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Abstract: High temperature superconductivity is emerging as a solution for lightweight, cost-effective
and high-power wind generators. Current injection and maintainment/sustainment in the field
winding are obtained by metal current leads which, due to persistent heat conduction and joule loss,
are responsible for a large part of the total cryogenic heat load. Slip rings, which further reduce
the overall performance and reliability of the system, are also required. In this paper we assess the
viability of the HTS dynamo and the rectifier flux pumps for energizing the field coils of the EcoSwing
3.6 MW HTS wind generator. Both a “warm” solution, with the rectifier at room temperature, and a
“cold” solution, in which the latter is integrated into the cryostat, are investigated with regard to the
rectifier flux pump. A comparison with the actual, state-of-the-art, system of the EcoSwing machine
is carried out in terms of the total required cooling power and the ability to charge the HTS field
winding up to the rated current. It is found that the dynamo flux pump, beside avoiding the need of
slip rings, allows the reduction in the required cooling by about 74% with respect to the conventional
current-leads-based solution.

Keywords: HTS wind generators; flux pump; HTS dynamo; power supply for HTS magnets

1. Introduction

High magnetic field and low weight make high temperature superconducting (HTS)
magnets a promising solution for power-dense lightweight electrical devices [1-3]. Due to
increasing interest in this field [4], the feasibility of HTS machines has been under inves-
tigation through several demonstrators [5-10]. Wind generators, with particular regard to
offshore turbines, can take substantial advantages from the possibility of using HTS magnets
as field coils since they replace heavy and expensive permanent magnets in the rotor allowing
higher field strengths, and resulting in lightweight, cost-effective power generation machines.
Moreover, given the fact that HTS materials require a very small percentage of rare earth [11],
much less than what is needed for conventional permanent magnets, their advent could further
contribute to the industrial viability of electrical motors. Different from low temperature super-
conductors (LTS), HTS suffer greater current and field decay due to non-negligible flux creep,
more resistive joints and AC-field-induced losses [12,13]. Therefore, a power supply is needed
for maintaining persistent currents in HTS coil magnets, independently from the application
they are aimed at. The common way of energizing HTS magnets is using bulky and expensive
current leads. These are resistive-metal feedthroughs connecting the cold HTS coil to the room
temperature supply and are a major source of heat invasion due to both heat conduction and
resistive loss. Furthermore, supplying power via current leads in rotating machines requires the
use of brushes and slip rings which further increase the overall cost and reduce the reliability of
the whole system. Flux pumps have recently emerged as a low cost, contactless and compact
alternative to the use of current leads [14-17]. Several laboratory demonstrators [18-24] have
been realized for proofing the concept and intense numerical modeling has been developed for
understanding the underlying physics and driving the optimization [25-33]. Nevertheless, only
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a few studies have focused on assessing the technical advantages that flux pumps could provide
for real power applications [34-38]. The purpose of this work is to contribute to reducing this
gap by assessing the viability of the flux pump technology for a full-scale wind generator. In
particular, the paper addresses the technological challenge of energizing the HTS field coils of
the EcoSwing wind generator, the world’s first HTS wind turbine [5,39-42], with two different
types of flux pumps, namely a dynamo flux pump and an electronic-switches-based rectifier
flux pump [15,43]. By doing so, this study is the first to provide a performance comparison
between the actual power supply system and the current most-investigated types of flux pump
for the case of a full scale, operating HT'S machine. With such a comparison, this works aims at
identifying both the potential advantages and challenges of each type of flux pump for energiz-
ing superconducting electrical machines, as well as pointing out the future development needed
for practical applications. Both the considered flux pumps are designed in detail and their per-
formance is numerically assessed and compared in detail with the state-of-the-art solution used
for the EcoSwing machine, consisting of the combination of power electronics power supply,
slip rings and current leads. As for the rectifier-type flux pump, two different layouts, involving
a “warm” (room-temperature) AC voltage source and a “cold” AC voltage source integrated
into the cryogenic environment, are considered. Hence, three different flux pumps designs are
investigated and compared in total, in order to give a comprehensive guideline toward the
development of effective and viable flux pumps, with no bias concerning the topology to be
chosen. In fact, although excellent reviews have been delivered in the past [14-16] and design
works have been carried out with reference to specific topologies, to date, neither a quantitative
comparison of different kinds of flux pump nor any study involving a rectifier type operating on
a real electrical machine has been produced to the knowledge of the authors. This comparison
is carried out in terms of the total required cooling power and ability to charge the HTS field
winding of a practical machine up to the rated current.

