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Abstract: As the electrification process of aircrafts continues to advance, the propulsion motor system, as
its core component, has received more attention and research. This paper summarizes and analyzes the
development status, research focus and typical cases in this field in recent years. Firstly, it analyzes the
basic structure and principle of five common motors, summarizes the current status of their respective
applications in electric aircrafts, and compares them to determine the most suitable type of motor for use
as a propulsion motor, focusing on various performance indexes. Then, the optimized design of propul-
sion motors is generally divided into two categories, namely high power density and fault tolerance.
Starting from the basic relationship equation of motor design, the basic method to improve the power
density of motors is pointed out; at the same time, according to the basic principles and objectives of the
fault tolerance of motors, the fault tolerance design is divided into two aspects, namely the redundant
design and the design to improve the fault tolerance capability. Finally, this paper summarizes the cur-
rent development status of the propulsion motor system and the existing problems and points out the
main development direction of this field in the future, so as to provide reference for the further develop-
ment of the electric propulsion system of aircraft.
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1. Introduction

In order to curb global warming and achieve the zero carbon goal as soon as possible,
countries around the world have developed low-carbon plans [1,2]. The achievement of
this goal involves many sectors, and global climate data for 2020 shows that the aviation
sector accounts for 2.1% of total global carbon emissions, with more than 90% of this gen-
erated by engines [3]. In this regard, studies have indicated that the adoption of electricity
as the main energy source would reduce fuel consumption and emissions by more than
9% [4]. Therefore, the aviation industry has started a gradual transition towards electrifi-
cation of conventional turbo-propulsion aircraft—i.e., towards the goal of all-electric air-
craft or more-electric aircraft (AEA/MEA) [5].

Several companies and universities around the world have conducted systematic re-
search on AEA/MEA. Airbus, Boeing, Rollo and other traditional engine manufacturers
started early in this field and have invested heavily in research in this area, with results
ranging from solar-powered drones and cargo transport aircraft to intra-city passenger
aircraft [6-8]. NASA’s X-57 aircraft will fly in the near future; this is NASA’s validation
aircraft to verify the electric drive technology, and its experimental data are expected to
set the standard for future AEA/MEA worldwide [6]. China started later in the field of
AEA/MEA and has gradually increased the investment of this field in recent years. The
RX4E, a new-energy aircraft developed independently by China, made its first flight in
Shenyang in 2019 [9], filling the gap for China in this field.

Energies 2023, 16, 7015. https://doi.org/10.3390/en16197015

www.mdpi.com/journal/energies



Energies 2023, 16, 7015

2 of 32

In traditional turboprop aircraft, there are a number of secondary energy systems,
such as hydraulic systems, fuel systems, mechanical systems, propulsion systems, etc.,
while the AEA/MEA adopts electric energy as the only source of energy and a unified
central control system for real-time adjustment of the energy delivery and feedback of the
whole aircraft, which greatly improves timeliness, reliability and maneuverability [10].
Among them, the electric propulsion system is the core of AEA/MEA, and the level of
development of electric motors and their drive systems directly determines the upper
limit of AEA/MEA capacity [11]. For the electric propulsion system, NASA has proposed
a general plan and layout for its development as well as the corresponding requirements
for the development of electric motors [12]. From NASA’s calculation, if it is desired to
use electric motors as the source of thrust for aircraft, the power density should be at least
13 kW/kg [13]. However, the current motor technology still cannot reach this standard, so
there is a need to further develop motor systems with higher power density. In addition,
the safety standards in the aviation field are extremely high, and for AEA/MEA, which
use electricity as the only energy source, once the power supply, transmission and propul-
sion devices fail, the whole aircraft will lose power; thus, in order to ensure the safe and
stable operation of the aircraft, the stability and safety of the motor operation and the ability
to respond to the failure are also very important [14]. It can be seen that in order to meet the
requirements of AEA/MEA in terms of flight capability and safety, it will be crucial to con-
duct research and development on propulsion motors, and their drivers, that have high ef-
ficiency, high power density, high reliability and high fault tolerance design [15]. Based on
the above analysis, many scholars around the world have conducted extensive research on
propulsion motors and optimization strategies to achieve the high-power-density and high-
fault-tolerant performance of motors and have summarized the results and key technologies
achieved [16-21].

Several studies [16-18] have summarized the current status of research on various
common motor types in AEA/MEA and analyzed the advantages and limitations of each.
In terms of power density, superconducting motors have obvious advantages, but their
safety is still difficult to guarantee with the current technology, and their adoption may
pose a threat to the stable operation of aircrafts. In terms of safety, switched reluctance
motors have excellent fault tolerance performance, but their lower efficiency and higher
torque fluctuation limit their application in multi-electric aircraft. Permanent magnet mo-
tors are currently the most suitable motor type for propulsion motors, and proper topol-
ogy and control algorithms can effectively enhance their power density and fault-toler-
ance performance to meet the stringent requirements of AEA/MEA.

The authors of [18,19] mainly focus on the current research status of high-power-
density motors and their design methods. Firstly, enhancing the electrical and magnetic
loads of the motor can significantly increase the motor power density, and the consequent
temperature rise will pose a challenge to the heat dissipation system. Secondly, enhancing
the motor pole-pair number is also a common method to increase the power density; this
brings the problem of higher switching frequency, which in turn puts greater pressure on
the driving circuit, especially the switching tubes. In addition, increasing the motor speed
can also significantly increase the motor power density, but limitations on the load (pro-
peller, etc.) speed make it difficult to significantly increase the speed. At the same time,
when designing the motor, it should be from the point of view of the propulsion system
and even the whole aircraft, i.e., it should be balanced on the level of the propulsion sys-
tem in terms of the power density, efficiency, fault-tolerant performance and control per-
formance, so as to avoid one of these elements being overlooked.

The authors of [20,21] summarize the current research status of permanent magnet
fault-tolerant motor topologies as well as control algorithms, and analyze the advantages
and disadvantages of various redundancy topologies as well as the optimization measures
to enhance the fault-tolerance capability. On the motor body, in order to achieve fault tol-
erance, redundant stators, rotors and windings are often used in the design process, so
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disconnecting the corresponding component in the event of a failure is a simple and effi-
cient means of fault tolerance under this redundancy structure. However, to a certain ex-
tent, this will result in the complexity of the structure of the motor and a decline in the
power density. Winding designs for the different winding structures, such as single-layer,
double-layer, hybrid and open winding, have been used in a large number of studies and
comparative analyses. The core objective of this design is to reduce the mutual inductance
and enhance the self-inductance, minimize the degree of phase coupling and suppress the
high short-circuit current. At the same time, the literature points out that the introduction
of fault-tolerant design will lead to changes in other properties of the motor, such as the
output capacity, heat dissipation capacity, etc. Therefore, balancing all aspects of the per-
formance of the motor is an important part of the optimization design process of the motor.

As shown in Figure 1, in line with the above analysis and papers, this paper will focus
on the research results on propulsion motors for AEA/MEA around the world in recent
years, analyze and summarize the application of various types of motors in AEA/MEA as
well as the methods to improve the power density and fault-tolerant performance of pro-
pulsion motors, and summarize and suggest future directions for research on propulsion
motor technology for AEA/MEA.

[ Electric propulsion system |

Starter generator | Propulsion motor | \ Servo motor
T

WFSM HTSM M | | SRM |

I
IHigh power density design] Fault-tolerant design
T

I I I 1
[High magnetic load] | High speed | [ High power | [ Integration | Redundancy design Improve fault tolerance
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T I I I I T

Comprehensive design

Figure 1. Propulsion motor technology.

