
 
 

Delft University of Technology

Topology Comparison of Superconducting Generators for 10-MW Direct-Drive Wind
Turbines
Cost of Energy Based
Liu, Dong; Polinder, Henk; Abrahamsen, Asger Bech; Ferreira, Bram

Publication date
2016

Published in
2016 Applied Superconductivity Conference

Citation (APA)
Liu, D., Polinder, H., Abrahamsen, A. B., & Ferreira, B. (2016). Topology Comparison of Superconducting
Generators for 10-MW Direct-Drive Wind Turbines: Cost of Energy Based. In 2016 Applied
Superconductivity Conference

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.



1

Topology Comparison of Superconducting
Generators for 10-MW Direct-Drive Wind Turbines:

Cost of Energy Based
Dong Liu, Student Member, IEEE, Henk Polinder, Senior Member, IEEE,

Asger B. Abrahamsen, and Jan A. Ferreira, Fellow, IEEE

Abstract—Superconducting synchronous generators (SCSGs)
are being proposed for 10-MW direct-drive wind turbines,
because of their advantages of low weight and compactness. So
far, however, there has not been a commonly accepted design
philosophy of SCSGs and various possibilities with many trade-
offs remain for study. Partially SCSGs are considered a starting
point since excessive AC losses in armature windings can be
avoided. Many topologies can be applied to partially SCSGs and
may significantly affect the performance indicators (PIs) of a
wind turbine. Since cost of energy (CoE) is usually used as a
key PI to evaluate the feasibility of an SCSG in wind turbine
applications, this paper compares twelve topologies using MgB2

wires regarding the capital CoE as well as other resulting PIs.
These topologies cover most possibilities for a radial-flux SCSG
and four scenarios are investigated regarding the used MgB2

wire. The comparison results shows clear trends of these PIs
over the twelve topologies and can be used as a reference for
designing an SCSG for large direct-drive wind turbines.

Index Terms—Direct drive, MgB2, performance, superconduct-
ing generator, topology, wind turbine.

I. INTRODUCTION

SUPERCONDUCTING synchronous generators (SCSGs)
are drawing more attention for 10-20 MW direct-drive

wind power conversion [1], because they can be lightweight
and compact and reduce the cost of energy (CoE) of the wind
turbine [2]-[4]. Due to the high magnetic field production
by superconducting (SC) coils, many possibilities exist for
designing an SCSG. The SC coils can be applied only in
the DC field winding or also in the AC armature winding.
A commonly applied approach is to use an SC field winding
at a low temperature with a copper AC armature winding
at an ambient temperature [5]-[8]. In such so-called partially
SCSGs, excessive AC losses in the armature winding can be
avoided and the feasibility of SCSGs increases. Among typical
superconductor types, MgB2 could be a starting point as a
low-CoE possibility. This superconductor type is usually for
operating temperatures of 10-20 K. It is not as expensive as
high temperature superconductors but requires less rigorous
cryogenic cooling than low temperature superconductors.

For a partially SCSG design, many topologies can be con-
sidered from the perspective of electromagnetics. A topology
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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.

differently combine iron and non-magnetic cores in the rotor
back core, rotor pole core, stator tooth and stator yoke. They
differ in the magnetic reluctance of an electrical machine.
Choice of topology could significantly change the cost and
efficiency of an SCSG and consequently affect the capital CoE
of a wind turbine employing this SCSG.

This paper considers twelve topologies employing MgB2 in
the field winding, as listed and sketched in Fig. 1, which cover
most of the applicable radial-flux possibilities. Some of them
have already been proposed in the literature or industry. This
paper compares these topologies regarding the capital CoE of
a 10-MW direct-drive wind turbine. This paper only focuses
on the capital CoE as the key performance indicator (PI). The
other costs, e.g. installation, operation and maintenance costs,
are not taken into account since the capital CoE should be
evaluated in first place to identify promising candidates which
then move onto further evaluations.