This paper is structured as follows. In Section 2, the EcoSwing wind turbine is
described, with particular focus on the rotor coils power supply, the heat load due to
current leads, and the HTS field winding. In Section 3, the concepts of dynamo and rectifier
flux pumps are briefly resumed, and the details of the designed devices are discussed. In
Section 4 the results of the comparison are reported, showing that flux pumps, and the
dynamo type flux pump in particular, are a very promising alternative to conventional
power supply systems based on current leads and slip rings. Finally, Section 5 summarizes
the conclusions of this study.

2. The EcoSwing Field Winding System

The EcoSwing wind turbine is the milestone result of an EU H2020 project carried out
by a consortium of nine partners from industry and academia and concluded in 2019 [44].
A full-scale 3.6 MW direct drive (DD) HTS generator was designed, developed, installed
and operated in an existing wind turbine [5]. The generator consists of a 20-pole-pairs
rotor made of HTS field winding and a conventional stator. The detailed specifics can be
found in [40]. A 24% overall weight reduction and 26% size reduction, with respect to the
conventional counterpart used for the same wind turbine, were achieved.

The system performed stable operation at 2 MW and was boosted to 3 MW as well.
Overall, the generator delivered 600 MWh to the grid over a continuous operation period
of more than 650 h, proving on field the technological feasibility of HTS wind turbines and
improving its TRL from 4-5 to 6-7 [40].

The HTS field winding consists of 40 racetrack-shaped HTS coils [42] located inside a
self-sustaining vacuum insulation that are cooled at an operating temperature lower than
30 K [45] by nine rotating compressor-driven cold heads (Sumitomo F70). The iron poles
of the rotor are integrated into the cryostat and operate at cryogenic temperature as the
windings. The cold heads are mounted onto the rotor and are fed for their operation with
high-pressure gas helium by means of nine stationary compressors using a rotating joint [5]
THEVA provided the high-performance 2G HTS conductor (ReBCO TPL 2100) used in the
field magnets. Detailed specifications about the tape and the coils can be found in [5,46].
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The schematic of the rotor’s electrical circuit is shown in Figure 1. The power supply
system of the HTS field winding involves a voltage source, a dump resistor, a freewheeling
diode and an insulated gate bipolar transistor (IGBT) [41]. More details on the rotary joint
assembly, comprising the coupling joint of the stationary and rotating gas helium pipes
system and the slip rings and brushes providing electrical connection between the power
supply and field winding are given in [42].
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Figure 1. Supply system of the rotor HTS field winding of the EcoSwing turbine [41].

The main characteristics of the HTS field winding system are reported in Table 1. The
critical current of the HTS magnet depends both on the magnitude and the orientation
of the magnetic acting on the conductor [5,47-49]. Overall, the HTS field winding of the
EcoSwing requires about 35 kW cooling power (at room temperature) to maintain the
operating temperature of the coils at 30 K [40]. Different contributions are responsible for
this amount of power: HTS magnets’ AC loss, thermal radiation, thermal income from
the current leads and additional loss. Among those, the coils” AC loss and the thermal
radiation do not change according to which power supply is employed, therefore they are
not taken into account in this comparison. A pair of hybrid Cu/HTS current leads are
used to connect the HTS field winding to the power supply. The leads consist of a copper
feedthrough bar with one end connected to the power supply and the other end anchored
at an operating temperature of 60 K inside the cryostat, by means of a dedicated cryocooler
(which is also used for anchoring the temperature of the radiation shield) [5]. An assembly
of HTS tapes in parallel (HTS stage of the lead) is used, inside the cryostat, for connecting
the 60 K end of the Cu bar to the input terminal of the HTS field winding, that is maintained
at 30 K by means of eight dedicated cryocoolers. Based on common engineering experience,
a heat load of 50 W/kA at 60 K can be assumed for each of the current leads [50-52]. By
considering the rated current of the EcoSwing rotor (I, = 0.330 kA), the total (for both the
leads) heat invasion Pflry ? at cryogenic temperature due to current leads is found to be
33 W for the considered supply system. A coefficient of performance (the ratio between the
power to be supplied at ambient temperature to the cooling system and the thermal power
extracted for the cryogenic environment and transferred to the ambient) COP =22 W/W
is assumed, based on the typical performance of conventional cryocooler performances
operating between 300 K [53] and the operating temperature of 60 K of the current leads.
Hence, the input power Pf,'”b of the cooling system at ambient temperature is calculated as

P4 = pI¥° x COP )

According to (1), an input power of 726 W is obtained for the cooling system for
retaining the current leads at the required temperature. The circuit model of the winding is
the fundamental input needed for carrying out the design of the flux pumps and therefore
it is discussed here. Overall, the field winding corresponds to the non-linear two-terminal
RL component shown in Figure 2. The constant resistance R;,,4 accounts for the losses in
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all the electrical connections (joints) between the different modules of the field winding
as well as the electrical joint between different sections on one module, while the non-
linear inductance Lj,,4 represents the overall terminal inductance of the winding. The
inductance is non-linear due to the iron poles that reaches saturation at the nominal current
of the winding. Neglecting the dependance of the inductance on the current would not be
acceptable for the proper design of the flux pumps supply.

