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ABSTRACT

The increasing demand for leadership in the socio-military sector has led to a growing focus
on the integration of new, compact concepts into UAVs. Advancements in power
electronics, motor drives, and material science have enabled the development of more
efficient systems, which aligns with a otable trend in UAVs. The conversion of conventional
mechanisms to compact electromagnetic systems, making Starter/Generator structures play
a crucial role. The Starter/Generator serves two functions: acting as both the primary drive
mechanism for initiating the piston engine and supporting the propulsion system in motor
mode, while in generator mode, it charges the electronic system battery once the engine is
running. Innovative progress in high energy density rare-earth magnets has also facilitated
the development of magnetic couplers, enabling magnetically insulated, contactless power
transmission between the shafts of the piston engine and the Starter/Generator. This thesis
focuses on the development and application of a novel, highly efficient, high-speed, double-
stage direct-drive magnetically coupled Starter/Generator, referred to as double stage DCSG.
The aim is to provide a hybrid propulsion system for mini/small scale piston-engined
surveillance UAVSs, ultimately enhancing safety, reliability, usability, endurance, and flight
time. The Starter/Generator is an inner-runner permanent magnet brushless synchronous
machine, with specifications of 1 kW at 4500 rpm for motor mode and 1.25 kW at 5500 rpm
for generator mode. The analytical design model efficiency of the Starter/Generator is 84%.
However, through tuning with RMxprt sensitivity analysis, the efficiency is increased to
87%. Further evolutions are achieved through Maxwell 2D/3D FEA and optimizations,
resulting in an efficiency of 90%. The magnetic couplers employed in the system adopt a
radial synchronous magnetic coupler topology, while meeting stringent torque requirements
of 6 N.mand 12 N.m. The coupler efficiency reaches 93.8% at the maximum operating speed
and critical angle, and 96.9% at the minimum torque angle and minimum operating speed.
By implementing the DCSG in designated mission zones, the UAV propulsion efficiency
has been improved from 20% to 45% in cruising. As a result, the flight time has increased
by 24%. The absolute error rates are determined to be 13% for the 2D and 6% for the 3D.
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OZET

Sosyo-askeri sektdrdeki liderlik talebinin artmasi, yeni ve kompakt kavramlarin IHA'lara
entegrasyonuna olan ilginin biliylimesine oOnciiliikk etmektedir. Gii¢ elektronigi, motor
stiriiclileri ve malzeme bilimindeki ilerlemeler, daha verimli sistemlerin gelistirilmesini
saglamaktadir. Bu da IHA'larda dikkate deger bir trend olan geleneksel mekanizmalarin
kompakt elektromanyetik  sistemlere  doniistiirilmesiyle uyumlu bir  sekilde
Starter/Generatér yapilarimin 6nemli bir rol oynamasinin Oniinii agmaktadir. Starter/
Generator iki islevi yerine getirir: motor modunda, pistonlu motorun galistirilmasi igin ilk
tahrik mekanizmasini saglar ve itki sistemini destekler, generator modunda ise, pistonlu
motor ¢alistiktan sonra elektronik sistem bataryasini sarj eder. Yiiksek enerji yogunluguna
sahip nadir toprak miknatislarinda kaydedilen yenilikgi ilerlemeler ise, manyetik kuplorlerin
gelistirilmesini kolaylagtirmig ve pistonlu motor ile Starter/Generator saftlari arasinda
manyetik olarak izole edilmis, temassiz gii¢ iletimini miimkiin kilmistir. Bu tez, ¢ift kademe
DCSG adi verilen yeni, yiiksek verimli, yiiksek hizli, ¢ift kademeli dogrudan tahrikli
manyetik  kuplorlii  Starter/Generatoriin -~ gelistirilmesi  ve  uygulanmasi  {izerine
odaklanmaktadir. Amag, mini/kiiciik sinifinda piston motorlu gozetleme IHA'lar igin bir
hibrit itki sistemi saglamak ve boylece giivenligi, giivenirliligi, kullanilabilirligi,
dayaniklilig1, ve ugus siiresini gelistirmektir. Starter/Generatér, i¢ rotorlu, kalict miknatish
fir¢asiz senkron bir makine olmakla birlikte, motor modunda 1 kW 4500 d/d, generator
modunda ise 1.25 kW 5500 d/d olacak sekilde tasarlanmistir. Starter/Generator'iin analitik
tasarim modeline gore verimliligi %84'tlir. Ancak RMxprt duyarlilik analizi parametrik
¢ozlimlemeleri ile verimlilik %87'ye yiikseltilmistir. Maxwell 2D/3D sonlu elemanlar
analizleri ve optimizasyonlar: ile de verimlilik %90'a ¢gikarilmistir. Sisteme entegre edilen
manyetik kuplorler, sistem tork gereksinimlerini karsilayan bir radyal senkron manyetik
kuplor topolojisini benimsemektedir. Kuplor verimliligi, maksimum ¢alisma hizi ve kritik
acida %93,8'e, minimum tork agis1 ve minimum ¢alisma hizinda ise %96,9'a ulagmaktadir.
DCSG modelinin belirlenen gérev bélgelerinde uygulanmasiyla, IHA itki verimliligi seyir
halindeyken %20'den %45'e gelistirilmistir. Sonug¢ olarak, ugus siiresi %24 oraninda
arttirllmistir. Mutlak hata oranlari, 2D i¢in %13, 3D i¢in ise %6 olarak hesaplanmaistir.
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SYMBOLS AND ABBREVIATIONS

The symbols and abbreviations used in this study are presented below with their

explanations.

