POLITECNICO DI TORINO
Repository ISTITUZIONALE

Design and Comparison of Air-Core and High-Power-Density Synchronous Machines for Hybrid Electric
Aircraft

Original

Design and Comparison of Air-Core and High-Power-Density Synchronous Machines for Hybrid Electric Aircraft / Perilli,
L., Credo, A., Fabri, G., Graffeo, F., Tenconi, A., Vaschetto, S.. - In: ENERGIES. - ISSN 1996-1073. - 19:7(2026).
[10.3390/en19071673]

Availability:
This version is available at: 11583/3013753 since: 2026-07-30T09:36:21Z

Publisher:
MDPI

Published
DOI:10.3390/en19071673

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

15 September 2026



‘ energies

Article

Design and Comparison of Air-Core and High-Power-Density
Synchronous Machines for Hybrid Electric Aircraft

Lorenzo Perilli '*, Andrea Credo 20, Giuseppe Fabri 2(D, Federica Graffeo 1@, Alberto Tenconi

and Silvio Vaschetto !

W) Check for updates

Academic Editor: Rui Xiong

Received: 8 March 2026

Revised: 23 March 2026

Accepted: 25 March 2026

Published: 29 March 2026
Copyright: © 2026 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

1

Dipartimento Energia “Galileo Ferraris”, Politecnico di Torino, 10129 Turin, Italy;
federica.graffeo@polito.it (F.G.); alberto.tenconi@polito.it (A.T.); silvio.vaschetto@polito.it (5.V.)
Department of Industrial and Information Engineering and Economics, University of L’ Aquila,
67100 L’Aquila, Italy; andrea.credo@univaq.it (A.C.); giuseppe.fabri@univagq.it (G.F.)
Correspondence: lorenzo.perilli@polito.it

Abstract

The increasing demand for electric power in hybrid electric aircraft platforms prompts the
development of multi-megawatt generators featuring high specific power, compactness
and intrinsic fault tolerance. Air-core machines constitute a promising solution to overcome
the magnetic saturation and mass limitations of conventional iron-core designs. This paper
presents a comparative electromagnetic design study of two air-core synchronous generator
topologies for aircraft applications, namely a permanent magnet machine with a Halbach
array rotor and an electrically excited synchronous machine featuring a high-temperature
superconducting field winding. Both the generators are designed for identical output and
adopt a double three-phase stator winding to enhance safety and redundancy. The Halbach
array machine is used as the reference configuration representative of a technologically
mature solution, whereas the superconducting generator targets high magnetic loadings
by means of the superconducting excitation, to minimize the active volume. The solutions
proposed in this paper are developed in the frame of a national (Italian) research project
dedicated to the study of stages of multi-megawatt fault-tolerant aircraft generators.

Keywords: hybrid electric aircraft; air-core machines; permanent magnet synchronous
generator; high-temperature superconductors; multi-three-phase

1. Introduction

The progressive electrification of air transportation systems is leading to a substantial
increase in the onboard demand for electric power [1,2]. The replacement of mechanical,
hydraulic and pneumatic components with electrical actuators as more efficient and more
sustainable solutions, along with the introduction of hybrid electric (HE) and distributed
propulsion architectures, is shifting the onboard power levels toward the multi-megawatt
domain [3]. This trend imposes stringent requirements on the onboard power generation,
which must deliver large output power with minimal mass and volume, while meeting
severe reliability and safety constraints [4,5]. In this framework, newly conceived aircraft
(A/C) generators are expected to combine a significant power-to-weight ratio with inherent
fault-tolerant capabilities to ensure continuous operation under both normal and degraded
conditions [6,7].

Within this context, many research activities have been prompted by public funded
programs and private industrial companies to focus on the investigation of MW-range, HE
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platforms for regional and wide-body A/C [8]. Turbine-driven electrical generators are
envisaged as an enabling technology for air transport electrification and are regarded as
a more mature alternative compared to electrochemical sources, including both batteries
and fuel cells [9]. Nevertheless, to achieve the expected performance, the paradigm of
electric generator design is currently shifting toward the study and use of innovative mate-
rials and configurations, which are needed to surpass the limitations of the conventional
machine designs [10,11]. Among all the proposed solutions, permanent magnet (PM) syn-
chronous generators employing Halbach array configurations and superconducting (SC)
electric machines have emerged as two leading topologies for achieving high-specific-power
aircraft generators.

Both Halbach array and SC electric machines can rely on reduced use of ferromagnetic
materials [12,13]. With the exception of the stator yoke—which is typically included in
aircraft applications also to prevent the machine flux from causing disturbances in the
surrounding systems and components—air-core machine designs with unmatched power-
to-weight ratios can potentially be achieved [14,15]. In addition, for high-performance
applications such as the aircraft one, multiphase and multi-three-phase stator windings can
result in improved overall safety and reconfiguration possibilities in case of faults [16,17].
The reduced spatial harmonic content of these winding configurations allows also miti-
gating the generation of the asynchronous fields and their impact on the adopted rotor
technology in the different operating conditions [18]. Specifically for the multi-three-phase
windings, the modularity offered by the presence of separated three-phase sets enables
the convenient implementation of advanced control strategies oriented at guaranteeing
satisfactory operation under faulty conditions [19].

