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Designing and Basic Experimental Validation of
the World’s First MW-Class Direct-Drive
Superconducting Wind Turbine Generator

Xiaowei Song , Carsten Bührer, Patrick Brutsaert, Jens Krause, Aymen Ammar, Jan Wiezoreck, Jesper Hansen,
Anders V. Rebsdorf, Marc Dhalle, Anne Bergen , Tiemo Winkler, Sander Wessel, Marcel ter Brake,

Jürgen Kellers , Hendrik Pütz, Markus Bauer, Hans Kyling, Hermann Boy, and Eric Seitz

Abstract—High temperature superconducting (HTS) technolo-
gies are expected to be a key enabler for lightweight and cost-
effective direct-drive (DD) trains for large wind turbines. This
paper reports the designing and basic experimental validation of
the world’s first full-scale DD HTS generator demonstrated on a
commercial wind turbine. The HTS generator has its rotor with
an HTS field winding working below 30 K, which is achieved by
using off-the-shelf Gifford-McMahon cryocoolers. The stator of
the generator is essentially conventional, except that the armature
winding has four segments to limit fault torques in case of sudden
short circuits due to converter failures. Compared to an existing DD
permanent magnet generator on the turbine, the air gap shearing
stress of the HTS generator is doubled, and the weight is reduced by
24%. The overall design requirements from the turbine integration
perspective, as well as the topological considerations, are first
described in this paper. The electromagnetic and cryogenic designs
are then presented, followed by performance testing of HTS coils.
The basic experimental validation shows that the cryogenic design
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is satisfactory and the measured no-load voltage matches the finite
element calculation very well.

Index Terms—Direct-drive, electromagnetic, finite element, high
temperature superconductor, wind turbine generator.

I. INTRODUCTION

THE increasing energy demand and the pressure of reducing
greenhouse gases have driven rapid growth of wind energy

worldwide over the past 2 to 3 decades [1], [2]. Global wind
capacity additions in 2019–2028 are foreseen to be 723 GW,
which is 20% more than the total global wind capacity today [3].

Particularly, a current trend towards increasing turbine ratings
is observed in the wind industry, especially in offshore wind
energy. The motivation of such a trend is that a reduced levelized
cost of energy (LCOE) is accompanied by large turbine ratings
[4], [5].

Among multiple options for wind turbine drive trains, there
are two drive trains standing out in the market today: 1) geared
doubly-fed induction generators (DFIGs) coupled with partially
rated converters; 2) direct drive (DD) synchronous generators,
either permanent magnet synchronous generators (PMSGs) or
wound-rotor synchronous generators (WRSGs), coupled with
fully rated converters [6], [7]. When scaled up to a large tur-
bine, e.g., 10+ MW class, these prevalent drive trains suffer
from weight, volume, and cost challenges [8], [9]. In particular,
next-generation floating turbines would appreciate a small tower
head mass (THM) more than traditional bottom-fixed ones do
in order to reduce costs of floating foundations, which requires
lightweight and compact drive trains [10], [11].

Superconducting electric machines are always featured with
a high torque density, enabled by high magnetic fields generated
by superconducting field windings without ohmic losses [12],
[13]. Therefore, superconducting generators could represent
a game-changing solution for wind turbine drive trains [14],
[15]. With ever-improving high temperature superconducting
(HTS) technologies in power applications [16]–[18], DD HTS
generators have been proposed to address challenges faced by
conventional wind turbine drive trains. Advantages of using DD
HTS wind turbine generators were well elaborated in [12], [19],
[20]. Since raw materials used for producing second-generation
(2G) HTS wires are cheap, it is expected that the price of 2G
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HTS wires would decrease by a factor of 10 if a large amount is
demanded by the market [21].

Lots of research has been carried out to investigate HTS wind
turbine generators, ranging from conceptual designs to compo-
nent demonstrations or downscaled prototypes. However, so far
there has not been a demonstration of a full-scale HTS wind
turbine generator. An advanced demonstration is a full-size pole
pair segment of an MW-class DD HTS wind turbine generator in
the previous HTS-GEN project [22], [23]. The key technologies
validated via such a full-size pole pair segment, as well as
the know-how obtained and lessons learned, motivated us to
launch a follow-up project – EcoSwing. The EcoSwing project,
funded by the EU Horizon 2020 programme and 9 partners
from academia and industry, aimed to design and manufacture
the world’s first full-scale MW-class DD HTS wind turbine
generator. After testing the HTS generator on the ground, the
HTS generator was installed and operated on a commercial wind
turbine located on the western coast of Denmark. An existing
DD PMSG and its corresponding power converter used in the
turbine were replaced.

