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Abstract:

Partially high-temperature superconducting generators (PHTSGs) feature large magnetic
air gaps imposed by using cryostats for HTS field windings. This increased air gap significantly
affects end winding inductance and can lead to elevated fault torque levels. This study investigates
the influence of magnetic air gap variation on generator design and end winding inductance and
its implications for short-circuit faults in PHTSGs. Through a combination of numerical
simulations and analytical analysis, the study explores how changes in the magnetic air gap affect

end winding inductance and subsequently influence short-circuit fault behavior. The results reveal
a direct correlation between magnetic air gap length, end winding inductance, and key short-circuit
parameters such as stator current, field currents, and electromagnetic torque. Notably, an increase
in the magnetic air gap is observed to elevate stator and field currents and electromagnetic torque
during short-circuit events. These insights underscore the importance of considering magnetic air
gap variation and its impact on end winding inductance and its relationship with short circuit
characteristics in the design and operation of PHTSGs, providing valuable insights for enhancing
the resilience and performance of high-temperature superconductor-based generator systems.
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1. Introduction

PHTSGs have emerged as promising alternatives to conventional generators in various
applications, including wind power generation, marine propulsion, and aerospace systems. This is
attributed to their lightweight, small size, higher torque density, and higher efficiency than their
conventional generator counterpart. For instance, studies have shown that PHTSGs can achieve up
to 20% higher torque density and 15% higher efficiency compared to traditional generators.
Furthermore, PHTSGs exhibit a weight reduction of approximately 30% and a size reduction of
about 25% when compared to conventional generators of similar power ratings [1] [2] [3][4]. As
a result, PHTSG is anticipated to offer a competitive drive train for wind turbines with high power
ratings [5]. That is why there has been a lot of interest in researching superconducting wind turbine
generators with a rating of 10 MW or more, and various concepts have been put forth in [6] [7].
Several researchers have worked on creating various PHTSG at varying rates, such as the 8 MW
high-temperature superconducting generator project [8]. Additionally, a 10-MW high-temperature
superconducting generator has been designed by American Superconductor [9]. Two distinct 10-
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MW completely superconducting generators were also designed by AML and Kalsi Green Power
Systems, as demonstrated in [10], [11]. In previous studies, axial, radial, and transverse flux
settings are among the configurations used in superconducting wind generators. The advantages
and disadvantages of these designs have been described in earlier research, including [12] and [13].

Among these configurations, the superconducting generator featuring coils of
superconducting field and copper armature windings, known as a partially superconducting
generator, has garnered the greatest interest. The performance of such superconducting machines
under steady-state and transient conditions has been investigated previously in [14] [15][16]. In
[17] [18], also theoretical analyses of superconducting machines performance have been
conducted, and successful tests, including those involving short-circuit faults, have been carried
out in [19] [20]. Analytical models for simulating short-circuit faults were developed in [21], while
[22] delved into the impact of short-circuit faults on superconducting coils. However, further
research is required to comprehensively understand the fault behavior of PHTSG. Although the
theory of short-circuit faults remains largely consistent between superconducting generators and
conventional generators, significant differences in key parameters arise because of the unique
structure of superconducting generators.

In superconducting machines, the synchronous reactance or inductance is notably low. This
is primarily attributed to two factors: the use of superconducting materials, which eliminate
resistance, and the extensive magnetic air gap required to accommodate the cryostat and thermal
insulation. Consequently, this reduction in reactance or inductance will result in elevated
maximum fault currents and maximum fault torques during short-circuit fault occurrences. For
example, the peak fault torque could reach up to ten times the rated value [23]. Some researchers
have stated that it's possible to mitigate the excessive fault current and torque in superconducting
generators by increasing the reactance, which can be achieved by modifying the generator
parameters, such as the utilization of ferromagnetic materials, magnetic loading levels, pole pair
number, the number of turns per armature coil, and the number of armature winding sets [24].
However, because the primary cause of the excessive fault current and torque in superconducting
generators is the lower reactance or inductance, which is also caused by a large magnetic air gap,
this paper intended to study and investigate the effect magnetic airgap variations on fault currents
and peak fault torques during short-circuit fault occurrences utilizing 2D finite element analyses.
The magnetic air gap length is assumed to be a variable. The magnetic air gap range considers
currently achievable cryostat walls and assumed gap lengths in between. The variation in cryostat
wall height is used to find the correlation between the magnetic air gap length and the short circuit
characteristics. The results obtained from finite element simulations are shown in the form of
trends to reveal how the cryostat wall, which is a part of the magnetic air gap, influences the design
and the short circuit characteristics.