2. Propulsion Motors

Propulsion motors, as the core component of electric propulsion systems, need to
meet the demanding requirements imposed on them by the aviation sector [22], including

e  High power and torque density for lightweight propulsion systems;

e  High efficiency to ensure efficient use of electrical energy during flight;

e  High reliability, reducing the incidence of failures in motor operation;

e  High fault tolerance to maintain safe operation after partial motor failure.

In order to investigate the feasibility of each type of motor applied in the electric pro-
pulsion system, the academic and industrial communities have conducted extensive and
in-depth analysis and research. This chapter will summarize the current status of various
topologies of motors in AEA/MEA from the perspective of basic principles and structures,
compare the advantages and disadvantages of various motors and identify the most ad-
vantageous types for use as propulsion motors in the current environment.

2.1. Permanent Magnet Synchronous Motor (PMSM)

As shown in Figure 2, the rotor of the PMSM consists only of permanent magnets
and silicon steel sheets, which presents a simple structure and high reliability. Thanks to
the utilization of high-performance permanent magnets, it has obvious advantages in
terms of power density, torque density and efficiency [16]; therefore, the PMSM is a good
choice as a propulsion motor, and it has been applied in many AEA/MEA.
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Figure 2. Schematic diagram of the structure of the PMSM (where a,b,c denote 3-phase windings).

Airbus and Rolls-Royce have collaborated to develop the E-Fan X, the world’s largest
hybrid electric aircraft, which is based on the BAe 146 RJ100, replacing one of the four
engines with a 2 MW PMSM,; the E-Fan X has now passed wind tunnel testing [23]. The
X-57 is a NASA demonstration model for distributed propulsion technology and electric
aircraft technology, with two 60 kW PM motors on both sides of the wings for the cruise
phase and twelve 10.5 kW motors for the climb phase; it has completed ground tests and
is about to enter the test flight phase [24,25]. Siemens developed a 260 kW PM motor for
the Extra 330LE aerobatic aircraft. The lightweight propulsion system helped the Extra
330LE set a world record for the shortest climb time.[26].

However, there are still some shortcomings in the fault tolerance capability of tradi-
tional PMSMs. First, the performance of permanent magnets is affected by temperature,
and the high temperature brought by short-time overload may lead to irreversible demag-
netization of permanent magnets; thus, it is necessary to carry out reasonable enhance-
ment of the thermal isolation capability of the motor to ensure the stable operation capa-
bility of the motor under a high-temperature environment [27]. In addition, when a short-
circuit fault occurs in the motor, even if the power supply is stopped, due to inertia, the
rotor and the main magnetic field of permanent magnets will still be in high-speed rota-
tion, which in turn leads to induced voltage as well as winding current in the windings.
Therefore, PMSMs need to further introduce fault-tolerant design to meet the require-
ments of a propulsion motor based on increased power density.

2.2. Wound-Field Synchronous Motor (WFSM)

As shown in Figure 3, the main magnetic field is established by passing DC current
into the excitation winding. The advantage of this structure is that the strength of the main
magnetic field can be changed by controlling the magnitude of the DC current in the ex-
citation winding, making it more controllable. In case of a short-circuit fault, the main
magnetic field can be cut off directly to avoid the short-circuit current; however, consid-
ering the performance of ferromagnetic materials and excitation winding losses, the
power density and efficiency level of WFESMs are hardly comparable to those of PMSMs.
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Stator winding

Figure 3. Schematic diagram of the structure of the WFSM (where a,b,c denote 3-phase windings).

In the aspect of power density, which is the most concerning aspect of propulsion
motors, the 19,000 rpm, 1 MW WFSM developed by Honeywell is the limit of such motors
at the current level, with a power density of 7.9 kW/kg [28]. However, there is still a gap
with PMSMs, so the application of such motors in the field of propulsion motors is limited.
On the other hand, due to the fully controllable magnetic field and the relatively lower
cost, the aviation industry still mainly uses WESMs as generators or starter generators;
high-speed WFSMs can be directly connected to the engine, reducing mechanical losses
while achieving efficient power generation and efficient use of energy. In the fully electric
Boeing 787, the most electrified medium-sized airliner, the engine and gearbox are re-
placed with an integrated power generation structure consisting of the engine and two
MW-class WESMs, which provide electrical power to the entire aircraft; Furthermore, sim-
ilar power generation structures can be found in the Boeing 777, Boeing 747-X, Airbus 340
and Airbus 380 [28].

2.3. High-Temperature Superconducting Motor (HTSM)

As shown in Figure 4, an HTSM is formed by replacing the excitation winding with
a superconducting coil on the basis of a WESM. Thanks to the property of superconduct-
ing materials having zero resistance under certain conditions, the loss of the excitation coil
is negligible, so the magnetic load of the motor can be increased by using a very large
excitation current, which results in a significant increase in both power density and effi-
ciency. In terms of output capability, HITSMs are clearly the preferred choice for future
AEA/MEA propulsion motors. According to the analysis, the power density of HTSMs
with a fully superconducting structure can reach 16 kW/kg, while superconducting mo-
tors with superconducting excitation can reach 7 kW/kg, which shows that superconduct-
ing motors have outstanding advantages in terms of power density [29].

Stator winding

Vacuum

Superconducting winding

Figure 4. Schematic diagram of superconducting motor structure (where a,b,c denote 3-phase
windings).
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NASA has high expectations for high-power HTSM electric propulsion technology,
and in its leading high-efficiency megawatt motor research project, the design target is set
at 1.4 MW output power, 99% efficiency and a high power density of 16 kW/kg. For higher
application to electric propulsion systems, the motor uses a standard aircraft cooling system,
at the optimal turbomachinery speed (6800 rpm) direct drive, and has a certain fail-safe ca-
pability due to the electrically excited structure; there are numerous research results show-
ing the efficacy of the current project [30]. In addition, in NASA’s lead AEA N3-X, in order
to take full advantage of the high power density of HTSMs, 14 sets of HTSMs of 1.785 MW
are used for distributed propulsion, with the power density of each motor exceeding 10
kW/kg; at the same time, two sets of HTSMs of 25 MW are used for the work of power
generation. The aircraft is expected to be put into service in 2040 [31].

However, at this stage of the technology, there are still technical barriers to the appli-
cation of HTSMs in electric propulsion systems. First, the implementation of supercon-
ducting windings requires a suitable cryogenic environment, i.e., the introduction of cry-
ogenic equipment in the motor system, which will lead to significant increases in the com-
plexity, weight and cost of the propulsion system. Also, the addition of new structures
increases the possibility of motor system failures, which presents limits in terms of safety
and reliability [32].

2.4. Induction Motor (IM)

As shown in Figure 5, the IM rotor is generally a guide bar or winding. Thanks to its
simple structure and robustness, as well as the relatively early start to its development
process, IM has a mature design and production process, and the corresponding control
technology is well-developed and cost-efficient. In addition, its controllability character-
istics lead to it being often used in the field of servo control [33]. On the other hand, part
of the armature current of IM is used to establish the main magnetic field, so it has no
advantage in terms of power factor, efficiency and power density [34].

Figure 5. Schematic diagram of IM (where a,b,c denote 3-phase windings).

