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Abstract: Permanent magnet synchronous machines (PMSMs) have been widely used in various
applications such as robotics, electric vehicles, and aerospace due to their fast dynamic response,
high-power/torque density, and high efficiency. These features make them attractive candidates for
aeronautical applications, where the weight and volume of onboard systems are critically important.
This paper aims to provide an overview of recent developments in PMSMs. Key design considera-
tions for aeronautical PMSMs across different applications are highlighted based on the analysis of
industrial cases and research literature. Additionally, emerging techniques that are vital in enhancing
the performance of aeronautical PMSMs are discussed.

Keywords: permanent magnet synchronous machine; more electric aircraft; aeronautic; electromagnetic
materials; addictive manufacturing; thermal management

1. Introduction

Electric power has been used in aircraft since the first ever powered flight made by the
Wright brothers where electrical power is used to ignite the engine [1]. With the develop-
ment of power electronic devices and new control techniques, more electrical subsystems
dedicated to flight control and the well-being of passengers and cargo are integrated into
the aircraft [2]. Furthermore, the trend of replacing hydraulically, pneumatically, and
mechanically powered subsystems with electrically driven systems has become popular
due to the potential for reducing overall weight, maintenance cost, carbon emissions, and
increasing fuel economy. This concept termed “More Electric Aircraft” (MEA) brings more
opportunities as well as challenges to electric machine systems.

A typical architecture of MEA is shown in Figure 1. As shown by the figure, electric
machines perform various functions. Mostly, they serve as a motor to drive a load such
as the hydraulic pump, the high-speed compressor, and even the main jet engine before
it reaches self-sustainable speed. Some, as indicated in the figure are used as generators
powered by turbines such as the ram air turbine, the engine, and the auxiliary power unit
(APU) gas turbine. It can be concluded that electric machines are playing a very important
role in more MEAs.

As a result of the new developing trend of MEA, both the onboard power demand and
the capacity of the generator have been increasing rapidly from several hundred kilovolt-
ampere before World War II to megavolt-ampere over the last several decades. An example
of the typical power requirements of the aircraft subsystems is shown in Table 1 to give a
quantitative view of the electrical power demands in modern MEA. Another example is the
APU in modern MEA which can be designed to produce up to 450 kVA of electricity. In the
future, considering the implementation of other more power-consuming loads such as laser
weapons, the power capacity on an aircraft is predicted to exceed 10 megavolt-amperes.
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Table 1. Subsystem power exemplar requirements [3].

Subsystem Commercial Aircraft

Flight Control 80 kW
Fuel Pumps 10 kW
Environmental Control System 400 kW
Avionics 10 kW
Payloads/Passenger 40 kW
Misc subsystem 310 kW
Total 850 kW
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Figure 1. The No-bleed architecture of the MEA Boeing 787 Dreamliner [4].

Increased power capacity will inevitably increase the overall weight and volume of the
aircraft power system due to both the increased sizes of the electric machines and drives,
and the increased cross-section of the power transmission lines. This increased weight will
lead to a significant increase in fuel consumption since they will be carried on the aircraft
during the flight even if the machines are not working. So the top priority is to make sure
that these electrical components are compact and light enough to overcome the negative
effect of the additional weight and volume introduced by themselves while producing
enough amount of power efficiently.

Yet by far, the propulsion power of the commercial airliners comes mainly from fuel-
powered jet engines. The combustion of engine fuels not only brings greenhouse gas
emissions but also changes the upper atmosphere. According to a report published by the
Intergovernmental Panel on Climate Change in 1999 [5], the aviation industry presents
potentially significant and increasing forcing of climate change which can be devastating to
the ecosystems.

Improving the efficiency of jet engines and finally getting rid of the engine fuel is the
major obstacle to achieving the ultimate goal of net zero-carbon emission. Therefore using
electric motors to provide thrust force for the aircraft has drawn more and more attention
despite many challenges such as the high specific power requirement (about 2~4 kW /kg or
higher for civil turbofan engines [6]) and the high specific energy requirement for energy
storage system (jet fuel has a specific energy of 43 MJ/kg which is 30-40 times greater
than that of the best batteries available [7]). Some attempts have already been made to
demonstrate the great potential of using electric machines to provide thrust force for aircraft
first on unmanned vehicles. In the late 1970s and early 1980s, the AeroVironment developed
a solar-powered unmanned aircraft named Pathfinder. Six electric motors, each capable
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of producing 1.5 kW power are installed to spin the propellers which are powered by
solar arrays.

In 2014, Airbus revealed an all-electric aircraft (AEA) with two seats named E-fan
which is shown in Figure 2 at the Berlin Air Show. The aircraft is equipped with two ducted
fans powered by two electric motors, each providing 30 kW of power. Electricity is stored
with a series of 250 V lithium-ion polymer battery packs which enables the aircraft to fly
for an hour. The specific power of the is around 2.5 kW /kg and the overall efficiency is
approximately 94% at the rated speed of 2500 r/min [8].

Figure 2. E-fan developed by Airbus.

Both of the aircraft mentioned above adopted the all-electric configuration as described
in Figure 3. However, due to the limited specific energy of the battery pack, such a
configuration becomes impossible for commercial airliners and military aircraft where a
longer flight duration is needed. According to a study carried out by engineers from Pratt
& Whitney, the state-of-the-art (SOA) battery energy density is still too far from practical
use even when the specific power of the electrical system (including the cable, cooling,
electric machines, power electronic devices, and other additional components) increases to
12 kW /kg for single-aisle airliners. Such difficulty can also be concluded
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Figure 3. Classification of aircraft electric propulsion architectures [4].

Therefore just like what has been practiced in the car industry, many other alternative
schemes that incorporate the high specific power fuel powered system with the highly
efficient electric propulsion systems as shown in Figure 3 have been explored. As shown in
Figure 3, except for the parallel hybrid electric propulsion configuration, the thrust force
comes solely or partially from motor-driven fans in hybrid propulsion systems. In other
cases where turbofan engines are used, the jet engine can also provide a certain amount
of thrust force for the aircraft. Among all the hybrid configurations, all turboelectric and
partially turboelectric configurations have been viewed as the most promising approach to
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reducing carbon emissions of commercial airliners at present mainly due to the possibility of
minimizing or even eliminating the weight of battery and fuel cells [9]. In the turboelectric
configurations, the battery packs are freed from the responsibility of providing the major
power to the propulsion motors and are used as power buffers only therefore their weight
can be reduced. Combined with boundary layer ingestion (BLI) techniques and distributed
propulsion configuration where multiple electric drive units are used, fuel consumption is
expected to be reduced by 20% [10].

NASA developed a Single-aisle Turboelectric Aircraft with a rear Boundary-Layer
propulsor or “STARC-ABL” which adopted the partially turboelectric configuration in
2017. Two generators are attached to the two turbo-fan engines with reduced size to power
the additional fan at the rear of the aircraft. The specific power of the electric machines is
approximately 13.15 kW /kg and that of the inverter is higher than 16.4 kW /kg. 1000 Volt
high voltage electric system is used to reduce the weight of the electricity distribution
system and the transmission loss when supplying power from the two 1.4 MW generators
to the 2.6 MW rear motor [11]. With this hybrid electric configuration, fuel consumption is
predicted to be reduced by 10%.

In 2022, Honeywell tested a turbo-generator capable of producing 900 kW of electricity
continuously and 1 MW at peak. The overall weight of the generators is 127 kg featuring a
high-power density (~8 kW /kg) and efficiency (~97%) and is merely 60 x 35.6 cm in size.
The generator can either be integrated into the current APU system to reduce the weight of
the unit or to provide power for multiple traction motors.

In 2023, researchers from MIT unveiled a megawatt-class motor drive demonstrator
which is believed as a key enabler for large-scale aircraft to achieve net-zero emission goals.
The motor drive is shown in Figure 4 featuring the integration between the high-speed
permanent magnet synchronous machine (PMSM) and the power electronics by which a
shared cooling system is enabled. With all the components including the cooling system,
the specific power of the motor drive is estimated at 10.5 kW /kg [12].

Integrated Power
Electronics

Outer Rotor
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Figure 4. Full-scale 1 MW motor drive demonstrator for turbo-electric propulsion developed by
MIT [12].

A bolder solution to overcome the insufficient battery energy density while satisfying
the net zero carbon emission goal is to take advantage of the liquid hydrogen (LH;) due to
its attractive gravimetric energy density (143 M]J/kg, which is over three times that of jet
fuel) and the zero CO, emission characteristic during the flight [13]. Hydrogen can be used
either in fuel cells or in turbine engines to replace fossil fuels.