The Halbach array generators constitute a mature technology which can eventually
be integrated directly into existing aircraft platforms. The particular arrangement of PMs
in this kind of machine allows reducing and ultimately removing the rotor iron yoke by
guiding the magnetic flux in specific directions. Nevertheless, for high-speed operation
in turbine-based onboard generation systems, mechanical robustness studies for integrity
of the rotor assembly must be conducted, together with the investigation of innovative
manufacturing solutions aimed at reducing the PM losses, such as PM segmentation. The
use of aircraft-grade PMs with reduced sensitivity of residual magnetization to temperature
variations represents the preferred choice for high-specific-power design, despite being
affected by wide price oscillations and uncertain availability of the rare earth materials
typically employed in the aircraft industry.

More generally, recent research on permanent-magnet synchronous machines con-
tinues to advance both their control strategies and their suitability for high-performance
applications. In particular, constrained terminal-sliding-mode permanent magnet syn-
chronous machine control strategies have recently been proposed to improve dynamic
performance under speed and current limits, while recent aviation-oriented studies have
further investigated MW-class high-speed PM synchronous machine topologies, including
Halbach-based benchmark solutions. Although these contributions address operating sce-
narios different from the present work, they confirm the continuing relevance of PM-based
solutions as a technologically mature reference for high-performance electrical generation
systems [20-22].

Regarding SC electric machines, many recent research and prototyping activities have
been dedicated to the integration of high-temperature superconductors (HTS) in electrically
excited synchronous machines (EESMs) [23-25]. The high-temperature superconductors,
which can exhibit superconductivity at relatively high cryogenic temperatures (greater than
35 K) by means of liquid nitrogen (LN3), liquid neon or helium gas cooling, are suitable for
the replacement of conventional Cu rotor windings of EESMs [26-28]. The near-zero DC
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resistance of HTS and large current density allow achieving high magnetomotive forces in
compact volumes, thus enabling air-core configurations for rare-earth-free machine designs
not limited by the magnetic saturation of iron cores [29-31]. Furthermore, the possibility
of regulating the no-load excitation field through the rotor current constitutes a desirable
feature to strongly enhance the safety of the onboard electric systems since the EESMs can
be promptly de-energized [32]. However, the realization of aircraft platforms based on SC
technologies results in complex challenges related to the cryogenic cooling operation and
integration with the other onboard systems [33].

In this framework, the present article focuses on the design and comparison of two
topologies of air-core generators for fault-tolerant aircraft applications, based either on
the Halbach array or the high-temperature superconductors. In particular, the activity
is developed in the frame of the project PRIN—Italian Research Project of National Rele-
vance 2022 “Multi-phase fault tolerant MW range generation systems for hybrid electric
aircrafts” [34]. A Halbach array synchronous generator is presented as the baseline design
to enable the comparison with a SC electric machine. In order to maximize the possibilities
offered by the HTS, high magnetic flux densities are targeted in design stage to achieve
reduced weight and size for the same output specifications. Both configurations present a
double-three-phase winding and share the same stator cooling and stator electrical loading.
Performance comparisons between the baseline PM machine and the proposed SC design
complete the analyses developed in this article and allow highlighting advantages and
disadvantages of the two topologies.

2. Halbach Array PM Generator

The Halbach array PM solution was selected as the baseline conventional machine for
comparison with the SC generator since it enables the maximum achievable electromagnetic
power density when PM-based machines are used. Although this topology requires the
largest amount of permanent magnet material at fixed rated power, it also provides the
highest air-gap flux density and torque capabilities among the non-cryogenic solutions.

Since the target application is an aerospace generator, no constraints were imposed on
the PM cost. The design objective was instead focused on achieving extremely high specific
power and volumetric densities.

2.1. Design Specifications

The main design requirements of the generator are reported in Table 1. It is worth
noticing the extremely high rated power of 4 MVA combined with very stringent volumetric
and mass constraints: the volume of the active parts must be below 40 L, while the total
active mass must be below 170 kg. The DC-link voltage is imposed and equal to 1500 V,
while the maximum electrical frequency at the inverter output is limited to 1500 Hz. In
addition, the phase current must remain below 2000 A.

Table 1. Design specifications.

Parameter Value
Output power 4 MVA
Rated speed 15,000 rpm
DC-link voltage 1500 V
Maximum inverter frequency 1500 Hz
Maximum phase current <2000 A
Active parts volume <40 L
Active mass <170 kg
Winding type 2 x 3-phase
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Several machine configurations have been investigated to meet these requirements.
For clarity reasons, only the final design adopted as baseline machine is reported here, as it
is used for comparison with the superconducting generator.

2.2. Multiphase High-Speed Configuration

Given the combination of rated power, DC voltage, and current constraints, the only
feasible solution consists of the adoption of a multiphase stator. In particular, a double three-
phase winding configuration was selected, with the two three-phase sets phase-shifted by
30 electrical degrees, in order to improve the quality of the output voltage waveform and
to comply with the imposed current limit.

In the present paper, the adoption of a double three-phase stator winding should
therefore be interpreted as an architecture enabling post-fault reconfiguration rather than
as a complete demonstration of fault-tolerant performance. At the system specification
level, the degraded operating condition considered in this design stage corresponds to the
complete disconnection of one three-phase set, while the remaining healthy set is allowed
to operate in overload so as to provide approximately 66% of the rated power, deemed
sufficient for the supply of essential loads. A bolted short-circuit fault of a single phase was
not considered at this stage. From a qualitative viewpoint, the PM generator and the HTS
electrically excited machine exhibit different fault-related features: in the PM solution the
excitation cannot be switched off, whereas in the electrically excited HTS machine the rotor
field can be de-excited, which may provide an additional safety-related advantage.