Symbols Explanations

A Area

ac Specific electric loading

ar Aspect ratio

B Magnetic flux density

Bav Specific magnetic loading

By Air gap flux density

Bm Permanent magnet flux density

Br Residual flux density

BHmax Maximum energy product

Ce Cerium

Co Cobalt

CO2 Carbon dioxide

d Diameter

db Desibel

dx Axial displacement

dw Change in energy

do Radial displacement

E Back-emf voltage
Frequency

F Force exerted

Fe Iron

G Output coefficient

h Height

H Magnetic field intensity

Hc,i Intrinsic coercivity



Symbols

HFe
HFp
Hm

Hz

i

Kr, FF
ks

kw

I

NdFeB
NOx

PEM,max
Picemax

Pmax

Pr
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Explanations

Hybridization factor for energy
Hybridization factor for power
Permanent magnet field intensity
Hertz

Current

Fill factor

Slope factor

Winding factor

length

Current density

Inductance

Permanent magnet length
Phase number

Mutual inductance

Remanent magnetization
Saturation magnetization
Neodymium
Neodymium-iron-boron
Nitrogen oxides

Pole number

Winding parallel path

Stator slot number

Loss

Real power

Permeance coefficient
Maximum power of the electric motor
Maximum power of the ICE
Overall power demand
Paraseodium

Reactive power



Symbols

Sm
SmCo

AEi
AE

2p

Explanations

Radius

Resistance

Apperant power
Samarium
Samarium-cobalt
Torque

Critical temperature
Air gap width
Maximum temperature
Voltage component
Volume

Voltage

Angular velocity
Stored energy

Stored energy in the air gap
Displacement
Free-space permeability
Relative permeability
Pole embrace
Resistivity

Efficiency

Flux

Flux linkage

Pole pitch

Angle

Degree celcius

Vector potential

Power requirement of the electric motor

Power demand

Pole number
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Abbreviations

Al
AMC
APU
AWG
BLDC
cAca
CAD
CAsc
CATO
CFD
CPSR
CSFC
DCSG
DFO
DoH
DSPM
DTC
DUT
EAG
EASA
EGS
EM
EMF
EPGS
EU
FAA
FEA
FEM
FF
FOC

Explanations

Artificial intelligence

Active magnetic coupler

Auxilary power unit

American wire gauge

Brushless DC motor

Coil arm copper area

Computer aided design

Single conductor copper area
Catapult assisted take-off
Computational fluid dynamics
Constant power speed range
Constant stator flux control
Directly coupled Starter/Generator
Direct field oriented control
Degree of hybridization

Doubly salient permanent magnet
Direct torque control

Device under test

Effective air gap

European union aviation safety agency
Electrical-generator set

Electric machine

Electromotive force

Electrical power-generation systems
European union

Federal aviation administration
Finite element analysis

Finite element method

Fill factor

Field oriented control

XXX



Abbreviations

GA
gAca
gAsS
GCD
GO
HEV
HP
HPS
ICE
IFO
IEC
IM
IPM
IPMSM
IMPM
ISA
ISG

IP

IVD
JATO
LIDAR
LoS
LSPMSM
MC
MCEM
MEA
MG
MGEM
MOGA
MTPA

XXX

Explanations

Genetic algorithm

Coil arm gross area

Stator slot gross area

Greatest common divisor

Grain oriented

Hybrid electric vehicle

Horse power

Hybrid power source

Internal combustion engine

Indirect field oriented control

International electrotechnical commission
Induction machine
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1. INTRODUCTION

Unmanned aerial vehicles (UAVs) have emerged as a disruptive technology in the aviation
industry, with their rapid development and proliferation across various domains. In recent
years, UAVs have made significant strides in terms of technological advancements, and their
use has gained momentum worldwide [1, 2]. UAVs have been employed for various
applications, including aerial photography, surveying, mapping, scientific research, law
enforcement, search and rescue operations, and military operations [3, 4]. Conventionally,
UAVs are powered by internal combustion engines (ICEs) for propulsion. However, piston
engines (PEs) have become increasingly popular in small and medium-sized UAVs due to
their high cycle efficiency, shorter start-up time, lower maintenance requirements, and
higher unit volume power density [5]. PEs are internal combustion engines that convert heat

energy into motion energy and require the first actuation movement.

As environmental concerns continue to grow, along with the desire to improve the safety
and reliability of all aircraft, the more-electric-aircraft (MEA) initiative has been launched
[6-10]. This initiative has led to the need for piston-engined UAVs to adopt more efficient
electrical systems that can increase endurance while avoiding heavy mechanical mechanisms
[11]. Conventional UAV systems lack internal starters and require an external drive
mechanism for the piston engine to start up [12]. They also require a large battery pack to
meet all electrical system needs. These issues require the development of more efficient and
innovative hybrid systems [13-18]. The significance of hybrid UAVs in military operations
underscores their strategic value, while their rapidly growing socioeconomic relevance
demands increased focus on research in this field and drives the urgent need to optimize the

utilization of alternative platforms [19-22].

The integration of a Starter/Generator (S/G) with a piston engine has enabled the
development of more efficient hybrid systems [23-26]. The development of power
electronics, semiconductor materials, permanent magnets (PMs), and control engineering
has ensured that S/G structures are a key function in increasing power density in hybrid UAV
systems [27-31]. An S/G is a unique and efficient rotary electric machine that can operate as
both a motor and a generator [32-34]. In this way, the PE can be driven first in motor mode,

and the battery group can be charged in generator mode while cruising [35].



Motivation

Conventional hybrid UAV systems offer several benefits. However, they are also susceptible
to catastrophic failures due to the direct coupling between the propeller and the rotor of the
piston engine and Starter/Generator. In the event of shaft failure, this direct coupling can
cause the entire aircraft to crash, leading to potential damage and loss of life [36-39].
Moreover, the use of out-runner S/G structures to accommodate the PE shaft and facilitate
ease of installation leads to inefficient system insulation and cooling, thereby impeding the
overall performance and reliability of the system [40]. Intensive efforts to alleviate these
harmful conditions and limitations led to the idea of adopting magnetic couplers (MCs) and
S/Gs as a combined solution [41]. Hence, the crucial task of effectively and covertly
separating the shafts of the aircraft engine and the electrically powered system, usually the
S/G, places a significant responsibility on the MCs [42-46]. MCs provide contactless torque
transmission and hermetic separation using static seals or containment shrouds, which are
essential for hybrid UAVs [47]. This ensures that the S/G can operate in motor mode in case

of any malfunction, allowing for a safe landing of the aircraft on the ground [48].