Table 1. HTS field winding specifications.

I,—Rated Current 330 A
I.—Rated current 1.651,
Number of poles 40
wm—Rated speed 15 rpm
Rjpag—Estimated total resistance of joints 4.128 pQ)
Ljosd(In)—Inductance at rated current 10H
Total cooling power requested 35 kW
Pé’l’"b—Cooling power requested due to current 726 W
leads heat load
I load
_<_

§ Rload
j Lload (Iload)

Figure 2. Equivalent circuit scheme of the HTS field winding.

An inductance Ly,,; = 10 H at rated rotor current I, is considered [54]. This corresponds
to a total flux fi = 3330 Wb linked by the winding. For obtaining the L-I curve, the whole
fi-curve was deduced as a first approximation from the By-i curve reported in [5], where By is
the measured field at the center of one coil. The LI curve of the rotor winding, in the current
range from 0 to 330 A, was finally obtained by taking the numerical derivative of the fi-I curve
and is shown in Figure 3. As for the resistance R;,,4, we report that each of the HTS coils of the
rotor winding has up to 10 lap joints, with an interface resistance of 36 + 9 nQcm 2, and a 5 cm
overlap. Furthermore, all adjacent coils are connected in anti-series with a hybrid copper-HTS
design connection with an average resistance of 32 n(2 at 77 K. By considering all the intra- and
the inter-coil joints, a total resistance Ry, of 4.13 puQ) is found for the field winding. No further
resistance exists in the model of the winding since the coil current is below the critical current of
the superconductor at the chosen operating temperature and magnetic field. Possible additional
resistance may arise during normal operation of the generator due to AC field ripple on the
field windings [55,56], but this is not considered in the present study. In the next sections, the L
vs. I curve and the total joints resistance R;,,; are used in the equivalent circuits of the systems
for simulating the energization of the field coils for all the cases of dynamo and rectifier flux
pumps as power supplies.
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Figure 3. Coefficient of self-inductance over transport current curve for the EcoSwing rotor, derived
based on the information in [5].

3. Design and Characteristics of the Flux Pump Power Supply Systems

In this section the three different systems considered for the power supply; the dynamo
flux pump, the cold rectifier flux pump and the warm rectifier flux pump, are designed
and described.

3.1. Dynamo Flux Pump

Superconducting dynamos consist of one or more rotating permanent magnets that
cyclically move across a HTS tape in order to induce an average DC output voltage across
its ends. Although the physical mechanism of dynamos is not intuitive and still under
debate, several experimental tests have proven that such an apparatus is able to energize a
superconducting coil [18,22,57].

In Figure 4, a 3D schematic of the designed dynamo flux pump is shown. The schematic
of the overall contactless power supply system of the HTS field winding is shown in Figure 5.
The dynamo consists of three THEVA Pro-Line 2G HTS with 12 mm width exposed to the
field produced by 20 permanent magnets. The main characteristics are reported in Table 2.
The HTS tapes are fixed with respect to the HTS field winding and move with the generator’s
rotor. The magnets are mounted on a separate, and free to rotate, assembly, and their rotational
velocity wpy in the stationary frame can be controlled independently from the rotational
velocity wy, of the generator’s rotor (see Figures 4 and 5). The three HTS tapes are connected
in parallel and each carries one-third of the overall current supplied to the load winding. Two
collector rings (highlighted with — and + signs in Figure 4) connected to the opposite ends
of the tapes form the terminals of the flux pump to which the load is connected. The layout
shown was arrived at by means of optimized design. In particular, as it is discussed next, the
presented solution is the one that allows to obtain the maximum output power and efficiency
when it operates in the vicinity of the rated current I;, = 330 A. The relevant parameters of the
flux pump are summarized in Table 2.