The EcoSwing project consortium involves those specialized
in different associated technologies, including designing, man-
ufacturing and testing of HTS wires and coils, deployment of
cryogenic systems, designing and manufacturing of generators,
implementation of power converters, designing, operation and
certification of wind turbines. A detailed list of the partners in
the consortium and their respecitive roles can be found in [24].

This paper focuses on the designing and basic experimental
validation of the HTS generator in the EcoSwing project. It is
structured as follows. Section I gives the background and the
motivation of the work, and also lays out the paper structure.
Section II describes overall requirements for the generator de-
sign seen from the wind turbine integration perspective. After-
ward, Section III deals with the topological considerations for
an outline design of the generator. The electromagnetic (EM)
and cryogenic designs are then addressed in Section IV and
Section V, respectively. The performance testing of HTS coils
is presented in Section VI, and the basic experimental validation
of the cryogenic and EM designs is reported in Section VII.
Finally, the conclusions are drawn in Section VIII.

II. OVERALL REQUIREMENTS FOR TURBINE INTEGRATION

A. Integration Interface

The HTS generator replaces the existing PMSG, and changes
on other mechanical components in the turbine are kept as few
as possible, e.g., the generator shaft and bearings just duplicate
the existing ones. Therefore, to be integrated into the turbine,
the HTS generator must fit the existing mechanical interface, as
shown in Fig. 1. The wind turbine has its main shaft made of
carbon fiber that connects the turbine rotor with the generator
shaft, and the generator sits at the rear end of the nacelle. The
flexibility of the long carbon fiber shaft helps to damp some
turbine loads. When a torque is applied to the drive train, the
shaft will twist in accordance with its torsional stiffness, acting
like a spring. Hence, it is required that the rotor of the HTS
generator must be able to withstand forces created by any angular
accelerations of the shaft.

Fig. 1. The existing mechanical interface on the wind turbine that the HTS
generator must fit.

B. Limits of the Generator Dimension

While the existing PMSG has an outer diameter of 5.4 m, the
HTS generator was designed to have an outer diameter limited
to just 4 m. There are several reasons for setting this limit. First,
with this smaller diameter the HTS generator can be transported
on all relevant roads, tunnels, and bridges. This “all-roads”
capability greatly improves transportability and installability.
Second, the generator manufacturing has to rely on existing
capabilities and resources available in the project consortium.
The 4 m outer diameter means that the generator stator can
be manufactured by using available vacuum impregnation fa-
cilities. Lastly and most importantly, a smaller outer diameter
makes it easier to be fitted into both direct drive and geared wind
turbines in the market, so that total available markets could be
harvested. Besides, it is required that the total axial length of
the HTS generator must be smaller than 2.5 m to fit the existing
interfaces in the turbine.

C. Requirements on Functionality

By placing an HTS generator to a real wind turbine, the HTS
generator and also its ancillary systems should meet specific
requirements in the wind turbine industry. Some typical re-
quirements on the functionality of the HTS generator, which
deserve attention and should be taken into account throughout
the generator designing, are as follows.

1) The maximum torque during short circuits should not
exceed 3 times rated torque, which is due to the strength
of existing mechanical structures in the turbine.

2) Accordingly, the mechanical structure in the HTS genera-
tor should withstand extreme loads under fault conditions.
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3) In addition, the cryogenic system should perform well
under harsh conditions seen in the wind turbine and stably
provide sufficient cooling power to maintain a desired
operating temperature for the HTS field winding.

4) It is also required that the maintenance and service on
ancillary systems, e.g., service on the cryogenic system,
is accessible and should not take more than 2 man-days to
complete. The minimum maintenance interval for ancil-
lary systems shall be 24 months.

III. TOPOLOGICAL CONSIDERATIONS

Perceiving the overall requirements aforementioned, the gen-
erator topology is investigated before diving into designing the
generator in detail. The main items topological considerations
are: 1) operating temperature of the rotor back iron; 2) selection
of a non-consequent pole configuration in the rotor. These two
items are elaborated below.