Due to the extremely small available volume, a high-speed solution was mandatory.
However, due to the maximum allowable electrical frequency, the rated speed was limited
to 15,000 rpm, leading to the selection of a 10-pole rotor.

2.3. Slotless Stator and Thermal Constraints

The severe mass constraint led to the adoption of a slotless stator combined with a
stator back-iron ring to confine the high magnetic flux.

This choice is also driven by the very high air-gap flux density required to meet the
torque demand. Any conventional magnetic material (including high-cobalt iron—cobalt
alloys) resulted in unacceptable magnetic saturation. Furthermore, stator teeth would
drastically reduce the available slot area, limiting conductor cross-sections and making
direct cooling solutions impractical. For these reasons, the slotless topology was selected.

Nevertheless, direct oil cooling of the conductors is still required, with flow rates
exceeding 400 L/min, to sustain current densities of approximately 15 Ayms/mm?.

2.4. Winding Data

The main winding parameters are reported in Tables 2 and 3.

Table 2. General winding data.

Parameter Value
Equivalent slots 180
Number of phases 6
Winding type Lap
Phase distribution Nx 3-phase
Path type Central
Turns per coil 5

Coil pitch (throw) 18 slots
Parallel paths 10
Winding layers 2
Offset 42
Multiplex offset 3
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Table 3. Wire and slot filling parameters.

Parameter Value

Coil style Stranded
Divider type Overlapping
Winding definition Wire size
Wire type Diameter input
Overall wire diameter 0.585 mm
Copper diameter 0.55 mm
Number of strands per conductor 40
Number of wire sizes 1
Conductors per slot 400
Conductors per slot (drawn) 400

Wire slot fill (winding area) 0.3754
Wire slot fill (slot area) 0.3730
Copper slot fill (slot area) 0.3297
Heavy build slot fill 0.4779
End-winding fill factor 0.4842
Liner thickness 0.25 mm
Conductor separation 0.10 mm
Copper depth 100%
End-winding mean length turn (MLT) 418.73 mm
Potting goodness (end-winding) 1

2.5. Rotor and Halbach Array Geometry

The Halbach configuration combined with the slotless stator allows full compliance
with the application requirements. The permanent magnets have a thickness of 27 mm
and are segmented into four magnets per pole in a sinusoidal Halbach array in order to
maximize the extractable torque within the selected rotor volume.

The rotor outer diameter is 354 mm, while the magnetic air-gap is 3 mm, required
to accommodate the composite fiber retaining sleeve and the adhesive layer needed to
guarantee mechanical integrity at high speed. The peripheral rotor speed places the
machine in the category of high-speed electrical machines. The fiber sleeve was selected to
minimize additional losses and reduce its impact on the magnetic air-gap, while ensuring
exceptional mechanical performance.

The finite element model of the Halbach PM generator is reported in Figure 1; one
pole pair is represented and the different colors are used to distinguish the stator phases,
for which a distributed winding is adopted.

15,000

v=wr=2m- -0.177 =~ 278 m/s. (1)
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Figure 1. Finite element model of a pole pair of the Halbach PM synchronous generator.

3. HTS Electrically Excited Synchronous Machine

The proposed design of superconducting EESM presents copper stator winding and
rotor winding made of HTS. The SC machine features the same configuration of stator
winding as the Halbach array baseline design discussed previously, i.e., a double-three-
phase winding for enhanced safety and fault tolerance. Additionally, the HTS on the rotor
firstly makes it possible to regulate or promptly remove the excitation field and, secondly,
to achieve large induction distributions for reduced weight and size.

The SC machine has been sized by means of analytical equations, whose output has
been later verified and tuned by means of finite element analyses. In this regard, the output
power of the machine can be expressed as:

2

S = %kw,l By1AsD?Ling )

In which k;, 1 is armature winding factor for the fundamental harmonic; By and A,

are the flux density (magnetic loading) and the linear current density (electric loading),
respectively, at the mean diameter of the armature winding; D is mean diameter of the
armature winding; L is the machine active length; 7, is the mechanical speed of the rotor in
revolution per second [35]. It should be noted that (2) remains formally the same for both
conventional, iron-core machines and air-core machines. In this regard, for conventional
generators, the magnetic and electric loadings are referred to the air gap of the machine,
and the magnetic loading specifically constitutes a measure of the flux density in the iron
teeth. Conversely, for air-core configurations, the magnetic fields can change significantly
between the internal and external diameters of the armature winding and the mean value
can, thus, be considered in the sizing stage [36]. The D and L are therefore determined from
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(2) by introducing the form factor, referred to the mean diameter of the armature winding
and defined as:

L
X=p 3)
In order to enable the comparison with the PM Halbach array baseline machine, an
identical value of electric loading (200 kA /m) has been chosen for the SC machine design,
as well as the same surface current density of the stator conductors. However, to achieve
the reduced use of active materials and exploit the possibilities offered by the HTS, a target
value of 2.5 T has been selected for the magnetic loading [37]. These design choices have led
to the machine D and L listed in Table 4. Additionally, the SC machine has been designed
to satisfy the target performance with an external diameter of the stator iron shield which
is not larger than that of the baseline PM machine.
Successively, the number of turns Nj in series per phase of the armature winding can
be determined from the no-load phase voltage E as:

B
\/Enkw,l @lf

In which f is the electrical frequency. The flux per pole ®; is related to the considered

Ny = 4)

magnetic loading by means of (5), with p being the number of pole pairs.