Some modifications have been made to the jet engine system to allow the effective
combustion of hydrogen and control the flaming temperature to avoid NOx emissions [14].
The first successful experimental demonstration of using liquid hydrogen as fuel in the
turbofan engine was made by the Tupolev on Tu-155 in 1988 [15]. Later during 1995-2000,
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Lockheed carried out a study to evaluate the possibility of using LH, considering factors
such as the airport requirement, the distribution and transport of LHj, the storage approach,
and the liquefaction process. It is concluded that using LHj as aviation fuel is feasible with
more advancements made to reduce the cost and the risk during the entire lifecycle [16].
According to [17], polymer electrolyte membrane fuel cells (PEMFC) have the highest power
density compared with other types of fuel cells. The LH; stored in the cryogenic hydrogen
tank and oxygen in the air are combined electrochemically across a membrane that only
conducts protons. Meanwhile, the electrons that break off from the hydrogen molecule will
flow through the external circuit, supplying electricity to the motor drive unit [18]. During
the process, electricity, water, and heat are generated. The overall energy efficiency of
PEMFC can be as high as 45~60% which can be further increased when the wasted heat can
be effectively recovered [19]. Despite the attractive advantages, both solutions mentioned
above face mutual challenges, including the cost-effective production and liquefaction of
hydrogen, safely storing and transporting hydrogen without significantly increasing the
weight and drag force of the aircraft, and reducing CO; emissions during the production,
transport, and liquefaction processes.

In summary, electric motor and generator systems are essential in aircraft regardless of
the specific aircraft configuration. Considering both the MEA and AEA trends, the functions
of electric machines include driving actuators, fuel pumps, high-speed compressors, acting
as starters/generators attached to gas turbine engines, and driving propeller fans. While the
focus and design priorities of electric machines vary depending on the specific application,
systems with higher power/torque density, greater efficiency, improved fault-tolerant
capability, and enhanced robustness in harsh environments are consistently sought after
across all aeronautic applications.

In the following context, the most viable technological approaches towards the devel-
opment of more/all-electric commercial airliners, which are considered one of the most
significant contributors to greenhouse gas emissions, are discussed from the perspective of
electric machine design. The important roles and targeting applications of electric machines
in the aeronautic field are highlighted in Section 1. A brief introduction and character-
ization of the permanent magnet (PM) machines is provided in Section 2. In Section 3,
key design considerations of PMSM design for different functions are discussed. Next, in
Section 4, advanced and promising techniques to improve the performance of aeronautic
PM machines are discussed and reviewed.

2. Characteristics and Topologies of PM Machines

Due to the special working conditions of aeronautic applications, reducing the weight
and the volume of the electric drive system has always been a necessity to save more energy.
Among various electric machine topologies, machines with permanent magnets therefore
are preferred in most aeronautical motoring situations due to the following reasons:

First of all, the implementation of high-product energy PMs allows for low excitation
loss compared with electrically excited counterparts [20] such as induction machines,
wound rotor machines and switch reluctance machines. This feature not only improves
the overall efficiency but also simplifies the thermal management of the system because
excitation winding overheat will no longer be a risk.

Secondly, the PMs can generate a strong excitation field within a limited volume
and weight, making it possible to provide sufficient torque under strict weight and space
limitations [21,22].

Lastly, adopting PMs in electric machines can eliminate the conventional carbon
brush and commutator structure which is mechanically unstable when exposed to an
environment where significant temperature variation and strong vibration [23]. Both
the maintenance cost and the sparking risk [24] can be reduced when sliding contact
components are eliminated.

Based on the back electromotive force (back-EMF) waveform of the permanent magnet
machines, they can be categorized as PM sinusoidal AC machines and PM trapezoidal AC
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machines as stated in [25]. Typically, PM sinusoidal AC machines are preferable in high-
performance motoring applications since smooth torque can be generated when current
harmonics are well-filtered. To generate sinusoidal phase current, pulse-wise modulation is
needed where both accurate phase current sensors and a continuous high-resolution rotor
position sensor are required to achieve the ideal smooth output torque performance. As
a result, the electronic switches of the drive will have to turn on and off multiple times
within one electrical period. The switching-to-fundamental frequency ratio should be high
enough (typically should be higher than 10) to maintain a low current ripple at the cost
of increased switching losses. On the contrary, the PM trapezoidal AC machines are less
sensitive to the resolution of the rotor position sensor and only one current feedback sensor
is needed since quasi-square-wave currents are employed. Therefore both the cost and
the switching losses of the motor drive can be reduced. However, due to the higher flux
density harmonic contents in the air gap, high core losses are expected when the rotating
speed is high which can cancel the advantage of lower switching losses. Furthermore, the
large commutation torque fluctuation of PM trapezoidal AC machines can cause higher
noise and vibration when they are operating within a wide speed range.

Many PM synchronous machines (PMSM) topologies are designed to modify the flux
density and the back electromotive force (back-EMF) waveforms as was partly shown in
Figure 5. Arrows are used in the figure to indicate the magnetization direction. Depending
on where the magnets are located, there are typically three types of PM machines, namely
the interior type, the insert type, and the surface type. The rotor with PM can be either on
the outer side of the machine or the inner side or as in some cases, the rotor with PM and
the stator are unrolled and arranged in parallel, the construction remains almost the same
as indicated in Figure 5d.

() (8) (h) () (1)

Figure 5. Different PMSM topologies (a) interior PM (b) PM-assisted synchronous reluctance (c) inte-
rior PM outer rotor (OR) (d) surface-mounted PM linear (e) surface-mounted PM (f) surface-inset PM
(g) surface-mounted Halbach PM array (h) surface-mounted PM OR (i) consequent pole surface-inset
PM (j) surface-mounted PM axial flux.

In interior permanent magnet (IPM) machines, the PMs are installed in pockets within
the rotor laminations. In this case, the reluctance torque caused by these pockets in the
rotor laminations, along with the PM torque generated by the PM field, are responsible for
torque production. When the magnet pieces are partially removed from the IPM machines
as shown in Figure 5b, the contribution of reluctance torque to the overall torque further
increases, leading to the possibility of saving more PM materials and better flux weakening
ability. For this reason, the IPM and PM-assisted synchronous reluctance machines have
become very popular in many civil applications that are sensitive to cost such as electric
vehicles [26-28], home appliances [29,30], etc.
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However, since the PMs are buried inside the magnetic steels, it is crucial to maintain
a short air gap length to limit the stray PM flux. The lower airgap length makes the
machine more sensitive to eccentricity and core saturation due to armature reaction which
can lead to high torque ripple, making them less attractive in aeronautical applications.
The nonlinearity behavior caused by the saturation effect increases the complexity of
motor control as well since the optimal d- and g-axis current are closely dependent on the
operating condition. Another disadvantage is that the thin magnetic bridge aiming to limit
PM leakage flux on the rotor lamination cannot withstand high mechanical stress, making
the maximum rotor linear velocity difficult to exceed 160 m/s, as indicated in Figure 6.
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Figure 6. Maximum rotor linear velocity of PM motors for electric vehicles [31—40].

A comparison between various PMSM topologies is presented in Table 2. The surface-
mounted permanent magnet (SPM) machines and surface-inset permanent magnet (SIPM)
machines are very similar, both of which feature PMs that are exposed to the air gap and
a retaining sleeve for the protection of magnets. The main difference is that the PMs in
SIPM machines are installed in the notches on the outer surface of the rotor laminations
rather than directly attached to the outer surface of the rotor, making it possible for them to
utilize the reluctance torque just like the IPM machine did. However, due to the existence
of a non-magnetic rotor sleeve, the contribution of reluctance torque to the total torque will
be reduced.

Reducing the pole-arc length of the magnets in SIPM machines shown in Figure 5f
and keeping all the PMs magnetized uniformly either inward or outward, a SIPM machine
with the consequent pole is constructed. As indicated in Figure 5i, the consequent pole PM
machine reduces the PM usage by half by using the inter-PM rotor iron as the equivalent
magnet pole (south pole in Figure 5i). However, due to the artificial magnet pole, significant
flux density harmonics (including even order harmonics) will be generated leading to
higher core losses, torque ripple, and lower torque density.

The SPM machines have become more popular in aeronautic applications rather than
IPM machines for several reasons:

1. Capability of operating at high speed with the help of high-strength retaining sleeves
which enables them to be directly coupled to high-speed turbines and compressors.

2. Higher power density and faster dynamic response can be achieved when more PM
materials are used [41,42] since the cost of magnets is not the priority in aeronautic
applications [43]. When an optimized coreless Halbach array rotor is used, intensified
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air gap flux density [44], reduced rotor yoke thickness, and low flux harmonics can be
achieved simultaneously.

3. Alower torque ripple can be expected [45] since SPM machines are less sensitive to
the slotting effect and saturation caused by the armature reaction.

Table 2. Comparison of different PMSM topologies.

Reluctance Torque Inter-Pole Airgap
PMSM Topology Key Features Contribution Flux Leakage Flux Harmonic
Interior PM Thin magnetic bridges High Low Low
PM-assisted synchronous reluctance Low PM usage Very High Low Low
Surface-mounted PM Thick retaining sleeve None Low Medium
Surface-inset PM Rotor slot for magnets Medium High Medium
Surface-mounted Halbach PM array Multlpl;elzl\é[osiigments None Low Very low
Consequent pole Asymmetrical poles * Low Very high

* Consequent pole PMSM can be either interior type, surface-mounted type, or surface-inset type; therefore, the
contribution of reluctance torque will be dependent on the specific configuration.