Since superconductor technology is fast developing, only
using the unit cost and performance of currently available
MgB2 superconductors could be too limited to provide long-
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term trends of topology comparison. Thus, four scenarios for
the unit cost and performance of MgB2 superconductors are
taken into the comparison of PIs.

Moreover, for fair comparison, all the topologies are opti-
mized for their minimum capital CoEs. The capital cost of
each wind turbine component is estimated using the reference
10-MW turbine from the INNWIND.EU project and other
capital costs are estimated based on the available literature.

II. GENERATOR TO BE STUDIED

A. Basic Characteristics

The partially SCSG for this study is required for a 10 MW
direct-drive wind turbine defined by the INNWIND.EU project
[1]. The rated speed is 9.6 rpm. The turbine rotor has a
diameter of 178 m and its optimum tip speed ratio is 7.5. The
maximum power coefficient of the turbine is 0.476. The air
gap diameter of the SCSG is set to 6 m to obtain a compact
size. The rotating part of the SCSG can be either the field
winding or the armature winding since the choice will not
change the results. The rated current density in the armature
winding is 3 A/mm2 and the armature slot filling factor is
0.6. The electrical loading limited below 75 kA/m (RMS) is
to enable forced-air cooling on the armature winding [9].

B. Twelve Topologies

Iron and non-magnetic cores can both be used in an SCSG.
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
losses. Using non-magnetic core can be applied to SC ma-
chines because the magnetic field excited by SC field 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 excite
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 given 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 iron poles have a
significantly reduced effective air gap length. Because in these
three topologies, the cryostat is made modular in the shape
of racetrack and the iron pole can go as close to the stator
as possible [10]-[12], [13]. T4, T8 and T12 can be regarded
as the extensions of T3, T7 and T11, respectively, from the
topology point of view.

C. Operation of Wind Turbine and Generator

The wind speed condition follows a Weibull distribution
(shape factor k = 2, scaling factor A = 10.39). The wind
turbine operates following the rotational speed and power as
a function of wind speed as shown in Fig. 2. The generator is
operated under the phasor diagram given in Fig. 3, which is
fully controlled by the power electronic converter. The phasor
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Fig. 2. Rotor speed and aerodynamic power of the reference wind turbine.

Fig. 3. Phasor diagram of the generator operating point, where vw is wind
speed. Voltages and currents are functions of wind speed.

diagram is applied with the zero d-axis control with which the
d-axis current of the generator remains zero and the torque
is proportional to the q-axis current. The major advantage
of this control strategy is relatively low copper losses in the
armature winding. This phasor diagram of generator operation
is a starting point and other operations can be applied in future
studies.

The superconducting field winding of an SCSG is prone
to AC losses when the field current is regulated in the way
a conventional electrically excited synchronous generator is
regulated. Thus, the field current must be changed sufficiently
slowly and is changed only for regulations in hours or days.
In this paper, we assume a constant field current of rated value
throughout the full range of wind speed to neglect the field
current regulation process at partial load.

III. CALCULATION OF CAPITAL COST OF ENERGY

In this paper, the capital CoE is defined by

CoE =
Cact + Cother

a ·AEP
(1)

where Cact is the active material cost of the SCSG, AEP is
the annual energy production, and a = 14.1 is the annuity
factor for a design life time of 25 years (assuming a 5%
interest).