A~

&, = D DL “pD L )

In order to complete the definition of the stator winding, the number #n, of armature
conductors per ‘equivalent’ slot in the air gap is determined as follows:
N

e = api/a) ©)

where ¢ is the number of equivalent slots per pole and per phase since the stator winding
is placed in the air gap and there are no magnetic teeth, and a is the number of stator
parallel current paths [37]. The corresponding cross-section of the copper conductors can
be obtained from the nominal current I, and the surface current density Js, as [38,39]:

I
Scu = 7)

Finally, the slot surface Syjo; can be determined by introducing the filling factor k;y;:

Scunc
ki

(®)

Sslot =

in which the ky;;; adopted here takes into account also the supporting structure for the air
gap winding, considered as a fraction of the stator slot pitch [36].

In the no-load condition, the flux density By 1 in (4) is generated solely by the current
in the SC field winding. An estimation of the corresponding value can be obtained through
analytical expressions, using the so-called ‘current-sheet’ formulation of air-core machines.
In this regard, the machine is considered as a combination of concentric annular domains,
and the magnetomotive forces are considered as concentrated at the mean radius of the
windings (stator and rotor). In the literature, different formulations can be found to compute
13’5,1 [40,41]. In this case, the formulation proposed in [42] has been considered to obtain
a fast sizing of the machine with reduced computational effort. However, the analytical
results have been later verified and tuned by means of finite element simulations. In order
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https://doi.org/10.3390/en19071673

Energies 2026, 19, 1673

8 of 27

to achieve the target value of 2.5 T for the flux density fundamental, a 4-pole configuration
has been chosen for the SC machine [43].

Table 4. Main data of the superconducting EESM.

Parameter Symbol Value
Magnetic loading Bq 25T
Electric loading As 200 kA/m
Fundamental winding factor ka1 0.9598
Stator internal diameter n.d. 0.2261 m
Armature winding diameter D 0.2606 m
Stator yoke internal diameter ~ Ds, 0.2951 m
Stator yoke external diameter = n.d. 0.4579 m
Active length L 0.0704 m
Form factor X 0.27
No-load phase voltage, rms Eg 570V
Mechanical speed Mg 250 rps
Stator turns in series per phase Nj 12

Pole pairs p 2

Slots per pole per phase q 3
Conductors per slot e 160
Parallel current paths a 80

Stator current, rms I 1166 A
Surface current density Js 14 A/mm?
Conductor area Scu 1.042 mm?
Filling factor ki 0.425

Slot area Ssiot 392.1 mm?

While the stator yoke diameter is affected by the pole number selection, the saturation
induction of the ferromagnetic material and also limited by the design constraints, the
mean rotor winding diameter is strongly influenced by the radial thickness of the cryostat
for maintaining the HTS at cryogenic temperature. Indeed, lower induction values are
obtained when the rotor winding is placed at a considerable distance from the stator due
to the presence of the cryogenic vessel. In the proposed machine design, liquid nitrogen
cooling (77 K) is adopted for REBCO tapes (whose specification can be found in Table 5)
and a cryostat thickness of 15 mm is assumed [44]. Specifically for the tapes, the rated
current has been limited to approximately 65% of the critical current in self-field at 77 K to
avoid quenching when the HTS are exposed to the magnetic fields of the electric machine.
Within this framework, the accurate simulation of the HTS performance would require the
implementation of specific formulations for finite element analyses, such as the T- or H-
formulations [45]. However, this approach could lead to significant computational times,
and a constant current density is considered here for the tapes to analyze the macroscopic
effect on the power density, thanks to the margin adopted for the critical current [46,47].

Furthermore, the proposed HTS winding adopts a no-insulation (NI) configuration
and, therefore, quench protection is enhanced by intrinsic current redistribution, while can
also be achieved by means of additional external active protection measures. Specifically,
differently from fully insulated coils, the NI winding provides an inherent turn-to-turn
current bypass path. When a local section of HTS tape transitions to the normal state, part
of the transport current can transfer to the adjacent turns through the contact resistance,
which suppresses the local hot-spot temperature rise and delays thermal runaway. This
intrinsic current-sharing effect improves quench tolerance compared with conventional
insulated windings. Additionally, the operating HTS current is limited with respect to the
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datasheet value corresponding to the self-field case, thus mitigating the risk of potential
damage from external magnetic fields and associated critical current reduction. All these
considerations soften the requirements for the development of active protection measures.

With these specifications, the analytic design has been completed and verified through
finite element simulations, verifying that the machine achieves the target performance and
that the minimal bending radius of the HTS tapes is not surpassed. In addition to that,
the distance between the outer diameter of the rotor cryostat and the internal diameter
of the stator winding (which can be assumed to be a physical air gap between rotor and
stator) has been kept at 3 mm, as in the PM machine. The finite element model of the SC
generator is reported in Figure 2. The HTS tapes have been positioned as a racetrack-type,
double-pancake coil and additional space has been envisaged for support and casing [47].
One pole pair is represented in Figure 2, and the different colors are used to distinguish the
stator phases, for which a distributed winding is adopted. Moreover, the mean armature
winding diameter can be also observed.

Table 5. Main data of the HTS field winding.