IMs are also suitable for use in high-speed power generation applications due to their
strong high-speed operation as well as weak magnetic capability. The University of Wis-
consin—-Madison has been investigating the use of squirrel-cage IMs for high-speed power
generation for more than a decade in a NASA-funded aerospace isolated starter—generator
project [35]. The authors of [36] summarize the characteristics, advantages and develop-
ment lineage of IM-based generator systems in the last two decades and indicates that
cage IMs are a competitive candidate for current starter—generator systems due to their
simplicity, robustness, low cost, ease of maintenance, and high overload capability. In ad-
dition, some researchers have attempted to apply induction motors to electric propulsion
systems, and Ohio State University, in a NASA-funded MW-class induction motor design
project, is currently designing a 2.6 MW induction motor with a power density of 13 kW/kg
[37]. Thanks to the strong servo capability, Ref. [38] presents a steady-state and dynamic
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model of an AC induction motor drive and typical aircraft fuel system piping components,
using induction motor closed-loop control to effectively reduce transient pressure surges
during sudden valve closures and the resultant flow overshoot.

2.5. Switched Reluctance Motor (SRM)

As shown in Figure 6, the rotor of the SRM is a whole, laminated, silicon steel sheet,
without windings or permanent magnets. This structure enables the rotor to withstand high
thermal and mechanical stresses, so it is suitable for high-temperature and high-speed con-
ditions and other harsh elements [39]; on the other hand, similar to IMs, the main magnetic
field of the motor is established entirely by the stator current, and there is no induction po-
tential in the windings after the power supply is stopped after a fault [40]. However, this
excitation method also results in higher eddy current losses and a lower power factor, so the
power density of this motor is lower, and the volume of the SRM is 50% larger than that of
the PMSM with the same output power. In addition, there is an inherent torque fluctuation
problem in SRMs, and the torque fluctuation and vibration noise during operation are not
negligible. Therefore, application in the field of electric propulsion is limited [41].

AN

Stator winding

Rotor core

Figure 6. Schematic diagram of SRM (where a,b,c denote 3-phase windings).

Due to the simple structure, robustness, wide speed range and relatively low power
density of switched reluctance motors, they are often used as starters in military and aer-
ospace applications. At the beginning of this century, Lockheed Martin used switched re-
luctance motors for the F-22 fighter jet [10]. Further, this company’s single-engine military
aircraft, the F-35, also uses a dual-channel switched reluctance motor [42].

In order to further improve the power density and operating efficiency of switched
reluctance motors, synchronous reluctance motors (SynRMs), which combine the charac-
teristics of synchronous motors, have emerged. Their rotor consists of silicon steel sheets
with smooth outer edges and a series of regular magnetic barriers inside; the stator side is
similar to that of WESMs, which are also driven and controlled by converters [43]. The
reluctance torque is the main component of the torque of this motor; thus, optimizing the
structure of the magnetic barrier and increasing salient rate are the main research elements
in the design of this type of motor [44].

Further, the introduction of permanent magnets into the magnetic barrier of synchro-
nous reluctance motors to create permanent-magnet-assisted synchronous reluctance mo-
tors is a research hotspot, with the aim of enhancing the power density of this type of
reluctance motor and to reduce the inherent torque fluctuation [45]. Nevertheless, com-
pared with permanent magnet synchronous motors, the power density of permanent-
magnet-assisted switched reluctance motors is still low, making it difficult to meet the
requirements of aircraft propulsion motors; at the same time, the more complicated rotor
structure and the more difficult installation method of permanent magnets have hindered
further application in the field of aircraft propulsion motors. Thanks to the reasonable
application of permanent magnet torque and reluctance torque motors, their structure is
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mainly used in the current development of motors with fewer rare-earth elements for elec-
tric vehicles [46].

During the development of AEA/MEA, in order to meet the special and severe oper-
ating conditions, the main focus of propulsion system design is the performance of motors
in terms of power density, reliability, robustness, drive performance, thermal manage-
ment and cost; the performance of the above five motor types in these areas is summarized
in Figure 7.

Power Density Power Density

Reliabilit Cost Reliabilit
Y Y Cost Reliability
Thermal k
Robustness Robustness
management Thermal Robustness
management

Drive Performance

Drive Performance

(b) (c)

Power Density

Reliability Cost Reliability

Thermal
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management

Robustness
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Figure 7. Performance comparison chart for five types of motor. (a) SRM; (b) IM; (c) PMSM; (d) HTSM;
(e) WESM.

Combining Figure 7 and the previous analysis, it can be seen that PMSMs and HTSMs
have outstanding advantages in power density; however, the complex structure of HTSMs
leads to higher cost and lower reliability, which makes it difficult to meet the requirements
of high safety for propulsion motors. WESMs, SRMs and IMs have higher reliability, and
the controllable main magnetic field makes them stronger in controllability and fault tol-
erance; however, because the armature current is partly used to generate the magnetic
field, the efficiency and power density of the propulsion motor are limited, affecting the
aircraft load. Therefore, compared with the other four types of motors, the PMSM has a
more balanced performance in all aspects and has a lot of room for development; thus, it
is the most suitable type of propulsion motor in the transition from traditional aircraft to
electrification at this stage. Based on above analysis, in order to better meet the demanding
requirements of AEA/MEA propulsion motors, many scholars around the world have
proposed a series of optimization schemes based on PMSMs and garnered promising re-
sults. In the following section, the optimization methods and typical cases in recent years
in terms of power density improvement and fault tolerance performance improvement of
PMSM propulsion motors will be summarized and analyzed.
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3. High-Power-Density Design
In general, the dimensional and electromagnetic parameters of permanent magnet
motors satisfy the following relationship [47]:
D?lym  6.1x107°
P" " ayKymKqapABs

M

where D denotes the stator inner diameter, /s denotes the axial length, n denotes the rated
speed, P’ denotes the calculated power, o, denotes the polar arc coefficient, Ky, denotes
the distribution coefficient, Ky, denotes the winding coefficient, 4 denotes electrical load,
and B; denotes the magnetic load.

Dzlef can represent the motor volume, so a transformation of the above equation
yields an expression for the motor power density, pp, as follows:

P’ @, KynKgpnABs )
D2l,, 61x1073 @)

Pp =

From Equation (2), it can be seen that in order to enhance the power density of a
permanent magnet motor, the following aspects can be addressed:

e  Boosting the electromagnetic load;
e  Boosting the rotational speed;
e  Boosting the output power.

In addition, on the basis of optimizing the body structure from a global perspective,
to improve the power density of the entire propulsion system, including the drive control
and heat dissipation structure, this integrated design is also an important development
direction in the process of improving the power density of electric propulsion systems.

3.1. High Electromagnetic Load

The improvement of the magnetic loading of PMSMs includes the improvement of
air-gap magnetism in terms of fundamental wave amplitude and sinusoidal degree, which
is mainly done by optimizing the shape of permanent magnets, the magnetizing method
and the arrangement method. Among them, the Halbach array has become the most com-
monly used method to improve the air-gap magnetism of PMSMs by virtue of its simple
structure and obvious optimization effect; it is widely used in high-power-density PM
motors at present. As shown in Figure 8, the Halbach array is a permanent magnet struc-
ture formed by alternately arranging parallel and angularly magnetized permanent mag-
nets, and the magnetization direction of the permanent magnets varies with the array at a
fixed angle. Its main features are as follows [48].

Parallel
Magnetization

Magnetization /

Direction
Angular
magnetlzatlon
Magnetic Flux

Direction *_

/—‘\ /"—\
| ? "4_" ‘ "_'" ? ||<_|| * | Halbach Array

Figure 8. Schematic diagram of Halbach array principle.

e Single-sided magnetization characteristics: increase the air-gap magnetic density
while weakening the rotor yoke magnetic density, ideally removing the rotor yoke
and effectively reducing the weight of the motor.
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e Improve the sinusoidality of the air-gap density: improve the sinusoidality of the
counter potential and reduce torque pulsation and harmonic loss.

e Improve the fundamental amplitude of the air-gap density: higher output torque and
power under the same electrical load.

