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Abstract: The design of a fully superconducting wind power generator is influenced by several factors.
Among them, a low number of pole pairs is desirable to achieve low AC losses in the superconducting
stator winding, which greatly influences the cooling system design and, consecutively, the efficiency
of the entire wind power plant. However, it has been identified that a low number of pole pairs
in a superconducting generator tends to greatly increase its output voltage, which in turn creates
challenging conditions for the necessary power electronic converter. This study highlights the
interdependencies between the design of a fully superconducting 10 MW wind power generator and
the corresponding design of its power electronic converter.

Keywords: fully superconducting generator; synchronous generator; HTS; power converter;
wind energy

1. Introduction

For several years, wind power plants have shown a trend toward higher power
classes [1,2]. To enable technically feasible solutions for Megawatt-scale systems, the
generator needs to be designed for a low rated rotor speed and a high rated input torque.
However, this design approach drastically increases the mass and the volume of the
generator [3]. Because a larger generator also leads to higher investment costs, lightweight
concepts such as those proposed in [4-6] have been investigated. Besides these conventional
lightweight concepts, the use of superconductors is very promising, as shown in [7], because
superconducting generators offer a much better power to mass ratio. To exploit the full
potential of the superconductor, the generator should be fully superconducting [8], i.e., both
the DC and the AC winding should be designed and manufactured with superconducting
materials. However, the AC current leads to AC losses in the superconductor, which have
to be handled by the cryogenic cooling system, reducing the overall efficiency of the system.
Because each loss contribution at cryogenic temperatures has to be extracted through a
proportionally larger power consumption of the cooling system, the generator has to be
optimised for low AC losses. One of the key parameters to achieve low AC losses is the
number of pole pairs, as described in Section 2.

The influence of the number of pole pairs on the cost of a generator is demonstrated
in [9]. Additionally, the number of pole pairs is also coupled to the output voltage and
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the electric frequency of the generator, which in turn influence the design of the power
electronic converter (PEC) . Its weight, size, cost and efficiency have an impact on the
overall system as well. However, the consequences for the design of a PEC for fully super-
conducting generators with minimised AC losses have not yet been discussed in literature.

This study investigates the interdependencies between the design of a fully super-
conducting synchronous generator (FSSG) and its PEC in the context of the project Supra-
GenSys. First, the influence of the number of pole pairs on the output voltage of the
generator will be investigated analytically in Section 2. An exemplary design of a fully
superconducting generator is then presented in Section 3. This design is investigated
regarding the influence of the number of pole pairs and of the pole pitch on the overall
design feasibility in Section 4. The influence of these design parameters on the output
voltage of the generator is provided for each studied parameter. Based on the feasible
generator design options, Section 5 highlights available choices for the rectifier—-machine
interface. Section 6 then investigates possible design concepts of PECs and their influence
on the overall FSSG system design.

This study is not intended to provide a complete design method for FSSGs but to
enable an understanding of the challenges and available options for the interface between
an FSSG and its PEC.

2. Dependencies and System Design Conflicts

One of the key aspects regarding the design of superconducting generators is the min-
imisation of the AC losses occurring inside their superconducting AC winding. Together
with the conductive heat flow from the environment through the electrical connections
and into the superconducting winding they form the major part of the heat that has to be
extracted by the cryogenic cooling system. The higher these losses are, the larger (more
powerful) the cooling system has to be designed and the higher is its power consumption,
lowering the overall efficiency of the system. A rough estimation for the AC losses in High
Temperature Superconductor (HTS) tapes Pac was introduced in ([10], p. 21) and [11] and
can be expressed with

PAC:B’f'fl'd'ltape'lc/ (1)

where B; is the tangential flux density that the HTS tape is exposed to, f is the frequency
of the AC current of the generator, d is the width of the HTS tape, liape is the effective
length of the HTS tape and I is the critical current of the HTS tape. With a lower operating
temperature, the critical current of the HTS tape increases, but at the same time the electrical
power required for the cryogenic cooling system increases as well. Therefore, an operating
temperature of 65K for the armature winding is selected as a tradeoff between a high
critical current and a low cryogenic cooling power. The field winding is only driven by DC
current; hence, a lower operating temperature of 30 K becomes feasible.

This equation was developed in ([10], p. 21) as an estimate of the AC losses and is
only valid for coil currents close to the critical current. This condition is observed for all
investigations presented in this study.

In other applications, e.g., distribution grids, superconductors are often used to in-
crease the current handling capability compared to conventional copper or aluminium
wires in limited spaces. Based on these applications, it might therefore be expected to use
high coil currents in FSSGs as well. However, one possibility to minimise AC losses in HTS
tapes that follows (1) is the reduction in the width of the tape d. Because HTS tapes greatly
impact the overall investment costs for a FSSG, a tape width of d = 2 mm was selected,
providing a critical current of I. = 52 A. This tape width is currently the most narrow one
available.

A second approach to minimise AC losses is the electric frequency f;, which—for a
synchronous generator—is directly coupled to the rotor speed # through the number of
pole pairs p:

fi=n-p. )



Energies 2022, 15, 3751

30f22

Combining (1) and (2) to (3) clearly shows the dependency of the HTS tape AC losses
Pac on the number of pole pairs p:

PAC:Bt'n'P'd'ltape'lc- 3)

This equation also shows the dependency of the AC losses on the tangential flux
density B; and the effective HTS tape length ltape, which in turn are coupled to the power
density of the generator. Apart from the AC losses, the number of coils of the armature
winding is coupled to the number of pole pairs as well. Each coil has two coil sides which
need to be placed in slots. A common description for this physical placement is the number
of slots per pole and per phase
__ 4
C2-pem

q , (4)

which is coupled to the chosen winding scheme. Z; is the number of slots and m is the
number of phases. The armature coils per phase can be connected in series, in parallel or
in a series—parallel combination, as long as all coils are used. For a fixed number of turns
per coil, a series connection increases the voltage between the phase contacts whereas a
parallel connection increases the phase current. These properties have to be handled by
the PEC and need to be known before it is designed. They can be identified through the
apparent power S; of the generator according to