A. Operating Temperature of the Rotor Back Iron

In superconducting devices it is common to have the material
at cryogenic temperatures, i.e., cold mass, as small as possible.
Obviously, a reduced cold mass means less cool-down time,
and also more warm parts mean more commoditized material in
supply chains. Therefore, in the lab prototype previously built
in the HTS-GEN project, a warm rotor back iron was used [22].

However, in the EcoSwing project we encountered challenges
of using a warm rotor back iron. HTS coils have to be supported
at two ends if using a warm rotor back iron, and a deflection in
HTS coils could be generated. In particular, under short circuit
conditions, excessive mechanical loads are exerted on HTS coils,
worsening the deflection. Using a cold rotor back iron, i.e., the
rotor back iron has the same operating temperature as the HTS
coils, the coil supports become much simpler since the HTS
coils are directly mounted onto the rotor back iron. Thus, it was
decided to use a cold rotor back iron in the HTS generator.

B. Non-Consequent Pole

A consequent-pole configuration in an HTS generator means
that only every second pole is excited by an HTS coil, and the
poles in between are passively powered by the flux from iron
[22], as shown in Fig. 2. The consequent-pole configuration was
used in the lab prototype in the HTS-GEN project, the potential
benefits of which lie in less labor cost and less usage of auxiliary
materials, and most importantly fewer mounting efforts if using a
warm rotor back iron [22]. Since it has been decided to use a cold
rotor back iron, the last advantage is annihilated. It is also noticed
that the consequent-pole configuration introduces an asymmetry.
All the end regions of the field winding at one side form a current
loop, and consequently, the net current flows clockwise at one
shaft end but counterclockwise at the other. Such an asymmetry
has potential risks such as unbalanced magnetic fields, induction
of eddy currents in the shaft and bearings, electromagnetic dis-
turbances to electronic equipment in the nacelle. Therefore, the
consequent-pole design used in the lab prototype was discarded,
and a regular design, i.e., non-consequent pole, as illustrated in

Fig. 2. Consequent-pole design in the context of a cold rotor back iron. The
arrows show that every second pole is excited by an HTS coil.

Fig. 3. Non-consequent pole design in the context of a cold rotor back iron. The
HTS coils are connected in such a way that an “N–S–N–S” flux configuration
is formed.

Fig. 3, was adopted. Arrows in Fig. 2 and Fig. 3 indicate the
corresponding flux direction.

IV. ELECTROMAGNETIC DESIGN

A. Generator Specifications

The pole number, one of the most important parameters of
the HTS generator, is optimized to use less HTS wires, which
helps to reduce the total cost. At the targeted output torque, the
HTS wire length and the generator volume with respect to the
pole number were chosen to their optimum (see Fig. 4), taking
system-level considerations into account. Reducing the pole
number leads to fewer flux leakages, meaning better utilization
of the main flux generated by the HTS field winding. However,
a smaller pole number results in a lower fundamental frequency,
which may affect the lifetime of insulated-gate bipolar transistor
(IGBT) modules in power converters. Therefore, the junction
temperature in the IGBT modules was calculated under the
worst cooling conditions. The thermal calculation showed that
the maximum junction temperature is 20% below the maximum
allowable value.

Some key generator specifications are listed in Table I. Thanks
to a high magnetic loading and electric loading, the air gap
shearing stress is 113 kPa, which is 2 times as high as that
in conventional DD PMSGs [25]. The designed active weight
and total weight of the HTS generator are 30 tons and 65 tons,
respectively.
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TABLE I
KEY SPECIFICATIONS OF THE ECOSWING GENERATOR

Fig. 4. The HTS wire length and the generator volume with respect to the pole
number.

Fig. 5. A one-pole FE model derived for EM simulations. Flux density
distribution is calculated under the rated condition.

B. Simulation Results

A one-pole finite element (FE) model derived for EM simu-
lations is shown in Fig. 5. FeNi9 was used for the rotor yoke
and iron core as it has a high saturation point and suitable
mechanical properties at cryogenic temperatures. Conventional
steel used in the rotor of synchronous machines was discarded
because it becomes brittle at cryogenic temperatures. As the
rotor yoke and iron core mainly experience DC magnetic fields,
lamination was not needed. So far, little data is available on

Fig. 6. The magnetization curve of FeNi9 measured at 30 K.

