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Superconducting synchronous generators, especially for 10-MW direct-
drive wind power systems, are gaining prominence due to their lightweight,
compact design, lowering energy generation costs compared to
conventional generators. With the ability to generate high magnetic fields.
various approaches are exist for designing such generators for example
modular superconducting generators which allow for easier assembly,
maintenance, and scalability by dividing the generator into smaller,
interchangeable components and single stator which simplifying the
generator's design and reducing manufacturing costs. This study introduces
a novel concept of a double-stator superconducting generator alongside a
conventional single-stator superconducting generator, aiming to
investigate and contrast the electromagnetic performance of both machine
types considering different number pole pairs. Booth of the machines has
been designed and studied applying 2d finite element model (COMSOL
Multiphysics). The compared machine parameters include: the flux linkage
and electromagnetic torque. Our study and compression of the two
machines reveal that the double stator superconducting generator is
characterized by high electromagnetic torque compared to its single-stator
counterpart. the analysis also reveals that increasing the pole pairs number
leads to high electromagnetic torque and higher magnetic flux density.

This is an open-access article under the CC-BY-SA license.

1. Introduction

One of the most significant challenges facing electricity production nowadays is the rise in
electric energy consumption, which increases the use of fossil fuels and pollutes the environment [1]-
[5]. As a result, renewable energy technologies such as photovoltaic generation (PV) and wind
generation have emerged to reduce reliance on fossil fuels and mitigate environmental degradation
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[6]-[11]. Therefore, offshore wind power, as a clean and renewable energy source, has become the
primary focus of wind power development [12]-[14]. In accordance with the development of the wind
energy there is a growing trend towards large-scale wind generators which exceed 10MW, to reduce
the cost per unit of offshore wind power [15]. One approach of these large-scale wind generators is
direct-drive HTS wind generators which have been extensively researched due to their excellent
electromagnetic performance. A comprehensive review of HTS applications in offshore wind
generators is presented in [16], [17]. One of the most common structure for direct-drive HTS wind
generators is the traditional synchronous machine with a single stator which has been explored by
many researchers. However, recent research has explored alternative methods, including double-stator
designs. For instance, a 10 MW dual-stator superconducting permanent magnet wind power generator
was proposed in [18]-[21]. Most of the existing research focuses on either the electromagnetic
characteristics of single stator or double stator generators which have stationary superconducting field
coils as in [18]-[23], However, only a few researchers have explored methods to increase the torque
density of superconducting generators by proposing different double-stator HTSG designs [25]-[28].

It's worth noting that the majority of existing studies on double stator HTS generators have
focused on double stator permanent magnet HTS generators. Consequently, some previous research
emphasizes that thermal constraints can exacerbate the degradation of the output torque in electric
machines if not properly managed. Specifically, when a permanent magnet machine is equipped with
superconducting conductors, it demonstrates increased output torque compared to a traditional copper-
coiled counterpart, as reported in prior studies [29]-[32]. Nonetheless, the study presented in [33]
introduces a double-stator PM machine with superconducting coils that offers improved reliability and
enhanced output power compared to conventional single-stator superconducting machines.
Furthermore, an in-depth analysis of the influence of design variables on the electromagnetic
performance of PM machines have been described in [34]-[37]. Studies, as outlined in [25], [38]-[41]
showed an inverse relationship exist between the aspect ratio of the machine and its corresponding
magnetic loading. Many studies concentrated on the influence of pole number, pole ratio, and the
diameter of the inner air gap on double-stator generators in terms of mass and cost of active materials
[24], [42]-[45]. However, only a few researchers have explored methods to increase the torque density
of superconducting generators by proposing different double-stator HTSG designs as in [46]-[50].
Hence, it's crucial to meticulously choose the design variables to enhance torque production and
possibly cut costs. Existing literature predominantly delves into the electromagnetic traits of either
single or double stator generators, with few studies directly comparing the two configurations.
Moreover, many studies have limited scopes, focusing on specific applications or conditions,
potentially overlooking performance disparities between single and double stator configurations
across diverse scenarios. Additionally, there's limited research on the impact of design parameters on
the generator performance. Given these factors, this study introduces a novel high-performance
double-stator superconducting generator machine. It features AC windings on both the inner and outer
stators. The study aims to investigate how the inclusion of an additional stator enhances the generator's
torque density and flux linkage. Additionally, it compares this double-stator configuration with a
single-stator model. The comparison considers the design parameter of pole pairs to examine how
different pole pairs affect the electromagnetic torque and flux linkage in both configurations.