Parameter Value
Rotor current 530 A
Rotor turns per pole 1150
Mean rotor winding diameter 0.1481m
Cryostat thickness 0.0150 m
Cryostat external diameter 0.2201 m
Tape manufacturer SuNAM
Tape technology REBCO
Tape width 12 mm
Tape thickness 100 pm
Critical current (77 K, self-field) 800 A
Utilization factor ~ 65%
Cryogenic coolant LN,
Coolant temperature 77K

Figure 2. Finite element model of a pole pair of the SC electrically excited synchronous generator.

Experimental Assessment of Rotor Resistance Variation

In order to validate the assumptions formulated in the electromagnetic design stage
regarding safety margins for the operation of HTS rotor windings, an experimental setup
has been implemented to assess the voltage drop and quenching of HTS tapes. The tests
have focused on the impact of the magnetic fields generated by other machine windings,
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i.e., the stator windings, on the steady-state voltage drop and on the corresponding DC
resistance of the rotor superconductors.

For this purpose, a reduced-scale mock-up has been realized using the stator of a
conventional 550 W, 4-pole induction machine and an isotropic rotor iron core. The iron core
has been retained to reduce HTS material usage by increasing the magnetic permeability
compared to air-core machines, while providing mechanical support for the HTS tapes.
The EESM mock-up has been tested in a liquid nitrogen bath (77 K) with locked-rotor, as
shown in Figure 3. Both rotor HTS field winding and stator copper windings have been
supplied in DC to create stationary fields. Different configurations have been analyzed
by permuting the stator phases, which have allowed the resulting stator current vector to
be oriented in different positions in the dg reference frame (d-axis corresponding to the
magnetic axis of the rotor winding). The results of the laboratory tests are presented in
Figure 4. In addition, the simulation results are also reported, which have been obtained by

implementing the T-A formulation in a commercial finite element software.

r

Figure 3. Experimental setup for the assessment of performance for HTS tapes.

IHTS ~57.7T A
3'2§ n No-load: ¢sim ¢ exp igg
275 i +d-axis: Asim Aexp| 59
25 (107 V/m) - - - - - - -~ A0 —d-axis: osim mexp| 144
—~ 225 +g-axis: Osim @ 130 —
523 g-axis: Osim expa 130 2
S1A5E e = = 1101 =
S 15 B 187 @
= 1. 7
S 125 S 8 155
075+ e 143
05 A 129
0.25 114
0 1 1 1 1 1 1 0

0 0.25 0.5 0.75 1 1.25 1.5 1.75 2
Stator current, (A)

Figure 4. Results of the experimental tests and comparison with the simulation model.

As it can be observed from the variations of resistance and voltage drop, the effect of
the stator current consists of altering the induction distribution in the region where the
superconductors are positioned, in a way that the HTS performance is affected significantly.
Indeed, magnetic fields change the conduction characteristic of superconductors, leading to
different values of critical current and of corresponding voltage drop. In this particular case,
the d-axis current has the largest impact, decreasing (positive case) or increasing (negative

https://doi.org/10.3390/en19071673


https://doi.org/10.3390/en19071673

Energies 2026, 19, 1673

11 of 27

case) the leakage flux lines hitting the superconductors. Conversely, the resistance and
voltage drop of the HTS remain almost constant when stator g-axis current is applied due to
the isotropic iron core configuration. In one specific point (1 A and negative d-axis current)
quench has been observed experimentally, even though the operating current of the HTS
tapes corresponds to approximately 70% of the self-field value. For the air-core EESM
proposed in the paper, 65% has been considered, and it must also be noticed that stator
current vectors oriented in negative d-axis do not constitute machine operating points
(zero torque). Regarding the simulation results, good agreement with the measured data
is observed for the finite element model. However, the introduction of the temperature
dependency may be necessary to detect quenching by analyzing the local HTS losses.

4. Comparison Results

To ensure a fair comparison of the two machines, which were originally designed using
different numerical tools, the same commercial software platform has been adopted to
derive the efficiency and performance maps presented in the following. In this study, Ansys
Motor-CAD was selected because it enables convenient and consistent characterization of
both machine typologies. The simulations were performed to assess the performance of the
two machines in terms of efficiency, losses, and compliance with the required operating
point (4 MVA at 15,000 rpm). In addition, weight and size comparisons are first presented.

The final Halbach-array design reported in this paper was obtained through a single-
objective optimization process aimed at maximizing the efficiency at the design operating
point. The optimization was constrained by the imposed volumetric envelope, the required
torque-speed performance, the phase to phase voltage compatibility with the selected DC
bus, and the maximum allowable steady-state temperatures in both the stator conductors
and the permanent magnets. These constraints, except for the PM one, have been adopted
also for the HTS machine design.

The design variables considered in the optimization of the Halbach-array machine
were the PM height, the stator inner diameter, and the stator back-iron thickness. After
the numerical optimization, a further refinement stage was carried out in order to obtain
dimensions compatible with a possible manufacturing process. Owing to the limited
number of optimization variables and to the preliminary analytical sizing used to restrict
the search space, the optimization converged in approximately 300 iterations. On the
other hand, for the superconducting EESM, the optimization has been oriented toward
minimizing the volume of SC material by adopting a different number of pole pairs
compared to the PM case, active length and stator inner diameter. Iterative analytical
computations provided a starting point for finite element simulations, which have been
used to refine the proposed machine design and ensure possible practical implementation
and manufacturing of the HTS coils.