The permanent magnets (PMs) rotate with respect to the tapes with a relative angular
velocity w, given by

Wy = WppM — Wiy )

The relative motion produces the desired voltage rectification at the terminals and current
injection in the load, thus realizing a contactless power transfer from the flux pump rotor
and the HTS winding of the generator. It was found during the design phase of the flux
pump that a relative rotational velocity w, = 1500 rpm between PMs and tapes is needed for
producing the required voltage (see Table 2). By considering the rated speed w,, = 15 rpm
of the generator’s rotor [40] (See Table 1), an angular velocity wpp; = 1485 rpm needs to be
applied to the permanent magnets. The performance of dynamo flux pumps increases with
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the magnetic field acting on the HTS tape and a short distance from the permanent magnets is
desirable. An air gap of 5 mm between the PMs and the HTS tapes is chosen in this paper, as
reported in Table 2. This airgap is feasible by means of an optimized design of the section of
the cryostat hosting the flux pump (and in particular of the vacuum system) which can be
independent from, though it can be conveniently integrated with, the main cryostat of the
HTS rotor winding. It is also reported that novel dynamo configurations have been recently
investigated that allow a substantial increase in the B field on the tape even in the presence of
larger air gaps by including back iron in the magnetic circuit [19,35,58]. Hence, the dynamo
used in this work can be considered as a conservative design that can be further improved in
the future by means of innovative solutions. It is also noted that the operating temperature
of the dynamo’s tapes (77 K) differs from that of the EcoSwing field winding’s. Such an
operating condition can be obtained by means of a specific cold head dedicated to the cooling
of the flux pump. Since one cryocooler has been specifically dedicated to currents leads in the
EcoSwing machine, no additional cooling devices are required. On the other hand, a cheaper
cryocooler with lower cooling capacity could be used instead.

Turbine
rotor shaft

Figure 4. The 3D scheme of the dynamo flux pump. wn, is the rated rotating speed of the turbine
and thus refers to both the rotor shaft and the 3 HTS tapes. + and — indicate the superconducting
terminals to which the field winding is connected. The HTS tapes are fixed with respect to the HTS
field winding and move with the generator’s rotor.

Rotating cryostat wall

\4 v +
Permanent  Dynamo HTS field
magnets HTS tapes winding

Figure 5. Contactless supply system of the rotor HTS field winding of the EcoSwing turbine based on
the dynamo flux pump.
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Table 2. HTS dynamo parameters.

Number of Permanent Magnets (PM) 20
Number of HTS tapes 3
Width of each PM 6 mm
Height of each PM 12 mm
Depth of each PM 350 mm
Remanence of each PM 125T
Width of each HTS tape 12 mm
Thickness of each HTS layer 1 um
Operating temperature of the HTS tapes 77 K
External radius of the rotor (radial position of 300
mm
tapes)
Airgap between the PM and the HTS tape 5 mm
wr—Relative angular velocity of PMs and tapes 1500 rpm (0.25 Hz)

wpp—Angular velocity of the PMs in the

stationary frame of the rotor 1485 rpm (24.75 Hz)

The modelling approach recently proposed in [59] has been used for designing and
characterizing the dynamo of Figure 4. Differently than in [59] the dependance of the
critical current density of the HTS tapes on the amplitude B and the direction 6 of the
magnetic field is taken into account in this paper. This corresponds to a more realistic
assumption and, as reported in the literature [22,25,28,30,60], significantly improves the
performance and efficiency of the flux pump. The J.(B, 6) curve used has been interpolated,
by using the approach presented in [61], from the experimental characterization data of the
considered tape, available in the public Robinson Research Institute HTS database [62-64].

The V-I characteristic of the dynamo, as well as its performance in terms of losses
and efficiency over a wide range of transport current are shown in Figure 6. The data
were obtained by means of the FEM model [59] and are in very good agreement with
experimental results of similar apparatuses [60,65]. The value Iy = 658 A fixes the limit
beyond which the flux pump is not able to operate as a generator. In fact, as far as the
transport current is in the range from 0 to [y = 658 A, a positive voltage is developed at
the terminals and, hence, power is delivered (in average in one period) by the flux pump
to the load. If the transport current exceeds the value Iy, then the voltage reverses and
the power is absorbed by the flux pump. The output power at the terminal also changes
approximately quadratically with the output current. It is zero in no load conditions and
at the boundary I of the generator region, and reaches a maximum of the 19.8 W when
the transport current approaches Ij,;; = 400 A. The dynamo dissipates at about 300 W
in no-load condition at zero transport current (that is, when the PMs are rotating while
no load is connected to its terminals). The losses follow a quadratically like trend with
the transport current as well. As a result, the efficiency of the device, defined as the ratio
between the output power at the terminals and the mechanical power supplied by the rotor,
is maximum at [;,,; = 350 A where it reaches the value of 5.78%, and is equal to 5.74% at
I1oaq = 330 A, namely, the rated current of the field winding. We highlight that the deviation
from a perfect quadratic trend of the losses and the output power is to be found in the
slight nonlinearity of the V-I of the dynamo. It is also pointed out that changing the number
of tapes and/or permanent magnets, as well as the other geometrical parameters, changes
the performance of the flux pump. The solution and geometrical parameters reported in
Table 2 were obtained empirically with the aim of maximizing the power output and the
efficiency at the rated current. It must be specified that setting the relative angular speed of
the PMs and the tapes equal to zero cancels the voltage at the terminals. As a result, no
power is supplied nor absorbed (as mechanical power at the rotor) by the flux pump in this
condition and the HTS tape forms a short circuit connection at the terminals of the HTS
field winding. It will be shown in the Section 4 that optimal overall efficiency of the supply
system based on the dynamo flux pump is obtained by periodically switching from this
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operating condition, that is defined as “off-state”, to the “on-state” one in which the PMs
rotate at the nominal speed, as was previously suggested in [35].