Although the radial-flux machines have dominant popularity, axial flux machines as
shown in Figure 5j have received growing attention recently due to their high volumetric
torque density when operating speed [46] and low diameter-to-axial-length ratio (less than
0.3) is low [47]. These features make them an attractive candidate for low-speed aircraft
applications such as direct-drive electric propulsors. However, the axial force increases
can drastically increase due to nonuniform airgap length caused by eccentricity, vibration,
and thermal expansions [48] which increases the risk of mechanical failure such as bearing
fault. Additionally, they are more difficult to manufacture with conventional techniques
especially when complex sandwich structures are adopted [49]. Many research efforts have
therefore been conducted to reduce the fabrication complexity and improve the mechanical
reliability of axial-flux machines, which will be discussed later.

So far, aeronautic PM synchronous machines have mostly been used as motors and
are seldom used as generators mainly due to the difficulty in adjusting the powerful PM
field. Unlike in motoring mode, the power source which is often the engine shaft cannot
be immediately shut down when in power generation mode. This can bring the risk of
severe overheating and destruction to not only the machine system itself but also the entire
onboard electrical system when a short-circuit fault occurs. To incorporate the benefit of
a brushless PM machine and avoid the aforementioned risks, many other PM machines
featuring both PM excitation and electrical excitation have been explored.

An additional axial flux generated by the DC field winding in the end plate is intro-
duced in [50] as a controlled flux shunt, enabling the regulation of flux in the radial air
gap. The configuration of the flux paths are presented in Figure 7 in which the yellow
block indicate the magnet. During the experimental tests, the air gap flux density was
successfully regulated within a range of 0.21 T to 0.86 T, demonstrating the feasibility of
maintaining a steady output voltage across a wide range of speeds and load variations.

In [51], different hybrid-excitation machine topologies are compared. These topologies
can be mainly categorized as serial hybrid and parallel hybrid. It is concluded that the
serial type has weaker flux regulation ability due to the additional air gap introduced by
the magnets. Detailed discussion about the design considerations are presented in [52].
With proper selection of the length combination of the PM section and the wound field
section, a constant voltage can be obtained utilizing the bi-directional adjusting capability
enabled by the DC field windings. In the event of a short circuit fault, the DC field current
can be adjusted to counteract the flux generated by the PMs, effectively limiting the short
circuit current in the armature.
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—Radial flux path
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Figure 7. Radial-axial magnetic flux path in hybrid excited PM machine [50].

Similarly in [53], a hybrid-excitation flux switching (HEFS) DC generator is designed.
The no-load flux is created on the stator side by both the PMs and excitation coils. The
magnetic flux generated by these two sources is connected in parallel, the intensity of
the air gap flux can then be easily regulated when the engine shaft speed changes by
adjusting the DC that flows in the excitation coils. Since no further regulation is needed to
maintain a constant voltage, a reliable diode bridge rectifier will be sufficient. Compared
with conventional flux-switching machines, the magnets in HEFS are shorter, leaving room
for excitation coils [54]. This parallel excitation configuration is preferable compared with
the serial excitation type not only because of the increased flux regulation capability but
also due to reduced demagnetization risks since flux generated by excitation coils does not
directly go through the PMs.

All the hybrid-excited machines mentioned above adopted the doubly salient structure
to achieve brushless excitation. Since both windings and PMs are located on the stator,
it is easier to dissipate the heat of these parts. The introduction of excitation coils and
the weakened role of the PMs increases the flexibility of voltage regulation over a wide-
speed range which can be attractive in onboard generation applications. However, the
high torque and speed fluctuation due to the salient pole structure and core saturation
limited their application in motor applications [55]. The additional DC power source and
regulator further reduce the overall power density. The excitation coils not only increase
the overall copper loss but also complicate the generator system leading to a potentially
higher possibility of fault.

3. Key Design Considerations of PM Machines in Aeronautics Application
3.1. Actuators

Using electric motor-driven actuators to replace conventional hydraulic and pneumatic
actuators can get rid of the heavy fluid transmission system that extracts power from the
engine [56]. As a result, both the maintenance cost and the weight of the power transmission
system (pipelines, ducts, and heat exchangers) can be reduced. Meanwhile, the energy
efficiency of the aircraft will be increased thanks to the high-efficiency electric drive system
(typically above 95%). Currently, electro-hydraulic actuators (EHA) are preferable to electro-
mechanical actuators (EMA) mainly due to the risk of mechanical jamming of the gearbox
or ball screw as indicated in Figure 8. But EMAs make it possible to delete the hydraulic
pump therefore less maintenance and weight can be achieved [57]. Nevertheless, although
the power ratings and load profiles of different actuators are very different depending on
the function and the aircraft [58], there are still some common design principles that need
to be followed.

Actuators on aircraft are often used in some of the most critical situations such as
adjusting the flight surface, the landing gears, and cargo doors. Therefore it is important
that these electric motors can respond to the command signal rapidly and can be controlled
with satisfying precision. Additionally, they are often installed within very limited space
where extreme temperatures and strong vibrations can occur. The working temperature
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mostly varies from —40 to 77 °C [59], in special occasions where the actuator is used in an
engine, the working temperature can reach 125 °C [8].

Electromechanical Actuators
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Figure 8. Structure of electric-driven actuators (a) EHA [60] (b) EMA [57].

Therefore, the focus of designing the electric motor implemented in electric-driven
actuators for aircraft should be to improve the response speed and fault tolerance ability,
decrease the torque ripple, and improve the torque density and overall efficiency [61].

In [62], a PM brushless motor is selected as the driving machine in an electro-mechanical
actuation system. Two different machine configurations: 3-phase, 6-pole, 9-slot, and
6-phase, 10-pole, 12-slot are considered and compared. It is found that using cobalt steel
instead of silicon steel can effectively improve power density and reduce rotor inertia. An-
other approach to decrease rotor inertia is to increase the operating speed of the motor. As
the motor speed increases (typically from 1500 to 15,000 r/min) [63], the volume of copper,
magnets, and laminations will decrease. However, in the actuation system, the performance
relies not only on the dynamic response of the motor but also on other mechanical and
hydraulic components. Therefore the motor speed and the gear ratio of the reducer should
all be taken into consideration when designing an electric motor-driven actuator [64,65].
But from the standpoint of eliminating mechanical jamming faults, the direct drive solution
with optimized motor configurations seems to be more advantageous due to the flexibility
of motor optimization [66]. Also to reduce the risk of failure, samarium cobalt magnets are
often used due to their thermal compatibility and low temperature coefficients. It is found
in [67] that the back-EMF reduces only by 2.57% when the temperature increases from
20 °C to 150 °C which can easily be compensated by slightly increasing the phase current.

To further improve the stability and reliability of the machine, the fractional slot
concentrated winding (FSCW) configuration with multi-phases has become a popular
option. FSCW can effectively reduce the height of end windings which is beneficial to
loss reduction and compactness of the system. In [68], a FSCW five-phase PM machine
is designed for aircraft flap actuation. Since it is emphasized that these machines must
operate safely even when phase winding-related faults occur, single-layer windings are
adopted to prevent windings belonging to different phases from overlapping [69]. Thermal
isolation and low mutual inductance can be achieved as well [70,71]. The experimental
results demonstrate the capability of producing rated torque when one or two phases are
out of function by increasing the phase current of the healthy phase.

3.2. Fuel Pumps

Similar to the actuator application, electric motors used to drive the fuel pump are also
expected to continue to provide rated torque in case of single-event machine failure [72] so
that the engine can continue to operate. In [73], a detailed introduction and rotor losses
analysis of a four-phase single-layer FSCW motor is presented. Surface-mounted Halbach
PM array is implemented to minimize the magnetic flux density harmonics in the airgap.
Still, the PM and sleeve eddy current losses are identified as one of the most dominant
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losses in the machine due to the abundant magnetomotive force harmonics inherited by the
FSCW machines. Measurements such as asymmetrical tooth design and modifying airgap
length have been considered to tackle this problem. Regarding copper losses, Litz wire can
be used to mitigate the AC effect, allowing for an increase in the fundamental frequency
without raising the risk of thermal failure in the insulation. To further improve the fault-
tolerant capability of the pump-driven motor, the dual-winding six-phase configuration is
adopted in [74]. In the event of an open circuit fault or short circuit fault in phase windings,
the faulty channel will be removed and the healthy channel will increase its power to
compensate for the power loss. Despite the increased post-fault operating capability, the
system’s power density is compromised as a trade-off.

One good compromise between the system power density and the post-fault operating
capability would be to increase the thermal performance of each channel rather than
adding redundant channels. Unlike those used in actuators that only work at command,
the pump-driven motor works during the entire flight, therefore the thermal management
is of greater importance.