The selection of the number of pole segments is an important research point in the
application of Halbach arrays. In an external rotor PMSM designed by the University of
Nottingham for a green gliding system [49], it was found in the analysis of the number of
pole segments that if the simpler two-segment design (also known as a quasi-Halbach
array) as shown in Figure 9a is used, the mutually perpendicular magnetization angle
leads to the two adjacent permanent magnets having a certain degree of localized demag-
netization, which affects the quality of the air-gap magnetic density on the one hand, and
may bring irreversible demagnetization problems to the permanent magnets on the other.
The study found that increasing the number of magnet chunks and decreasing the mag-
netization angle between neighboring poles can be an effective solution to this problem.
Finally, in the four-segment Halbach array design, as shown in Figure 9b, the angle of the
neighboring poles of the magnetization direction is 45 degrees, the impact of the neigh-
boring permanent magnet is smaller, and the optimization effect is obvious.

|€— Magnetization Direction] |€— Magnetization Direction

N
(a) (b)

Figure 9. Coreless motor. (a) Quasi-Halbach arrays; (b) four-segment rectangular Halbach pole.

N

The interaction between the permanent magnets and the ferromagnetic material of
the stator teeth is known as the cogging torque, and this inherent torque can lead to torque
fluctuations during motor operation, which in turn can create vibration and noise prob-
lems that may affect the smooth operation of the aircraft when used as a propulsion motor.
In order to achieve smoother propulsion, eliminating the stator teeth and adopting a
slotless structure is a suitable optimization method [50-53].

However, the absence of the stator slot core will lead to an increase in the equivalent
air-gap length with significant leakage, and the air-gap magnetic density amplitude and
sinusoidality are greatly affected, which can be offset to a certain extent by using the sin-
gle-sided magnetization characteristics of Halbach arrays. In Ref. [51], a slotless PMSM
propulsion motor was designed as shown in Figure 10, and the number of pole segments
was quantitatively analyzed based on the analytical model of the Halbach array air-gap
magnetic field; a five-segment design was finally chosen. Since the motor itself is slotless,
the analytical model fits well with the finite element model; with the Halbach array, the
air-gap magnetic density reaches 1.2 T, based on which, the motor achieves a power den-
sity of 10 kW/kg.
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Figure 10. Slotless Halbach array propulsion motor.

Following this idea, Ref. [52] further discarded the stator-rotor yoke core and de-
signed an ironless PMSM for the electric propulsion system of a small aircraft. Compared
with conventional motors, the motor retains only the Halbach permanent magnet array and
centralized windings, as shown in Figure 11a, while the ferromagnetic material is replaced
by 3D-printed material, resulting in a low weight; the physical structure is shown in Figure
11b. The motor has an output of 600 W and weighs only 0.9 kg. Although the torque and
power density of this motor are not high, the study verifies the feasibility of the ironless
motor and provides an idea for further lightweighting of PMSM propulsion motors.

(a) (b)

Figure 11. Coreless motor. (a) Magnetomictic map; (b) picture of the motor.

In terms of electrical load enhancement, the main focus is on the redesign of the wind-
ing form, and the hairpin winding is one of the current research hotspots in this field.
Hairpin windings, with a high slot-filling rate, short manufacturing time, short winding
ends, high voltage protection capability and other advantages, are attracting more and
more attention and research in the field of current high-performance permanent magnet
propulsion motors. As shown in Figure 12a, which details the installation position of coils
composed of common circular wires in the stator slot, the circular structure leads to the
inability to closely fit between the wires; thus, the slot-filling rate of this form of winding
is generally not more than 75% [54]. As shown in Figure 12b, with its rectangular structure
and higher fit to the stator slots, the hairpin winding can achieve a slot fullness of up to
85%, which will effectively increase the power density of the motor under the same cur-
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rent density [55]. In addition, because each layer of the hairpin winding is whole, its wind-
ing cross-sectional area is larger, the phase resistance is smaller, and the efficiency is
higher under low-speed and large-torque working conditions; compared with the general
circular winding, the efficiency can be increased by 2%, and the overload point can realize
about 10% efficiency improvement [56].

/

(a) (b)

Figure 12. Comparison of different winding forms. (a) Circular winding; (b) square winding.

Compared with general round wire motors, thanks to the more mature manufacturing
and installation process, the end structure of hairpin winding motors is more compact, so
the end extension length is much smaller than that of the round wire motors. This effectively
reduces the length of the end, and the result of this improvement is that the DC resistance
can be lowered by 3040% [57]. In order to further reduce the end projection length, the
Denso Corporation of Japan proposed to change the common triangular end of the hairpin
winding into a stepped shape, and the outermost part of the winding can be presented in a
horizontal state, as shown in Figure 13, which results in a further compact structure of the
end of the hairpin winding, and the end extension length is even smaller [58].

Stepped end-windings

Figure 13. Stepped end-windings.

Also, more regularly shaped hairpin windings are more conducive to the design of
the heat dissipation structure, which further increases the limit of the motor power density
[59]. The University of Nottingham, in a study on oil injection cooling of hairpin windings,
stated that the hairpin winding consists of multiple precisely placed stator bars (or pins),
and that this precise conductor arrangement and the gaps between the end windings com-
bine perfectly with injection cooling, a cooling arrangement that strikes the right balance
between high heat flux removal, fluid stocking, robustness and assembly complexity. It
has been experimentally proven that the hairpin windings can withstand current densities
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of 14 A/mm? under water-cooling conditions, and up to 23 A/mm? using the oil injection

cooling structure shown in Figure 14.
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Figure 14. University of Nottingham injection cooling test setup.

Since each wire of the hairpin winding is a solid conductor as shown in Figure 15a,
its eddy current loss will be significantly increased when the frequency is high, and with
the increase of rotational speed this part of the loss will gradually occupy the main posi-
tion of the loss [60]. Therefore, in the application of the hairpin winding, the choice of
conductor material and the modeling analysis and weakening of AC loss are research
hotspots. In Ref. [61], conductor eddy current loss is studied. Using finite elements as
shown in Figure 15b, the winding domain was divided into individual conductors to eval-
uate the AC losses in each turn. In addition, copper and aluminum were compared at
different frequency levels. The results show that in addition to weight and cost savings,
aluminum has better electromagnetic properties, especially in the high frequency range,
where the electromagnetic properties of aluminum conductors are much better.
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Figure 15. Finite element model of eddy current loss in conductors. (a) Winding distribution; (b)
eddy current loss distribution.

In addition, the current limitation of the application of hairpin windings is mainly
due to the difficulty of material manufacturing and processing as well as the effective con-
trol of cost; its manufacturing steps are shown in Figure 16. How to realize the automatic
production of materials and control the quality of welding in the connection process is the
key to determine the performance of hairpin windings [62].
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Figure 16. Manufacturing process of hairpin windings.

3.2. High Speed

The high-speed design of PMSMs is an effective way to improve their power density
and presents the following main advantages [63,64]:

e Much smaller size than low- and medium-speed motors at the same output power;

e  Low rotational inertia and high dynamic response capability;

e Direct drive of the load, eliminating the need for traditional mechanical gearing, im-
proving mechanical reliability and reducing transmission noise.

In PMSMs, the current frequency increases with the motor speed, thus making the
core losses significantly higher; the use of a slotless design is considered a way to solve
this problem. In Ref. [64], a 1 MW external rotor high-speed PMSM was designed with a
speed of up to 18,000 rpm, as shown in Figure 17. The motor adopts a slotless design on
the stator side to completely eliminate the tooth losses, and on the rotor side, a Halbach
array design is used to eliminate the rotor yoke by using its unilateral magnetizing ability
to further eliminate the rotor core losses. Therefore, the motor retains only the ferromag-
netic material in the stator yoke, which greatly reduces the core loss and also effectively
controls the overall weight of the motor. With this design, the core loss of the motor is
only 1.5 kW, which is about 0.15% of the output power; based on this, the motor has a
power density of 14 kW/kg.