To reduce the computational burden, only periodic portions of the two machines were
simulated by exploiting the geometrical and electromagnetic symmetries of the models.
All the reported results were obtained from transient electromagnetic analyses, rather than
multi-static simulations, in order to improve the accuracy of the loss estimation.

For the full finite element analyses, a refined discretization was adopted in the air-gap
region by imposing 1440 points along the air gap, with additional local refinement in the
magnet and conductor regions, which are the most critical areas for AC-loss estimation. A
coarser mesh was then employed for the generation of the efficiency and loss maps, while
maintaining the same discretization logic. In all cases, the maximum element size was
limited to 0.5 mm, and the mesh was automatically further refined whenever this threshold
was not satisfied.
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This methodology provides reliable numerical indicators for comparative purposes.
Although commercial software does not guarantee absolute accuracy, it is widely validated
and suitable for benchmarking studies. All the required input data were implemented in
the simulations, and a relatively fine mesh was adopted to achieve a complete machine
mapping within acceptable computational time. For all the comparison plots, the reported
difference is defined as:

A(-) = (*)sc — (*)Halbach )

Regarding the power electronics converters for the electric machine output, the similar
voltage and current levels of the stator windings between PM and HTS machines allow
using comparable power electronics components for the two case studies, thus enabling the
performance comparison. Additionally, for the HTS machine in the finite element environ-
ment, an ideal current source for the SC rotor winding has been considered, and the impact
of the current ripple on the performance of the superconductors has been disregarded.

4.1. Power Density Comparison

For the weight and power density calculation of the two machines, the total weight
includes stator copper insulation and also considers the empty spaces in the stator winding,
as well as their support for air-gap placement. Specifically for the superconducting EESM,
the weight of the cryogenic vessel has been included. The HTS coils support structures and
frames are not explicitly modeled at this stage, as their design is strongly dependent on
detailed mechanical implementation and manufacturing constraints, which are beyond the
scope of this study and would introduce uncertainty in the estimation [48]. Notably, the
impact of weight of the cryogenic system of the aircraft is also not taken into account [49].
Indeed, the cryogenic system (e.g., liquid nitrogen storage, distribution, and auxiliary
power) has not been included because the intended application assumes aircraft-level
integration of a shared cryogenic infrastructure [50]. In such configuration, the cryogenic
system weight cannot be uniquely attributed to the SC machine, and assigning its full mass
to the machine would not be representative.

For the volume, the external diameter is the same as the PM machine, but the length is
approximately 30%. The comparison is reported in Table 6.

Table 6. Comparison of weight and power density.

Parameter Value
Iron density 7700 kg/ m3
Copper density 8960 kg/m3
HTS density 8300 kg/m3
PM density 7500 kg/m3
Weights
Parameter SC Machine Halbach Machine
Iron weight 52.37 kg 51.43 kg
Copper weight 1512 kg 64.09 kg
HTS + cryostat 27.09 kg -
PM weight - 43.69 kg
Total weight 94.58 kg 159.21 kg
Volume 0.0116 m? 0.0372 m?
Densities
Parameter SC Machine Halbach Machine
Power-to-weight 42.29 kVA/kg 25.12 kVA/kg
Power-to-volume 344.8 MVA /m3 107.5 MVA /m?
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4.2. Efficiency Maps and Efficiency Difference Neglecting AC Losses

In the following subsections, the main performance parameters of the machines are
evaluated under two operating conditions: neglecting AC losses and accounting for them.
In the first case, a maximum stator current control strategy is adopted, whereas in the
second case, a maximum efficiency control strategy is implemented. In particular, when AC
losses are included, the control optimization is performed differently for the two solutions.
For the Halbach PM machine, different stator current control angles were investigated and,
at each operating point, the angle yielding the highest efficiency, i.e., the minimum total
losses at the required torque, was selected. For the HTS electrically excited synchronous
machine, the optimization was carried out jointly on the stator current control angle and on
the rotor field current in order to identify the combination that minimized the total losses.
This approach is required due to the significant contribution of AC losses, which would
otherwise lead to unsatisfactory efficiency levels over a wide portion of the operating range.
The adoption of different control strategies affects the distribution of the individual loss
components when AC losses are neglected or included. Figures 5 and 6 report the efficiency
maps of the Halbach array PM machine and the HTS electrically excited synchronous
machine neglecting the AC losses, respectively, while Figure 7 shows the corresponding
efficiency difference Ay. Both machines exhibit very high peak efficiencies; however, the
Halbach solution reaches a slightly higher maximum value (99.63%) compared to the HTS
machine (99.51%). Despite this, the HTS machine presents a wider high-efficiency region,
resulting in superior efficiency over a large portion of the operating map. Nevertheless,
operation with rated rotor current has been simulated for the superconducting EESM and
further increase in efficiency is expected if a maximum efficiency control strategy with
variable rotor current is implemented, which is anyway beyond the scope of the work.