S$1=3-I;-Uy , ®)

where [; and Uj are the RMS phase current and the RMS phase voltage at the terminals
of the generator, respectively, assuming a star connection of m = 3 phases. The internal
connection of the coils inside the armature winding can be described through the number
of parallel branches per phase a. Through this number, the phase current for the PEC is
given as

L =Ion-a . (6)

Expressing the apparent power S of the generator in (5) through the real power P;
and the power factor cos ¢ allows the calculation of the phase voltage according to

5 -~ P
C 3-Igica 3-cosq-lgg-a

u; (7)

Equation (7) demonstrates the strong dependency of the phase voltage U; on the
1

number of parallel branches a, because U; « -. For a power rating in the MW range and a
coil current of I ~ I. = 52 A, large phase voltages U; have to be expected even without a
series connection of the coils inside the armature winding. Although a suitable PEC could
theoretically be designed, practical issues such as component properties and device costs
usually aim for a more balanced distribution of voltage and current load for a PEC, which
in this case requires the parallel connection of the FSSG coils.

However, the possibility to connect coils in parallel is limited by the number of pole
pairs. By selecting g = 1 in (4) and choosing a single-layer winding, the number of parallel
branches a cannot to be higher then the number of pole pairs p, which in this case defines
the number of connectable coils per phase. Combined with (3), this behaviour presents a
conflict between the design of the PEC and the minimisation of AC losses.

After presenting an exemplary FSSG design in Section 3, the following sections will
therefore explore design options both for the FSSG and the PEC to find suitable compro-
mises between these design goals.

3. Design of a Fully Superconducting Synchronous Generator (FSSG)

This section will introduce the basic design of an FSSG to provide an example for
armature and field winding made from HTS tapes, which is used to demonstrate the design
conflict mentioned above.
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3.1. Basic Design Constraints of a 10 MW FSSG for Wind Power Plants

The target application requires a rated output power of Py = 10 MW, a rated input
torque approximately of Ty = 10 MN m and a rated rotor speed of ny = 10min~!. The
system design has to enable a high efficiency, a low mass to power ratio and feasible capital
expenditures (CAPEX). A sectional model of the generator design is shown in Figure 1.

Phase b
Phase a Phase c Stator Yoke

Field Winding Rotor Yoke

1
Figure 1. Generator model with g = 2 for FEM calculations.

3.2. Armature Winding

The armature winding carries AC current and, therefore, its design requires different
measures to reduce the AC losses. It uses a star configuration presented in [12], which
distributes six coils into each slot with the field lines, where each coil is composed of
50 turns of HTS tape. This concept uses narrow HTS tapes with a width of d = 2mm,
enabling low AC losses according to (1) but having a low critical current of I. = 52 A ata
temperature of 65 K. However, the individual coils of the star configuration are connected
in series, because otherwise unsymmetrical current distributions must be expected.

In the presented example, the star configuration will be used in a concentrated wind-
ing (see Figure 1). This approach enables small winding heads, which will simplify the
manufacturing process and reduce the danger of accidental damage to the narrow, sensitive
HTS tape during manufacturing. In common FSSG designs, an air gap winding is often
preferred [2,13], but by using a slot-based winding, the field penetration of the coils can be
significantly reduced and much better operation conditions of the coils and lower losses
can be achieved [12]. Due to the selected winding scheme, the number of parallel branches
a cannot be higher than half the number of pole pairs p (8). The winding is covered by a
25 mm thick, multi-layered cryostat.

Amax =

®)

N

3.3. Field Winding

The field winding is distributed in small slots and its coils are designed as racetrack
coils. Similar to the armature winding, it uses a cryostat with 25 mm thickness as well, but
it is operated at a lower temperature of T = 30K. To achieve an air gap flux density of
B = 2T, the rotor coils have 170 turns, each using an HTS tape with a width of d = 4 mm.

4. Parameter Studies for an FSSG

As described in Section 2, the number of pole pairs p influences both the AC losses
inside the HTS tape and the phase voltage at the terminals of the generator. To find a
feasible range for the number of pole pairs, a parameter study was performed (Section 4.1),
investigating its impact on the design of the FSSG.

For this investigation, a generator design based on the constraints and design rules of
Section 3 is varied. These variants are each parameterised analytically and then modelled
and simulated in FEMAG-DC. The simulation is used to validate the targeted output torque
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and to acquire the phase inductance, power factor, output voltages and the flux density
distribution for the HTS coils. These results, especially the flux density, are then used to
estimate the AC losses according to (1).

Beside the number of pole pairs, the power density is a major design parameter with
an impact to the AC losses and the PEC. Due to the fixed number of turns per coil and coil
current, it is mainly defined by the pole pitch. Hence, a second parameter study investigates
the effects of varying pole pitches (Section 4.2).

All parameter studies consider the target values and design principles described in
Section 3. The study regarding the influence of varying pole pair numbers assumed a
fixed pole pitch of 350 mm whereas the following pole pitch investigation assumed a fixed
number of pole pairs of p = 35.

4.1. Parameter Study 1: Variation of the Number of Pole Pairs

Figure 2 shows a linear, positively coupled relation between the inner diameter of
the stator and the number of pole pairs, whereas the axial stack length of the iron sheets
decreases with higher number of pole pairs. These changes in turn influence the iron mass
and the required HTS tape length.

Even though a lower number of pole pairs reduces the diameter of the generator, the
corresponding increase in its axial length has a significant impact on its mass and on the
required amount of HTS tape. In contrast, a design with a higher number of pole pairs
will result in a shorter, more lightweight generator with much lower demand of HTS tape
length. On the other hand, the AC losses are increasing with the number of pole pairs,
which increases the energy demand of the cryogenic cooling system significantly.