Fixed circle

Housing
Rotor
Permanent magnets
Winding
Stator yoke Stator

Heat sink strips

Figure 17. Slotless high-speed propulsion motor.

For surface-mounted PM motors, permanent magnets are mounted on the outer (in-
ner) circle of the rotor, making it easier to optimize the permanent magnet structure. How-
ever, during high-speed operation, the surface-mounted permanent magnets may sepa-
rate from the rotor yoke, so a tension sleeve must be installed outside the permanent mag-
nets to affix them; the introduction of this structure brings problems such as increased air-
gap length, reduced air-gap magnetic density and higher motor weight, which can be cir-
cumvented by using an embedded rotor. A 250 kW, 15,000 rpm embedded high-speed
PMSM propulsion motor was designed in [65]. As shown in Figure 18a, the permanent
magnets are magnetized by a tangential phase and embedded in the rotor core ring in the
form of spokes; the thickness of the upper and lower bridges of the permanent magnets is
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Rotor core /
Permanent magnets

adjusted to ensure that the rotor core strength meets the requirements of high speed. How-
ever, the bridges can result in significant rotor leakage, which seriously affects the quality
of the air-gap magnetic field. For this reason, the rotor yoke of this motor uses a duplex
ferromagnetic material to correct the rotor magnetic circuit. This material has the property
of being magnetically conductive in one direction and non-permeable in the perpendicular
direction. The magnetic bridge uses the nonpermeable phase, and the rest of the magnetic
bridge remains in the permeable phase, resulting in the corrected magnetic circuit shown in
Figure 18b. As can be seen, the magnetic leakage phenomenon is well controlled, and the
air-gap magnetic field optimization is obvious; thus, the output torque of this motor is sig-
nificantly improved, and the power density can reach 16.6 kW/kg.

g-axis

> d-axis s

(a) (b)

Figure 18. Embedded high-speed PMSM. (a) Spoke-type permanent magnet; (b) magnetic circuit
correction effect.

Axial flux is also often used in high-speed designs. In Ref. [53], a 250 kW axial flux
external rotor high-speed permanent magnet propulsion motor was designed with a rated
speed of 15,000 rpm, as shown in Figure 19a. The stretch sleeve was mounted outside the
permanent magnet ring, so the axial magnetic field was not affected, and the air-gap length
could still be maintained at 1.15 mm. In addition, the motor was designed with a statorless
core, as shown in Figure 19b. The stator is designed as two flat layers, fixed with epoxy resin,
and completely immersed in heat dissipation oil, which has a significant heat dissipation
effect. With this design, the motor can operate stably at high speed and high current, with a
power density of 13 kW/kg.
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Windings
A Winding / Copper
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Figure 19. Axial flux high-speed motors. (a) 3D model; (b) non-iron-core stator.

3.3. High Power

In the NASA Blue Book on the development plan for AEA/MEA propulsion motors,
it is stated that for safe and stable manned flight of electric aircraft, propulsion motors
must achieve at least MW-class output power and a power density of 16 kW/kg [16]. Fig-
ure 20 summarizes the relationship between motor power and power density for some
applications of AEA/MEA propulsion. It can be seen that as the motor output power in-
creases, its power density generally shows an upward trend, and the MW-class propul-
sion motor power generally reaches 10 kW/kg or more. It can be seen that high power is
the main development trend of AEA/MEA propulsion motors in the future.
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Figure 20. Output power—power density curve.

As can be seen from the previous analysis, to meet high-power and high-power-den-
sity targets, the motor size of PMSMs must be kept as compact as possible, while increas-
ing the electromagnetic load and speed. This will lead to a more complex electromagnetic
environment and thermal environment within the motor. The motor, materials, processes
and heat dissipation design are complex elements, and a variety of factors must be con-
sidered for comprehensive design; the future of high-power and high-power-density pro-
pulsion motor design will gradually converge on multi-physical field coupling design and
systematic integrated design [15].

3.4. High Integration Degree

The power density improvement should not be limited to the motor body but should
be done at the level of the whole motor system. Generally, the motor system consists of
the motor body, inverter, driver, cables, housing, bearings, shaft, heat dissipation struc-
ture and related fastening parts [66]. Among them, there are cable connections between
the driver and the inverter and between the inverter and the motor. Excessively long and
heavy cables not only enhance the complexity of the propulsion system and make the
system less reliable but also increase the weight of the propulsion system and reduce the
aircraft load capacity. Therefore, in order to reduce the influence of cables, it is necessary
to adopt an integrated design—integrating the driver, inverter and motor body—to
achieve compactness and light weight at the system level [67,68].

The integrated design of the motor system refers to the “triple integration” of the
driver, inverter and motor body, eliminating the connection cables between each part, the
housing of the driver and inverter, and the DC bus. The whole system shares a common
heat dissipation structure, resulting in a more compact system structure and better space
utilization. The integrated design has several advantages as follows:

e  Reduction of system volume: about 10-20%;

e Reduction of manufacturing costs: about 30-40%;
e Improving system power density;

e Improving system electromagnetic compatibility;
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e Improving system efficiency;
e  Improve high-temperature operation capability.

The authors of [68] summarize the feasible solutions for the integrated structure of
the motor system, as shown in Figure 21. In order to achieve the maximum utilization of
space, it is more feasible and more common to mount the drive structure on the outer
circle or end of the stator housing.

End Plate Stator End

plate

Control drive ) "

~ Motor housing
Z Motor housing

Control drive
X ~

Control drive ~ Motor housing

\ LaStator

.’ L.
7 Rotor Rotor

(b) () (d)

Figure 21. Performance comparison chart for five types of motor. (a) Outside housing; (b) outside
stator core; (c) outside end cap; (d) outside winding end.

Based on [64], in order to further improve the power density and fault tolerance of
the propulsion system, Ref. [69] proposed an integrated structure for this motor, as shown
in Figure 22. Due to the modular design of the motor body with 6 x 3 phases, the motor
body is embedded in a cooling jacket with a positive hexagonal outer edge. Further, the
power devices of each set of three-phase windings and their control boards are placed on
the corresponding sides of the positive hexagon, i.e., each side controls one unit motor.
An integrated design of the drive control structure, fault tolerance and heat dissipation
structure is achieved.

Modular Heat Exchangers

Stator cooling e PE Thermal Base Plate
jacket f

Stator sleeve

Power
Modules

Figure 22. MW-class integrated modular motor drive configuration.

The thermal environment of the integrated motor system is more compact. Com-
pared with the motor body, the power devices are more sensitive to temperature, and
excessive temperature will affect their stability and increase the switching losses; thus, a
reasonable thermal design is a problem that must be solved after the motor system is in-
tegrated. The authors of [70] designed a five-phase integrated motor with SiC devices and
a control board integrated at the end of the stator winding, as shown in Figure 23, both of
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which share a water-cooled structure for heat dissipation. In order to analyze the heat
dissipation capability, a detailed thermal resistance network was established, and the heat
dissipation capability was adjusted by adjusting the cross-sectional area of the water chan-
nel and the number of spiral turns of the water channel. A proper heat dissipation effect
was achieved at all operating points to meet the requirements of the power devices and
the drive for the operating environment temperature.