This thesis proposes the design, manufacturing, and testing of a highly efficient, high-speed,
direct-drive, double stage magnetically coupled Starter/Generator, introducing a novel
concept to the 2iteratiire designated DCSG. Specifically, tailored for customised surveillance
UAVs equipped with 3W-55X, 3W-70R2 and DLE-30 piston engines, this advanced
technology provides a significant improvement in performance and capability, representing
a pioneering breakthrough in the field of UAV technology. Through the modular
manipulation of the DCSG stages, precise control over the hybridization rate of the system
can be achieved, enabling seamless integration with a wide range of UAVSs varying in size
and power. This versatile approach offers enhanced flexibility and efficiency in coupling
advanced hybrid propulsion systems, underscoring the potential of DCSG technology to
revolutionize the field of UAVSs. This innovation has practical applications and adds value
to aeronautics research. The proposed hybrid propulsion system improves protection,
usability, endurance, simplicity, maintenance and flight time, based on finite element
analyses to overcome the challenges of conventional hybrid topologies. The unique design
capability of the dual-stage DCSG allows it to be used primarily in aerospace applications,
but also in many other industrial fields such as automotive, process engineering, hydraulics,

waste-heat recovery systems, and compressors [49-51].



Thesis layout

Chapter 2 presents a detailed and comprehensive literature review that traces the evolution
of various technologies that form the foundation of this thesis, including UAVS, more-
electric aircrafts (MEAS), hybrid UAVs, Starter/Generators (S/Gs), Magnetic Couplers
(MCs), and the double stage Magnetically-Coupled Starter/Generator (DCSG) concept. The

chapter contextualizes the research and highlights the significance of the DCSG concept.

Chapter 3 of this document offers an in-depth examination of electric machine topologies
that can be effectively employed in S/G structures and magnetic couplers for various
applications. The chapter provides a detailed analysis of the different types of materials and
electric machines that are most suitable for these structures, along with their specific
features, advantages, and limitations.

Chapter 4 presents readers with an extensive analysis of the analytical equations for the MCs
and S/Gs, along with their control structures, exploring their interdependence and impact on

the overall system performance in a comprehensive manner.

Chapter 5 provides a comprehensive and in-depth analysis of the intricate electrical,
magnetic, and thermal design of the magnetically coupled double-stage synchronous
Starter/Generator (DCSG) system, expertly adapted to suit the requirements of 3W-55X,
3W-70R2, and DLE-30 piston engines. The chapter offers a comprehensive understanding
of the electrical, magnetic, and thermal interplay of the DCSG system through a detailed

design and implementation examination.

Chapter 6 occupies a pivotal position in the thesis, providing a detailed and inclusive account
of the prototype production, rigorous testing procedures, and empirical results of the
proposed DCSG systems. In addition, the chapter outlines the various testing protocols that
were employed to ensure the robustness and reliability of the prototype, including dynamic

response testing, static tests, and short-circuit testing.

Chapter 7 holds immense significance in the thesis as it presents a detailed and wide-ranging
summary of the conclusions and recommendations drawn from the entire thesis,

encapsulating the key findings and insights gained throughout the research process.






2. LITERATURE OVERVIEW AND SCIENTIFIC CONTRIBUTION

This section offers an in-depth analysis of UAV development, including various types of
UAVs, engine types, market research, and regulations. Additionally, it delves into the
emergence of More-Electric-Aircraft (MEA) and hybrid UAV systems, providing a
thorough explanation of their numerous benefits over conventional UAVs, backed up by
compelling real-world examples. The chapter meticulously explores the development of
Starter/Generator (S/G) technology and its associated advantages, as well as the different
S/Gs used in UAVs. Moreover, it thoroughly examines the hybridization rate in UAVS,
identifies the limitations of conventional hybrid UAV systems, and proposes a novel model
that offers an innovative solution. The proposed model's scientific contribution to the field
is explained broadly, highlighting its potential to advance hybrid UAV systems and making

it a valuable addition to the literature.

2.1. Development of UAVs

UAVs have a rich history dating back to the mid-19th century when balloons and kites were
used for reconnaissance purposes during wars. The modern development of UAVs started
in the 20th century, and they have been referred to by various names, including drone, RPV
(Remotely Piloted Vehicle), and RPAS (Remotely Piloted Aircraft System). While there are
some technical differences between these terms, they generally refer to the same system.
However, due to the negative connotations associated with military drone strikes against
civilians, the term Unmanned Aircraft System (UAS) is becoming more popular in civilian
contexts. It is also common to use the term drone to refer specifically to small UAVs [52].

During World War 11, both the Allies and Axis powers developed UAVSs for reconnaissance
and bombing missions. In the 1950s and 1960s, the United States Air Force began
developing UAVs for reconnaissance purposes. The first successful UAV was Ryan Model
147, which was used in the Vietnam War [53]. In the 1970s, the United States military began
using UAVs for reconnaissance and surveillance purposes. In the 1980s and 1990s, UAVs
were further developed and used in conflicts such as the Gulf War and the Balkan conflicts
[54]. The Predator drone, first introduced in the 1990s, was a significant breakthrough in
UAV technology.



The United States developed the MQ-1 Predator in the 1990s, which was used extensively
in the wars in Iraq and Afghanistan. In the early 2000s, Israel developed the Heron UAV,
which has been used for both civilian and military purposes [55]. The European Union
developed the EuroMALE UAV in the 2010s, which is a long-endurance surveillance drone.
One of the most significant developments was the introduction of the MQ-9B SkyGuardian
by General Atomics. The MQ-9B was an upgraded version of the Reaper, with improved

sensors and communications systems [56].