2. Method

Below is a flowchart highlighting the key components and analyses involved in comparing of
single stator partially high temperature superconducting generator to double stator partially high
temperature superconducting generator. Flowchart shown in Fig. 1.

2.1. Two High-Temperature Superconducting Generators Design

The two generators have been designed for a 10 MW direct-drive wind turbine. The
superconductor selected for the design is a HTS. This type of superconductor operates at a higher
range of cryogenic temperatures, exceeding those of all low-temperature superconductors (LTS). In
this design, only the field winding employs HTS, while the armature winding is made of copper
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conductors operating at ambient temperature, akin to conventional synchronous generators.
Consequently, this configuration can be classified as a partially superconducting generator, as
illustrated in Fig. 2. The essential parameters of the generator design are detailed in Table 1. With all
parameters identical for both designs. The sole difference lies in the number of pole pairs, which
results in varying operating currents and generator shapes.

Building the geometry using

finite element model (FE)

v v

Single stator model Double stator model

Calculating the load line
for the superconducting
field winding

’

Calculate the

torque per unit
length

Calculating the axial
Length of the

generator

v

Calculating the flux

linkage

Fig. 1. Flowchart

Nonetheless, the number of pole pairs significantly influences the comparison results. The
nominal power output is set at 10 MW, with an armature current density of 3 A/mm”2. The filling
factor of the armature winding is 0.4, a typical value for rectangular copper conductors, accounting
for appropriate twisting and transposing. To mitigate slotting effects, the number of slots per pole per
phase is fixed at 4. This paper focuses on the design of double-stator armature windings wound with
conventional copper wires, distinguished as the outer-stator windings and inner-stator windings, as
depicted in Fig. 2 (b). Due to the spatial constraints imposed by the specialized dual-stator structure,
the rotor core is omitted, as shown in Fig. 2 (b). While single generator stator model is shown Fig. 2

@).

Table 1. Design parameters

Parameters Double stator Single stator Values
Nominal power - - 10 MW
Rated speed - - 10 rpm
Number of phases - - 3
Number of pole pairs - - 4,12,20,24
Mechanical air gap length - - 6 mm
Armature bore diameter - - 3000
Armature current density - - 3A/mm~2
Armature Winding filling factor - - 0.4
Number of slots per pole per phase - - 4
height of rotor yoke 0 135
height of inner stator yoke 135
height of outer stator yoke 135
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2.2. Generators Design Structure

The geometry for the proposed HTS machine is illustrated in Fig. 3 and Fig. 4, and essential
dimensional data are provided in Table 1 for both Model 1, which features a single stator, and Model
2, which incorporates a double stator. The sole distinction in geometrical parameters between these
two models lies in the number of stators. We perform a comparative evaluation based on variations in
pole pairs number, specifically (4, 12, 20, 24) pole pairs, to enhance efficiency. Furthermore, the air
gap between the rotating field windings and each armature winding has been maintained at 30 mm to

ensure sufficient space for thermal insulation and the refrigeration cooling system.