2. Steady State Model and Features of Generator Design

In this study, finite element method (FEM) using COMSOL Multiphysics is employed to
model and analyze the proposed 10 MW (PHTSG). The governing equations for modeling this
type of machine are derived from Maxwell's equations, which form the foundation of



electromagnetism and describe how electric and magnetic fields interact with matter. These
equations are as follows

VeD=p (1)

VeB=0 (2)

vxg=_98 3)
ot

vxH =718 4)
ot

where D is the electric displacement field, p is the charge density, B is the magnetic flux density,

E is the electric field, A is the magnetic field intensity, and J is the current density. While the
equations relating the electromagnetic fields to material properties are defined as constitutive
relations and they are as follows.

D=¢E (5)
B=uH (6)
J=0oF (7

where ¢is the permittivity, s the permeability, and o is the electrical conductivity. Then, the

above equations are implemented using the AC/DC Module, designed specifically for
electromagnetic field simulations. The modeling process involves several steps, beginning with
defining the geometry as shown in Figure 1. The mesh is then defended, with a maximum element
size of 20.4 mm and a minimum of 0.0765 mm for the superconducting tape, and a maximum of
68.3 mm and a minimum of 0.306 mm for the cores and other machine parts. Material properties
are assigned, with the stator core, rotor core, and rotor pole made of iron. The armature current
density is set to 3 A/mm?, as recommended for large synchronous machines. The filling factor of
the armature winding is set to 0.5, which is typical for rectangular copper conductors considering
appropriate twisting or transposing. The number of slots per pole per phase is 4, crucial for
minimizing slotting effects such as electromagnetic noise, vibration, and potential instabilities,
thus maximizing generator performance. The field winding uses high-temperature
superconductors, while the armature winding uses copper conductors.

The above design steps and specifications are used to construct a basic model to examine
the effects of varying the magnetic air gap length, as shown in Figure 1. The model is designed
with five different cryostat thickness scenarios (0 mm, 20 mm, 40 mm, 60 mm, and 80 mm). Since
the study focuses on a partially superconducting machine, the cryostat for this generator design is
cylindrical, comprising a cryostat wall, inner vacuum, and insulation layers. An example of such
a cryostat is illustrated in Figure 2. The magnetic air gap extends to the mechanical air gap from
the outer field winding. The values used in this study are used only to see the trend of short circuit
characteristics specifically 0 mm cryostat thickness, since it can serve as a reference point or



baseline scenario against which other thicknesses are compared. The basic parameters of the
generator design are listed in Table 1. These parameters are fixed for the five scenarios, and the
only difference is in the field operating current, axial length, and height of the cryostat wall.

(e)

Figure 1. Five scenarios of cryostat wall scenario (a) with Omm cryostat wall, (b) 20mm, (¢) 40mm, (d) 60mm, and
scenario (¢) 80mm. The blue part is the cryostat wall and thermal insulation area, the gray parts are the iron cores for
the rotor and the stator, the red part is the field winding, which is made of a number of high-temperature
superconductors, and the brown part is copper (armature winding)

—Stator core

Cryostat wall

Mechanical air gap
Iron pole

Rotor core
Superconducting coil

Figure 2: Cross-sectional view of a cylindrical cryostat within a partially superconducting machine, housing the
superconducting field winding assembly