In recent years, UAV technology has continued to advance rapidly. One of the most
significant developments is the use of artificial intelligence (Al) to enable UAVs to fly
autonomously and make decisions on their own [57]. This technology is expected to have a
significant impact on military, and civilian applications such as agriculture, transportation,
and public safety. One of the most notable examples of this is the Skyborg program by the
US Air Force, which is developing autonomous UAVS s to support manned aircraft in combat.
In 2018, the US Air Force deployed the MQ-9 Reaper drone to Poland, marking the first
time that the drone had been deployed to a NATO country in Europe. In 2019, Australian
drone manufacturer Emesent launched Hovermap, a drone-mounted LIDAR (Light
Detection and Ranging) mapping system that can be used to map underground spaces, such
as mines and caves [58]. In 2020, drones were used extensively in the fight against the
COVID-19 pandemic, with drones being used to deliver medical supplies and to disinfect
public spaces [59].

In 2021, drone delivery services began to take off, with companies such as Amazon and
Wingcopter conducting successful test deliveries in the US and Europe [60]. Additionally,
in 2021, the US Air Force conducted the first flight test of the Skyborg unmanned aircraft
system, which is designed to operate alongside manned aircraft and conduct a range of
missions [61]. In 2022, drone technology continued to advance, with new drones being

released for a range of applications, from aerial photography to industrial inspections [62].

UAVs have a broad range of applications, with defense being their most common use. They
are utilized for surveillance, tracking, airborne data collection, and armed attacks . In contrast

to manned flights, UAVs offer a low-risk and cost-effective solution in civilian areas [63].



With hyperspectral imagers, air composition sensors, and other equipment, UAVs have also
found new applications in civilian areas, including agriculture, forestry, marine pollution
and waste tracking, disaster monitoring, land mapping, wildlife and ecological monitoring,
traffic monitoring, geoscience and mining studies, gas leakage monitoring, plant and forest
species identification, climate change research, and environmental damage monitoring [64].

2.1.1. Types of UAVs

Various types of UAVs are available, which can be classified based on their intended

applications and airframe designs, as depicted in Figure 2.1 [65, 66].

(f)

Figure 2.1. UAV types: (@) UAVOS fixed-wing (b) Mothership lighter-than-air (c)
SkyLane VTOL (d) Rotovigil rotary-wing (e) BNA-Nurol tilt rotor (f)
Skywalker tail sitter

The UAV market has witnessed the fastest growth rate among all segments of the global
aviation industry since 2008, with nearly 50 countries engaged in UAV production. The
leading UAV manufacturers in the world include Zipline, Measure, Cyberhawk, Hemav,
Flirtey, Sky-Futures, Aerodyne, Terra Drone, Northrop Grumman, BAE Systems, General

Atomics Aeronautical, Honeywell Aerospace, Qinetig, and Israel Aerospace Industries [64].



Several classification schemes categorize UAV systems by their operational characteristics

and capabilities. [62, 67-69]. These schemes aid in operational and regulatory purposes by

assessing the risk of accidents such as ground impact or midair collisions.

2.1.2. Classification of the UAVs

Table 2.1 provides a comprehensive classification of UAVs, highlighting their diverse

systems, capabilities, and differentiation [70].

Table 2.1. Global UAYV classifications for various systems

Mass Range | Altitude | Endurance
(kg) (km) (m) (h)
Micro <5 <10 250 1
Mini/Small <20/25/30 <10 150-300 <2
Close range 25-150 10-30 3000 2-4
Short range 50-250 30-70 3000 3-6
Medium range 150-500 | 70-200 5000 6-10
Medium range endurance 500-1500 | >500 8000 10-18
Low altitude long endurance 15-25 >500 3000 >24
Medium altitude long endurance 1000-1500 | >500 3000 24-48
High altitude long endurance 2500-5000 | >2000 20000 24-48
Stratospheric >2500 >2000 | >20000 >48
Unmanned combat AV >1000 1500 12000 2
Decoys 150-250 0-500 | 50-5000 <4

2.1.3. Regulations

UAV regulations in the European Union (EU) are defined by the European Union Aviation

Safety Agency (EASA), which strives to ensure the highest level of safety and environmental

protection in civil aviation. EASA develops and implements common rules and standards

for aviation safety and environmental protection [71].



In the United States, the Federal Aviation Administration (FAA) is responsible for regulating
all aspects of civil aviation, including UAS or drones. Collaborating with stakeholders, the
FAA sets and enforces regulations for safe, efficient, and innovative use of UAS in the

national airspace, while complying with relevant laws and regulations [72].

2.2. Evolution of More-Electric-Aircraft (MEA)

The pursuit of developing aircraft that rely primarily on electrical power dates back to World
War 11, as exemplified by the Vickers Valiant VBombers. As early as 1954, Vickers VC-10
represented the initial attempt to create a "more electric” solution [73]. While the Airbus A-
380 is commonly regarded as the modern starting point for "more electric” aircraft, it, in
fact, employs the same scheme as the VC10 50 years earlier. In the Vickers VC-10, the
electric power was generated by four generators, each capable of producing 40 kVA,
yielding a total onboard electrical power of 160 kVA. However, the concept failed to gain
traction at the time due to technological limitations related to power generation and

conversion [74].

In the 1990s, the early challenges and the increasing socio-economic significance of UAVs
accelerated research and development efforts in this field, with their military applications
making their use even more strategic. The rapid advancement of UAV systems and the desire
to enhance their efficiency and safety have prompted the development of the more-electric-
aircraft (MEA) initiative [75]. As technology has advanced, the MEA idea has become more
feasible. MEA aimed to replace conventional hydraulic and pneumatic systems with more
compact and lightweight electrical systems, such as electrical actuators, power electronics,
and electric motors. The increasing utilization of MEA has highlighted the pivotal role
played by S/G technologies in ensuring the optimal performance and operation of UAVS,
emphasizing their criticality and indispensability in the field. The MEA concept gained
traction in the aerospace industry as a means to enhance the performance and sustainability

of aircraft systems [76].