Vvsl curve Average Joule dissipation
. L
0.08 .. 540 |
< 0.06 - <
= *e = 360 .
= 0.041 -
“ ™ 340 L
0.02 . .
320 P
0 ® e
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load

Figure 6. V vs. I relation, power dissipated vs. I, efficiency vs. Ij,,; and power delivered to the
field winding vs. I}, of the dynamo flux pump.

The equivalent circuit of the dynamo flux pump that has been obtained from finite
element analysis by using the approach of [59] is shown in Figure 7. This improved equiv-
alent circuit is able to account for the overall loss of the device at cryogenic temperature.
Coincident results concerning the current profile of the HTS field winding supplied by
the flux pump are obtained if the full FEM model or the equivalent circuit of Figure 7 are
used [59]. However, the calculation time needed by using the equivalent circuit is much
shorter, therefore, this circuit is exploited for investigating the charging process of the
HTS field winding in this paper. This equivalent circuit, whose parameters are reported
in Table 4, takes into account all the losses that occur during the dynamo operation. In
particular, Rjstrinsic addresses the open-circuit losses which also take place during charging
state, whereas R,ffective accounts for the transport current losses. V) is average no-load
voltage that is computed at the ends of each tape over a rotating cycle of the dynamo. It
must be noted that the instantaneous open-circuit voltage produced by the flux pump could
have been used instead of V) for reproducing the ripple of the load current [59]. However,
this ripple only has a small amplitude and does not impact the overall conclusion, therefore
it has been neglected in the present study.

Table 3. Rectifier flux pump—equivalent circuit parameters.

Diodes—*“on” State Resistance 1 mQ
Diodes—forward voltage 0.8V
Diodes—snubber resistance 500 Q)
Diodes—snubber capacitance 250 nF
Vsource—rms value 12V
Visource—frequency 13 Hz

Lsource 1mH
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Dynamo equivalent circuit

lload A
< Wy
Reffective
.
<éRlaad i
o2 ()
Rintrinsic VO

Lload (Iload)

Figure 7. Equivalent circuit of the dynamo flux pump supplying the field winding of the HTS generator.

Table 4. Dynamo flux pump—equivalent circuit parameters.

Vo 99.4 mV
Ripstrinsic 33.0 uQ
Reﬁective 150.9 uQ2

3.2. “Cold Rectifier” Flux Pump

The rectifier type flux pump consists of a contactless (inductive) AC voltage source
and at least two switches (acting like diodes) connected to a load coil [14]. The rectifier
flux pump is different from the conventional rectifier because either the load coil or the
whole circuit is superconducting. Starting from the AC voltage source, a half-wave rectified
voltage is created at the terminals of the load by means of the diodes. For stationary systems,
the AC voltage is usually obtained by means of a transformer. In this paper we assume that
AC voltage is produced by a dedicated superconducting winding fixed with the rotor and
exposed to the field produced by a set of stationary electromagnets, similar to conventional
brushless exciter solutions [66]. A system of permanent magnets, as for the dynamo flux
pump in Figure 5, can be also considered instead of the electromagnets. We also assume
that both the HTS AC winding and the diodes are integrated in the cooling system and
operate at cryogenic temperature. This solution, which is schematically represented in
Figure 8, allows avoiding both slip rings and current leads, thus improving reliability and
setting Pf{”h to zero. However, the losses of the rectifier diodes take place at cryogenic
temperature, therefore the same COP used in equation must be applied for computing the
required power.

Rotating cryostat wall

GRID 1 >i = ®,,
—slac/pC + AVR S — G/
> - -

T
v

Rotating Rotating HTS field
HTS rectifier winding
winding

Figure 8. Contactless supply system of the rotor HTS field winding of the EcoSwing turbine based
on the cold rectifier flux pump. The electromagnets at ambient temperature are fed by the AC/DC
converter and the automatic voltage regulator (AVR), which are in turn connected to the grid.