2.1 Operating Current Density

A key component in this (PHTSG) design is Theva Pro-Line TPL2000-series wire features
a Gadolinium Barium Copper Oxide (GdBaCuO) superconducting film. This wire exhibits a
critical current density of up to 750 A/mm? at 77K with a width of 12 mm and a thickness of 0.23
mm. It's known that the operating current density of a superconducting field coil must remain
below the critical current density of the superconductor wires to prevent them from entering their
non-superconducting states The engineering critical current density Jg as a function of magnetic
flux density B and temperature T is typically provided by the superconductor wire supplier. The
machine scenario determines the load line, defined here as the maximum flux density of a
superconducting coil relative to the current density flowing in the superconducting wire. Figure 3
marks the critical point where the load lines intersect with the critical characteristic (red line). This
intersection represents the threshold of the superconducting state, beyond which even slight
increases in current density cannot be sustained. An additional safety margin of 25% is included
to ensure safe operation, establishing the operating point as shown in Figure 3 scenario (e) with 80
mm. The five scenarios' specific field operating point values are listed in Table 1.

6 T T T T T T
load line -80 mm
load line -60 mm
Sk load line -40 mm

load line -20 mm
load line -0 mm
—%— Critical characteristic |

Operating point

Magnetic flux density B [T]
W

|<25j| Critical point

0 1 2 3 4 5 6 7
Current density Jg A/m”2 X 1§

Figure 3. The operating point of the field current density by crossing the load line and the critical characteristic at
the temperature of 20 K

2.2 Axial Length

Then, the axial length that affects the generator's size and magnetic flux distribution,
which in turn impacts its electromagnetic characteristics, such as torque production, efficiency,
and power output, is calculated using Equation 8 based on the average torque shown in Figure 4.

=—" (8)



where /s is the axial length of the generator, Ty is the nominal torque, and T, is the average torque.
The effect of increasing the magnetic air gap on the axial length of the generator was very clear
since the axial length was increasing with the increase of the cryostat thickness, as shown in Figure
5. The smallest generator among the five scenarios was Scenario (a), while the largest was Scenario
(e), scoring a 48.67% increase in axial length compared to Scenario (a). This increase in the
generator's axial length will typically result in a larger overall size and mass, which means more
materials are needed for the stator, rotor, and supporting structures. This additional material
contributes to the generator's overall weight and cost.
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Figure 4. Average electromagnetic torque used in the axial length calculation
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Figure 5 illustrates the difference in size between the two generator scenarios, showcasing the impact of varying the
air gap from 0 mm in scenario (a) to 80 mm in scenario (e)

2.3 Magnetic Flux Density

The effect of air gap variation on magnetic flux distribution in the generator scenarios is
significant and can influence several aspects of generator performance. The air gap serves as a
path for magnetic flux between the rotor and stator windings. Variations in the air gap alter the
path of the magnetic flux, affecting its density within the generator. A larger magnetic air gap



results in a higher reluctance path for the magnetic flux, leading to lower flux density in the
generator's core. Conversely, a smaller magnetic air gap reduces reluctance and allows for higher
flux density, as illustrated in Figure 6.
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Figure 6. Magnetic flux density distribution Scenario (a) with Omm cryostat wall Scenario (b) 80mm cryostat wall.

Table 1 Design parameters of five generator scenarios

Parameters Scenario(a) Scenario(b)  Scenario(c)  Scenarios(d)  Scenarios(e)
Nominal power (MW) 10 10 10 10 10
Nominal torque (MN m) 11 11 11 11 11
Rated speed (rpm) 10 10 10 10 10
Number of phases 3 3 3 3 3
Line to line voltage (V) 3300 3300 3300 3300 3300
Number of pole pair 20 20 20 20 20
Mechanical air gap length (mm) 6 6 6 6 6
Armature bore diameter (mm) 3000 3000 3000 3000 3000
Armature current density (A/mm”2) 3 3 3 3 3
Axial length (m) 1.89 2.056 2.26 2.5 2.81
Cryostat wall thickness (mm) 0 20 40 60 80
Field current density (A/mm”2) 201 207.75 215.25 226.5 258.7
Field coil width (mm) 36 36 36 36 36
Field coil height (mm) 14 14 14 14 14
Number of turns per field 210 210 210 210 210