Outer stator core

Stator core

Mechanical air gap
Mechanical air gap

Iron Pole

Rotor Core
Inner stator core

HTS

Tron Pole

HTS

Armature

Armature Winding Winding

Stator Core <}

Stator Core

(a) (b)

Fig. 2. General design of partially superconducting generator: (a) single stator, (b) double stator

() (d)

Fig. 3. General design of the partially superconducting single stator generator: (a) single stator 4 pole pair,

(b) single stator 12 pole pair (c) single stator 20 pole pair (d) single stator 24 pole pair
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2.3. Determination of the Operating Point of Field Winding

The operating current density of a superconducting generator is calculated from FE model and to
determine the operating point of field winding currents, it is essential to construct a load line for each
generator individually. For this purpose, distinct models are required for both single and double-stator
configurations. In our analysis, we utilize HTS superconducting coils as flat tapes. It is essential to
consider that any superconducting coil must maintain a current density lower than its critical current
density to function as a superconducting coil. If the coil's current density surpasses the
superconductor's critical current density, the coil will cease to operate as a superconducting coil.
Information regarding the critical characteristics of the wire, typically supplied by the superconducting
wire manufacturer and it's expressed in terms of critical current density (Je), which is a function of
magnetic flux density (B), as depicted in Fig. 5.

)
“I
1
@
Fig. 4. General design of partially superconducting double stator generator: (a) double stator 4 pole pair, (b)
double stator 12 pole pair (c) double stator 20 pole pair (d) double stator 24 pole pair
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Critical current density A/m 2 #108

Fig. 5. Engineering critical current density Je as a function of the magnetic flux density B of the coil has been
used in the field winding
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Fig. 7. Different excitation point for each of the five designs with respect to the current density flowing in a
superconducting wire (a) is for single stator and (b) for double stator
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After calculating the load lines showed in Fig. 6 we need to find the intersection point of the
critical characteristic curve with the blue color and the load lines curves, we apply a uniform coil
current density that is higher than the one needed for the superconducting coil after the end of the
searching process we achieve the load line shown previously in Fig. 6 the intersection of the load line
and the critical characteristic is considered stage of current density that allows the superconducting
wire to be in superconducting state which mean that any small in increment in the current density after
this rang will take the superconducting wire out of its super conducting state. Fig. 7 shows distinct
load lines for each model relative to the current density flowing within the superconducting wire, and
the exact excitation points.

3. Comparison Result
3.1. Magnetic Field Distribution

The magnetic flux density distribution and saturation behavior in single stator partially
superconducting generators and double stator superconducting generators is varying with increasing
pole pairs. With increasing pole pairs, the distribution of magnetic flux density within the single stator
winding becomes more complex and it has created more non-uniform distribution of magnetic flux
density within the stator winding, especially near the poles as shown in Fig. 8. In a double stator
superconducting generator, the generator has two separate stator windings positioned on either side of
the rotor. With increasing pole pairs, the interaction between the rotor's magnetic field and the two
separate stator windings becomes more complex that’s why, the distribution of magnetic flux density
within each stator winding in a double stator generator depends not only on the rotor's magnetic field
but also on the arrangement and positioning of the stator windings. In our case in our case higher pole
pair number has led to more intricate flux density distributions within each stator winding and between
the two stator windings as shown in Fig. 9.

(b)

(c) (d)

Fig. 8. Magnetic flux density distribution for single stator with different number of pole pairs (a) is for Single
stator 4 pole pairs, (b) Single stator 12 pole pairs, (c) Single stator 20 pole pairs and (d)for Single stator
24 pole pairs

3.2. Electromagnetic Torque of Single Stator Double Stator

The electromagnetic torque for both the single stator and double stator machines has been
calculated for four distinct sets, each with varying pole pairs configurations: (4, 12, 20, 24). In the
case of the double stator machines, it was observed that as the number of pole pairs increased, the
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electromagnetic torque also increased. Notably, the highest recorded electromagnetic torque for the
double stator set was 24.7 Mn/m, which occurred with 24 pole pair, while the lowest was 14.7 Mn/m
with 4 pole pair, as depicted in Fig. 10. Similarly, the single stator sets exhibited a consistent trend in
electromagnetic torque as observed in the double stator counterparts. The highest electromagnetic
torque for the single stator machines was 15 Mn/m, occurring with 24 pole pair, while the lowest was
8.2 Mn/m with 4 pole pair, as demonstrated in Fig. 10. the comparison between the double stator and
single stator generators in terms of electromagnetic torque showed that the double stator generators
provided superior torque performance when considering machines of the same size.