Improved performances can be achieved by replacing the diodes with lossless (or very
low loss) superconducting switches. Although promising results were recently achieved
in manufacturing superconducting switches by exploiting flux-flow resistance of HTS
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tapes [67-69], a viable solution with sufficient off-state resistance is yet to be developed
and is not considered here. It is assumed in the following analysis that the temperature
does not affect the electrical behavior of the diodes. This can be considered a conservative
assumption since recent studies indicated that power electronics components able to operate
at cryogenics temperatures with improved performance are now becoming available [70,71].
A MATLAB-Simulink model was implemented for evaluating the performance of the flux
pump. The schematic half-wave rectifier flux pump model connected to the EcoSwing
HTS field winding is shown in Figure 9. We have implicitly assumed that the dissipation
occurring in the superconducting AC voltage source is small compared with the overall
dissipation of the diodes, hence no resistance appears in the equivalent circuit model of this
source in Figure 9. The parameters of the model are listed in Table 3. The voltage and the
frequency of the AC source were obtained by means of an empirical procedure (trial and
error) supported by the analytical analysis of the circuit. The selected frequency (13 Hz,
which is typical for this type of systems [24]) can be obtained by means of a rotating PM
system with controlled relative velocity similar to the one considered for the dynamo-type
flux pump. The self-inductance of the AC voltage source is assumed to be 1 mH. This value
was obtained from the inductance data of a commercial transformer of similar voltage and
power rating.

I load I |
él'source
g R load

L V
D, source
j Lload (Iload)

Rectifier

D,

Figure 9. Schematic of a half-wave rectifier flux pump supplying the field winding of the HTS generator.
3.3. “Warm Rectifier” Flux Pump

In the “warm rectifier”-type flux pump, both the AC winding and the rectifier operate
at room temperature outside the cryostat, hence they both conduct normally, whereas the
HTS field winding is reached by means of current leads as for the conventional solution.
The schematic of such configuration is shown in Figure 10. The same equivalent circuit of
Figure 9 can be used for modelling this system. Similar to the “cold rectifier”, we assume
that the loss occurring in the AC winding is negligible compared to the loss of the diodes.
No COP is to be considered for the computation of the power that the source must provide.
However, this solution still requires current leads, and the corresponding cooling power
Pg’lmh must be taken into account in the energy balance. Slip rings could still be avoided,
thus increasing the reliability of the device.
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Rotating components

GRID

—AC/DC + AVR

Rotating  Rotating Current HTS field
winding  rectifier  leads winding

Figure 10. Contactless supply system of the rotor HTS field winding of the EcoSwing turbine, based
on the warm rectifier flux pump.

4. Results and Discussion

The results of the energization of the HTS field winding by means of the dynamo flux
pump are discussed first. In DC condition the inductance L;,,; produce no effect and the
HTS rotor winding is equivalent to the sole resistance R;,,;. Hence, when the dynamo

flux pump is considered, a final current of 658 A (corresponding to V/ (Re f fective + Rload))

would be reached, according to the equivalent circuit in Figure 7, in the HTS field winding.
Thus, in order to achieve steady DC operation at the rated current of I, = 330 A, a closed
loop hysteresis control has been implemented by switching the flux pump from the on-
and the off-mode with rated duty cycle. In particular, during the first charge of the field
winding, the flux pump is continuously in the “on-state”, meaning that the PMs of the rotor
rotate with the rated relative velocity of 1500 rpm (see Figure 4), with respect to the tapes,
and the current injection takes place according to the circuit of Figure 7. In this condition
a voltage Vp = 99.4 mV is produced by the flux pump causing the increase in the current
of the coil following the profile shown in Figure 11. As the transport current exceeds I,
by a threshold of +0.2%, flux pumping is stopped by changing the angular velocity of
the PMs so that they move synchronously to the tapes. In this condition, referred to as
“off-state”, no voltage is produced at the terminals and the tapes of the dynamo flux pump
naturally offers a negligible resistance path for the circulation of the DC HTS field winding
current. It is stressed that no dissipation occur in the flux pump in the off-state since no
transient current, needed instead in the on-state for producing the rectified voltage [59], is
induced. However, due to Rj,,4, this current undergoes a slow decay with a time constant
of Leoii (Ipaq) / Rioad- Due to this decay, as soon as, a current 0.2% lower than I, is reached,
the on-state is restored. As a result, after the first charging, the current reaches a cyclic
steady state in which it oscillates around the nominal value I, = 330 A with a +0.2% ripple.
This is abundantly lower than 1%, therefore it is assumed that the AC loss in the coils due
to current ripple is neglectable compared to the other loss contributors, hence it is not taken
into account in the total loss evaluation.