Fig. 7. The radial flux density in the middle of the physical air gap under the
no-load condition.

magnetic properties of FeNi9 at cryogenic temperatures. To
ensure reliable simulation results, the magnetic properties of
FeNi9 were measured both by the project consortium and by
an independent third party. In this paper, for the first time, the
magnetization curve of FeNi9 at 30 K and under saturation
conditions is reported, as shown in Fig. 6.

Unlike conventional machines, Fig. 5 shows that the rotor
iron core and the tooth tips are highly saturated because of the
high magnetic fields generated by the HTS coils. An iron-less
design will eliminate the very saturation issue, but as a penalty,
a higher magnetomotive force (MMF) is required, which is not
cost-effective. Besides, the one-pole FE model in Fig. 5 was
used to calculate normal conditions where periodic boundary
conditions were assigned. For the calculation under sudden
short-circuit conditions, e.g., results in Fig. 10, a full FE model
containing all the 40 poles was used.

Fig. 7 shows the calculated radial flux density distribution in
the middle of the physical air gap under the no-load condition.
A fast Fourier transform (FFT) shows that the amplitude of the
fundamental flux density is 1.65 T, i.e., well beyond the typical
value of ≤ 1 T always seen in conventional DD PMSGs and
WRSGs. Fig. 8 presents the normalized cogging torque as well
as the normalized torque ripple under the rated condition. It can
be seen that both the cogging torque and torque ripple are below
1.8% of the rated torque, which is evaluated to be acceptable
for this demonstration generator since it is at the same level as
that found in the existing PMSG. Therefore, neither skewing nor
fractional slots were implemented.
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Fig. 8. The normalized cogging torque (left axis) and the normalized torque
ripple under the rated condition (right axis).

Fig. 9. Diagram of 4 individual segments in the armature winding and their
respective converters.

C. Segmented Armature Winding

Sudden short circuits at the HTS generator terminals due to
switching failures in the power converter are deemed to be a
big challenge. The root cause is that the magnetic air gap in the
HTS generator is up to 10 times that in conventional generators
to have enough space to accommodate thermal insulation and
the vacuum chamber wall, as well as to limit AC losses in the
HTS field winding [26]. The large magnetic air gap results in a
small synchronous reactance, causing a high peak torque under
short-circuit conditions [27].

Therefore, to reduce short-circuit torques, the armature wind-
ing of the EcoSwing generator is split into 4 segments with each
connected to an independent converter, as diagrammed in Fig. 9.
In practice, the probability that sudden short circuits occur at
the same instant in all the 4 converters is nearly zero. Besides,
the 4-segment armature winding also takes advantage of using
compact IGBT modules with a capacity of 800 A per module,
which is a low-cost option in the market today.

The short-circuit torque is simulated under the situation that
a sudden phase-phase short circuit occurs only in one converter,
which is foreseen to happen most likely in practice. As shown
in Fig. 10, the short-circuit torque is limited to 2 per unit (pu),

Fig. 10. The short-circuit torque and the field current in case of a sudden
phase-phase short circuit occurs in one converter.

meeting the requirement of ≤3 pu for the turbine integration.
During the short circuit, the current in the HTS field winding
increases by 14% due to the flux change, which is taken into
account as safety margin when designing the HTS coils. In
Fig. 10 the generator runs at the rated condition at the beginning,
and then a sudden phase-phase short circuit happens at 0.06 s
when the voltages in the two phases are equal to each other,
representing the worst-case scenario.

V. CRYOGENIC DESIGN

A. Cooling Capacity

The cooling of the HTS coils in the generator rotor is achieved
by transferring all heat loads at cryogenic temperatures to cold
heads by means of heat conduction via copper thermal buses.
No cryogenic coolants such as cold helium gas or liquid neon
are used.

An estimation of heat loads is needed for determining the
type and the quantity of cryocoolers. The largest uncertain-
ties in the thermal model are thermal contact resistances and
also temperature-dependent thermal conductivities of different
materials used. The thermal conductivities are also strongly
influenced by the purity and heat treatment of the materials.
Therefore, both an optimistic estimation and a conservative
estimation of the heat loads were made, corresponding to 222 W
and 278 W, respectively. The detailed process to calculate the
heat loads can be found in [28].