©)

(d)

Fig. 9. Magnetic flux density distribution for double stator with different number of pole pair (a) is for
double stator 4 pole pair, (b) double stator 12 pole pair, (c) double stator 20 pole pair and (d)for double

Electromagnetic torque Mn/m

25

20

stator 24 pole pair

T
TeS
— % —TeD

10 15
Number of pole pairs

L
20

25

Fig. 10. Electromagnetic torque Peake values for single stator generator and double stator generator sets with
respect to pole number pairs

From the results we can see that the double stator configuration exhibits higher torque production
compared to the single stator generator. Because the presence of two stator windings allows for a

Mohamed Elhindi (Comparative Electromagnetic Performance Analysis of Double Stator and Single Stator
Superconducting Generators for Direct-Drive Wind Turbines)



International Journal of Robotics and Control Systems
Vol. 4, No. 2, 2024, pp. 678-690

686 ISSN 2775-2658

stronger magnetic field interaction with the rotor, resulting in increased torque output. While single
stator generators exhibit lower torque compared to double stator generators due to the absence of an
additional stator winding. We can see that increasing the number of pole pairs in a double stator and
single stator generator can further enhance torque production because more pole pairs allow for more
complex magnetic field interactions, leading to increased torque.

3.3. Flux Linkage Double Stator and Single Stator Superconductor Generator

Phase A coil-flux linkage of the proposed machine that shown in Fig. 2 and Fig. 3, is calculated
for both the single and double stator configurations using a 2D finite element model COMSOL
Multiphysics. phase A coil-flux linkage for the four double stator and single stator design is illustrated
in Fig. 11. The waveform is found to be purely sinusoidal. Among the tested configurations, the
highest peak value was recorded for the double stator with 24 poles, measuring 104.6 Wb/m, while
the lowest value was observed for the single stator with 4 poles, measuring 12.3 Wh/m. We can see
that the presence of two stator windings in the double stator configuration leads to enhanced flux
linkage compared to the single stator generator because the additional winding allows for greater
control over the magnetic field distribution, resulting in increased flux linkage.
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Fig. 11. Variation in phase A flux-linkage waveforms of each pole pairs combination (a) is for single and
double stator 4 pole pair, (b) single and double stator 12 pole pair, (c) single and double stator 20 pole
pair and (d) for single and double stator 24 pole pair

4. Conclusion

This paper comprehensively compares double stator and single stator HTS generators, focusing
on torque and flux linkage variations with increasing pole pair numbers. Both generator types exhibit
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notable shifts in torque and flux linkage as pole pair numbers increase. Double stator generators reach
peak flux linkage of 104.6 Wb/m with 24 pole pairs, while single stator generators peak at 66.7 Whb/m.
Similarly, electromagnetic torque increases with pole pair numbers, peaking at 24.7 Mn/m and 15
Mn/m for double stator and single stator generators, respectively. The study also highlights that higher
pole pair numbers in single stator generators result in less uniform flux density distribution and
heightened magnetic saturation effects, posing operational challenges. Conversely, double stator
generators exhibit a complex flux density distribution between stator windings. Overall, this analysis
underscores the importance of considering torque and flux linkage characteristics in evaluating
partially superconducting generator performance. The findings offer valuable insights for generator
design and optimization, guiding advancements in high-efficiency electrical generation systems across
various applications. Since the higher torque output and enhanced flux linkage observed in the double
stator generators may translate to improved electromagnetic efficiency compared to single stator
generators which, can result in reduced losses and improved energy conversion, leading to higher
overall efficiency. Furthermore, the higher torque and flux linkage observed in double stator
generators may contribute to greater stability and robustness, reducing the risk of performance
degradation or failure under challenging operating conditions. Finally, further research is wanted to
explore additional factors influencing such generator performance and to identify optimal design
strategies tailored to specific industry needs.
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