SiC  Five-phase
winding

Control
PCB

Stator

Figure 23. 3D model of integrated motor system.

4. Fault-Tolerant Design

In addition to optimizing the power density of the electric propulsion system, safety
and reliability improvements are also factors that must be considered in the process of
flight electrification; thus, the fault-tolerant design of PMSMs is very important. In gen-
eral, the fault-tolerance process is divided into two main stages [71]:

(1) Fail-safe phase: When a fault occurs, the motor system is able to cut off the fault in
time and inhibit the spread of the fault so as to reduce the impact of the faulty parts
on the healthy parts.

(2) Fault-tolerant operation stage: This ensures that the motor system still has partial or
full output capability after a failure, thus maintaining the safe operation of the pro-
pulsion system.

In order to ensure the above two phases, the isolation of various physical quantities
between the phases of the motor must be achieved, mainly including electrical isolation,
magnetic isolation, mechanical isolation, thermal isolation, etc. [72]. This reduces the
probability of the occurrence of faults inside the motor and the impact of faults relative to
other healthy phases, i.e., achieving inter-phase decoupling. Several teams have con-
ducted in-depth research on fault-tolerant technology for PMSMs from multiple angles
and levels, with research objectives focused on the following:

(I) Redundant design: Redundant phase windings, winding units, stator and rotor, and
even the whole motor are set up to cut off the faulty part when a fault occurs, and a
certain fault-tolerant algorithm is used to keep the healthy part working so as to
maintain the safe operation of the motor.

(2) Fault-tolerant design: The winding form and stator teeth are optimized to improve
the self-inductance and reduce the mutual inductance, so as to limit the short-circuit
current and prevent the spread of short-circuit faults.

4.1. Redundant Design
4.1.1. Multi-Phase Motors

The traditional three-phase motor is limited by the number of supply phases; when
one phase winding failure will not be able to synthesize a stable rotating magnetic field,
thus bringing great fluctuations to the output torque, the motor will lose the ability to
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output stable torque. With the rapid development of power electronics technology and
the continuous improvement of related material performance, multi-phase inverter drive
technology has gradually matured, and the multi-phase motor, with its excellent fault tol-
erance, has received more and more attention and research. Compared with the traditional
three-phase motor, the multi-phase motor has the following main characteristics [73]:

e  High fault tolerance performance: When a fault occurs in phase m (m < (N-3)) of the
N-phase motor, only the power supply to that phase needs to be cut off; then, the
corresponding fault-tolerant operation algorithm is used to adjust the amplitude and
phase of the healthy 0 phase winding current to reconstruct the circular rotating mag-
netic field, thus ensuring safe operation of the motor.

e  Low-voltage and high-power operation: Under a certain output power and rated cur-
rent, the rated voltage of the motor decreases with the number of phases, which has
obvious advantages in applications where the voltage level is limited.

e  High degree of control freedom: The phase voltage is often used as the control object
in motor control. Thus, the increase in the number of phases will result in the control
volume growing geometrically; the degree of control freedom is significantly in-
creased, so there is more room for algorithm design.

The study in [74] compares the performance of 3-phase and 6-phase motors with the
same design parameters. As shown in Figure 24a,b, the stator-rotor structure is identical,
the three-phase motor is in the form of a single layer winding with an even number of
conductors per slot, and the six-phase motor has a double layer winding with the same
number of conductors per slot as the three-phase motor, in which case they are able to
maintain identical weights. The analysis compares the losses in the rated condition and
the short-time overload condition, and the results show that the six-phase motor can ob-
tain lower losses in both conditions, and more significantly in the overload condition, i.e.,
the six-phase motor operates more efficiently. The is because the six-phase motor reduces
the saturation level of the stator and rotor, which allows the motor to obtain higher over-
load capacity.

(©)

Figure 24. (a) 3-phase single-layer structure; (b) 6-phase double-layer structure, where the sub-
script i (i = 1,2) indicates that this phase belongs to the ith set of three-phase windings

The analysis provided in [75] compares the output performance and fault tolerance
of a three-phase motor with a five-phase motor for the same dimensional parameters, with
both using a single-layer winding structure to ensure a strong magnetic isolation capabil-
ity, as shown in Figure 25. The finite element analysis found that the five-phase structure
leads to smoother output torque of the motor, with lower torque fluctuations in the open-
circuit or short-circuit state of one phase; on the other hand, the five-phase design also
allows higher freedom in the body and drive design, a more flexible design, and greater
suitability for working with a high degree of reliability.
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Figure 25. Three-phase and five-phase structures.

However, although the fault-tolerant performance of the motor gradually increases
with the number of phases, the structure, control complexity, and cost of the motor drive
subsequently rise, so the number of phases in a multi-phase motor generally does not
exceed six [76].

4.1.2. Nx3-Phase Design

Although the multi-phase design has obvious advantages in terms of fault-tolerant
control performance, it also leads to a significant increase in the difficulty and complexity
of motor mathematical modeling and control algorithm design. The simpler Nx3-phase
motor (also known as the multi-unit three-phase motor) has become another excellent
choice in the field of fault tolerance. Its stator winding consists of N neutral unconnected
three-phase windings, each of which occupies 1/N of the stator circumference, and each
three-phase unit is powered by an independent drive controller, thus achieving effective
electrical and magnetic isolation between the units. In terms of control, since each motor
unit is still a three-phase structure, the traditional three-phase motor control algorithm
and circuit design experience and principles are still applicable, which greatly reduces the
design complexity. In terms of fault-tolerant operation, the high redundancy makes the
fault-tolerant operation of the motor very simple: when one phase fails, only the power
supply to the motor of the unit in which the phase is located needs to be cut off, and the
healthy unit can maintain the motor torque and speed without using fault-tolerant algo-
rithms [77].

The authors of [77] detail the design method of modular motors and the principle of
unit motor division: if a motor has a pole-slot combination of p-pole and s-slot, and the
maximum common factor of p and s is n, the number of unit motors into which the motor
can be divided is ny, and each unit motor has a pole-slot combination of py-pole and sy-
slot, with

n=ny = gcd(p,s) 3)
Po= i )

s
So = oo )

Further, the study analyzes the fault-tolerant performance of an Nx3-phase motor
using a 30-pole, 72-slot motor as an example. According to the division criteria, this motor
can be divided into three 10-pole 24-slot three-phase unit motors, i.e., 3 x 3-phase. Firstly,
the study analyzes the armature magnetic inductance line distribution in the fault state,
as seen in Figure 26a,b; the armature magnetic field of the unit motor is almost coupled to
itself only, and the coupling degree between it and the neighboring unit motor is very
low, which proves that each unit motor has strong independence, and the healthy unit
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motor is almost unaffected by the fault one(s). At the torque output level, it can be seen
from Figure 26c that when the winding phase current is certain, the average output torque
is proportional to the number of running units, and the torque fluctuation is almost unaf-
fected by the number of running units, which further indicates that the coupling degree
between the unit motors is very low and has a strong fault-tolerant output capability.
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Figure 26. Performance during fault state: (a) one unit motor failure; (b) two unit motor failure; (c)
torque output.

It can be seen that the prerequisite for achieving high fault tolerance in Nx3-phase
motors is the effective isolation between each unit motor, so it is necessary to analyze the
magnetic coupling phenomenon between unit motors. In Ref. [78], the inductance matrix
is calculated by finite element analysis, and it is found that with this structure, the mutual
inductance between the windings inside the unit and the inductance between the units is
not as high as the inductance matrix. The mathematical model of the magnetic chain of a
single unit in an Nx3-phase motor is shown in Equation (6).