A. Costs

Choice of topologies changes Cact. The other costs of the
wind turbine Cother is assumed to be constant since Cother

can hardly be changed by topology choice.
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TABLE I
ESTIMATION OF THE OTHER COSTS OF THE WIND TURBINE

Parameter Cost Reference

Wind turbine (excl. gen. system) 7,500 ke Cost model in [1]
Balance of plant 17,000 ke Cost model in [1]
Power electronics CPE 800 ke Cost model in [1]
Cryogenic system Ccryo 600 ke LTS SCSG in [14]
Generator supporting structures Cstr 880 ke LTS SCSG in [14]

Total Cother 26,780 ke -

1) Active material cost: the active materials under consid-
eration and their unit costs are

- MgB2 wires for the field winding (1 or 4 e/m, depending
on the used scenario),

- copper conductors for the armature winding (15 e/kg),
- ferromagnetic core material (3 e/kg), and
- non-magnetic core material (i.e. glass fiber G10)

(15 e/kg).
2) Other costs: The cost of each component of the wind

turbine considered in Cother is given in Table I. The cryogenic
system cost depends on a particular cryogenic design and
can hardly be estimated by electromagnetic analyses, and
the cost estimation for supporting structures needs detailed
mechanical analyses. Here these two costs are estimated based
on a 13.2 MW LTS SCSG in [14].

The cost model from the INNWIND.EU project defines a
reference 10-MW wind turbine and estimates the cost of each
wind turbine component [1]. The total cost excluding Cact is
roughly 27,000 ke which is given to (1) as Cother.

B. Power Losses

For calculating the AEP, all power losses and then the output
power from the generator system should be calculated. The
input power to the generator system Pin is the shaft power
from the hub of a wind turbine. Assuming that mechanical
losses, e.g. bearing and windage losses, are neglected, the input
power is determined by the aerodynamic power from wind:

Pin = 0.5ρairCpπr
2
trv

3
w (2)

where ρair is the mass density of air, Cp is the power
coefficient of a wind turbine, rtr is the turbine rotor radius,
and vw is the wind speed.

The total loss of the generator system PLoss is calculated
by

PLoss = PCu,joul + PCu,eddy + PFe,s + Pcryo + Pconv (3)

where PCu,joul is the copper joule loss in the armature
winding, PCu,eddy is the copper eddy current loss in the
armature winding which is modeled in [15], and PFe,s is the
iron loss in the armature iron core which is modeled in [16].
We assume that no losses exist in the field winding iron cores.
The loss of the power electronic converter Pconv is modeled
based on the current flowing in the power electronic switches
and given in [16].

The losses, both DC and AC losses, in the superconducting
winding are negligibly small, according to the study in [12].

Thus, these losses are not considered. The refrigeration for
cooling the cryogenic environment for superconducting wires
demands a power at an ambient temperature, which can also be
considered as a power loss Pcryo. The cryogenic cooling power
is estimated as 0.5% of the rated power of the superconducting
generator. This estimation is based on the technical report
by GE for an LTS SCSG design [17], which calculated the
cryogenic cooling power at different wind speeds. This report
shows that the cryogenic cooling power is constant with wind
speed and it value is 22.5 kW. Here we assume a constant
cryogenic cooling power of 50 kW at all wind speeds. This
power value is more than doubled 22.5 kW to consider
tolerances.

IV. OPTIMIZATION

The optimization objective function is the capital CoE given
in (1). Only the capital costs are considered. For dynamic
stability of a 10-MW wind turbine, a small tower head mass
may not be desired due to natural frequency issues. The
generator mass is thus not part of the optimization objective.
The optimization program combines finite element (FE) and
analytical models. The FE models calculate magnetic fields
and torques. The analytical models calculate power losses.

The optimization applies a genetic algorithm NSGA-II,
so all the optimization variables can be integer and their
step sizes of evolution can be manipulated. The number of
individuals per generation is set to 50. Each individual is
a set of the optimization variables values. The optimization
process will proceed until all the individuals converge to the
same minimum objective. Different initial individuals are used
to check if the optimum is global. The detailed optimization
method can be found in [18].

