 kAt for
the three diameters. With Js = 2 A/mm2, the three diameters
of 6.11 m, 10.19 m and 14.26 m have the same required
excitation for the same topology. The diameters make no
difference of the require excitation so it is not needed to select
a specific diameter for this evaluation of superconductors.

Also note that the required excitations listed in Table II are
obtained from the design dimensioned in Section II-C for a
pole pitch of τp = 0.4 m. This design was not optimized. Thus,
the numbers of required excitations listed in Table II may not
apply to other designs but are used as reference numbers.

B. Resulting Magnetic Fields

The maximum magnetic flux density in the SC coil winding
produced by the required excitation is calculated in 2D FE
models. These fields depend on the cross-sectional area of the
field coil. Thus, we set two realistic areas for this evaluation:
20×20 mm2 and 40×40 mm2. The contour of the larger field
coil is sketched by the dashed boxes in Fig. 1. Figure 12 shows
the maximum flux density perpendicular to the SC wires Bmp
and the maximum norm flux density in the SC wires |Bm| as a
function of excitation currents (with no armature current). The
perpendicular field Bmp is used for evaluating the SC wires
which are tapes, such as HTS and MgB2. The norm field |Bm|
is used for evaluating the round SC wires such as NbTi and
Nb3Sn. By looking up the required excitations in Table II and
the field-excitation relations in Fig. 12, the values of Bmp
and |Bm| for the four topologies are identified and given in
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Fig. 12. Maximum magnetic field at the surface of the SC field winding with
respect to excitation currents for selected topologies.

Table III and Table IV. These two tables show sixteen cases
(C1a, C1b ...C8a, C8b) of combining the maximum field and
current density in the SC field coil.

The combination of Js = 3 A/mm2 and Ds = 6.11 m
is a starting point. However, the maximum fields seem too
high compared to Fig. 11 in most of the cases as indicated
in Table III. Thus, we could use Js = 2 A/mm2 instead to
effectively lower the maximum fields as shown in Table IV.
From this point of view, Js = 3 A/mm2 may not be a good
option. The armature current densities of the design examples
in Table I could be reduced for higher generator performance.
In addition, a larger cross-sectional area of the field coil
produces a lower maximum field in the field coil, as indicated
in Fig. 12, Table III and Table IV.

C. Required Field Current Densities

The required current density in the SC field winding Jf
is calculated by dividing the required excitation in Table II
by the cross-sectional area of the field coil. The values of
Jf are shown in Table III and Table IV for the two cross-
sectional areas of the field coil and for Js = 3 A/mm2 and
Js = 2 A/mm2, respectively. The cross-sectional area of the
SC field coil plays an important role in determining the current
density. A larger area results in a lower current density and
thus a looser requirement to the superconductor. However, a
larger area means a higher cost of the SC field winding.

D. Feasible Superconductors

To evaluate the feasibility of superconductors, we compare
the sixteen cases with the critical engineering current density
Je of the superconductors in Fig. 11. Note that Bmp is used for
HTS and MgB2 while |Bm| is used for LTS. The feasibility
of these superconductors for the sixteen cases and the four
topologies is summarized in Table V.

Compared with the other SC materials, the LTS, i.e. NbTi
and Nb3Sn, are more feasible to achieve the shear stress of
106 kPa and the 2%-loss level for a partially SC generator.
All the four topologies can employ the LTS. However, LTS
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TABLE III
REQUIRED SURFACE MAGNETIC FLUX DENSITY AND CURRENT DENSITY FOR DIFFERENT TOPOLOGIES TO ACHIEVE THE 2%-LOSS LEVEL AND A

SHEAR STRESS OF OVER 106 KPA (Js = 3 A/MM2 , Ds = 6.11 M)

20×20 mm2 40×40 mm2

Topology Case Bmp (T) |Bm| (T) Jf (A/mm2) Case Bmp (T) |Bm| (T) Jf (A/mm2)

T5 C1a 15.7 17.8 2275 C5a 8.3 9.8 569
T8 C2a 11.1 13.3 1700 C6a 5.6 7.3 425
T9 C3a 14.5 16.3 2050 C7a 7.8 9.1 513