In particular, the HTS generator provides higher efficiency around the most relevant
operating condition for the target application, i.e., the rated point at 15,000 rpm and 4 MVA.
The regions where the Halbach machine performs better are mainly located at medium-to-
low torque and medium-to-high speed, as clearly highlighted by the efficiency difference
map in Figure 7, where negative values indicate a local advantage of the Halbach solution.
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Figure 5. Efficiency map of the Halbach PM machine.
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Figure 6. Efficiency map of the HTS electrically excited synchronous machine.
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4.3. Total Loss Maps and Total Loss Difference Neglecting AC Losses

Although both machines achieve extremely high efficiency, it is still relevant to analyze
the absolute loss levels in the operating envelope. Figures 8 and 9 show the total losses
for the Halbach and HTS machines neglecting the AC losses, respectively, while Figure 10
reports the difference APjqgg tot-

The maximum total losses occur in the Halbach machine, reaching values in the order
of 37 kW at high torque and high speed. In contrast, the HTS machine exhibits a lower
maximum total loss, approximately 30 kW, under comparable operating conditions. Con-
sistently with the efficiency comparison, the total loss difference map highlights operating
regions where the Halbach solution becomes competitive, again mainly at medium-to-low
torque and medium-to-high speed, while the HTS machine shows a clear advantage in the
high-power region and around the rated operating point.
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4.4. DC Stator Copper (Joule) Losses Neglecting AC Losses

To provide additional insight, the two main loss components are analyzed separately,
the DC stator copper losses and the iron losses. Figures 11 and 12 report the stator copper
losses for the Halbach and HTS machines, respectively, while Figure 13 shows the copper
loss difference.

The stator copper losses are consistently higher in the Halbach machine. This behavior
can be explained by the fact that, despite the same current density being imposed, the
Halbach solution features a larger active length and therefore a higher phase resistance.
Moreover, the two machines exhibit similar torque-per-current characteristics, implying
comparable current levels at corresponding operating points and reinforcing that the
observed difference is primarily attributable to the different winding resistance rather than
to substantially different current demand.
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Figure 11. DC Stator copper (Joule) loss map of the Halbach PM machine.
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Figure 12. DC Stator copper (Joule) loss map of the HTS electrically excited synchronous machine.
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4.5. Iron Losses

Finally, the iron loss maps are reported in Figures 14 and 15, together with the differ-
ence map in Figure 16. The HTS machine was designed to achieve a significantly higher
air-gap flux density through the very high rotor excitation currents enabled by the SC tech-
nology. As a consequence, the magnetic flux density within the ferromagnetic shield /yoke
is higher than in the Halbach machine. This effect leads to increased core losses for the
HTS solution, even though the electrical frequency is lower due to the reduced pole num-
ber (both machines operate at the same mechanical speed, but the HTS design employs
fewer poles).

This outcome is also consistent with the geometrical design choices: the stator ferro-
magnetic ring (iron shield) of the HTS machine is visibly more substantial than that of the
permanent magnet machine, reflecting the need to manage the higher magnetic loading.
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Figure 14. Iron (core) loss map of the Halbach PM machine.
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Figure 15. Iron (core) loss map of the HTS electrically excited synchronous machine.
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4.6. Efficiency Maps and Efficiency Difference Including AC Losses

When AC losses are included, the control strategy shifts to different operating points
for the HTS electrically excited synchronous machine. In particular, the control adopts
a reduced rotor current in order to decrease the air-gap flux density. This adjustment is
required to mitigate the proximity effect in the stator windings and, consequently, to limit
the AC losses.

Figures 17 and 18 show the efficiency maps of the Halbach array PM machine and
the HTS electrically excited synchronous machine with AC losses included, respectively,
while Figure 19 reports the corresponding efficiency difference, Ar. When AC losses are
considered, the efficiency of both machines is significantly reduced due to their substantial
contribution. Under these conditions, the Halbach PM machine achieves the highest
efficiency, reaching 97.68% in the maximum torque and maximum speed region. While the
HTS electrically excited synchronous machine exhibits a peak efficiency of 97.1% in the
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medium-torque, medium-speed region. Compared with the previous analysis neglecting
AC losses, the overall behavior of the machines changes, highlighting the strong impact of
AC losses on efficiency evaluation, particularly for the HTS electrically excited synchronous
machine, which operates at higher air-gap flux density.

Thanks to the possibility of reducing the rotor current in the low-torque region, the
HTS machine achieves higher efficiency under those operating conditions, as shown in
Figure 19. In contrast, the Halbach PM machine provides higher efficiency in the high-
speed, high-torque region, especially at the rated operating point (15,000 rpm, 4 MVA),
which represents the most relevant condition for the target application.
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Figure 17. Efficiency map of the Halbach PM machine including AC losses.
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Figure 18. Efficiency map of the HTS electrically excited synchronous machine including AC losses.
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4.7. Total Loss Maps and Total Loss Difference Including AC Losses

Although both machines maintain a good efficiency when AC losses are included,
it remains essential to analyze the absolute loss levels over the operating envelope.
Figures 20 and 21 present the total losses of the Halbach PM machine and the HTS elec-
trically excited synchronous machine, respectively, with AC losses accounted for, while
Figure 22 reports the corresponding difference, AP tot-

When AC losses are considered, the maximum total loss is approximately four times
higher than in the case where AC losses are neglected, clearly demonstrating their impact
on machine performance. Indeed, the absence of magnetic stator teeth guiding the flux lines
leads to significantly increased AC losses in the stator copper windings. The highest total
losses are observed in the HTS electrically excited synchronous machine, reaching values
on the order of 160 kW in the high-torque, high-speed region. In contrast, the Halbach PM
machine exhibits a lower maximum total loss, approximately 110 kW, under comparable
operating conditions.