3. Modelling of Short Circuit and End Winding Inductance
3.1 End Winding Inductance

The armature end winding inductance and field end winding inductance play a significant
role when it comes to determining the short circuit characteristics of a partially superconducting
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generator since they are directly related to the magnetic air gap, and as mentioned before, the air
gap serves as a medium through which magnetic flux travels between the rotor and stator windings.
Variations in the air gap alter the path and intensity of the magnetic flux, impacting its linkage
with the end windings. A larger air gap increases the reluctance of the magnetic circuit, reducing
the magnetic flux linkage with the end windings. Conversely, a smaller air gap reduces reluctance,
allowing for higher flux linkage with the end windings. That is why end winding inductance is
directly proportional to the magnetic flux linkage with the end windings. Therefore, changes in air
gap affect the inductance of the end windings. A larger air gap decreases the magnetic flux linkage
and, consequently, the inductance of the end windings. On the other hand, a smaller air gap
increases the magnetic flux linkage, enhancing the end winding inductance, as shown in Figures 7
a and b. This study considers the apparent inductance, which refers to the total inductance of a
circuit or component as measured under normal operating conditions. That is why the analytical
expression in Equation 9 is used to calculate the end winding inductance

L, =2 ©)

where Lgy,, is the apparent inductance A:-is the flux linkage andi is the current following in the
conductor. End winding flux results from all the currents that follow in the end windings, which
is why it's very difficult to analyze the geometry of the end windings. Therefore, an accurate
determination of the inductance of the end windings would need a three-dimensional model. Also,
the end windings are relatively far from the iron parts. That is why, to determine the inductances
of the end windings, we use two models, 2D and 3D, together. An example of the 3D geometry
used in calculating field and armature end winding inductance is shown in Figure 8. In contrast,
the 2D geometry is shown in Figure 1.
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Figure 7. Shows the change in the end winding inductance with respect to the height of the cryostat wall for the five
scenarios: (a) for field winding and (b) stator winding
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Figure 8. One pole 3D geometry of Scenario (a) used for calculating the end winding inductances for the stator and
field end winding inductance

3.2 Short Circuit Model

Three-phase short circuit of a 10 MW partially high-temperature superconducting
generator, five scenarios shown in Figure 1 have been simulated with a 2D finite element model
applying a technique called field coupling model, which integrates the calculation of magnetic
fields with the equivalent circuits of the generator, as specified by [25].

_dA, ., di, (10)

ua }/'Sla - os
e Codt

_dh L D (11)

U, di v, os s

=L ;g L (12)
dt i dt

dA, di,
f : J
up =— 0ty oy — - (13)

where Ag, Ay, A; and Ay are the flux linkages of three phases and the field winding, respectively,
dAg dAp dAc
dt’dt’ dt
differentials computed with the FEM, and then the generator equivalent circuits are integrated to

while and dd—}\tf represent the flux linkages of three phases and the field winding time
calculate the three-phase currents i, , i}, , and i, in addition to the field winding current ir, where
Ug, Up, U and Uy are the terminal voltages, in addition to the field winding voltage, Lss and Lt
The stator winding and field winding end winding inductance are calculated using the finite
element model, as illustrated previously. 7y and 77 are the resistances for the phase winding and
field winding. The rotation of the generator is integrated into the model as shown in Equation 14.

7,1, =g D (14)
dt

where T is the mechanical torque responsible for driving the generator is derived from the

electromagnetic torque, 7,is generated torque within the generator, J is the moment of inertia,



and w, is the mechanical rotation speed of the rotor. T is equal to zero under no-load conditions

and equal to the generator-rated electromagnetic torque under rated load conditions.