V. SCENARIO STUDY

Considering the fast development of superconductor tech-
nology, four scenarios are defined regarding the unit cost and
the performance of MgB2 wires:

- Original: cost 4 e/m, current density capability Jc,
- Scenario 1: cost 1 e/m, current density capability Jc,
- Scenario 2: cost 4 e/m, current density capability 4Jc,
- Scenario 3: cost 1 e/m, current density capability 4Jc.
The original one is based on currently available commercial

MgB2 wires (supplied by Columbus Superconductors). Sce-
nario 1 expects a lower unit cost (1/4) and Scenario 2 expects
a higher current density capability (4 times). Scenario 1 is also
expected by the MgB2 wire manufacturer for near future when
mass production is realized. Scenario 3 is considered for long
terms since it expects both. Such a scenario study applies to
all the topologies and can show prospects of each topology
in future. This scenario study covers short-term and long-term
expectations on MgB2 wires and can increase the adaptability
of this paper.

VI. COMPARISON RESULTS

The key PI of capital CoE and the other important PIs are
obtained from the twelve optimized topologies for the four
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Fig. 4. Capital cost of energy.

Fig. 5. Annual energy production.

Fig. 6. Active material costs. Within a topology, the scenario changes from
the left to the right.

scenarios. The optimum value of the design variables is given
in Table II.

The capital CoE is compared in Fig. 4. T12 has the lowest
capital CoE based on currently available MgB2 wires. Change
of scenarios does not make significant differences for T12. T1-
T5 and T9 are much more expensive than the other topologies
in the original case. However, they will greatly benefit from
the lower unit cost and the higher current density capabilities
of MgB2 wires. Changing to Scenario 1-3 effectively reduce
the distances of the capital CoE among the twelve topologies.
Similar effects of changing scenarios can also be observed
in the annual energy production as compared in Fig. 5 and
in the active material cost as compared in Fig. 6. Scenario
3 results in the best performance regarding these three PIs.
In summary, the topologies with more iron cores (T6-T8
and T10-T12) show advantages in the original cases while
the topologies with more non-magnetic cores (T1-T5 and

Fig. 7. Active generator length.

Fig. 8. Superconductor length.

Fig. 9. Active material masses. Within a topology, the scenario changes from
the left to the right.

T9) become competitive when the unit cost of MgB2 wires
is reduced or the current density capability is enhanced. In
addition, these three comparison results show that Scenarios
1 and 2 have similar PIs. In other words, either reducing the
unit cost or increasing the capability of the MgB2 wires can
reach the similar effects on the capital CoE, AEP and total
active material cost.

The active generator length is compared in Fig. 7. T6 gives
the shortest generator but change of scenarios does not make
much difference. The topologies with more non-magnetic
cores (T1-T5 and T9) also benefit from using Scenario 1-3.
However, Scenario 3 is not the best anymore in T1-T6.

The superconductor length is compared in Fig. 8. T12 shows
great advantages of reducing the used superconductor length
in all the scenarios, which can facilitate manufacturing of
the superconducting wire. As expected, cheaper MgB2 wires
results in more use thereof. In general, more iron cores can
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TABLE II
OPTIMUM VALUE OF DESIGN VARIABLES.

T1 T2 T3 T4
OR S1 S2 S3 OR S1 S2 S3 OR S1 S2 S3 OR S1 S2 S3

p 12 12 12 12 12 12 14 12 14 12 14 12 12 12 12 12
α (◦) 24 24 24 24 24 24 28 24 28 28 30 24 38 40 40 26
β (◦) 90 90 90 90 90 90 90 90 90 90 90 90 80 80 80 80
hf (mm) 16 36 10 18 14 28 10 18 16 30 10 18 18 38 10 18
hs (mm) 60 60 60 40 74 58 64 42 68 58 64 42 60 58 58 44
hsy (mm) 60 60 60 40 74 58 64 42 68 58 64 42 62 58 58 44
hry (mm) 60 60 60 40 162 182 182 62 158 190 180 58 142 174 174 122
bt/τs 0.31 0.31 0.31 0.31 0.44 0.31 0.36 0.31 0.39 0.31 0.36 0.31 0.31 0.31 0.31 0.31