Since the aircraft fuel is quite accessible for pump-driven motors, it can be considered
an ideal cooling agent. In [75], the entire motor is immersed in fuel for cooling purposes to
increase the available current density. Experimental test results show that the immersed
liquid cooling configuration can effectively ensure a modest temperature rise even under
faulted conditions. Liquid cooling ducts have been integrated into the stator yoke, stator
slot openings, between the flat wires in the slot, and along the outer radius of the stator core
to further enhance heat dissipation capabilities [76]. With the enhanced configuration, the
temperatures of critical components, including the windings and magnets, are effectively
maintained within their thermal limits.

3.3. High-Speed Air Compressor

Unlike pumps and actuators, the speed requirements of motors for air compressors are
much higher to enable a direct coupling scheme. For example, the PMSM used to provide
pressurized cabin air in Boeing-787 operates at 22,000~44,000 r/min with a rated power of
100 kW (rotor surface speed exceeds 144 m/s). The maximum speed of the 40 kW motor
used in the nitrogen generation system can even reach 80,000 r/min. Besides the fault-
tolerant capability, high power density, and low loss requirement, rotor mechanical strength
and critical speed evaluation have become the most important design considerations of
aeronautic high-speed motors.

As explained earlier, SPM machines are considered to be more suitable than their
IPM counterparts. However, the thickness of retaining sleeves requires careful inspections.
Thinner sleeves lead to higher torque and the potential of reducing rotor eddy current losses,
yet might compromise the mechanical strength of the rotor due to the high centrifugal force
at high speed. The sleeve can be either made of metallic alloy or carbon fiber. Metallic alloy
generally has higher electric conductivity and thermal conductivity meaning that higher
eddy current losses and better rotor heat dissipation capability can be expected. Generally,
carbon fiber materials have much higher strength in the circumferential direction and lower
mass density than most metallic materials [77-79] meaning that the sleeve thickness at
a given condition can be minimized when a carbon fiber sleeve is adopted. As a result,
the power density and the dynamic response of the high-speed motor can be enhanced.
However, the carbon fiber has low strength in the radial direction which can be dangerous
when local bending stress caused by magnet segmentation is considered [80,81]. Therefore
materials that can withstand high bending stress such as glass fiber [80] and Ti-Alloy [82]
can be used at the inner surface to protect the carbon fiber sleeve.

Apart from the mechanical aspect, rotor loss is another key issue in high-speed PMSMs
for compressor-driven applications since air cooling is preferred instead of liquid cooling
to prevent liquid leakage and complex cooling design. As demonstrated by the comparison
in [83], although carbon fiber sleeve reduces the sleeve eddy current, the overall rotor
eddy current losses get higher than those adopting metallic sleeves. This is because the
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eddy current in metallic sleeves shields the airgap magnetic flux from entering PMs and
rotor cores, leading to loss reduction within these components. A contradictory result is
provided in [84] showing that a rotor with a carbon fiber sleeve exhibits less eddy current
loss compared with the case where a stainless steel sleeve is used. Such difference can be
explained by the different airgap flux harmonic compositions since the penetration depth
of each flux harmonic is influenced by the operating speed, and the spatial and temporal
order of the airgap flux harmonic [85,86]. Therefore, the optimal sleeve configuration is
case-dependent. Since in-shaft liquid cooling is not available in this application, adopting a
metallic sleeve or carbon fiber sleeve with metal shields [87] to concentrate the rotor eddy
current loss to the rotor surface is a more reasonable design to make it easier to dissipate
heat in the rotor. Combined with other techniques such as magnet segmentation [88-90]
and stator slot optimization [91], the rotor losses can be further reduced to ensure the safety
of the magnets.

The critical speed is another limiting factor in high-speed PMSMs. To avoid undesired
rotor resonance completely, the first-order critical speed of the rotor should be kept at least
10% higher than the maximum operating speed [92]. This can be achieved by increasing the
bearing stiffness, limiting the axial length of the end-windings, increasing the shaft stiffness
by implementing new materials or increasing shaft diameter, reducing the additional mass
by adopting PMs with higher remanence, etc. Besides, high-precision rotor balancing is
also necessary to minimize the impact of the rotor resonance. As for the bearings, since no
liquid cooling is allowed, non-contacting magnetic bearings [93] and airfoil bearings [94]
are more suitable choices due to merits such as longevity and low friction loss instead of
liquid lubricated mechanical bearings [95]. It should be mentioned that a longer airgap
length is preferred when non-contacting bearings are used to prevent vibration and rotor
displacement from causing severe mechanical damage. Finally, it should be emphasized
that the rotor design of PMSMs for this application is a multi-physics optimization problem
including electromagnetic analysis, thermal analysis, mechanical analysis, and modal
analysis [96,97]. More effective design approaches must be explored to better facilitate the
optimization of the motor [98-100].

3.4. Engine Starter and Power Generation

Although much research has been carried out to explore the possibility of implement-
ing the PM starter-generator (PMSG) in the aircraft generation system, the three-stage
wound-field synchronous machines shown in Figure 9 are still the dominant machine
types in this application. Rotors of each stage are installed in one common shaft which
is connected to the engine shaft through an accessory gearbox as indicated in Figure 10.
When it is operating in generation mode, the rotating magnets will cause three-phase AC in
the stator windings of the PM generator (PMG) which will then be rectified to controllable
a DC. The DC is then supplied to the stator winding of the main exciter (ME). The induced
AC on the rotor coils of ME is rectified to DC by the rotating rectifier and then serves as
the field current of the main generator. Although power generation is the major function
of the machine, utilizing it to drive the engine shaft to a required speed instead of relying
on external compressed air suppliers can be seen as a crucial improvement to simplify the
operation of the aircraft. When trying to start the engine, the PMG is open-circuited. AC
is fed to the stator windings of ME which will then induce current on the rotor windings
of ME. Then, the rotating rectifier will convert the AC to DC to excite the main generator.
Once varying frequency AC is fed to the stator windings of the main generator, starting
torque can be generated and now the machine will be working in motoring mode [101].

According to the descriptions above, the main limitation of this three-stage SG can be
concluded as follows:

e The rotating rectifier is unable to withstand the centrifugal force caused by high
rotating speed, prohibiting the SG from direct coupling to the engine shaft.

e  The complex control strategies and the additional AC power sources needed during the
starting mode increase the risk of electrical fault and reduce the overall compactness.



Energies 2024, 17, 6199

13 of 35

e  Windings and rotating rectifier on the rotor lead to significant rotor losses which can
be difficult to dissipate, posing as a major threat to the operating safety [102].

PMSGs featuring negligible rotor losses on the other hand can operate at high speed
and produce higher power within in confined volume, showing promising potential for
replacing the three-stage SGs. Furthermore, attaching the PMSG rotor directly to the engine
shaft or increasing the PMSG speed with the current configuration makes it possible to min-
imize or even eliminate the accessory gearbox. This reduction in mechanical components
leads to decreased aerodynamic drag and takeoff weight, contributing to overall aircraft
efficiency [103,104]. However, the demagnetization risk and the challenges of managing
short circuit currents have been the primary factors limiting the adoption of permanent
magnet synchronous generators (PMSGs) in aircraft applications.
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Figure 9. The architecture of the three-stage wound-field synchronous SG.
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Figure 10. Typical dual-spool turbofan engine with integrated drive generator (IDG) [105].

To limit the impact of short circuit current, improving the reactance of PMSGs has been
considered an effective approach because no additional hardware as presented in [106,107]
is needed. This can be achieved in several ways, such as increasing the slot leakage in-
ductance through designs like deep narrow slots [108], auxiliary tooth [109], and closed
slot [110], or by enhancing harmonic leakage inductance and self-inductance using FSCW
configuration [111]. However, the increase in leakage inductance will inevitably compro-
mise the power density. Instead of increasing the leakage reactance, some researchers
adopted the multi-channel configuration to minimize the impact of short circuit current. As
described in [112], a negative d-axis current will be injected into the healthy set of windings
in the dual-three-phase PMSM to weaken the PM field, thereby limiting the short circuit
current in the faulty windings. As a result, the output power will be reduced to less than
50% of the rated power. Besides, since the armature field flux is in series with the PM field
flux, a high demagnetizing ampere-turn number is expected, which increases the risk of
excessive magnet eddy current loss and demagnetization when a short circuit happens.
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Alternatively, reducing the flux linkage provided by the PM and substituting them
with those generated by the field windings has been a popular option. This can be done
by configurations introduced earlier such as hybrid-excited doubly salient machines and
hybrid-excited flux switching machines. In the event of a winding short circuit fault, the
current in the electrically excited field windings can be adjusted to zero or even set to a
negative value to counteract the PM flux linkage. This approach effectively limits the short
circuit current to a manageable range, which the cooling system can handle efficiently.
In [113], experiments showed that the short circuit current is only one-half of the rated
current even without the canceling effect of the electrical excitation part. The hybrid-excited
doubly salient machine presented in [114] provides near-zero flux linkage when the field
current I is set to zero and ten times the flux linkage at the rated Ir. This demonstrates
its potential for fault tolerance and high starting torque. Fault tolerance of SGs can also
be achieved at the system level, as illustrated in Figure 1, where two electrically and
magnetically isolated SGs are attached to each of the two engines, with additional two SGs
installed in the APU.