4. Results Analysis

4.1 Stator Current and Fault Torque

The generator operates at the rated condition from 0 to 1 s. The short circuits take place at
the instant of 1 s when the voltage in phase A passes through zero, and the current in phase A is
maximum. Therefore, maximum fault currents occur in phase A. Figure 9 (a) shows the current
waveforms in phase A of the generator scenarios (a) with Omm cryostat wall to Scenario (e) after
one second from the short circuits fault. As shown in Figure 9, the stator currents increase to their
peak values from the first instant of the short circuit. The maximum recorded peak value of the
stator current was recorded for Scenario (e). Comparing the stator current with the cryostat wall,
the stator current decreased slightly for Scenario (d) compared to Scenario (e), and it keeps
decreasing for the rest of the design scenarios.
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(a) (b)
Figure 9. Shows (a) stator currents and (b) fault torque of the generator scenarios under three-phase short circuit
condition

Then, the effect of the cryostat wall on the peak fault torque is compared in Figure 9 (b).
The effects of the cryostat wall in Scenario (d) and Scenario (e) did not show a big difference since
the peak torque is slightly reduced for Scenario (d) of 60mm. However, for the rest of the
Scenarios, the effect of the cryostat wall showed a clear change in the peak fault torque since it
decreased with the decrease of the cryostat wall. From the result, we can say that increasing the
cryostat wall increased the fault torque and fault current because as the air gap changes, the
magnetic flux distribution within the generator also changes, affecting the inductance of the end
windings. The variations in end winding inductance change the generator's transient response
during short circuit conditions.

10



4.2 Field Current

Like the stator currents, the field currents have also been investigated for the five design
scenarios: Scenario (a)- Scenario (e). The compression has shown that the field current of the
studied PHTSG is decreasing with the decrease of the cryostat wall. The field current waveform
during the short circuit for the five scenarios is shown in Figure 10. From the result, it can be seen
that increasing the cryostat wall increases the field currents just as the stator current when the air
gap changes; the magnetic flux distribution within the generator also changes, which affects the
inductance of the field end windings. These variations in the field end winding inductance alter
the generator's field current during short circuit conditions.
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Figure 10. Short circuit field currents of the generators Scenario (a)- Scenario (e) under three-phase short circuit
case

4.3 End Winding Inductance and Its Effect on Short Circuit Characteristics

In this section, we will present how the end winding affects the short circuit characteristics
of the proposed 10 MW partially superconducting generator studied in this paper. The main reason
for the study is to see how air gap variations affect the short circuit of such a machine because the
space needed to accommodate the cryostat will increase the machine's air gap. When the air gap
changes, the magnetic flux distribution within the generator also changes, affecting the inductance
of the end windings. This variation in end winding inductance then changes the transient response
of the generator during short circuit conditions. As the simulation result shows, the air gap
variations change the short circuit current, field fault current, and short circuit torque; we can see
how they change with end winding variations in Figure 11 (a), which shows how the fault current
in phase A decreases when the end winding value increases.
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Figure 11. shows how the stator end winding inductance and field end winding inductance affect (a) the fault current
in phase A, (b) the fault field current, and (c) short circuit torque

As phase A current is reduced, the field current and fault torque during the short circuit
period decrease when the end winding inductance value increases, as shown in Figure 11 (b) and
(c). According to the results, the increase in the magnetic air gap in a partially superconducting
generator reduces the end windings' inductance and subsequently increases the stator current and
field current during a short circuit fault.

5. Conclusion

Large-scale direct-drive superconducting wind generators feature a notably widened
magnetic air gap to accommodate the cryostat, leading to decreased end winding inductance. This
reduction in inductance can result in exceedingly high peak fault currents and torque, presenting
design challenges and compromising reliability compared to conventional generators. Finite
element analyses were conducted to investigate fault currents and torque, focusing on a three-
phase symmetric short circuit that considered air gap variations as machine design parameters. The
findings underscore the significant impact of air gap variation on end winding inductance,
profoundly shaping fault current, field fault current, and fault torque behavior in superconducting
generators because the highest value of fault current in phase A was recorded with the largest
cryostat wall with 80mm while the lowest was recorded with Omm. The air gap's influence on
magnetic field distribution and magnitude affects end winding inductance, impacting the
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generator's response to fault conditions. Finally, understanding this complex relationship is crucial
for reliable and efficient operation of superconducting generators. Future work should address
optimization strategies to mitigate the adverse effects of air gap variation on fault behavior.
Therefore, it could involve exploring innovative designs to increase end winding inductance,
optimizing air gap geometry, or developing adaptive control schemes to adjust generator
parameters dynamically based on changing operating conditions.
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