Consistently, with the efficiency analysis, the total loss difference map highlights
operating regions in which the Halbach solution becomes competitive, particularly in the
high-power region and around the rated operating point. While the HTS machine shows a
clear advantage mainly in the medium-to-low torque and medium-to-high speed regions,
owing to the possibility of reducing the air-gap flux density through rotor current control.
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Figure 20. Total loss map of the Halbach PM machine including AC losses.
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Figure 21. Total loss map of the HTS electrically excited synchronous machine including AC losses.
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4.8. DC Stator Copper (Joule) Losses Including AC Losses

Even when AC losses are included, further insight can be obtained by separately
analyzing the two dominant loss components, the DC and AC stator copper losses. Given
the significant contribution of copper losses under these conditions, the analysis of core
losses is neglected, as their impact becomes comparatively negligible.

Figures 23 and 24 show the DC stator copper losses of the Halbach PM machine and
the HTS electrically excited synchronous machine, respectively, while Figure 25 reports the
corresponding loss difference.

As in the previous subsection, the DC stator copper losses are generally higher in the
Halbach machine, owing to the same underlying reasons discussed earlier. However, a
specific operating region can be identified in the medium-torque, high-speed area, where
the DC stator copper losses are higher in the HTS electrically excited synchronous machine.
This behavior is directly related to the adopted control strategy. In order to maximize
efficiency, particularly by reducing AC losses, the optimal control requires a reduction in
rotor current, which in turn necessitates a higher stator current compared with the previous
operating condition. Consequently, the DC stator copper losses increase in this region.
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Figure 23. DC Stator copper (Joule) loss map of the Halbach PM machine including AC losses.

2500 36,000

31,500

2000

27,000~

W

o
22,5000
1]

Los

18,000

13,500

Shaft Torque (Nm)

Stator Coppe

9000

4500

2000 4000 6000 8000 10,000 12,000 14,000
Speed (rpm)

Figure 24. DC Stator copper (Joule) loss map of the HTS electrically excited synchronous machine.
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4.9. AC Stator Copper (Joule) Losses

The effects described above are illustrated in Figures 26-28, which present the AC sta-
tor copper losses of the Halbach PM machine and the HTS electrically excited synchronous
machine, as well as their corresponding difference, respectively.

The AC-loss mapping was performed by means of a hybrid model calibrated against
a full-FEA model at four representative operating points: maximum speed and maximum
torque, maximum speed and 50% torque, 50% speed and 75% torque, and 50% speed and
25% torque. The calibration procedure showed that a single adjustment coefficient could
guarantee a maximum deviation of about 10% on these four points with respect to the
full-FEA results. However, for the final map generation a more practical calibration choice
was adopted, prioritizing the reduction of the error at the maximum-speed, maximum-
torque point, which is also the design point and the most significant operating condition
for the present comparison. This choice led to larger errors at the other calibration points,
but it enabled a substantial reduction in the computational burden associated with full-
FEA simulations while maximizing the reliability of the most relevant comparison point.
End-winding AC effects were not included in the adopted AC-loss model.

The significant impact of AC losses on overall machine performance is clearly evident,
particularly for the HTS electrically excited synchronous machine. In this case, the maxi-
mum AC stator copper losses reach approximately 130 kW, a value considerably higher
than the total losses computed when AC losses are neglected. The impact is lower in
the Halbach PM machine; however, it remains relevant and contributes noticeably to the
overall efficiency reduction.

The capability of superconducting excitation systems to achieve higher air-gap flux
density enables a potential reduction in machine dimensions. Nevertheless, careful design
considerations aimed at minimizing stator copper AC losses are essential. Otherwise, the
increased AC losses may become critical, not only in terms of efficiency degradation but
also with respect to the requirements and constraints of the cooling system.
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Figure 26. AC Stator copper (Joule) loss map of the Halbach PM machine including AC losses.
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Figure 27. AC Stator copper (Joule) loss map of the HTS electrically excited synchronous machine.
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5. Conclusions

This article presented a comparative electromagnetic and performance assessment of
two air-core, fault tolerant synchronous generators intended for high-power HE aircraft.
A Halbach array PM synchronous generator constitutes the baseline design for a 4 MVA,
15,000 rpm application as representative of an already technologically mature solution.
As a potential alternative, an electrically excited synchronous machine with HTS rotor
winding is investigated, to increase the magnetic loading and reduce the active mass and
volume. Both machines are equipped with a double three-phase stator winding to enhance
redundancy and operational safety, and share the same stator cooling systems, ensuring
the same electrical loading and a meaningful comparison. In addition, both machines have
been analyzed within a consistent commercial simulation environment to generate the loss
and efficiency maps and the performance indicators.

Neglecting the auxiliary subsystems (e.g., cooling and cryogenic apparatus), the HTS
electrically excited synchronous machine demonstrates overall superior performance in
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the high-power operating region, exhibiting lower total losses and a wider high-efficiency
area compared to the Halbach array PM generator. Moreover, the HTS solution is lighter
and more compact in terms of active parts, which represents a key advantage for aircraft
applications, and presents intrinsic safety features relating to the controllability of the
excitation current. A preliminary consideration of the cryogenic system also suggests that
even when accounting for the additional mass associated with superconducting operation,
the overall system mass can remain competitive with the permanent magnet solution.
Furthermore, the lower electrical frequency of the HTS machine related to the low pole
count simplifies the requirements on the power electronics, which is beneficial given
the high current levels involved in megawatt-class aircraft generators. Nevertheless, the
introduction of the SC technology in next-generation HE aircraft still requires significant
advancements in the integration of cryogenic fluids in onboard systems, highlighting the
maturity and commercialization advantage of the PM solution.
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