The main challenges with hybrid-excited machines are their reduced power density
and the need to limit the electrical air gap length. If the airgap length is not properly
managed, the excitation efficiency of the electrical excitation system will significantly
decrease, leading to an even lower overall power density. Typically, the airgap length
of the electrically excited flux path can be limited to 0.2~0.5 mm [115-120] which can
increase the risk of mechanical failure considering factors such as the mechanical stress
due to centrifugal force, thermal expansion, and engine-induced vibration as indicated by
Figure 11. Such mechanical difficulty can be even more severe when the SG rotor is attached
to the high-pressure turbine shaft with a sizable outer radius and high ambient temperature.
Considering the limited radial space available and the high power density requirements,
fault-tolerant SPM SGs with a longer physical airgap length seem to be the only reasonable
solution. Many design principles introduced earlier such as single-layer FSCW, multi-phase
arrangements, and temperature-resilient magnets can also be implemented in this case.
Advanced liquid cooling techniques such as direct winding cooling and hollow shaft liquid
cooling using the fuel can be necessary to ensure the safety of the SGs.

Figure 11. Mechanically failed doubly-salient SG (airgap length = 0.7 mm) (a) rotor (b) stator.
3.5. Electric Propulsion

As mentioned earlier, the turboelectric configuration is by far the most likely solution
for developing electric propulsion to significantly reduce aviation carbon emissions. In
such configurations, mainly two functions are required from electric machines: generating
power for traction motors and driving the propellers.

Because adopting two large-scale engines provides optimal combustion efficiency and
minimal fault-tolerant ability, the desired output power of the generator in a turboelectric
propulsion system is much higher than those used as SGs in MEAs which can be as high
as 1~22 MW or even higher depending on the size of aircraft [10,121]. Similar to SGs
in modern MEA, these generators are also required to be self-fault-tolerant, capable of
withstanding high temperatures and vibrations, and immune to the impacts of short-circuit
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currents. Considering their high power rating, the improvement of power density will
bring a significant weight reduction. Therefore measures such as increasing the rotor speed
and number of poles (less yoke thickness and shorter end-windings span), the overall
efficiency (less thermal burden), and the voltage level of the onboard power system become
even more urgent.

In [122], a 4-MW 8-three-phase SPM liquid-cooled generator is designed and tested.
Many techniques introduced earlier have been used as well such as the Halbach magnet
array (for eliminating rotor back iron and PM spatial flux density harmonics [81]), in-
slot liquid cooling, high-performance SmCo magnet and CoFe as the stator core material.
Litz wire insulated by Nomex is used to prevent excessive AC copper losses. The DC-
link voltage is increased to 3 kV to reduce the rated current and copper weight, which
is achieved through the series connection of two three-level converters. Within each of
the independently controlled dual-channel, 4-three phase windings are connected with
an independent converter in a series-parallel fashion. An additional control algorithm is
implemented to balance the voltage of each converter to prevent circulating current and
increase the longevity of the entire system. This configuration has stronger fault-tolerant
capability compared with a 2-three phase configuration. It should be mentioned that with
the bi-directional converter adopted, this generator can also serve as the starter of the turbo
engine to avoid turbo lag.

As for the design of electric motors for propulsion, the OR configuration becomes
more advantageous when they are directly coupled to the propeller since the rotating speed
is limited by the diameter of the propeller. The typical speed of a direct drive propulsion
motor can be 2000~4000 r/min [123,124]. In [125], a 20-pole OR SPM machine with a rated
speed of 18,000 r/min is designed. To prevent the impact of high operating frequency,
a toothless stator is adopted to reduce the stator core losses and reduce weight. Design
parameters such as the PM thickness, stator yoke thickness, copper depth, and size of Litz
wire are considered with the power density as the objective. Compared with the inner rotor
configuration, a thick rotor retaining sleeve is no longer necessary in the OR configuration
which is beneficial to the improvement of power density. Additionally, the OR configuration
provides more space for accommodating PMs within a constrained volume due to the
rotor’s larger diameter compared to the stator, allowing for further reduction in axial length.
The main disadvantages of OR configuration are the difficulty of dissipating the heat on the
inner stator and increased mechanical vibration due to the cantilevered rotor. As a result,
high-precision rotor balancing and more efficient stator cooling are needed. In [123], three
different design concepts were compared. In concept 1 design, a high-speed OR motor is
coupled to the propeller through a gearbox. The other two concept designs adopted directly
coupled motors. The comparison result demonstrated that concept 3 provides optimal
efficiency and gravimetric overall power density (considering the gearbox). The direct-
drive OR configuration is selected eventually as a tradeoff between motor performance
and manufacturability [126]. Since the motor is generally far from the oil tank and oil
pipes, air-cooling becomes the most reasonable option. Litz wire capable of withstanding
180 °C is selected to ensure winding safety given the limited cooling capacity and the non-
superconducting coils. Since the rotor speed is low, it is reasonable to force the axial airflow
through not only the inner surface of the stator core but also the air gap so that the magnet
can be effectively cooled. The stator windings of the 2.6 MW motor are segmented into
four parts to improve fault tolerance and reduce the current load on the power switches,
with each powered by an independent drive.

Unlike in STARC-ABL where a single megawatt electric propulsor is used to reduce
aerodynamic drag and only produce 1/3 of the thrust force during cruising, full turbo-
electric architecture with 16 distributed electric propulsors to take advantage of the BLI
technique is adopted in N3-X as indicated in Figure 12. Using multiple distributed electric
motor to provide all the thrust force is considered to be more fuel-saving. This can be
explained from two aspects: first, both the engine and the electric machines (generator
and the motors) can be designed to operate in their high-efficiency speed range; secondly,
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a much higher effective bypass ratio can be achieved if the ducted-fan configuration is
implemented, as demonstrated in [127]. Additionally, the multi-propulsor configuration
allows for inherent fault tolerance, allocation, and flight control flexibility, and provides
additional optimization dimensions for thrust improvement [128]. A 360 kW PMSM is
designed for this purpose in [129] where both in-slot liquid cooling and hybrid coils are
adopted as shown in Figure 13. The combination of flat wire windings (FWW) at the slot
bottom and the stranded round wire windings (SRWW) near the slot opening can serve as
satisfying tradeoff between the effective slot fill factor and the AC copper losses.
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Figure 12. N3-X Aircraft with a Turboelectric Distributed Propulsion [130].
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Figure 13. Evolution of the hybrid winding configuration [129].

To further reduce the copper losses and improve the current density, super-conducting
coils are used in the turbo-generators and motors [131]. DC is fed to the rotor coils to
generate a powerful rotating magnetic field instead of permanent magnets in these ma-
chines. The key to these superconducting machines will be effective lightweight cryocoolers
and mitigation of AC losses. On-board LH, used in a hybrid electric propulsion system
combined with hollow conductors can be an attractive approach for cooling superconduc-
tors to —252.87 °C, enabling a current density of 1780 A/mm? to be achieved using the
MgB, wire [121,132]. On the stator side, a thin superconductor will have to be twisted to
reduce the AC losses which increases the cost and fabrication difficulty. In the event of
a short-circuit fault, the field current can be mitigated immediately by transforming the
coil from a superconducting state to a resistive state or implementing a breaker [133]. To
ensure the machine can continue producing electromagnetic torque in case of superconduc-
tor failure, NdFeB magnets are positioned next to the superconductors on the rotor as a
backup exciter, as there is no risk of demagnetization at such low temperatures [134]. With
advancements in new techniques, the cost of large-scale production and transportation
of LH; is expected to decrease. As a result, it may be feasible to develop hybrid electric
propulsion systems for long-range airliners, incorporating two or more superconducting
or partially superconducting generators and multiple high-efficiency, lightweight electric
propulsors in the future.

4. Emerging Techniques and Enablers of High-Performance PM Machines

Although many successful demonstrations and applications have already been made,
the pursuit of electric machines with higher power density and higher efficiency is never-
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ending. In this section, some of the most important enablers that can expand the limited
capability of PM machines are discussed.

4.1. Materials
4.1.1. Electromagnetic Materials

Typical electromagnetic materials in modern aeronautic PM machines include SmCo
(sometimes NdFeB with good cooling conditions) magnets, copper coils, and FeCo-based
lamination steels. The selection of these materials is generally based on the principles
of robustness in harsh environments and reduced overall weight, which also guides the
development of new materials.