The rated current I, is reached by the dynamo during the ramp-up phase after about
12 h (43,805 s). After this phase the current is kept between 330.66 and 329.34 A by the
controller that switches the dynamo between the on and the off- state, as it is displayed
in Figure 11. It is noted that such a long charging time may represent a drawback for
the practical commissioning of the turbine. However, if needed, this drawback can be
overcome by designing a dynamo with a higher output voltage. As an example, a dynamo
with an output voltage of 500 mV voltage (against 99.4 mV of the one considered in this
study) would allow a charging-time reduction down to 2 h and could meet the requirement
of a shorter energization time if required. On-states (with relative rotation at rated velocity
between PM and tapes) and off-states (with no relative rotation) alternate over a cycle
lasting 95 min (5695 s). The on-state only occurs for 157 s, corresponding to a duty cycle of
2.76%. The power dissipated by the flux pump during the process is shown in Figure 12. It
can be noted that loss occurs in the flux pump as soon as the rotation and the charging of the
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HTS field coil begins. During the charging, the loss slightly increases with the load current.
A heat load P;;zl ‘;mo (on) = 315.5 W is produced when the flux pump is in the on-state and
the nominal current is reached. However, once the charging is complete, the current of the
load remains practically constant and the flux pump alternates between the on- and the

off-state, with loss only occurring in the on-state occupying 2.76% of the cycle.

T T T T T T T T T T
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Figure 11. Ramp-up transient and maintenance of current of the EcoSwing field winding supplied by

the dynamo flux pump.
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Figure 12. (a) Dynamo losses vs. time, (b) dynamo losses vs. time enlargement; blue line is the
instant dissipated power, red line is average dissipated power.

The average dissipation at cryogenic temperature of the dynamo flux pump during
the cyclic operation at nominal current can be computed as follows:
crYyo _ pCryo
denumo (average) — Pori™ %0 ®)
where § is the duty cycle, resulting in 8.7 W. This value must be compared with a heat

load of 33 W reached with the current leads. It is stressed that, despite the much lower
average value, a substantial dissipation (315.5 W) is produced during the ramp-up. Thus,
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appropriate sizing of the dedicated cooling apparatus must be considered for preventing
excessive temperature of the HTS field winding during the charging process.

Finally, the input power needed at ambient temperature for cooling the flux pump is
obtained by taking the COP into account as in (3) and gives P#" =191 W. Since

dynamo (average)

a cooling power Pc”lmb =726 W was obtained in Section 2 for the conventional, current-
leads-based supply system, a drastic reduction (74%) of the cooling cost for energizing the
HTS field winding of a 3.6 MW wind turbine is achieved with the flux pump. Moreover,
it should be noted that flux pumps are contactless power transfer devices requiring no
slip rings, which means that reliability is improved, and complexity reduced by avoiding
electrical rotary coupling and simplifying thermal coupling. Such an overall improvement
decreases both the investment and the operating and maintenance costs of the system,
resulting in a reduced levelized cost of energy.

The purpose of this study is to compare different energization systems of the field wind-
ing of a full-scale wind turbine in terms of total equivalent heat load. However, compatibility
of the considered solutions with fast de-energization of the coil in case of failure of the system
must be considered. As for the dynamo flux pump, a resistor with a normally closed switch
in parallel can be included in the superconducting loop of Figure 5. Both the switch and
the resistor operate at cryogenic temperature. When the discharge is needed, the switch is
open and the current flows in the resistor discharging the coil. Research is in progress for
developing quench protection systems fully integrated inside the cryogenic environment,
delivering promising results [72]. Both mechanical and solid-state solutions can be considered
for the switch. Whereas using a mechanical switch would not impact very much on the
behavior of the system, additional losses would be added by the static solid-state switch
requiring a higher output voltage of the flux pump. However, several experimental studies
have reported substantial improvement of performance of electronic switches at cryogenic
temperature, including reduction in forward voltage drop and switching performance [73,74],
thus making their adoption viable. The design of the protection system of the HTS rotor coil
supplied by the flux pump will be the subject of a future work.

Next, the results of the transformer rectifier flux pumps are reported. The results apply
for both the cold- and the warm- transformer rectifier flux pump because it is assumed that
the thermal problem does not substantially affect the electromagnetic one. This is to say
that the equivalent resistance and dissipation of the diodes is little affected by the operating
temperature. Figure 13 shows the energization transient of the field winding obtained with
the Simulink model of Figure 9.
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Figure 13. Transport current transient of the EcoSwing field winding powered by the transformer
rectifier flux pump. The curve shown applies for both the cold and the warm layout.

The load current reaches the rated value I, in about 2500 s, hence much faster than
for the dynamo case, oscillating according to a 0.02% ripple which is not highlighted in
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Figure 13. It is noted that such ripple is even smaller than the dynamo’s, therefore the
corresponding AC loss is negligible too. No control is implemented in this case since
the rectifier is designed to have a steady state current of I, if coupled with the circuit of
Figure 2.