Figure 3 shows the dependency of the phase voltage, the phase inductance and the
power factor with a changing number of pole pairs. The number of pole pairs has no impact
on the power factor, because the winding and thus the field distribution are not affected. A
higher number of pole pairs enables a higher number of parallel branches and, therefore, a
lower output voltage according to (7) and (8). The number of parallel branches together
with the change of the HTS tape length results in the shown behaviour of the inductance,
which is also the reason for the small differences between the interpolated curve and the
calculated values of the inductances.
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Figure 2. Dependency of the AC losses, the iron mass, the inner diameter, the axial length and the
total HTS tape length on the number of pole pairs.
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Figure 3. Dependency of the phase voltage, the power factor and the inductance on the number of
pole pairs.

The results of this parameter study can be summarised to the basic design rule: A
smaller number of pole pairs has a positive impact on the AC losses in an FSSG but in
turn requires an increase in the total iron core mass and HTS tape length. Therefore, a
decreasing number of pole pairs results in a higher material cost for the generator.

4.2. Parameter Study 2: Variation of the Pole Pitch

The previous investigation showed that the axial length of the generator greatly
influences its mass, and, consecutively, its material cost. It was therefore interesting to
investigate design methods that could counter this mass increase, e.g., by choosing a higher
bore diameter, which in turn changes the pole pitch. A larger pole pitch will have a negative
impact on the iron losses but can enable more desirable machine lengths to reduce the mass
and the HTS tape length.

Figure 4 shows the properties of the generator for varying pole pitches. Because the
number of pole pairs is fixed for this part of the parameter study, a reduced pole pitch
results in a smaller diameter and a larger active length. Hence, a smaller pole pitch enables
lower total iron losses, but the larger active length of such a machine requires more HTS
tape and increases the AC losses inside the superconductor.

The generator output voltage, the phase inductance and the power factor are shown
in Figure 5. For larger pole pitches, neither the iron mass, the output voltage, the power
factor nor the phase inductance decrease monotonously but exhibit extrema between pole
pitches of 350 to 400 mm. The output voltage is inversely coupled to the power factor as
described in (7), which in turn is influenced by the phase inductance that is affected by the
saturation of the iron sheets.

4.3. Summary of Parameter Studies

Opverall, the study regarding the influence of the pole pitch suggests an optimal value
between 300 and 400 mm for the investigated FSSG concept. However, choosing the number
of pole pairs is a tradeoff between CAPEX, generator mass, size and efficiency.

A smaller number of pole pair numbers reduces the total losses of the FSSG but results
in heavier, longer machine designs that require more HTS tape. At the same time, lower
pole pairs create higher generator output voltages of several kV with relatively low phase
currents of 52 A. Within the framework of the SupraGenSys project, it was found that
the decision for a specific number of pole pairs cannot be made without investigating the
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power rectifier as well. Therefore, the FSSG design has to go hand in hand with the design

of the PEC.
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Figure 4. Dependency of the AC losses, the iron mass, the inner diameter, the axial length and the
total HTS tape length on the pole pitch.
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Figure 5. Dependency of the phase voltage, the power factor and the inductance on the pole pitches.

5. Design Options for the Rectifier-Machine Interface

As described in Section 2, the RMS phase voltage U; of a synchronous generator can
be calculated according to (7). Depending on the topology of the PEC, either the peak
phase voltage or the peak phase-to-phase voltage define the maximum voltage that power
semiconductors inside a power rectifier are exposed to. Ignoring overvoltage events and
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observing (8) for the investigated FSSG concept, these peak values calculate according to (9)
and (10), respectively.

V2 Py _2-V2 Py

hoo— 2. - Y=, = :
i =2l 3 cos@-l-a 3  cos@-li-p ©)
2-2 Py
fphase-phase = V'3 - 1l = ' v
phase-phase 1 V3 cos@ -l p 1o

By applying a sweep of the number of pole pairs p to (10) with an assumed power
factor of cos ¢ = 0.85, the respective voltages displayed in the bottom-left graph of Figure 6
can be calculated. These calculated peak values are in good agreement with the simulated
RMS values presented in Figure 3.
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For better visualisation, only a selection of the possible segmentation options are shown in the bottom-right graph.

Figure 6. Interdependencies between the power electronic rectifier and the generator design. Top:
Non-complete survey of available power IGBT modules (left) and their working voltage capabilities
(right) with an assumed safety margin of 40%. Bottom: Peak phase-to-phase voltages for the
investigated generator concepts (left) and the possible segmentation options for each concept (right).
A combination of these investigations, marked by the solid, dashed and dotted lines in the bottom-
right graph allows the identification of technically and economically feasible generator/rectifier
combination candidates.

These peak voltages define the maximum voltage stress that the PEC has to endure
when connected to the generator. The voltage stress for individual power semiconductor
devices inside the PEC can be reduced, which will be addressed in Section 6. A non-
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complete market survey of available IGBT power semiconductors that focuses on the
available range of devices for different breakdown voltage classes is presented in the top-
left graph of Figure 6. This survey does not include SiC devices, as commercial products
of that technology are not available above breakdown voltages of 3.3kV. Test setups with
experimental SiC devices with breakdown voltages of 6.5kV, 10kV and 15kV have been
reported in [14-18] but are not yet commercially available.

From the perspective of the PEC, it is preferable to use lower-voltage power semicon-
ductors, as these devices enable the use of higher switching frequencies and therefore the
design of more compact and lightweight passive devices. However, these lower-voltage
devices require lower phase-to-phase voltages at the terminals of the FSSG, which is only
possible if the generator is constructed with a larger number of pole pairs p (see (9)). This
in turn would increase the electrical frequency (2) and hence the AC losses inside the
HTS tape (3). It is therefore necessary to find a compromise between a lower-voltage,
compact, suitably dimensioned rectifier and a higher-voltage, low pole pair, low AC loss
FSSG concept.

The following subsections will highlight the respective design possibilities and their
consequences for the machine-rectifier interface.

5.1. Rectifier-Side Possibilities

The breakdown voltage ratings shown in the top-left graph of Figure 6 must not be
confused with the actual working voltage of these power semiconductor devices. Influences
such as turn-off overvoltages, background radiation ruggedness and lifetime optimisation
require a safety margin applied to these values, often in the range of 30% to 50%. In turn,
these devices can only be operated at about 50% to 70% of their rated voltage. For example,
operation of a 1.7 kV device at 60% of its breakdown voltage results in a working voltage
of 1020V, which is a common application, for e.g., contemporary PV inverters [19-21].
By applying this safety margin to each surveyed device, we receive the top-right graph
of Figure 6.