It is also known that the delivered cooling power of cold
heads depends on their angular orientation. Therefore, based
on the conservative estimate of heat loads, i.e., 278 W, and by
assuming the worst performance of cold heads, the required type
and quantity of cryocoolers can be decided. 9 single-stage RDK–
500B cold heads driven by 9 F70 compressors from Sumitomo
Heavy Industries (SHI) were chosen. The cold heads rotate with
the rotor (the nominal rotational speed is 15 rpm), whereas
the compressors are stationary and are placed at the non-drive
end (NDE) of the generator. Among the cold heads, one cold
head is assigned to thermally anchor the current leads, so the
current leads are kept at cryogenic temperatures despite a high
operating current and a direct link to the ambient temperature.
The remaining cold heads are used to maintain all the HTS coils
below 30 K.
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Fig. 11. The rotary joint assembly (RJA) consisting of the rotary coupling and
the slip ring.

B. Rotary Joint Assembly

The cold heads require a continuous working gas stream,
which is delivered from the compressors to the cold heads
by means of a rotary coupling. Thus, the rotary joint as-
sembly (RJA) consists of two elements: 1) a rotary cou-
pling to transfer room temperature helium gas between the
stationary compressors and the rotating cold heads; 2) a
slip ring to provide electric power required for the turbine
operation.

The high-pressure (HP) helium gas fed by the compressors
comes to a common manifold and flows into the rotary coupling.
The HP helium gas leaving the rotary coupling is then distributed
to the cold heads placed circumferentially in the rotor of the
generator. The low-pressure (LP) helium gas returning from the
cold heads flows to the compressors in the opposite direction.
The slip ring is identical to the one used in the turbine as it meets
well the requirements for the turbine control and operation.

Both the rotary coupling and the slip ring are off-the-shelf
devices available in the market, they are positioned next to each
other along the longitudinal axis of the generator. Thus, the
rotary coupling can be exchanged separately. In future commer-
cial products, these two components should be well integrated
to have a smaller axial length. Fig. 11 shows the RJA to be
installed to the NDE of the generator. The rotary coupling is
placed between the slip ring and the generator shaft, and it has
to furnish ducts for transferring electrical cables (indicated by
the red and yellow cables in Fig. 11).

VI. PERFORMANCE TESTING OF HTS COILS

The HTS coils, the most essential part in the generator rotor,
are designed as double pancake coils in a racetrack shape. 2G
HTS tapes are wound on an iron core made of FeNi9. The
engineering current density in the cross-section of each HTS
coil is ≥100 A/mm2. More detailed specifications are listed in
Table II, and the final assembly of a real HTS coil is shown in
Fig. 12.

To ensure the function of the HTS coils in the generator, a
dedicated test rig was developed at The University of Twente to

TABLE II
DETAILED SPECIFICATIONS OF EACH HTS COIL

Fig. 12. Final assembly of a real HTS coil.

Fig. 13. Measured critical current as a function of temperature.

test the HTS coils under representative temperature and mag-
netic field conditions. By scaling the rated operating current of
the HTS coils to 1 pu, the measured critical current at different
cryogenic temperatures of a type-tested HTS coil is shown in
Fig. 13. It is seen that the critical current increases linearly
with decreasing temperature. A linear curve fitting projects the
expected critical current of 1.65 pu at 30 K, which ensures safe
operation of the HTS coils in the generator.

To check the degradation due to thermal cycling, the type-
tested coil also experienced several thermal cycles up to room
temperature and back to cryogenic temperatures, and the same
critical current was obtained reproducibly. In addition, several
duration tests were performed to check the operation stability.
The type-tested coil was kept at 3 different operating conditions
and 2 hours for each: (a) rated current at 30 K; (b) 1.17 pu
current at 30 K; (c) 1.17 pu current at 35 K. No thermal runway
was observed in these duration tests, concluding that the coil
can run stably even under the over-current and over-temperature
conditions.
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Fig. 14. A real photo of the finally assembled HTS generator in the EcoSwing
project.