The total power dissipated in the transformer rectifier flux pump during steady state
is shown in Figure 14. The rectifier dissipates Psye = 355.5 W in average when I;; is reached,
ranging from a minimum of 321 W to a maximum of 380 W.

400 C T T T T .|
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Figure 14. Total power dissipated by the transformer rectifier flux pump at steady state. Blue line is
the instant dissipated power, red line is average dissipated power.

The total cooling power of the “warm rectifier” flux pump is the sum of the average power
dissipated by the rectifier (P;ye = 355.5 W) and cooling power current leads (Pflmb =736 W),
which gives P = 1081.5 W. The increase in power of the contactless warm rectifier flux
pump, with respect to the conventional solution, only corresponds to 1% of the total power
required at ambient temperature (35 kW) but produces the very substantial advantage of
simplifying the rotary joint by avoiding the slip rings. However, it is acknowledged that a real
device should also include a quench protection system. Similar considerations to the ones
previously discussed for the HTS dynamo can be made by including a discharge resistor with
a switch in parallel to a in the electrical loops of Figures 8 and 10.

The cooling power of the cold rectifier must be computed by accounting for the cooling cost
due to having rectifier loss (Pyye = 355.5 W) occurring at cryogenic temperature and, assuming
the same COP of 22 for the conventional and dynamo supply systems, gives P2 = 7821 W.

Although a “cold rectifier” allows the technical advantage of avoiding both current
leads and slip rings, since the rectifier loss P is substantially larger that P%"’, this
solution is noncompetitive in terms of efficiency. It is noted, however, that a power loss
worst-case scenario has been considered in this study by using a diode-based half-wave
bridge rectifier flux pump. It should be considered that fully superconducting transformer
rectifiers are being investigated and recent studies are reporting promising results at the
early stage [23,24,67-69]. Since most of the losses of the cold rectifier take place in the
diodes, this study confirms that if progress in high-performance superconducting rectifier
bridges is accomplished, rectifier flux pumps are indeed a very promising solution for
energizing HTS magnets by drastically reducing the heat load [75]. Finally, Table 5 sums
up the energetic comparison between the power supply types considered for this study
and reports their main technical differences.
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Table 5. Power supplies comparison for the EcoSwing wind turbine field winding.

Cooling Power Requested

Type of Power Supply Due to Power Supply (W) Current Leads Slip Rings
State of the art 726 Yes Yes
“Warm rectifier” flux pump 1081.5 Yes No
“Cold rectifier” flux pump 7821 No No
Dynamo flux pump 191 No No

5. Conclusions

In this paper, we have numerically assessed the viability of energizing the HTS field
winding of a full-scale wind generator with flux pump technology. Two different flux pump
types, the dynamo flux pump and the rectifier flux pump, have been considered for injecting
and maintaining the rated current in the HTS field coils of the 3.6 MW EcoSwing wind
generator. As for the rectifier flux pump, both the “warm” solution, with the transformer
and the rectified at room temperature, and the “cold” solution, in which the latter are
integrated into the cryogenic environment, have been investigated. The performance of
the flux pumps has been evaluated in terms of total cooling power required and ability to
charge the HTS field winding up to the rated current. The results have been compared with
the state-of-the-art power supply of the wind turbine, which involves current leads and slip
rings. It was found that the cooling power required by the dynamo flux is 26% (191 W vs.
726 W) of the cooling power required for the current leads. Due to the contactless operation
no slip rings are needed. These results agree with previous studies on dynamo flux pumps
for HTS wind generators [34-38,58]. The “warm rectifier” also allows for the avoidance
of slip rings but still requires current leads and, due to additional losses in the diodes, the
overall power consumption results increased by 355.5 W with respect to the current-leads-
based solution. Finally, the “cold rectifier” flux pump also allows avoiding both slip rings
and current leads but its losses in the diodes at low temperature are responsible for a far
greater heat invasion than current leads (355.5 W vs. 33 W), leading to a noncompetitive
solution. New perspectives of this technology, subject to future research, will come from the
progress in superconducting persistent current switches [67-69]. Further steps in this study
also include design optimization of a HTS dynamo with an improved magnetic circuit to
increase the field acting on the tape and, therefore, to boost the performance. Such a feature
is expected to provide substantial output voltage improvement that will also allow the
design of a wider airgap to facilitate including the cryostat wall. Finally, the interaction
between the flux pump and a cryogenic quench protection system must be investigated as
well to check the overall viability of this innovative type of HTS magnets power supply.
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