This enables the outlining of possible application areas for single power semiconduc-
tors, i.e., topologies without a series or parallel connection of identical semiconductors
(see Section 6), as indicated by black solid lines. The right-hand and upper envelopes for
each device are “hard” borders in the sense that an application outside of these boundaries
would exceed the rated current or voltage handling capabilities of these devices, respec-
tively. The lower envelopes for each voltage class are defined by the upper envelope of the
next lower voltage class devices. These lower envelopes are “soft” borders, as it is very
possible to use, e.g., a 6.5kV device at a working voltage of 2kV or even below. However, it
is unusual to do so because devices of lower voltage classes often offer a better performance
at such relatively low voltages and are usually less expensive than higher-voltage devices.
No left-hand side envelope is shown in the top-right graph of Figure 6, as it is also possible
to operate each device well below its rated current, though devices with lower current
ratings are preferable in this case.

5.2. Machine-Side Possibilities

Each generator concept in the bottom-left graph of Figure 6 provides a number of
three-phase systems sgen that is—for the investigated FSSG concept presented in Section 3—
dependent on half the number of pole pairs p of the generator:

SGen = g (11)

Because a series connection of the corresponding phases of these branches would
further increase the voltage at the terminals of the generator, the following approach will
not cover this possibility.

To use all three-phase systems for power conversion, each of them has to be connected
to a PEC. However, from the PEC point of view, the combination of rather high voltages
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of several kV (see Figure 3) and a rather low phase current of 52 A is quite an unusual
combination which can certainly be managed with available power semiconductors, but
those high-voltage devices are usually designed for much higher currents so that their
utilisation factor is very poor. Through parallelisation of the corresponding phases of the
available three-phase systems, it is possible to combine the individual phase currents so
that the power semiconductors inside the PEC are utilised better. However, not all of the
branches have to be connected to the same PEC: as long as all branches are used, it is possible
to connect a subset of the available branches sgep, to one PEC and the remaining subset(s)
to other, identical PECs. If npgc is the number of individual PECs and spgc is the number
of parallel three-phase systems per PEC, then this requirement can be expressed through

!
NPEC * SPEC = SGen = g . (12)

At the same time, the PEC phase current Ipgc is given by

Ipec = spEC * leoil - (13)

The bottom-right graph in Figure 6 displays these possible machine/rectifier seg-
mentation options, where each “row” corresponds to the pole pair concept with the same
voltage in the bottom-left graph. The possible options per concept row are marked through
different symbols. For example, a machine with p = 20 pole pairs provides sgen = 10
available three-phase systems according to (12). With I.,;; = 52 A and (13), the electrical
power of such a generator can be segmented in four different ways, as shown in Table 1.
For better visualisation, not all available options for all investigated pole pairs are shown
in the bottom-right graph of Figure 6.

Table 1. Exemplary options for the electric segmentation of a machine with p = 20, sgen, = 10 and
Loil = 52 A.

No. of Parallel Three-Phase
PECs Systems per PEC PEC Phase Current
NpEC SPEC Ipec
1 10 520 A
2 5 260 A
5 2 104 A
10 1 52 A

With these segmentation options, it is much easier to design a technically and econom-
ically feasible rectifier, as its phase current Ipgc can be matched to the current handling
capabilities of available power semiconductors more easily, as can be seen when comparing
the top-right and the bottom-right graphs of Figure 6. Additionally, a segmentation of
the output power of the generator to several rectifiers increases the system reliability by
reducing the impact of single device failures and introduces the possibility to control the
torque ripple of the generator within tighter limits.

6. Rectifier Concepts and Topologies for FSSGs

State-of-the-art PECs can be categorised into two main groups:

*  Conventional converters that are designed for a specific conversion task and usually
try to minimise the number of functional components;

*  Modular or cell-based converters that combine multiple copies of a basic converter
“cell” to address various conversion tasks and/or to enable a more flexible system.

Conventional converters tend to have a comparably low degree of complexity and
fewer components than modular converters. Two examples of this group that will be
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discussed in Section 6.1 are the B6 topology, consisting of six power semiconductors with a
single DC capacitor, and the ANPC topology, consisting of 18 power semiconductors and a
split DC capacitor.

Cell-based converters, which are discussed in Section 6.2, tend to be more flexible
and often offer additional benefits such as redundancy or improved power quality, but
usually require more components and a more complex control system. They present the
possibility to use lower-voltage semiconductors with current ratings that fit better to the
relatively low FSSG phase currents, produce lower losses and can be operated at higher
switching frequencies [22]. Moreover, the increased number of voltage levels results in a
better approximation of the sinusoidal AC voltages and therefore lower harmonics in the
generator phase currents. Depending on the ratio of load current and harmonic content,
this in turn can lead to lower AC losses in the HTS tape as well and opens possibilities
to reduce the size of filters or to omit them entirely. Furthermore, assuming the same
semiconductor technology, the resulting voltage slopes du/dt can be reduced, resulting in
lower insulation stress.

6.1. Conventional Converter Concepts

Suitable conventional converter concepts for the above-mentioned compromise for an
FSSG can be identified directly through the bottom-right graph of Figure 6. By transferring
the envelopes of the top-right graph of Figure 6 to its bottom-right graph, we can visually
select the machine concepts that can be addressed with the envelope that corresponds to a
given rectifier concept. The steps in the envelopes correspond to the different semiconductor
voltage class applications surveyed in the upper graphs of Figure 6. The marked machine
options that fall below and to the left of the respective envelopes are candidates that make
further investigations viable.