T12 C4a 9.8 11.6 1450 C8a 5.0 6.4 363

TABLE IV
REQUIRED SURFACE MAGNETIC FLUX DENSITY AND CURRENT DENSITY FOR DIFFERENT TOPOLOGIES TO ACHIEVE THE SHEAR STRESS OF 106 KPA

AND A LOSS LEVEL LOWER THAN 2% (Js = 2 A/MM2)

20×20 mm2 40×40 mm2

Topology Case Bmp (T) |Bm| (T) Jf (A/mm2) Case Bmp (T) |Bm| (T) Jf (A/mm2)

T5 C1b 9.5 10.8 1375 C5b 5.0 5.9 344
T8 C2b 4.8 6.2 775 C6b 2.3 3.5 194
T9 C3b 8.1 9.1 1125 C7b 4.4 5.1 281

T12 C4b 3.2 4.1 500 C8b 1.6 2.3 125

TABLE V
FEASIBILITY OF DIFFERENT SUPERCONDUCTING WIRES

Superconductor Feasible case Feasible topology

MgB2 20 K None None

MgB2 INNW. 20 K None None

MgB2 10 K C8b T12

MgB2 Exp 20 K C6b, C8b T8, T12

2G HTS-2012 22 K C6b, C8b T8, T12

2G HTS-2016 20 K C8a, C4b, C5b T5, T8,
C6b, C7b, C8b T9, T12

NbTi 4 K C8a, C4b, C5b T5, T8,
C6b, C7b, C8b T9, T12

Nb3Sn 4 K C6a, C7a, C8a, T5, T8
C2b, C4b, C5b, T9, T12
C6b, C7b, C8b

operates at 4.2 K and thus requires rigorous cooling. The HTS-
2012 (SuperPower) is feasible for fewer cases than the LTS but
the newly developed HTS-2016 (SuperPower) is comparable
to the NbTi. However, they have to be cooled down to 20 K,
although they have critical temperatures of TC = 93 K. The
MgB2 reported in [23] is not yet feasible for any of the four
topologies at 20 K but feasible for T12 at 10 K with the larger
field coil of 40 × 40 mm2. A much lower temperature, such
as 4 K, could be an option but this will drastically reduce the
advantage of MgB2 intended for 10-20 K. The MgB2 used
in the INNWIND.EU project seems infeasible at 20 K either
if a realistic safety margin of current density, e.g. 20%, is
considered. The new lab-tested MgB2 shows its potential at
20 K to be feasible for T8 and T12 with the field coil of 40×
40 mm2. However, this lab-tested MgB2 is not commercially
available yet.

VII. CONCLUSION

The attractive performance of a shear stress of 106 kPa and
a 2%-loss level can be achieved in all the twelve topologies
by significantly increasing the excitation. The topologies with
more iron, especially the fully iron-cored topology with salient
poles, reach this performance more easily than the other
topologies. Four of the twelve topologies are particularly
investigated and they require excitations ranging from 200 kAt
to 550 kAt with the armature current density of 2 A/mm2.
A higher armature current density, e.g. 3 A/mm2, may not
be a good option since it significantly increases the required
excitations and challenges the superconductors.

The four topologies with such high excitations have dif-
ferent maximum magnetic fields in the superconducting field
coil and the superconducting wires carry different current
densities. By examining the critical engineering current density
of commercial superconducting wires, the LTS, i.e. NbTi and
Nb3Sn, are capable of many of these magnetic fields and
current densities at 4 K and thus feasible for all the four
topologies. Some of the topologies may need a larger cross-
sectional area of the field coil. The HTS may need to be cooled
down to a relatively low temperature, e.g. 20 K, to increase
its current density capability. At 20 K, the HTS is feasible for
fewer topologies than the LTS but the newly developed HTS
is comparable to the NbTi. The currently available MgB2 is
not feasible yet for any of the four topologies at 20 K but
only feasible for the fully iron-cored topologies with salient
poles at 10 K. MgB2 superconductors, which are proposed for
temperatures of 10-20 K, need further development to carry
sufficient current densities in high magnetic fields.
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