T5 T6 T7 T8
OR S1 S2 S3 OR S1 S2 S3 OR S1 S2 S3 OR S1 S2 S3

p 14 14 14 14 12 14 16 14 14 14 16 14 12 14 14 14
α (◦) 28 28 28 28 34 28 42 30 36 30 46 30 54 50 56 28
β (◦) 90 90 90 90 90 90 90 90 90 90 90 90 80 78 78 78
hf (mm) 14 32 10 18 10 16 10 12 10 16 10 12 10 24 10 12
hs (mm) 66 66 64 50 58 56 66 52 58 56 64 52 52 54 56 50
hsy (mm) 92 114 120 52 240 228 226 206 218 226 216 206 228 198 210 204
hry (mm) 92 114 120 52 240 210 180 116 222 210 178 116 222 178 196 124
bt/τs 0.37 0.37 0.36 0.36 0.31 0.36 0.41 0.36 0.36 0.36 0.41 0.36 0.31 0.36 0.36 0.36

T9 T10 T11 T12
OR S1 S2 S3 OR S1 S2 S3 OR S1 S2 S3 OR S1 S2 S3

p 18 20 20 22 22 20 24 20 22 24 24 20 20 22 24 18
α (◦) 36 40 40 44 48 40 58 40 56 48 64 42 66 64 66 46
β (◦) 90 90 90 90 90 90 88 90 90 90 88 90 74 72 70 74
hf (mm) 14 34 10 18 10 18 10 10 10 14 10 12 10 34 18 14
hs (mm) 78 100 94 100 130 82 108 72 118 108 108 74 118 108 116 64
hsy (mm) 84 100 102 100 134 156 124 172 130 122 122 174 122 128 126 158
hry (mm) 84 100 102 100 134 156 118 92 136 128 124 94 118 106 106 110
bt/τs 0.47 0.59 0.56 0.59 0.68 0.53 0.62 0.53 0.65 0.62 0.62 0.53 0.65 0.62 0.65 0.47

p- number of pole pairs, α- start angle of field coil in electrical degree, β- end angle of field coil in electrical degree,
hf - height of field coil, hs- height of armature slot , hsy- height of armature yoke, hry- height of field back core,
bt/τs- ratio of tooth width to slot pitch.

effectively reduce the use of superconducting wires.
The active material mass is compared in Fig. 9. T1 is the

lightest since it fully uses lightweight non-magnetic cores.
In general, the topologies with more iron cores are heavier.
However, the heaviest one is not T12 but T8 since T8 uses
much more iron in the back cores to reduce the capital
CoE. Change from the original case to Scenarios 1-3 in the
order effectively reduces the active material mass for all the
topologies.

VII. CONCLUSION

For 10-MW wind turbines using SCSGs, twelve topologies
for designing SCSGs have been compared in four scenarios,
regarding the key PI capital CoE. Some other important PIs
resulting from the capital-CoE-based optimal designs are also
shown. With the currently available commercial MgB2 wires,
the topologies with more iron cores perform better in the
conducted comparisons. The fully iron-cored topology T12
with salient poles is most promising regarding the capital
CoE, AEP, active material cost and superconductor length,
although its active material mass and active generator length
are moderate.

The scenario study shows that reduction of the unit cost
or enhancement of the current density capability of MgB2

wires will be beneficial for all topologies especially those

with more non-magnetic cores. Comparing Scenarios 1 and 2
shows that reducing the unit cost or increasing the capability
of MgB2 wires can reach similar effects on the capital CoE,
AEP and total active material cost. The distances among the
topologies become smaller from the original case to Scenarios
1-3. Especially, Scenario 3 makes the topologies with more
non-magnetic cores much more competitive. However, to drive
the unit cost down or increase the current density capability
of MgB2 wires takes time. At present, iron-based topologies
is most promising. In future, non-magnetic-core-based topolo-
gies will become competitive as long as the superconductor
becomes sufficiently cheaper and better.
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