6.1.1. Two-Level Active Rectifiers

A standard B6 bridge rectifier (Figure 7a) requires that each individual semiconductor
can endure the maximum phase-to-phase voltage on its own. The solid black envelope
in the bottom-right graph of Figure 6 corresponds to this requirement, leading to the
conclusion that this approach would not provide any viable options even for a generator
with p = 60 pole pairs, as the minimum possible voltage for this design is well above the
operational voltage of individual 6.5kV power semiconductor modules.

However, power semiconductors could be connected in series to distribute the voltage
load of the generator to multiple devices, yet this distribution also has to be ensured during
each switching process. The additional effort required to secure this voltage balancing
both in the blocking state as well as during switching transients cannot be neglected and is
rarely used in practical applications, because multi-level topologies in this case often offer a
better alternative. It is therefore not advisable to use a B6 topology, even a series-connected
one, for the investigated FSSG concepts.

6.1.2. Three-Level Active Rectifiers

Several multi-level topologies, such as an ANPC shown in Figure 7b, offer an even
voltage load between the individual semiconductors both during static and switching
transient operation. The third voltage level also allows a better approximation of ideal sine
waves, reducing the need for filter equipment. Rectifier concepts using multi-level topolo-
gies could enable the use of lower-voltage devices and/or the use of machine concepts
with a lower number of pole pairs.

The dashed black envelope in the bottom-right graph of Figure 6 shows the application
limit of 3-level ANPC rectifiers for FSSG wind turbines. Due to the high voltages of the
generator, 6.5 kV devices are required for this topology, enabling a match with concepts with
atleast p > 50...52 pole pairs. According to (3), such designs are subjected to relatively
large AC losses. Additionally, the high-voltage devices are limited to switching frequencies
of a few hundred Hz to a few kHz at best. This topology provides a technical possibility to
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solve the interface problem, but its performance will certainly not be satisfactory—neither
from the perspective of the FSSG nor from the perspective of the PEC.
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Figure 7. Example topologies for active rectifiers. (a) Standard B6, (b) 3-Level ANPC as an example
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of multi-level topologies.

Higher-level topologies can extend the voltage load capabilities of a PEC, but at the
same time increase the complexity with little benefit regarding size, weight and efficiency of
the PEC. For example, a 5-Level ANPC can in theory bear twice the voltage load of a 3-Level
ANPC, but this approach would still require 6.5kV devices to enable FSSG concepts with
phase voltages below approximately 16 kV (see the dotted black line in the bottom-right
graph of Figure 6), corresponding to p > 24 pole pairs. Devices with voltage ratings of
4.5kV and 3.3kV can also be used but only for FSSGs with higher numbers of pole pairs.

Additionally, higher-level topologies require non-negligible effort to balance the addi-
tional capacitors, which increases with the number of levels. It is therefore questionable
if these conventional PEC design approaches can provide desirable effort to performance
ratios for the investigated application.

6.2. Cell-Based Multi-Level Converters

Due to the specific requirements of the medium voltage FSSG and the above described
difficulties resulting for a B6 or ANPC converter, multi-level topologies can present an
interesting alternative. In this section, several multi-cell converters are therefore discussed
in terms of their suitability for use with FSSGs.

Two scenarios are considered: one in which the generator is connected to a medium
voltage (MV) AC grid through an inverter and a second one in which it is connected to a MV
DC grid via a galvanically isolated DC/DC converter. For both scenarios, the three-phase
AC voltage of the generator is first rectified using npgc rectifiers. These two scenarios are
pictured in Figure 8.

The common DC voltage link at the rectifier output provides a certain flexibility,
because the same rectifier unit can be used for both scenarios. Therefore, only topologies
which have a DC voltage link are considered here. These topologies can be constructed
with single IGBTs or SiC-MOSFETs and provide a lower complexity and/or component
count compared to topologies that require bidirectional blocking capabilities, e.g., current
source inverters that require an additional diode [23,24].

Possible topologies for the rectifier unit are presented in Sections 6.2.1-6.2.4. A con-
verter concept based on cascaded power cells is then investigated for the use with the FSSG
in Section 6.2.5, followed by proposals for an AC side converter in Section 6.2.6.
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Figure 8. Proposed converter concept with a common DC voltage link for a superconducting
generator with sge,, three-phase systems. For the AC grid connection, a galvanic isolation is also to
be ensured, which can be realised, e.g., with a grid-side transformer on system-level or, depending
on the topology, by several medium frequency (MF) transformers on cell level.

6.2.1. Flying Capacitor Converter

The flying capacitor (FC) converter was first introduced in [25]. An example of its
cell-like structure is pictured for one phase of a 5-Level FC in Figure 9a. For n levels it
consists of n — 2 flying capacitors per phase and one common DC link capacitor. The
flying capacitors have to be pre-charged before operation and their voltages have to be
held at nominal voltage during operation, which results in a much higher modulation
and balancing effort compared to a B6 converter and even in a higher effort compared to
NPC converters. On the other hand, this topology limits the maximum voltage across each
power semiconductor to the (n — 1)th part of the DC link voltage. Thus, in comparison
to topologies with a lower number of levels, semiconductors with a significantly lower
blocking voltage can be used, which in turn enables higher switching frequencies.

(b)
Figure 9. (a) 5-Level Flying Capacitor (FC) Converter. (b) 5-Level Stacked-Multi-Cell Converter
(SMC).

The main disadvantage of this topology is the requirement of relatively expensive
and bulky capacitors. This is especially problematic when the DC voltage is increased,
because the stored energy in one capacitor grows with the square of the applied voltage,
which then translates to larger capacitors. By using fast switching semiconductors and
new operation principles, e.g., Quasi-Two-Level operation, the size of the capacitors can be
reduced significantly, making this topology interesting for future MV applications [26].

6.2.2. Stacked-Multi-Cell Converter

The stacked-multi-cell converter (SMC), introduced in [27], is a further development of
the FC topology. A number of N FC converters are stacked on top of each other, resulting in
a lower maximum voltage for each FC and therefore smaller and less expensive capacitors.
Figure 9b shows a 5-Level-SMC (N = 2) and the resulting relative voltages of the FCs.