In the 2000s, the MEA concept evolved to include the use of advanced electrical power
systems and energy storage technologies, such as batteries, fuel cells, and ultra-capacitors.
This evolution was driven by the growing demand for energy-efficient and environmentally

friendly aircraft systems, as well as the increasing popularity of UAVs [77].
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In the 2010s, the MEA concept gained further momentum as advances in electrical power
systems and energy storage technologies enabled the development of more advanced and
capable aircraft systems. The adoption of MEA systems in commercial and military aircraft
systems expanded, as it offered advantages such as improved reliability, reduced

maintenance requirements, and enhanced mission capabilities [78].

In 2020 and beyond, the MEA concept is expected to continue to drive innovation in the
aerospace industry. The growing focus on sustainable aviation and electrification of aircraft
systems is expected to further accelerate the development and deployment of MEA
technologies [79]. Additionally, the increasing demand for advanced aircraft systems that
can operate in challenging environments, such as high-altitude and remote locations, is

expected to drive the adoption of MEA systems in a wide range of applications [80, 81].

The transition towards MEA is underpinned by a set of pivotal driving factors, which can be

succinctly summarized as follows [82]:

= Reduced Weight: Electrical power systems are typically much lighter than hydraulic and
pneumatic systems due to the absence of hydraulic fluids, resulting in reduced weight
and improved fuel efficiency.

= Easy Maintenance: Electrical systems are faster and easier to replace than most
pneumatic, hydraulic, and mechanical systems, and their modular nature allows for
simple and efficient repair and maintenance, reducing downtime and maintenance costs.

= Increased Efficiency: The use of electrical anti-icing systems can significantly increase
engine efficiency, resulting in improved fuel efficiency and reduced emissions.

= Manageability: Electrical systems provide a faster response to changes in power demand
than pneumatic, hydraulic, and mechanical systems, resulting in improved performance
and control.

= Configurability: Electrical systems are designed with automatic reconfiguration features
that maintain functionality during fault conditions, improving reliability, safety, and
system availability.

= Enhanced Diagnosis: Electrical systems constantly monitor their operation, providing
intelligent management to prevent or mitigate future faults. This feature is critical during

critical flight phases, ensuring safe and reliable operation.
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2.3. Progression of Hybrid UAVs

As an initial stride towards the adoption of more electric powertrains within the framework
of MEA, there has been a disclosure of all-electric, hybrid-electric and turbo-electric
propulsion architectures for UAVs [83]. These powertrain architectures hold the potential to

facilitate the shift from conventional to fully electric aircraft [84].

Intensive research and development efforts in hybrid and all-electric propulsion systems
have presented a remarkable opportunity to revolutionize aviation. As illustrated in Figure
2.2, these systems have the potential to offer significant advantages over conventional

systems, ushering in a new era of enhanced sustainability and efficiency [85].

MEA driven by increased
450000 electrification on updates to
current architectures
400000 Volumes driven by transition
to hybrid propulsion systems
on regional and single aisles

350000

300000

£ Millions

250000

200000

150000

Conventional decline as single
aisle and regional volumes

/ transition to electric variants

All electric limited to
<20 seat sub-regionals
100000 and other concepts

50000

0 R J
M~ o OO © = AN M & 1N O 00 O O =W &N M S N O 00O ©O =W N M T 1D W N 0 O O
- - = a0 0NN 0 M S ¥ O S ST ST ST T T O
©C O ©O ©O ©O © O O O O ©C O O O O 0O O O O O O O O O O O O O O O O O © O
N AN AN AN AN AN AN AN AN AN AN AN AN AN AN AN AN N N AN AN AN AN AN NN AN NN NN NN
= Conventional = More Electric = Hybrid Electric = All Electric

Figure 2.2. Comparison of aircraft deliveries [85]

2.3.1. NOx and CO2 emissions

MEA concept objectives over a 25-year period can be analysed under five categories: safety,

noise reduction, capacity, mobility, and emissions [86].

In terms of safety, the main goal is to achieve a marked reduction in the number of fatal

accidents.
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Noise reduction remains a key focus area, targeting a decrease of 10 dB within a decade and
20 dB within 25 years. For capacity, the target is to triple the level of the 1990s [87].

The mobility goal is to halve the intercity flight time within a decade, reduce it by two-thirds
within 25 years, and reduce the intercontinental flight time by half within 25 years. However,
the aviation industry's use of fuel engines continues to result in growing emissions of carbon
dioxide (CO2) and nitrogen oxides (NOx) [88]. Alarming statistics reveal that the CO>
emissions of all flights departing from EU28 and EFTA have increased by 95%, from 88 to
171 million tons, between the 1990s and 2020s, according to the data reported by member
states to the United Nations Framework Convention on Climate Change (UNFCCC) [89].

The aviation industry aims to decrease NOx and CO- emissions significantly to tackle the
urgent challenge of reducing emissions. By 2050, the industry aims to achieve a twofold
reduction in emissions: a 70% reduction in NOx emissions within the next decade, followed
by an 80% reduction within the next 25 years, alongside a reduction of 25% in CO2 emissions
within the next decade and 50% within the next 25 years [90].

Hybrid-electric aircraft represent a promising solution for reducing fuel consumption and
contrail generation, two critical issues currently facing the aviation industry. By utilizing
electric motors as a supplementary thrust source during the take-off and cruise phases, hybrid
systems allow for the use of smaller, more efficient fuel engines during flight [91]. This not
only contributes to lower fuel consumption and greenhouse gas emissions, but also helps to
reduce engine wear and noise pollution. In addition, the use of electric motors during the
cruise phase can enable aircraft to fly longer distances without using their engines, thereby

further reducing fuel consumption and environmental impact [92].

Moreover, hybrid systems present a multitude of additional benefits, serving as a catalyst for
improved efficiency, especially at partial load, utilizing excess power generation to supply
auxiliary loads such as pumps and pressurization systems [93]. They provide greater
flexibility in the placement of electrical loads, resulting in reduced machinery volume, as
well as minimized vibration and noise levels, revolutionizing the aviation industry towards

a more sustainable and efficient future [94].



13

Propulsion systems are widely considered the most crucial subsystem in hybrid structures,
and their development has been instrumental in the progress of aviation as a whole. As

propulsion systems evolve, other subsystems are shaped accordingly.