VII. BASIC EXPERIMENTAL VALIDATION

The generator was successfully manufactured and assembled
at Jeumont Electric in France. Fig. 14 is a real photo of the
finally assembled generator. The generator weighs 68.75 ton,
which is 6% higher than the designed value due to some small
items needed in manufacturing but unforeseen in the design
model. For a fair weight comparison between the existing PMSG
and the HTS generator excluding the difference of the outer
diameter, the existing PMSG should be scaled from 5.4 m down
to 4 m while keeping the torque the same. A weight of 90 tons
has been calculated for a 4-m diameter PMSG with the same
torque. Therefore, the weight reduction of the HTS generator
over the scaled PMSG is 24%. It is worth mentioning that
the weight reduction would be about 40% if the ratio of the
generator diameter to length was optimal without considering
the dimension limits set in Section II.

The generator was transported from Jeumont Electric to the
Dynamic Nacelle Testing Laboratory (DyNaLab) in Fraunhofer
Institute for Wind Energy Systems (IWES) for the ground test-
ing. The rotor cool-down and the no-load testing, which was
carried out to basically validate the cryogenic and EM designs,
is reported below. More advanced experimental validation, e.g.,
excitation testing of the HTS coils, power production, will be
addressed in another follow-up paper.

A. Rotor Cool-Down

The rotor cool-down started while the generator was still on
the ground at DyNaLab, in parallel with other installation prepa-
rations. When the generator was being lifted from the ground to
the test bed, the rotor cool-down was interrupted because the wa-
ter cooling was not available for the compressors. Fig. 15 shows
the temperature of 4 representative HTS coils during the rotor
cool-down. These 4 coils are physically displaced by 90◦ with
coil#1 sitting on the top, i.e., coil#1 to coil#4 are at 12 o’clock,
3 o’clock, 6 o’clock, and 9 o’clock, respectively. Consequently,

Fig. 15. Measured temperature of the 4 representative coils during the rotor
cool-down.

Fig. 16. Stabilized temperature of the 4 representative coils after the comple-
tion of the rotor cool-down.

the cold heads for cooling coil#1 and coil#3 face upward and
downward, respectively, whereas the cold heads for cooling
coil#2 and coil#4 are almost horizontally positioned. Due to
parallel work on debugging the data acquisition (DAQ) system,
the temperature measurement in the first 4 days is not shown
in Fig. 15.

Compared to a cool-down curve from the FE calculation, it
is seen that the target temperature was actually achieved earlier.
It means that the actual heat loads in the system are lower than
the conservative estimation. It also indicates that either the cold
heads perform better than expected or the real thermal resistance
in the system is smaller than that in the thermal model. As
can be better seen in Fig. 16, all the coils finally stabilized
below 25 K with coil#1 being the warmest and coil#3 being the
coldest, which makes sense because of the angular-dependent
performance of the cold heads.

B. No-Load Testing

Fig. 17 shows the measured line to line voltage under the
no-load condition at the rated rotation speed of 15 rpm. 710 V
was achieved when the field current was 0.86 pu. The mea-
surement was compared to the the FE simulation, and a good
agreement can be found in Fig. 17, proving high validity of the
EM design. The sufficient no-load voltage measured indicates
that the magnetic field production capability in the generator is
satisfactory.
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Fig. 17. The measured and computed no-load curve at the rated rotation speed.

VIII. CONCLUSION

To improve the technology readiness level (TRL) of HTS
wind turbine generators, the EcoSwing project was launched
to demonstrate the world’s first full-scale MW-class DD HTS
generator on a commercial wind turbine. This paper centers on
the designing and basic experimental validation of the HTS gen-
erator delivered in the EcoSwing project. The air gap shearing
stress is doubled in the HTS generator, and the weight reduction
over the scaled PMSG is 24%, holding a potential to reach 40%
in future designs. The HTS coils were extensively tested before
being installed to the generator to ensure their performance. The
rotor cool-down testing and the no-load testing performed at
DyNaLab have basically validated the cryogenic and the EM
designs, respectively. The cool-down was actually faster than
anticipated, and all the HTS coils were thermally stabilized
below 25 K. The measured no-load voltage matched the FE
calculation very well, proving high credibility of the EM de-
sign and a satisfactory magnetic field production capability in
the generator. More advanced testing on the generator will be
reported in a follow-up paper.
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