For PM materials, although NdFeB generally has a higher energy product than SmCo
at room temperature, its high sensitivity to temperature rise makes it less powerful and
more vulnerable to demagnetization risk as shown in Figure 14. As shown in Table 3,
the reduction in residual induction and coercivity of NdFeB magnets is 3—4 times greater
than that of SmCo magnets. The thermal stability of NdFeB magnets can be enhanced by
adding rare earth elements like Dysprosium and Terbium, enabling operation at 200 °C.
However, this significantly increases the cost, making it comparable to that of SmCo
magnets. Considering the harsh operating conditions and high loss density in aeronautic
PMSMs, SmCo materials are preferred for safety and reliability reasons. Optimization in
terms of the chemistry and manufacturing process has been made by PM producers to
further improve the energy product and thermal stability of modern Sm;Cp17 material.
The most powerful Sm;Coy7 developed by Arnold can produce remanence higher than
1.2 T with the maximum energy product at the limit of this system of 34 MGOe [135].
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Figure 14. Temperature dependence of (BH)max for (a) established permanent magnet (PM) materials
compared with (b) emerging PM materials [136].

Table 3. Comparison of NdFeB magnets and SmCo magnets.

Material N40EH N52 Sm,Coqy
Mass density [kg/ m?3] 7600 7600 8300~8500
Average price [CNY/kg] 350 181 300~350
Curie temperature [°C] 310 800-850
Maximum working temperature [°C] 200 60 350
Temperature Coefficients «, Residual Induction —0.12 —-0.12 —0.03
[%/°C] B, Intrinsic Coercivity —047 —0.62 —0.20

New nitride PM materials as shown in Figures 14 and 15 show low (comparable
with SmyCoj7) or even positive temperature coercivity coefficient. Although an energy
product of only 20 MGOe has been achieved in recent reports on iron nitride materials, it is
predicted that with refined powder preparation and synthesis techniques, this new light
material could achieve an energy product of 45 MGOe [137] and a high Curie temperature
of 540 °C [138]. With these high-performance PM materials, PM machines can achieve high
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power density by reducing not only their effective mass but also the mass of the cooling
system. The potential for implementing PM machines in more hazardous applications,
such as direct integration with turbine engines, can also be realized.
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Figure 15. Temperature-dependent magnetic properties of Fe;cN, low-temperature nitride foil and
NdFeB magnets N40 and N52 [139].

As for conductors, copper is widely used in electric machines as windings due to
their superior electric conductivity and high ductility. Replacing them with silver which
has slightly higher conductivity is not an option not only because of the cost but also the
high mass density. Given the same resistance, using silver can increase the conductor mass
by 10.75% at room temperature [140] which will deteriorate the power density of electric
machines. Aluminum, however, can be considered a good alternative to copper since the
conductor mass will reduce by 52% given the equal resistance despite the lower electrical
conductivity. It is pointed out that in high-frequency applications, the advantage of the
aluminum coils can be strengthened considering the AC effect [141]. Research in [142]
shows that the difference in conductivity of these two materials reduces as the temperature
gets lower. Electric conductivity of aluminum can even be higher than that of copper
when ambient temperature gets below —195.25 °C which indicate that replacing copper
with aluminum in high power density PM machines at low temperature may be beneficial.
Considering the varying severity of AC effects in machine windings, partially replacing
copper coils (such as those close to the slot opening) with aluminum coils appears to be an
attractive way to reduce overall weight. Special connectors must be used to prevent erosion,
and careful inductance calculations should be performed to achieve both low AC copper
losses and reduced weight simultaneously. While quantitative criteria are challenging to
establish, higher operating frequencies and lower ambient temperatures generally favor
the use of aluminum or hybrid coils over copper.

An even lighter (mass density is 71% that of aluminum), highly conductive option is
the carbon nanotube (CNT). Experiments in [143] showed that individual CNT is capable of
sustaining a current density higher than 107 A/mm?, which is over a thousand times that of
copper, at 250 °C for two weeks without noticeable degradation. Since CNT coils are made
from extremely thin sub-conductors meaning that they share the same benefit of Litz wire.
A successful demonstration of a 3-slot 2-pole high-speed PM machine is presented in [144].
The tested conductivity of the CNT yarn conductor is 3.4x10° S/m which is much lower
than that of copper due to the low purity of the nanotubes. Comparison in [145] showed
that adopting CNT wire in a yokeless axial-flux PM machine results in lower gravimetric
power density but increases volumetric power density, as more conductor cross-sectional
area is required due to the assumed low conductivity. However, when the operating
frequency exceeds 1.3 kHz, the CNT solution offers better gravimetric and volumetric
power density due to the AC effects in copper wires. Composite based on both CNTs
and copper has been explored as well to reduce the conductor weight, resistivity, and the
sensitivity to temperature increase. According to [146], a 1-m, 25 AWG composite conductor
with an electrical conductivity of 16-20 MS/m at 150°C has been successfully fabricated.
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Experiments in [147] also showed that the composite produced by the newly industrially
scalable method has high current carrying ability, electrical conductivity, and higher tensile
strength compared with copper. There is good reason to believe that with advancements
in production techniques, these new conductors have the potential to revolutionize the
electric machine industry.

Regarding soft magnetic materials, the ideal core materials for aeronautical machines
should have high magnetization saturation flux density (B;s), high curie temperature, high
permeability, low electrical conductivity, low mass density, and low coercivity (H). Addi-
tionally, the material must be ductile and mechanically strong enough to be easily cut and
withstand high mechanical stress. Soft magnetic composite (SMC) has been used in many
publications since due to their reasonably low eddy current loss, low manufacturing cost,
and the feasibility of being shaped into complex geometries [148]. Amorphous materials
have also been gaining growing attention mainly due to their low H, and core losses.
However, the magnetization B; of both materials is too low for aeronautical applications
compared to pure CoFe steel. According to [149,150], CoFe offers a core loss level com-
parable to that of the best SiFe. The B; level of CoFe is significantly higher than that of
SiFe, allowing for a reduction in the size of components such as tooth width and stator
yoke thickness, compensating for the increased mass density. Furthermore, a greater reduc-
tion in Bs at high operating temperatures is observed in SiFe materials [151] which may
result in reduced output power in aeronautical machines that already designed near the
material’s limits. Therefore, PM machines with CoFe can achieve higher volumetric power
density, and comparably high gravimetric power density, and are less vulnerable to high
temperatures, making them an optimal candidate for most aeronautical electric machines.

To fully exploit the potential of CoFe, much research has been devoted to improving
B, and reducing the core losses of CoFe laminations.

In [152], CoFe materials obtained through different annealing techniques were com-
pared, and their micrographic structures were also inspected. The test results showed that
a higher B; was achieved with the sample annealed at 850 °C for 3 h compared to those
treated at 760 °C for 2 h. The tested B-H curves in [153] show that B; of 2.45 can be reached
with 34.5~35.5% of cobalt in the alloy which has been the limit of this material [154]. Efforts
therefore have been made to explore new materials with higher B;. A sample of a new
compound was tested in [155], demonstrating a high Bs of 2.47 T and a coercivity close to
the highest level found in CoFe. It was pointed out that as the purity of the alloy increases,
the B can reach 2.8 &= 0.15 T. Additionally, the mass density of this new alloy is 93% that of
CoFe, which could result in an even greater reduction in the weight of machine cores in
the future.

The coercivity of CoFe has already been reduced to proper annealing during which
the impurities (eg, carbon) can be eliminated and the grain can grow. Accoding to tested
data shown in Figure 16, a low H. of 60 A/m has already been achieved in commercially
available high-performance CoFe alloy 1j22. To further reduce the hysteresis loss, the stress
caused by cutting and punching has to be relieved. Experiments in [149] showed that
after-cutting second heat treatment can mitigate the impact of residual stress, leading to a
significant reduction of hysteresis losses. For eddy current loss reduction, the effectiveness
of adding elements such as vanadium and chromium to the CoFe alloy has already been
widely tested and adopted [153]. As reported in [156], increasing the vanadium content
from 2% to 5% raises the resistivity of the new alloy to 0.7-0.75 uQ)-m, which is 75% higher
than that of most commercially available CoFe alloys. Reducing the lamination thickness
is another effective method to reduce the eddy current losses within the lamination as
indicated in Figure 17.
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Figure 16. Tested hysteresis loop of high-performance CoFe alloy 1j22.
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Figure 17. Core losses dependency on sheet thickness.

Recent publications show that pure iron steel sheets with a thickness of 4 um have
been obtained through continuous rolling processes [157]. Therefore, there is considerable
potential for further reductions in alloy thickness, coupled with improvements in mechani-
cal properties and manufacturing techniques. However, it is important to note that thinner
lamination inevitably reduces the stacking factor (due to necessary inter-lamination gaps)
and increases manufacturing difficulty due to the increased risk of deformation, both of
which must be carefully considered during the design stage. To prevent the inter-lamination
eddy current loss, an insulation layer between laminations is necessary. Two different coat-
ing and stacking processes have been investigated in [158] to search for optimal stacking
methods. Varnish spraying before stacking has been proven to be a more effective method
for achieving a reasonable stacking factor due to the more reliable and evenly distributed
interlayer insulation. Furthermore, non-ideal factors the blur at the edges of the sheets
and excessive pressure during stacking also give rise to the increase of interlaminar eddy
current loss. New deblurring methods [159] and an electromechanical model for predicting
interlaminar insulation quality are essential, particularly in high-speed machines.