L+Lgye M+Mg M i8] [Me] [Mom
=M+ Mslk L+ lek M+ Mslk i;’? + Ag,cc + Ag,pm
M M+ Mgy L+ Lg 1|i€ Ascc A% pm
L+Lge M+Mg M+Mgq[ié] 10 0 —Mg[i¢] [Mec] [Mom
=|M+Mg, L+Lgi M+ Mgl|i2|+|0 00 ] 2+ 22| + |22 pm
M+ Mg, M+ Mgy L+ L 1|i€ —Mg 0 0 is A5 cc A% pm

where Mg, represents the unbalanced value of the winding mutual inductance inside the
unit, and 2%, represents the coupled magnetic chain between units.

From the mathematical model, only an even number of modules operating together
can cancel each other out; when one of the modules is cut off by a fault, the unbalanced
inductance will cause a negative sequence current as well as torque fluctuations at two
times the frequency.

Further, Ref. [79] designed a 4x3-phase motor with a single-layer winding structure
and no interconnection of the internal stator windings, with 24 lead-in windings outside
the end cap. The stator windings are not connected to each other, and the 24 leads are
divided into four groups of three-phase windings outside the end cover, as shown in Figure
27. After finite element analysis, the coupling between the coils in this structure is only 4%.
In the fault state, due to the presence of unbalanced inductance, the current of the healthy
phase will be significantly uneven, with higher current in spaces close to the faulty winding
and lower current at a distance. Based on this, the temperature increase of different modules
after the fault will be different, putting some pressure on the heat dissipation of the motor.
This further shows that in the design of Nx3-phase motors, attention should be paid to en-
hancing the motor self-inductance and reducing the coil intermittent coupling.

(6)



Energies 2023, 16, 7015

22 of 32

Stator core

Winding coil

Rotor core

(a) (b)

Figure 27. A 4 x 3-phase motor structure. (a) 3D structure; (b) winding extension.

Further, on the basis of the stator using Nx3 phases or being multi-phase, the modu-
lar design of the motor can be realized. In Ref. [80], the authors showed that for a six-phase
motor modular design, each phase of the winding corresponding to the stator and the
drive circuit can be manufactured separately, to achieve physical decoupling between the
phases; the various parts can be put together to obtain a complete motor stator, as shown
in Figure 28. By this kind of structure, on the one hand, it is more efficient in production
and manufacturing; on the other hand, in the faulty state, the faulty parts can be replaced
directly, which improves the maintenance efficiency and reduces the maintenance cost.

() (b)

Figure 28. Modular structure. (a) 2D model; (b) modular drive.

4.1.3. Open-Winding Structure

Limited by the cost and the size of the driver, the motor drive circuit often adopts a
half-bridge structure, while the stator winding is connected in a star shape, so the phase
current must meet the limit of 0 neutral current. In order to further improve the fault tol-
erance, it is a feasible idea to adopt an open-winding design for the drive circuit. The study
in [81] uses an open-winding structure in a five-phase motor, as shown in Figure 29. Each
phase is driven by an H-bridge circuit, where the inter-phase current constraints disappear,
maximizing phase-to-phase electric isolation; each phase can be driven by a separate drive
control circuit, which allows higher responsiveness to fault conditions. Thanks to this, the
motor is fault-tolerant in the event of a three-phase fault.
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Figure 29. Common DC bus open-winding inverter structure.

In order to make fuller use of the advantages of open-winding multi-phase motors in
fault-tolerant operation, Ref. [82] designed a 16-slot, 12-pole PMSM, as shown in Figure
30a. The stator of this motor has a double-layer centralized winding structure, where the
coils on each tooth are wound independently. Each coil is connected to an independent
inverter, and the current amplitude and phase of each coil are controlled separately, so
that the number of phases is equal to the number of teeth as well as the number of slots of
this motor. Thanks to the high degree of freedom, the study proposes fault-tolerant con-
trol by cutting off the power supply to the corresponding number of coils when a breakage
fault occurs during operation, as shown in Figure 30b. It can be seen that when a breakage
fault occurs in phase G, the power supply to phase C is cut off accordingly, at which time
the remaining phase current still has symmetry, and no further fault-tolerant control is
required to make the motor output stable torque.
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Figure 30. Open-winding fault-tolerant motor. (a) 2D model; (b) fault tolerance strategy.

4.2. Design to Enhance Fault Tolerance
4.2.1. Enhanced Magnetic Isolation Capability

From the previous analysis, it is clear that regardless of the winding structure, the
magnetic isolation capability between phases or units is a crucial indicator to ensure the
fault-tolerant performance of the motor, and the optimization of the winding form and
stator structure is often used in PMSMs to weaken the magnetic coupling.

The authors of [83] analyzed the difference in magnetic isolation capability between
single- and double-layer concentrated windings and found that the single-layer winding
structure has the lower mutual inductance for a certain motor size, while the coupling
phenomenon between different phases of the double-layer winding structure is relatively
obvious. However, in order to achieve large torque and high power density, the propul-
sion motor generally adopts a flat structure with a relatively large length and diameter;
thus, the single-layer winding will have the problems of long ends and large stator copper
losses and can lead to more serious spatial harmonics, which may cause a decrease in the
sinusoidal degree of the counter-electromotive force, higher core losses, and increased
eddy current losses in the permanent magnet. Therefore, this motor still adopts a double-
layer winding and takes two-step measures to weaken the magnetic coupling, as shown
in Figure 31a. First, holes are opened above the slots, which contain different phases as
magnetic barriers; then, the tooth tips of those slots are eliminated, and an open slot is
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used. The armature magnetic induction line distribution cloud is shown in Figure 31b. It
can be seen that the armature magnetic field only cross-chains with itself after adopting
this measure, which effectively reduces the coupling between different phases.
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Figure 31. High-speed fault-tolerant motors. (a) 2D model; (b) weakened magnetic coupling.

The study in [84] combined the respective advantages of single- and double-layer
concentrated windings and proposed a single- and double-layer hybrid winding, as
shown in Figure 32a, where the middle slot is a double-layer concentrated winding slot,
and the sides are single-layer concentrated winding slots. Using finite element analysis of
the distribution of magnetic inductance lines in one phase, as shown in Figure 32b, it can
be seen that the armature magnetic field in one phase is almost not coupled with other
phases; thus, this winding form has obvious advantages for enhancing magnetic isolation
capability, and the inductance parameters under the three winding forms are shown in
Table 1. It can be seen that with the single-double-layer hybrid winding structure, the
mutual inductance is controlled very effectively and is almost negligible, despite the fact
that the self-inductance is reduced with respect to the single layer.

@)

Figure 32. Five-phase single- and double-layer hybrid winding. (a) 2D model; (b) magnetic suscep-
tibility line distribution cloud map.

Table 1. Inductance parameters under three winding structures.

Winding Structure Laa (mH) Mas (mH) Mac (mH) Map (mH) Mae (mH)
Single layer 3.47 0.04 0.05 0.05 0.04
Double layer 2.25 0.02 0.15 0.15 0.02
Hybrid 3.14 0 0.01 0.01 0

For the single-double-layer hybrid winding, in order to improve the slot utilization
rate, Ref. [85] adopted the method of offsetting the stator teeth on both sides of the double-
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layer slot, as shown in Figure 33, to reduce the single-layer winding slot area and increase
the double-layer winding slot area; at the same time, in order to limit the slot width, the
stator tooth shoe width on both sides of the double-layer slot is increased, and by optimiz-
ing the offset angle and the tooth shoe width, the stator size parameters that can simulta-
neously satisfy the winding slot full rate, high self-inductance and low mutual inductance
are obtained.