Technological advancements have led to the diversification and enrichment of propulsion
systems over the years. The development of propulsion systems, in terms of their
performance and efficiency, is of paramount importance for aircraft at certain junctures. As
the history of aviation unfolds, the ability to cover longer distances with greater payloads
has progressed in direct proportion to the development of propulsion systems.

In the 1950s, speed was the primary driver of aviation development; in the 1960s, it was
speed and capacity; in the 1970s and 1980s, the focus shifted to economy, fuel utilization,
and efficiency; in the 1990s, the emphasis was on cost, noise, and capacity; and in the 2000s,
priority was given to the environment, revenue, and cost. A close analysis of this trend
reveals that most of the relevant parameters are linked to propulsion systems. UAV
propulsion systems can be broadly categorized into three types based on their energy
sources: fuel, hybrid fuel-electric, and all electric as shown in Figure 2.3 [95, 96].

Propulsion Systems
1

‘ Ramjet H Piston | Turbine | Parallel | Series Power EMSs ‘ ‘ Motor
Reciprocating | Rotary | Pg:]g:' ‘Brushless‘ Brushed
| | 1
Turbojet | Turbofan | Lithium- Fuel cells Solar Superconducting
based
[ 1

‘ Turboprop ‘ Turboshaft

Figure 2.3. Overview of UAV propulsion systems

Fuel-based propulsion systems are essential to civil and general aviation, typically
employing either aircraft kerosene-powered gas turbines or gasoline-powered internal
combustion engines (ICEs), typically piston engines (PEs), which operate on the same
principle as spark ignition (SI) engines. PE, a type of fuel-based propulsion, is categorized
based on the number of cylinders (single/two-cylinder, etc.), cylinder arrangement (in-line,

radial, opposed, V-type, etc.), and operating cycle (two-stroke and four-stroke) [97].
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PE, a widely used type of fuel engine, is known for its high power-to-weight ratio,
compactness, low cost, high efficiency, and reliability compared to ramjet and turbine
engines. These features make PEs particularly effective and commonly used in small-sized
UAVs [98].

Based on current projections, it is expected that ICE will continue to serve as the dominant

means of propulsion for most vehicles, as indicated by the findings in Figure 2.4 [99].
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Figure 2.4. Progress of the global vehicle propulsion system [99]

The implementation of a pure electric propulsion system utilizes electric motors as the sole
power source, offering numerous advantages [100]. These benefits include reduced carbon
emissions, low levels of pollution, minimal costs, and high energy efficiency. Furthermore,
pure electric UAVs possess a wider array of energy source options, including innovative
alternatives such as lithium batteries, fuel cells, supercapacitors, and solar energy [101]. By
harnessing these sustainable energy sources, pure electric UAVs effectively meet the
environmental demands of energy conservation and emission reduction, making them a

crucial avenue for the development of UAV technology.

However, as the aviation industry moves towards a future of fully electric structures, the
development of hybrid propulsion systems has emerged as a crucial area of focus. These
systems offer a means of providing an intermediate step towards the adoption of all-electric
systems, while also addressing current deficiencies in electric powertrain technology [102-
104].
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The term "hybrid electric" refers to a propulsion system that utilizes multiple energy sources

such as fuel/chemical and battery/electrochemical systems.

The hybrid electric configuration further branches off into series, parallel, and power split
types based on the nature of the node connecting the two constituent energy sources. Figure
2.5 provides a comprehensive overview of conventional hybrid propulsion systems along

with their respective summarised advantages [105].
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Figure 2.5. Conventional hybrid UAV (a) Series-hybrid propulsion (b) Parallel-hybrid
propulsion (c) Power split-hybrid propulsion (d) Advantages of hybrid
structures [105]
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Parallel and series hybrid architectures offer significant advantages in contemporary UAV
design [106].

Both architectures allow for downsizing of the ICE to provide the power required for
cruising, with additional power during takeoff and other power-demanding manoeuvres

provided by batteries or ultracapacitors through the electric motor [107].

The parallel architecture can be considered a highly modified state-of-the-art propulsion
system, with the electric components managing a small percentage of the total propulsive

power. The number of new components is limited to minimize economic effort [108].

On the other hand, the series architecture represents a new propulsion system in which the
electric components manage the total propulsive power [109]. Although the series hybrid is
closer to an all-electric propulsion system than the parallel hybrid, it has drawbacks, such as
a greater economic effort required to develop it, greater mass and quantity of additional
components leading to increased total mass, and reduced system efficiency due to the need

for double power conversion.

In conclusion, the series hybrid architecture is generally more suitable for civil transport
UAVs, adding to the gain of distributed propulsion. Conversely, the parallel hybrid
architecture is more appropriate for smaller, lightweight UAVS, as it requires fewer

additional components, allowing for optimal economic feasibility.

2.3.2. Energy source types for MEA systems

As the aviation industry continues to shift towards more-electric propulsion systems, the
development of appropriate energy storage technologies has become an essential area of
focus. In the past, various energy sources, including fuel cells, batteries, solar cells, and ultra
capacitors, have been considered for this purpose, each offering distinct advantages and

limitations. Figure 2.6 provides an overview of the power supplies found in MEA [110].
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Figure 2.6. Energy density comparison of energy sources for MEA [110]

Fuel cells have attracted considerable attention as an energy storage technology for MEA
systems due to their high efficiency and low emissions, which make them an attractive option
[111]. However, their high cost and complex design have limited their widespread adoption.
To address the limited lifespan and safety concerns of fuel cells, researchers are exploring
alternative options such as ultracapacitors. Additionally, solar cells offer a promising source,
providing long-term, sustainable energy solutions. Batteries have also emerged as a popular
choice, due to their high energy density and low weight. Research on suitable energy storage

are ongoing to identify the most effective and efficient solutions.
2.3.3. Voltage levels of the MEA UAVs

Aircraft electrical distribution systems follow several standards, including MIL-STD-704,

with the following potential voltage and frequency levels [112]:

14 VDC: This voltage level is commonly used in general aviation aircraft, particularly those

with piston engines. It is also used in some small UAVs and drones.
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28 VDC: This is a newer standard that specifies a higher voltage level for 28 VDC electrical

systems, with a maximum voltage of 32 VDC.