However, compared to the FC topology, the same number of semiconductors is re-
quired for the same number of voltage levels and the blocking voltage of the outer transis-
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tors T, has to be twice as high (compare Figure 9). Because the required blocking voltage of
the inner transistors T; is only half the required blocking voltage of the outer transistors T,
each outer transistor can be theoretically replaced by a series connection of two transistors,
so that the blocking voltage of all semiconductors is the same.

Several proposals can be found in literature to further improve this kind of converter,
e.g., in [28] by decreasing the number of required voltage sources or in [29] by adding four
low-frequency switches that are switched only twice per fundamental period to double the
RMS value of the AC voltage and the number of voltage levels for the same DC link voltage.

6.2.3. Modular Multi-Level Converter

The modular multi-level converter (MMC), pictured in Figure 10, is known from high-
voltage direct current (HVDC) electric power conversion applications. However, it can also
be used for MV applications. The basic topology that converts a DC voltage to a three-phase
AC voltage is introduced in [30] and consists of two converter arms for each of the three
phases. One arm itself is realised by a series connection of several cells. Each cell consists
of a capacitor which can either be switched into the respective arm voltage or be bypassed
using a half-bridge circuit. Alternatively, a full bridge circuit can be used, allowing for the
insertion of a negative capacitor voltage as well. Due to the identical structure of the cells,
the whole concept is highly modular and high voltages as well as a high number of voltage
levels can be reached. Therefore, this topology enables low harmonics at the cost of a larger
number of semiconductors. Hence, compared to the previously presented topologies, it
could theoretically further reduce the HTS AC losses.

MMC convertera?m m m ]
.
. ra m mem .

Figure 10. Topology of the Modular Multi-Level Converter (MMC) and the exemplary circuit diagram
of one cell, configured as full bridge circuit.

In future scenarios where the wind generator could be either directly connected to
an MV AC or to an MV DC offshore grid, the converter has to ensure a galvanic isolation
between the generator and the grid. Without such an isolation, the FSSG winding would
require extensive isolation strength. Assuming a grounded stator and a symmetrical DC
grid, this isolation would need to be designed for voltages in the range of the amplitude
of the AC grid phase voltage or half of the DC grid voltage, respectively. All topologies
mentioned above present no intrinsic galvanic isolation between their input and output.
When using these topologies, the isolation has to be guaranteed on system level, e.g., with
a transformer operated at grid frequency.

6.2.4. Cascaded Power Cells

Using a topology based on the cascaded H-bridge (CHB) converter introduced in [31]
allows for galvanic isolation at cell level. On the generator AC side, ncey pn H-bridges
are connected in series to address high generator phase voltages even with low-voltage
semiconductors. At the output of each H-bridge, a highly efficient DC/DC converter
stage with a very high galvanic isolation is connected. The DC outputs can then again be
connected in series to reach the required DC link or DC grid voltage.
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Its high modularity makes this topology very interesting for a superconducting wind
generator converter. It offers the possibility to use the same converter concept for differ-
ent generator designs by simply matching the number of cells to the respective voltage
requirements. Theoretically, a very high generator phase voltage can be realised, limited
only by practical issues such as isolation clearances. Figure 11 shows the topology for one
three-phase system. The combination of an H-bridge and a DC/DC converter is called
“power cell” in the following investigation.

Galvanically
isolated
v 3ph rectifier
v O
o)
W -
/ Upkcnc
Ncenph POwer cells U,
’ ’ o

Figure 11. Cascaded power cell topology for one generator three-phase system.

In this example, all DC terminals are connected in series to enable the direct connection
to a future MVDC grid. A proposal for the design of a single power cell is pictured in
Figure 12. On the AC side, the H-bridge rectifies the single-phase AC voltage of the
generator. Because very low electric frequencies in the range of a few Hz (see (2)) and
rather large phase inductances in the range of several mH are expected for the FSSG (see
Figure 3), it is possible to realise this input rectifier stage with commercial IGBTs.

Full Bridge
Circuit (H-bridge) Dual Active Bridge (DAB)

7 N .

HHLE

Figure 12. Possible design for a single power cell, consisting of an H-bridge rectifier and an iso-
lated DAB.
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The DC/DC converter can be realised with different topologies, e.g., with a resonant
converter such as an LLC or a CLLC converter or non-resonant options such as a dual
active bridge (DAB). A single-phase and a three-phase DAB are proposed in [32]. The
single-phase DAB is compared with an LLC converter for a fixed, high conversion ratio
in [33], whereas [34] compares a single-phase DAB with an LLC and a CLLC converter
for a 1:1 conversion ratio. Hereinafter, a single-phase DAB is assumed for reasons of
simplification. However, other topologies might show advantages compared to the DAB
for that specific application and are worth investigating further.
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The isolation in a DAB is provided using a medium frequency (MF) transformer and
the semiconductors are usually switched with several tens of kHz. Due to lower switching
losses compared to Si-IGBTs, SiC-MOSFETs are well suited for this task.

One challenge regarding this topology is the non-constant power input of one power
cell, because it is a single-phase converter. If a constant power flow through the DAB is
desired, the input DC link capacitor has to buffer the difference between the AC generator
power and the constant power through the DAB, resulting in a reactive power at the input
with double the electrical generator frequency f;. It is possible to use the capacitors on the
primary and secondary side of the power cell to buffer the AC power ripple with a suitable
control of the DAB if they are dimensioned accordingly. Alternatively, the power transfer
through the DAB could be modulated to follow the single-phase AC power of the generator.
A constant total DC power flow at the converter output is then realised by paralleling the
DC outputs of the converters of all three generator phases.

Further challenges for this approach are the high isolation strength required for the
MF transformers as well as the demand of high reliability in terms of isolation failure. With
ncelltot MF transformers, each transformer must provide a failure rate that is lower by a
factor of 1/nce e compared to a topology with one central transformer to reach the same
overall system failure rate. Despite these challenges, the proposed topology concept should
be investigated further due to its high degree of modularity and its flexibility. One possible
adaption to the FSSG application is presented in the next subsection.