4.1.2. Structural Materials

Structural components such as bearings, housing, shafts, and end caps can account
for roughly half of the total weight [160]. The percentage can be even higher in some high-
speed machines due to the lower torque requirements. Therefore, adopting lightweight
structural materials has the potential to significantly improve the gravimetric power density
of the machine without affecting the electromagnetic performance.

Conventionally, metal materials such as titanium alloys, aluminum (Al) alloys, stain-
less steel, and nickel alloys are widely used as structural materials in aeronautical electric
machines due to their high strength-to-weight ratios, corrosion resistance, and generally
high thermal conductivity [161]. However, replacing these metals with lighter materials
such as magnesium alloys and composite materials remains an attractive option.
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Magnesium (Mg) as the lightest engineered metal has a mass density close to the
plastic and has been used to fabricate alloys for applications requiring weight reduction as
early as the 1940s [162]. The concern about the risk of ignition has prohibited the adoption
of Mg alloy. As more tests and research are carried out, the Mg alloy can certainly be used
to replace Al to serve as the motor housing material for weight reduction [163].

In [164], carbon fiber composite combined with metal is used to build the hollow
shaft instead of steel to reduce the weight as shown in Figure 18. Optimal processing
and assembling techniques have been studied in detail making them suitable for massive
production. A lightweight plastic motor housing is produced using the injection molding
process [165], which can result in a 28% reduction in housing weight. Although the thermal
conductivity is less than 1.6% of that of aluminum alloy, this drawback is mitigated by the
innovative in-slot cooling design.

steel aramid fiber bandage
element #2 /

-~

PA-GF40 torque carrier

CFRP shaft
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. gy ‘
SMC magnet carrier

steel load application
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Figure 18. Lightweight PM rotor made of composites [164].

Although these lightweight materials can contribute to high power density, a multidisci-
plinary evaluation is necessary to ensure mechanical safety and sufficient thermal management
capability due to their generally reduced mechanical strength and thermal conductivity.

4.1.3. Insulation Materials

Due to the increasing voltage levels and operating frequency of high power density
aeronautic electric machines, more reliable insulation materials with limited thickness,
enhanced thermal conductivity and temperature resistance capability are in greater demand
than ever before. These improvements can not only increase the effective slot fill factor,
reducing the risk of insulation failure caused by overheating but also simplify the cooling
design, resulting in higher power density in the electric machine.

Most conventional polymer-based insulation materials consist of organic components
such as polyimide, rubber, and plastic and cannot work at temperatures that are higher
than 300 °C due to oxidation and decomposition issues. For high-temperature applications
(eg, engine-integrated SGs), pure inorganic materials are considered a promising insulation
option for high-power density PM machines as well due to their high thermal conduc-
tivity and high-temperature stability. For instance, ceramic materials are used as bearing
coatings or rolling elements to effectively prevent electrical erosion caused by high stray
currents [166]. A nickel layer is used to isolate the porous ceramic layer from the copper
where the ceramic layer serves as the mechanical separator in [167]. The copper coils are
then protected from oxidation under high temperatures.

Although these inorganic insulation offers much lower dielectric strength compared
with conventional organic polymers [168], they can work for a long time under 500 °C.
Another disadvantage of these materials is that they are too brittle to be formed into complex
shapes making them unsuitable for wire insulations. To improve the overall performance of
insulators, temperature-resistant inorganic insulating materials such as ceramic materials
and mica can be used together with conventional organic insulators. These composites
combine the benefits of both organic and inorganic insulators, offering high strength
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and thermal conductivity, high breakdown voltage, resistance to high temperatures and
corrosion, as well as moderate elasticity [169]. These features make them appealing for
insulation in aeronautic electric machines.

A multilayer multifunctional insulation structure is proposed and optimized in [170].
It is confirmed that the multifunctional multi-layer structure can offer at least a 70% im-
provement in dielectric breakdown voltage compared to pure polyamide when insulation
is thicker than 0.15 mm allowing for a reduction of insulation thickness. Functions such as
electromagnetic interference shielding, heat dissipation, and corona barrier can be achieved
by incorporating a specific layer as well. However, the thickness of this new insulator
reported is higher than 0.15 mm making it difficult to use as an insulator of windings, it
can be used to protect bus bars and transmission cables to reduce the overall weight.

It is reported in [171] that the thermal stability of an inorganic-organic nano-hybrid in-
sulator can be significantly enhanced by ceramic fillers. Wires coated by this new nanocom-
posite can be easily bent and can withstand 1100 V alternating voltage after proper heat
treatment. In [172], polymers filled with particles of various ceramic materials are com-
pared. Tests proved that the thermal conductivity of the insulation composite has improved
to 4~20 times that of pure polymer material. According to the thermal simulation results,
the maximum winding temperature can be reduced by 21.7 °C, allowing for a further
10% increase in electric loading. It is verified in [173] that AIN and polymer composites
offer over 10 times the thermal conductivity and 1.6 times the dielectric strength com-
pared to conventional pure organic polymers. At least 50% power density improvement is
predicted when adopting the new composite to insulate copper wire and magnetic steel.
The aramid fiber is integrated with mica nanosheet to improve the electric and mechan-
ical strength [174] offering higher tensile strength, breakdown strength, and improved
high-temperature resistance compared with common pure arminid slot liner material [175].

With more experiments conducted and preparation techniques becoming more refined,
thinner insulators with enhanced thermal and electrical performance will play a key role in
future high-power density aeronautic machines.

4.2. Addictive Manufacturing Techniques

Additive manufacturing (AM) has been receiving rapidly growing attention from
machine designers over the past decade, despite its high costs. The ability to create
complex geometries that are unattainable with conventional machining methods makes
AM a powerful solution for weight reduction and thermal performance enhancement of
aeronautic machines.

Metal AM has already been used during the optimization of structural parts in electric
machines to reduce the mass, and cost and improve the heat dissipation ability. In-slot
lattice-structured aluminum alloy heat guides are employed to cool the active windings.
The weight and introduced loss of these heat guides can effectively be reduced by AM
technique [176]. Engineers from Diabatix designed a new water jacket for electric machines
using artificial intelligence. The complex water jacket pattern realized through AM, can
reduce the motor temperature by 21% while maintaining a lower pressure drop compared
to conventional spiral designs. Different heat sink configurations are realized by AM
in [177]. Configuration (d) shown in Figure 19, which cannot be fabricated by conventional
methods, offers a relatively large heat transfer surface and an acceptable pressure drop,
according to the comparison. The test results provide valuable insights into the design of
cooling channels in liquid-cooled electric machines.

Apart from stationary components, AM can also be used to fabricate rotating parts.
In [178], the rotor shaft with cavities and lattice is made by AM to reduce the rotor weight
while maintaining the mechanical strength. Advanced topology optimization methods can
be used to optimally distribute materials for designing other components, such as hollow
shafts and rotor hubs [179], as demonstrated in [180].
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Figure 19. Different heat sink designs realized by AM [177].

In addition to the structural components, AM can also be used to construct the PMs,
magnetic cores, and windings.

In [181], NdFeB magnetic particles are bonded with a eutectic alloy to improve the
coercivity of heavy rare-earth-free magnets. Experiments show that the coercivity and its
temperature coefficient are comparable to conventional sintered with rare earth materials.
However, these bonded permanent magnets typically have lower working temperatures
and offer lower remanence due to the introduction of the bonding materials. Furthermore,
adopting PMs with complex shapes in aeronautic applications can lead to rotor mechanical
instability, particularly under high-speed and high-temperature conditions.

As for magnetic cores, AM combined with SMC powders brings the potential of
making complex shapes at a low cost. However, the solid structure can give rise to eddy
current compared with conventional laminated configuration [182]. As mentioned earlier,
the low B, and permeability also make it even less appealing. High-performance CoFeV
powder is used in [183] to study the potential of magnetic cores made by AM. Experiments
show that compared with the inductor with a laminated core, the one with an addictive
manufactured core has much higher core losses and lower inductance. It can be concluded
that adopting AM to form magnetic cores based on powders will inevitably compromise the
power density of electric machines. Therefore, other advantages such as weight reduction,
utilization of space with irregular profiles, and improved thermal performance should
outweigh the disadvantages if the AM cores are to be used in aeronautic electric machines.
One good example can be found in [184] where structural-magnetic optimization is carried
out based on the topology optimization method to reduce the weight of the rotor core
of a high-speed PM machine. An optimized rotor core with 50% weight reduction while
meeting the mechanical and electromagnetic requirements can be obtained. The cavities
on the rotor back iron might be used as the flow channel of cooling air to reduce the
temperature of magnets.