48 VDC: This voltage level is now employed for electric propulsion in mini and small-scale

hybrid UAVs, predominantly used for surveillance.

270 VDC (bipolar +135 V): Used in military aircraft and subsystems on larger aircraft.

270 VDC (unipolar): This voltage level is used in some commercial aircraft, particularly

those with larger electrical loads. It is also used in some military aircraft.

115V AC at 400 Hz: This voltage and frequency level is often used for larger loads on large

commercial aircraft.

115V AC Variable Frequency from 360 Hz to 800 Hz: This voltage level is used for certain

subsystems on some aircraft.

400 Hz AC: There are other AC voltage levels that are used in aircraft electrical systems,
including 26 VAC and 200 VAC at 400 Hz. These voltage levels are used for various types

of electrical loads, including avionics, lighting, and galley equipment.

540 V DC (bipolar £270 V): This voltage level is used for some high-power subsystems on

larger commercial aircratft.

230 V AC at 400 Hz: This voltage and frequency level is commonly used for certain

subsystems on large commercial aircraft.

It is essential to select the appropriate voltage level for an aircraft electrical system based on
the application's power requirements. It is worth noting that there is a trend towards higher
voltage levels in aircraft electrical systems, particularly in electric and hybrid-electric
aircraft designs. This is driven by the need for higher power levels and the desire to minimize
losses in the electrical distribution system [113]. However, higher voltage levels also bring
additional safety considerations and design challenges. As such, careful consideration of the

electrical load and the system's voltage is necessary to ensure safe and efficient operation.
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2.3.4. Hybridization degree identification of the hybrid UAV

The level of hybridization of energy and power can have a significant impact on the
performance and range of the aircraft. A higher level of hybridization of power indicates that
more power is provided by the electric motor, which can improve the fuel efficiency and
reduce emissions. On the other hand, it indicates that more energy is supplied by the battery,

which can increase the range of the aircraft and reduce its reliance on fossil fuels.

The Degree of Hybridization (DoH) expresses the percentage of the total power required by
an aircraft that comes from the electric system. However, the more commonly used
parameters in the literature for expressing the level of hybridization are the Hybridization
Factor for Energy (HFg) and Power (HFp). These factors provide insight into the allocation
of power and energy sources on board the aircraft. HFp is the ratio of the installed propulsion
power of all electric machines (EMSs) to the total installed propulsion power at the propeller
shaft, while HFe is defined as the ratio of the required transport energy delivered by
nonconsumable batteries to the total required transport energy. The hybridization level of
power for parallel-hybrid and series-hybrid aircraft is determined in Eq. 2.1 and Eq. 2.2
[114]:

P EM,max P EM,max

(2.1) HFpsp =

HFp pp = (2.2)

Pmax Pmax

where Pemmax IS the maximum power of the electric motors, Pmax is the overall power
demand, and Pice max IS the maximum power of the ICE. This definition ensures that parallel-
hybrid powertrains are identified by a hybridization level smaller than one, while serial-

hybrid powertrains are identified by a hybridization level larger than one.
Another important parameter is the level of hybridization of energy, which is defined for

each flight phase of a mission and determines the power demand from EMs and ICE in each
phase, as determined in Eq. 2.3 [107].

(2.3)
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For initial sizing, the HFe values for each flight phase are determined by the ratio between
the power requirement of the EM and the power demand. These parameters must be used
together to fully understand how the power sources are being utilized. For example, a
configuration with a high hybridization factor of power due to an extremely powerful EM
that is only used for a short period of the mission will result in a low battery energy on board,
and hence, a low hybridization factor of energy. HFe indicates the proportion of the electric

part of the propulsion system that is being utilized.

2.3.5. Starting procedure and methods of the conventional UAVs

The startup process of an aircraft engine is a critical and complex procedure that requires
careful attention and adherence to specific guidelines. An examination of the startup process
can provide valuable insight into the specific requirements that a Starter/Generator (S/G)
must satisfy. Figure 2.7 depicts the 30-second startup sequence and temperature variation

for a conventional aircraft engine, which involves several key stages [115].
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Figure 2.7. Starting procedure of a conventional aircraft [115]

First, the starter mechanism imparts torque to initiate acceleration of the engine until ignition
is enabled. This torque is required to overcome the initial resistance of the engine and to set
it in motion [116]. Subsequently, the engine experiences a proportional increase in airflow,

resulting in a corresponding rise in engine speed.
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This increase in airflow is essential for the combustion process, which requires a certain

minimum airflow rate to ignite the fuel-air mixture.

Once the minimum airflow rate suitable for ignition is achieved, fuel injection commences,
and the combustion process begins. Although the engine can now generate its own torque,
it still benefits from auxiliary support from the starter mechanism. This is because the
combustion process takes some time to stabilize, and the engine's own torque may not be

sufficient to maintain a stable rotation during this period.

The self-sustaining speed represents the point where the engine's torque is adequate to
accelerate it to idle speed, after which the starter is disengaged, and fuel flow is adjusted to
attain idle speed. At this stage, the engine is fully operational and can generate enough power
to maintain a stable rotation without the support of the starter mechanism.

Nonetheless, it is typical for the starter to continue assisting the engine rotation for speeds
beyond the self-sustaining speed to minimize the startup duration. This is because the initial
stages of the combustion process can be unstable, and the starter can help to maintain a stable

rotation until the combustion process stabilizes.

On the other hand, the starter must be carefully designed to match the specific torque-speed
characteristics of the engine, which can vary depending on environmental factors such as
temperature. Figure 2.8 provides a typical profile of these characteristics, which shows that

colder temperatures require higher torque to initiate engine rotation [117].