6.2.5. Cascaded H-Bridge Concept for the FSSG

Due to their high availability even at lower rated currents, the following investigations
of the Cascaded H-bridge concept are performed for 1200 V and 1700 V semiconductor
modules. According to Section 5.1 these semiconductors ensure working voltages of 720 V
or 1020V, respectively, which define the maximum DC link voltage Uc) pc of each power
cell. For sine-triangle modulation without overmodulation, this in turn is identical to the
maximum possible AC voltage amplitude el ph,max Of each power cell [35].

Because the power cells of one phase are connected in series and the phases themselves
are star connected, the sum of the individual power cell AC voltage amplitudes must be
equal to or higher than the amplitude value of the generator phase voltage 7, that is
calculated with (9) and (11). The minimum number of series connected power cells can
then be determined using
!

nCell,ph,min = [ (14)

ﬁCell,ph,max

Assuming the exemplary values used in Section 5 (cos ¢ = 0.85, sgen = 10, [0y = 52 A
and P; = 10 MW), an FSSG phase voltage amplitude of 71 ~ 10.67kV is calculated. There-
fore, at least 15 power cells with 1200 V semiconductors or eleven power cells with 1700 V
semiconductors are to be series connected per phase. A higher amount of cells is possible
and will increase tolerance against failures. In case of a failure inside a single power cell—
except for isolation failure of the transformer—the faulty cell could then be short circuited
at the input and output, allowing the system to still operate at the nominal power. The
minimum total number of power cells can be calculated using

5Gen
NCelltot = 3 * MCell,ph * 7SPEC = 3 NCell,ph * "PEC - (15)

As displayed in Table 2 for a three-phase machine with ten branches and no direct
branch parallelisation, this results in 450 or 330 cells for 1200 V or 1700 V semiconductors,
respectively.

To reduce the number of power cells, several three-phase systems can be parallelised
directly as illustrated in Figure 13. This approach reduces the possibilities in the indepen-
dent branch control but leads to a less complex converter design with higher currents per
converter phase.
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Table 2. Total number of required power cells and corresponding maximum reachable DC link
voltages for a 10 MW FSSG depending on the used semiconductor voltage class and the number
of parallel connected branches. The maximum reachable voltages for the options without parallel
branches, marked with *, are purely theoretical. In practice, several DC cells or DC three-phase
rectifier outputs would be paralleled for these options.

Semiconductor Voltage Class 1200 V 1700 V 1200 V 1700 V

Uces
Parallel branches spgc 1 1 5 5
Number of 3ph-rectifier npgc 10 10 2 2
Converter RMS phase current Ipgc 52 A 52 A 260 A 260 A
Min. no. of required power cells n¢cej ot 450 330 90 66
Max. total DC voltage Ugrid,DC,max 324kV*  336.6kV*  64.8kV 67.32kV

For a machine with ten three-phase systems, five parallel systems result in a converter
phase current of 260 A, which is a common current rating for several commercial 1200 V
and 1700V SiC-MOSFET and Si-IGBT semiconductor modules. The minimum number
of cells can then be reduced down to 90 or 66 cells for 1200V or 1700 V semiconductors,
respectively (See Table 2).

e

Npgc = 2
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(b)

(a)
Figure 13. Two possible rectifier concepts. (a) Each branch is connected to one three-phase rectifier;
therefore, 50 A modules can be used. (b) Direct parallelisation of five generator branches leads to a
lower number of three-phase rectifiers but reduces the possibilities in the independent branch control.

Here, 250 A modules can be used.

Assuming a 1:1 transfer ratio of the DAB and a series connection of all power cells on the
DC side, this concept can provide a maximum total DC voltage Ugiq pcmax according to

UGrid, DC,max = 3 - Ucell,DCmax * MCell,ph * "PEC - (16)

For the above mentioned exemplary FSSG, this would lead to the maximum total DC
voltages displayed in Table 2. Lower total DC voltages can be reached by parallelising
certain power cell outputs Uce pc, three-phase converter outputs Upgc pc or by adapting
the transfer ratio of the DAB. The latter can be achieved by changing the winding turns
ratio of the MF transformer or by modifying the modulation of the DAB [32]. Higher
voltages could be reached by increasing the number of cells per phase ncey pn. However,
for all types of power cells a direct connection on the DC side to a MV DC grid with, e.g.,
+25KkV is theoretically possible for the exemplary generator concept with ten branches.

The concept can be easily adapted to generators with different pole pair numbers or
number of branches, respectively. Using (14), (15) and the respective cell voltage maximum
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possible AC amplitudes el ph,max, the necessary minimum total number of power cells
for the 10 MW FSSG can be calculated. The resulting values are illustrated in Figure 14.

It is evident that the number of power cells is hardly dependent on the number of pole
pairs or three-phase systems. The generator phase voltage 7i; decreases with 1/sc., according
to (9) and (11). At the same time, the number of three-phase converters npgc increases with
5Gen ((12) with constant spgc) so that the total number of power cells stays nearly constant. The
deviations result from the ceiling function in (14). For some FSSG concepts (corresponding to a
certain numbers of pole pairs), not all power cell concepts are possible due to the fact that the
ratio of the number of three-phase systems s, and parallel three-phase systems per converter
spec would not be an integer. However, with an appropriate choice of pole pairs, this topology
offers the possibility to use standard 1200V or 1700 V semiconductors over a wide range of
number of pole pairs and three-phase systems, even if an unusual combination of large phase
voltage and low phase current is present.

Total Number of Power Cells

A Power cell 1

600 (1200 V, 50 A)
[%) A Power cell 2
2 500 A A
g N A A A A A A A N (1200 V, 200 A)
5 400 Power cell 3
s (1200 V, 250 A)
3 300
o Power cell 4
%5 200 (1700 V, 50 A)
g 100 A 4 4 4 A A Power cell 5
(1700 V, 200 A)
° 20 24 28 32 36 40 44 48 52 56 60 Power cell 6
(1700 V, 250 A)

No. of Pole Pairs

Figure 14. Total number of power cells ncey ot Necessary for the 10 MW FSSG depending on the
number of pole pairs p and the semiconductor voltage and current rating. A current rating of 50 A
corresponds to spgc = 1 (one three-phase rectifier for each branch), 200 A to spgc = 4 (one three-
phase rectifier for four parallelised branches) and 250 A to spgc = 5 (one three-phase rectifier for
five parallelised branches). A power factor of cos(¢) = 0.85 and a HTS current of I.,; = 52 A are
assumed as well as a semiconductor voltage utilisation of 60% and a current utilisation of 105% to
handle the HTS current.