Finally, the motivations for using AM to form windings are mainly to increase the
effective slot fill factor and the overall current density. To address the AC effects in multi-
layer AM-fabricated flat conductors have been developed to minimize the leakage flux
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linkage coupled to each layer. The shaped windings have demonstrated reduced AC copper
losses and temperature while achieving higher current density. Additionally, AM enables
smooth transposition in the end winding region of the coils which are located at different
depths within the slots, helping to balance the inductance of various parallel branches.
In [185], hollow conductors with two different alloys are made by multi-material AM. Low
conductivity material is used for lower parts coils (near slot opening) with the upper part
coils consisting of another alloy. Compared with uni-material coils, the hybrid conductor
offers superior efficiency due to reduced AC copper losses. Such multi-material AM
technique is adopted in [186] to effectively form the ceramic-coated conductors. Although
the equivalent resistance of the AM winding is increased compared with stranded windings
due to the porosity nature and limited manufacturing precision, the increased inter-coil
thermal conductivity leads to over 50% winding temperature reduction.

Despite their enormous potential and benefits, metal AM and multi-material AM
still face challenges such as dimensional precision, complex processing environments,
and degraded electrical and mechanical performance, making it difficult to meet the
requirements for producing active parts in high-performance aeronautic electric machines.
Research and technological advancements are needed to address these challenges, enabling
the production of fully additively manufactured electric machines with complex topologies,
integrated cooling channels, and extremely lightweight designs.

4.3. Thermal Management

Proper cooling design is closely dependent on the machine working duty, loss distri-
bution, accessibility to effective cooling agents, and the weight of the overall weight of the
electrical system in aeronautic applications.

Forced air cooling is one of the simplest cooling configurations available. Compared
with a liquid cooling system, several benefits can be obtained in air cooled system:

1.  Additional weight introduced by the liquid channels (usually made of metal), pumps,
and heat exchangers are eliminated.

2. Therisk of liquid leakage is eliminated and the cooling system is simplified therefore
maintenance costs can be reduced.

3. The possibility of cooling the rotor surface without significantly increasing the air
friction losses since they are proportional to the mass density of the fluid.

The high-velocity, low-temperature air during flight can provide highly efficient
cooling [187] for electric machines used in high-speed compressors, propulsion, and other
applications where air is easily accessible. As shown in Figure 20 optimized fins can be
attached to the stator housing to increase the convection surface area. As mentioned earlier,
AM and topology optimization can be used to reduce the pressure drop, and the weight
of the fins and to increase the convective heat transfer coefficients simultaneously. To get
rid of the negative impact of thermal resistance between the stator core and housing, these
cooling fins can be directly integrated with the stator core as demonstrated in Figure 20.
The impact of these modifications of the stator core on the electromagnetic performance
should be kept at a minimum.

Auxiliary tooth

Figure 20. Cooling fins integrated with the stator core.

Despite the advantages of air cooling, more powerful cooling methods, such as single-
phase liquid cooling and phase change cooling, are necessary in cases where the machine’s
loss density and operating temperature are extremely high.
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Compared to the conventional stator liquid jacket cooling method, directly attaching
the windings to heat conductors and cooling agents can be more effective in improving
the power density of PM machines. In this case, highly compact flat wires are preferred
over random stranded wires to reduce thermal resistance between conductors and prevent
local thermal failures. The temperature in the end windings is typically higher than in
the in-slot windings due to the increased thermal resistance between the end windings
and the cooling agents. Therefore, measures such as shaft spray cooling, impingement
cooling, and winding potting have been developed specifically to cool the end winding
region. It is verified in [188] that the inserting of liquid cooling pipes among the end
windings leads to a 25% temperature reduction in the region. These copper or oil cooling
pipes can be integrated directly into the slots to extract heat from in-slot windings as
well. This is especially suitable for machines with concentrated windings where there
is no risk of interference between the cooling channels and end windings. It should be
noted that these in-slot cooling channels and pipes will lead to potentially increased eddy
current loss and reduced effective slot area. Therefore, thermal-electromagnetic analysis
should be conducted to obtain an optimal solution. Another key to improving the thermal
performance of the stator assembly is the impregnation quality. Therefore new insulation
material with higher thermal conductivity and heat capacity should be explored not only to
reduce the heat resistance in the slot but also to reduce the temperature impact. The increase
of in-slot heat capacitance is especially important for machines with short operating duty
cycles (e.g., electric-driven actuators) [189] or frequent overload operation (e.g., SGs in
starting mode).

Considering the safety of PMs, additional thermal management on the rotor side
becomes necessary to prevent the PMs from demagnetization since their temperature is
very sensitive to rotor losses if only stator cooling is available [190]. The hollow shaft
can be integrated with the rotor to provide additional heat extraction ability as shown
in Figure 21. Inserting spider-shaped cooling pipes into the rotor back iron or rotor hub
further reduces the thermal resistance between the magnets and coolant. Utilizing the
hollow shaft structure, injection holes on the shaft in this case can be adapted to spray the
liquid coolant on the end windings during rotation. In [191], rotating cooling channels
and injection holes are connected in series. The existence of these cooling pipes allows for
axial heat transferring which is difficult to achieve in laminated cores. However, external
or integrated pumps (driven by the motor shaft) are always required in such liquid cooling
systems to provide sufficient pressure for the coolant flow. This not only complicates the
system but also results in additional losses. Another disadvantage is the increased risk of
liquid leakage due to the degradation and corrosion of seals. Finally, the available coolant
for the liquid cooling system includes aviation fuel and lubrication oil in the accessory
gearbox. However, both fuel and lubrication oil degrade at high temperatures, increasing
the risk of fouling on the surfaces of cooling channels and nozzles [192,193]. This not only
limits the heat dissipation capacity of the oil cooling system but also poses the risk of
channel blockages. Therefore, proper surface coatings, filtration, and the introduction of
additives into the oil are necessary for effective oil cooling systems.

Furthermore, coolant that can vaporize and condense within a reasonably small
temperature range can be sealed in a closed loop to transport heat effectively between
the heat source and the heat sink. The liquid coolant indirectly absorbs the heat from the
hotspot in the machine and vaporizes in the evaporator region as shown in Figure 22. The
vapor then flows to the condenser where it can be liquified after being cooled either by
air or oil. It is reported that very high equivalent thermal conductivity (5000 W/m-K to
100,000 W/m-K) can be achieved [194] with this heat pipe technology.

Since the ultimate cooling sources for aeronautic electric machines are still air and
oil, which offer limited cooling capacity, it is not likely to reduce the temperature of
electric machines globally. Besides, the metal containers with high mechanical and thermal
performance also bring additional mass. Therefore it is only reasonable to adopt limited
heat pipes in hotspots such as end windings, slot windings, and PMs to achieve a more
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even temperature distribution within each component as was demonstrated in [195,196].
New emerging container materials and AM techniques can be used to design a heat pipe
with both lightweight, customized shapes and satisfying heat transportation ability.

In-slot oil
cooling

End winding
impingement cooling,

Cooling jacket End winding

immersion cooling

Bearing oil
cooling

Shaft ==

Rotor core
Sleeve for stator

immersion

Shaft oil
spray cooling

End winding
potting

Air fin cooling

Figure 21. Typical cooling techniques for high-power density electric machines.
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Figure 22. Schematic representation of Copper-Water heat pipe together with alternative wick
constructions [194].

Comprehensive characterization and evaluation of losses in electric machines form
the foundation for targeted thermal design. Following this, a thermal design incorporating
multiple techniques can be implemented to avoid local hotspots and minimize the overall
weight of the electric machine system. Furthermore, although it has been demonstrated in
applications such as automobiles and home appliances that cooling systems can be made
more compact and light [197], this may not be the case in aeronautic applications. When
the electric drive system is used in extremely critical applications, such as propulsion,
decoupling the cooling systems of the drive unit and the electric machines can prevent
mutual electromagnetic interference and ensure that both modules operate within their
temperature limitations.

5. Summary

This paper highlighted the vital role and the potential of the PMSMs in the ongoing
shift towards electrified aircraft systems. Their ability to deliver high performance under
stringent weight, volume, and environmental constraints makes them attractive in modern
aviation. As research and technology continue to progress, PMSMs are expected to achieve
higher efficiency, improved fault tolerance, and reduced environmental impact. Advance-
ments in materials, cooling technologies, and optimization methods are critical for the
successful implementation of all-electric and more-electric aircraft, pushing the boundaries
of power density and operational efficiency in aeronautic applications.
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Acronyms

AEA All-Electric Aircraft

AM Additive Manufacturing

APU Auxiliary Power Unit

back-EMF  Back Electromotive Force

BLI boundary layer ingestion

CNT Carbon Nanotube

EHA Electro-hydraulic Actuator

EMA Electro-mechanical Actuator

FSCW Fractional Slot Concentrated Winding
HEFS Hybrid-excited Flux Switching

IDG Integrated Drive Generator

rM Interior Permanent Magnet

LH, Liquid Hydrogen

ME Main Exciter

MEA More Electric Aircraft

OR Outer Rotor

PEMEC Polymer Electrolyte Membrane Fuel Cells
PM Permanent Magnet

PMG Permanent Magnet Generator

PMSM Permanent Magnet Synchronous Machine
PMSG PM Starter Generator

SIPM Surface-inset Permanent Magnet
SMC Soft Magnetic Composite

SOA State-of-the-art

SPM Surface-mounted Permanent Magnet
SG Starter Generator
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