Tooth centerline Armature centerline

B B,
K & @ [®

S A S,
Tooth tip centerline

Figure 33. Unequal-width tooth structure.

For the Nx3-phase motor, in order to minimize the coupling phenomenon between
unit electrics, Ref. [86] proposed a kind of large- and small-span winding; when the slot
contains windings from different three-phase units, the winding is changed to a large-
span form and coupled with its own unit motor, as shown in Figure 34. This avoids the
overlapping of windings between different unit motors, and at the same time realizes the
electrolytic coupling as well as the mechanical decoupling between unit motors, which
effectively improves the isolation capability between unit motors.

——==__Permanent magnet
NS /

Small span winding

Large span winding

(b)

Figure 34. Different windings. (a) Conventional winding form; (b) large- and small-span windings.

The authors of [87] propose removing one coil from each of the three phases of each
unit motor in the Nx3-phase motor, as shown in Figure 35. On the one hand, this winding
structure results in no overlapping coils between different unit motors and achieves elec-
tric coupling as well as mechanical decoupling between unit motors; on the other hand,
the unwound teeth can be used as fault-tolerant teeth to provide access to the armature
magnetic field, further enhancing the degree of magnetic decoupling and reducing mutual
inductance. At the same time, due to the high number of stator slots in the Nx3-phase
motor, the impact on the output capacity after removing the coils is minimal, and it can
still meet the requirements for the rated index.
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Stator

Rotor sleeve
Sub-Module

Permanent Magnet

Figure 35. Non-winding winding.

The unwound teeth in the stator teeth are called “fault-tolerant teeth”, and their main
function is to provide a path for the armature magnetic field, to confine the armature mag-
netic field of one phase winding to the space where the phase is located, to achieve the
isolation of the inter-phase magnetic field, and to effectively reduce the inter-phase mag-
netic coupling. Based on this, Ref. [27] introduced auxiliary teeth in the double-layer
winding structure by inserting fault-tolerant teeth between adjacent coils, as shown in
Figure 36a. After finite element analysis, it was found that the mutual inductance of the
motor was reduced by a maximum of 40% after the introduction of the auxiliary teeth,
while the phase self-inductance was improved by 44%, as shown in Figure 36b; on the
other hand, the addition of the auxiliary teeth also provided an additional thermal path,
and the maximum temperature of the motor was reduced by 35%; thus, the heat dissipa-
tion capability was significantly improved.

I Aquhary tooth Armature tooth I - Before inserting auxiliary teeth
1.6

. m . - - After inserting auxiliary teeth
==

| | E12
3

. . =

l l 5 0.8
=
=

. . =

l @ ® @ ® l ~ 04

. . 0
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Phase
(@) (b)

Figure 36. Auxiliary fault-tolerant tooth structure. (a) Auxiliary tooth position diagram; (b) compar-
ison of inductance parameters.

4.2.2. Enhanced Short-Circuit Current-Limiting Capability

A short-circuit fault is one of the most dangerous faults for PMSMs. Even if the power
supply to the winding is cut off, the rotor and the main magnetic field will keep rotating
due to inertia, thus generating counter-electromotive force in the stator winding; on the
other hand, the resistance of the short-circuit winding decreases sharply, and there will
be a large short-circuit current in the short-circuit winding, generating a large amount of
copper loss in a short time, which may burn up the winding in serious cases [88]. As can be
seen from equation 7, the self-inductance of the motor will play an important role in limiting
the magnitude of the short-circuit current by increasing the value of motor self-inductance,
which will be controlled within the range that the motor can withstand to prevent the short-
circuit fault from bringing further damage to the motor.
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where E|, is the opposite potential, R is the winding phase resistance, L is the phase in-
ductance, and w is the electrical angular velocity.

In addition to the winding form, the stator slot structure is also an important factor
affecting the self-inductance of the motor. The study in [89] analyzes the main components
of motor self-inductance and points out that slot leakage inductance accounts for the larg-
est proportion of motor self-inductance. Further, the study calculates the analytical equa-
tion of the slot leakage inductance of the motor based on the slot diagram shown in Figure
37 and points out that in order to enhance the slot leakage inductance, the slot width can
be appropriately narrowed and the slot depth can be increased; on the other hand, the
enhancement of the slot leakage inductance leads to the increase of the harmonic compo-
nents of the space magnetomotive force, which results in the increase of the antipotential
harmonic content, torque fluctuation, and iron core losses. The narrow slots may also pose
difficulties in the winding, so it is necessary to balance the needs of each aspect in the
actual design.

hsO l
h

I

Figure 37. Slot leakage inductance analysis diagram.

In addition to the optimization of the body structure, the introduction of an external
device for short-circuit current suppression is a feasible approach. In Ref. [90], a ferrite
ring is introduced at the winding end, which is wrapped around the auxiliary winding
beforehand and then installed together with the ring at the winding end, as shown in
Figure 38a. Then, the stator coil, ferrite ring and auxiliary winding together form the trans-
former structure, as shown in Figure 38b. When a short-circuit fault occurs in the winding,
resulting in a sudden increase in current, the transformer releases the energy through the
drain resistor, thus effectively reducing the short-circuit current.

Stator winding Auxiliary winding
Damping magnetic ring °

Variable resistor

Stator winding

Drain resistor

o——

Transformer structure
(a) (b)

Figure 38. Damping circle. (a) Round ring mounting position; (b) transformer structure.
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5. Conclusions and Outlook

This paper analyzes and summarizes the latest achievements in the research of
AEA/MEA propulsion motors, summarizes the main research directions of the high-
power-density and fault-tolerant design of PMSMSs, highlights the classical design
schemes, analyzes the advantages and disadvantages of various schemes and the corre-
sponding optimization methods, and draws conclusions and outlooks as follows.

Propulsion motors, as the core devices in the process of aircraft electrification, have
received extensive attention and research in recent years. The main hotspots include the
selection of motor topologies, the realization of high power density and the design of high
fault tolerance.

In the analysis of the basic principle, structure and application status of common mo-
tor types in AEA/MEA, it is found that the PMSM has become the most suitable choice of
propulsion motor in the development of AEA/MEA due to the advantages of simple struc-
ture, high power density and reliability. Adopting a series of methods to further improve
the power density as well as fault-tolerant performance is the main research direction in
the current development of PMSMs.

In order to meet the demand for high power density in propulsion motors for
AEA/MEA, the design of propulsion motors and their systems generally shows a trend of
strong electromagnetic load, high power, high speed, and integration through optimizing
the form of permanent magnets, the stator structure, the motor topology, the winding
method and the selection of more suitable materials. Thus, the motor system can output
higher speed and torque in a more compact internal environment. On the other hand, the
increase of power density is accompanied by the testing of material performance, struc-
tural strength, heat dissipation capability and manufacturing processes; thus, multi-phys-
ical field coupling design and multi-objective optimization design will be the future of
propulsion motor design, including comprehensive consideration of different performance
indicators for iterative design, to ensure the balance between different design indicators.

In order to meet the demand of AEA/MEA for propulsion motor safety and reliabil-
ity, the propulsion motor and its system show the trend of high redundancy, multi-mod-
ule design and strong isolation in fault-tolerant design. By optimizing the winding form,
stator structure, slot type, etc., the inter-phase coupling is minimized, and the independ-
ence between phases/units is maximized to ensure the motor has fault safety and fault-
tolerant operation. At the same time, strong fault tolerance is inevitably accompanied by
a rise in the number of power devices and the size of the drive, and the increase in leakage
inductance will to some extent lead to a decline in the output performance of the motor
itself. Thus, in fault-tolerant design, reliability and output capability need to be considered
comprehensively.
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