6.2.6. Realising an AC Grid Connection

Besides the direct connection to a MV DC grid, the generator could also be connected
to an MV AC grid. To achieve this, the power cells could be extended by an additional
single-phase AC inverter at the output, which can be implemented with 1200V or 1700 V
components. The AC outputs are then connected in series to reach the grid phase voltage.
Figure 15 shows an exemplary circuit that pictures the basic idea. As for the DC grid
connection, not all outputs per phase need to be connected in series. It is also conceivable
to parallelise several three-phase system outputs, provided that all sets are used and all
subsystems are identical.

If a constant power flow over the DABs is required, this solution shows a high demand
of reactive power on both sides of the converter: on the machine side with double the
electrical generator frequency f; (2); on the grid side with double the grid frequency
ferid- Accordingly, the required energy storage can be disadvantageous compared to other
concepts or operations.

Another possibility is the use of a central DC link at the output of all DABs, combined
with a single common grid inverter. Using this configuration, the output H-bridges from
above are not necessary and with an appropriate series or parallel connection of the power
cell DC outputs, the voltage of the central DC link can be designed to be in the same range
as the AC grid voltage. One possible topology for the grid inverter could be the above
mentioned MMC, but other topologies can be viable as well, depending on the grid voltage
and the grid-side requirements for the inverter, e.g., fault ride through capability. Those
investigations are not the subject of this study.
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Figure 15. Proposed topology for a direct MV AC grid connection. Each power cell is extended by
another H-bridge single-phase AC inverter.

In summary, the proposed multi-cell topology based on series connected power cells,
each consisting of an H-bridge and a DAB, is well-suited as a rectifier and galvanic isolation
unit for the FSSG application. Because it consists of low-voltage, low-current power
semiconductors, it can be optimised for the low phase currents of the FSSG. Despite the
challenges of the double-frequency reactive power and the high isolation and failure
rate requirements on the MF transformer, this topology is worth investigating further,
especially due to its high modularity, which allows for the easy adaptation to various
generator designs.

7. Conclusions

To make use of the potential of superconductors in wind power generators, the design
process of an FSSG has to consider the AC losses of the HTS winding. Only a few design
measures enable the reduction in these losses, but they can cause conflicts with the design
of corresponding PECs. This aspect has not yet been discussed in literature so far. Therefore,
this study highlights the interactions between the design of an FSSG and its PEC.

The first sections discuss the general dependencies of the AC losses on the generator
design. The AC loss reduction can be achieved through the use of narrow HTS tapes,
which operate at very low coil currents, and by a reduction in the electric frequency and
the perpendicular field strength. The frequency is influenced by the number of pole pairs
whereas the perpendicular field strength is coupled to the pole pitch. Both of these design
options are investigated by their respective parameter studies. The parameter optimisation
leads to FSSG designs with high output voltages, low output currents and low electric
frequencies which have to be handled by their PEC.

After these generator-related investigations, the following sections focused on the
influence of such unusual parameter combinations on standard PEC designs. It was found
that available power semiconductor modules can supply the necessary blocking voltage if
multi-level topologies, e.g., an ANPC, are used. However, the current utilisation factor of
these semiconductor modules would be poor due to the low phase currents. Additionally,
the corresponding converter concepts tend to require higher numbers of pole pairs for the
generator, which would lead to higher AC losses inside the HTS tape. Therefore, multi-cell
designs are discussed in the last section as an alternative to standard PEC topologies.
Among several concepts, a topology based on series connected power cells is presented,
which offers practicable solutions with available power semiconductors at the cost of a
larger component count and a higher system complexity.
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Opverall, the design of PECs for FSSGs is challenging, but there are technical solutions
available. This study provides insight on how to consider the requirements of both an FSSG
and its PEC and presents guidance for future designs.
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Abbreviations

The following abbreviations are used in this manuscript:

CHB Cascaded H-bridge MF Medium Frequency

DAB Dual Active Bridge MMC  Modular Multilevel Converter

FC Flying Capacitor MV Medium Voltage

HTS High Temperature PEC  Power Electronic Converter
Superconductor SMC  Stacked-Multicell Converter

HVDC High-Voltage Direct Current

Nomenclature
a Number of parallel branches Py Real power of the generator
Amax Maximum number of parallel branches Pac AC losses in HTS tapes
B¢ Tangential flux density Pn Rated output power of the generator
d Width of the HTS tape q Number of slots per pole and per phase
fi Electric frequency in the stator winding S1 Apparent power of the generator
ferid AC grid frequency 5Gen Number of independent three-phase systems
L RMS phase current of the generator SPEC Number of parallel three-phase systems per PEC
Looil Coil current N Rated input torque of the generator
I Critical current of the HTS tape UcellbCmax ~ Maximum DC voltage of one power cell
Ipgc Phase current of the PEC Ucen,pc DC voltage of one power cell
ltape Effective length of the HTS tape Ucell,ph RMS phase voltage of one power cell
m Number of phases UGrid,DCmax ~Maximum total DC voltage with series power cell concept
n Rotational speed Upkc,pe DC voltage of one three-phase rectifier
NCellphmin ~ Minimum number of power cells per phase U RMS phase voltage of the generator
NCell,ph Number of power cells per phase Z1 Number of stator slots
NCell tot Total number of power cells cos @ Power factor
nN Rated rotor speed of the generator i Amplitude of the generator phase voltage
NpEC Number of PEC Aphase-phase  Amplitude of the generator phase-to-phase voltage
P Number of pole pairs 1 Cell, ph,max Maximum possible AC voltage amplitude of one power cell
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