To provide adequate acceleration during the startup process, the starter must be capable of
overcoming the torque requirements for the full range of temperatures that the engine may
encounter. This requires careful consideration of the starter's design and specifications,
including the type of motor, the number of poles, and the gear ratio [118]. In addition to
meeting the torque requirements for engine startup, the starter must also be designed to

operate reliably and efficiently over a wide range of conditions.
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Figure 2.8. Classical torque-speed characteristics of UAV engines across temperatures [117]

The starter mechanism plays a crucial role in initiating the engine rotation and supporting it
during the early stages of the combustion process. Proper startup procedures are critical for
ensuring the safe and reliable operation of aircraft engines. Multiple approaches are available
for driving an aircraft starter, including the use of air, hydraulics, gas, or electrical power
[117]. Regardless of the method employed, all of these approaches must satisfy the starting

requirements illustrated in Figure 2.7.

2.4. Advances in Starter/Generator (S/G)

The Starter/Generator (S/G) plays a critical role in the operation of hybrid UAVSs, providing
both the initial propulsion required for the UAV piston engine to take off (motor mode) and
the charging of the battery pack that meets the power requirements of the electronic system

while cruising (generator mode) [119].

This dual functionality of the S/G in UAV systems underscores its paramount importance as
a technology that enables reliable and efficient power generation and management. During
motor mode, the S/G provides the necessary torque and rotational speed to enable the UAV
to achieve lift-off and overcome the high power demands associated with takeoff [120].
Subsequently, during generator mode, the S/G converts the engine rotational energy into
electrical energy to charge the battery pack that powers the electronic system. As such, the
successful integration and operation of the S/G are essential to ensure the overall
performance, reliability, and safety of these vehicles. S/G systems offer both advantages and
disadvantages, as outlined in Table 2.2 and Table 2.3, respectively [121-125].
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Table 2.2. Advantages of conventional S/G systems

Advantages Explanation
. . SI/G offer energy-efficient solutions that reduce
Low operating/maintenance costs o . .
lifetime operating and maintenance costs.
. S/G has an automatic piston motor start for
Piston motor auto start feature .
seamless engine start-up.
. S/G charges the power system battery pack,
Power system battery charging ensuring uninterrupted power for UAV.
Elimination of the drivetrain S/G eliminates the drlvgtraln, Improving efficiency
and streamlining the design.
. S/G use regenerative braking to capture energy
Regenerative brake feature from UAV braking and recharge the battery pack.
. S/G has a shorter start time, allowing for faster and
Shorter start time . . b
more reliable engine starts than traditional systems.
S/G can start the engine at lower temperatures than
Lower start temperature . . . -
traditional systems, improving reliability.
Imoroved power qualit S/G offer more stable and consistent power to UAV
P P g y than separate starter and generator units.
S/G integrate with UAV control systems to enhance
Improved control . .
control over engine and electrical systems.
. . S/G combines starter and generator functions,
Improved system integration T . : .
simplifying integration and reducing complexity.
. S/G can be more compact than separate starter and
Reduced space requirements ) )
generator units, freeing up space for other systems.

Table 2.3. Disadvantages of conventional S/G systems

Disadvantages Explanation
Conventional brushed S/G may require more
Cost of maintenance maintenance than separate units, increasing costs and

reducing UAV availability.
Separate units used for larger engines if S/G lacks

Limited power during start-up sufficient power during start-up.
S/G can generate EMI that can affect other electrical
Electromagnetic interference systems in the aircraft, and may require special

measures to mitigate, such as shielding or filtering.
S/G can be more expensive to design and manufacture
Higher upfront cost than separate starter and generator units, especially for
high-power applications.
S/G can be more complex than separate units, making

Complexity troubleshooting and maintenance more challenging.
S/G may need extra cooling, adding weight and
Cooling Mechanism complexity to UAV, and are prone to complete power

loss if the unit fails.
Replacing a failed conventional S/G requires the entire

In the event of a failure system to be replaced, whereas with separate units,
only the failed unit needs to be replaced.
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In the late 1990s, the exploration of S/G systems gained impetus and their utilization
extended to multiple domains, such as aerospace [126], piston [127] and turbine engine
systems [128], automotive [129], supercharger applications, hybrid [130] and electric
vehicles [131], and others [132]. Among the notable developments in this domain is the
Integrated Drive Generator [133] engineered by Hamilton Sundstrand Corporation. The

system used in commercial aircraft provides both starting and power generation capabilities.

In the early 2000s, there was a noticeable shift towards more effective and lighter S/G
systems. One such system is the 270 VDC S/G, which was developed by Safran Electrical
& Power. It employed a brushless DC motor (BLDC) for starting and a brushless AC
generator (PMSG) for power generation [134]. In 2001, Cheng et al introduced the doubly
salient permanent magnet (DSPM) machine, which merged the structure of the switched
reluctance machine (SRM) [135]. In 2002, Chau et al proposed the wound-field doubly
salient machine (WFDSM), which utilized DC field windings for excitation flux instead of
PMs [136]. In 2003, Mellor et al presented recent research on the use of an embedded
generation system as a substitute for the emergency ram air turbine on aircraft [137]. In 2004,
Mudannayake et al presented an analysis of the transient behavior of a prototype 42 V
Integrated Starter Alternator (ISA) during sudden DC load changes [138]. Multiple electric
machine types were surveyed and suggested for Integrated Starter/Generator (ISG)
applications [139-141]. In 2005, El-Refaie proposed a fractional slot PMSG with
Slot/Pole/Phase = 2/7 for an ISA application [142]. In 2006, Mudannayake et al presented
the complete control design of an induction machine-based ISA for future automotive 42 V
Power Net [143]. In 2007, Hasan et al implemented a higher power S/G system for a hybrid
electric vehicle (HEV) using a 20-kwW BLDC machine [144]. In 2008, a general-purpose
three-phase permanent magnet flux switching (PMFS) machine was proposed to highlight
its potential in ISG applications [145]. In 2009, Leuchter et al adopted a PM machine in an

electrical-generator set (EGS) that used variable-speed constant-speed technology [146].

Extensive research and development efforts have yielded a multitude of sophisticated
conceptual designs showcasing hybrid configurations that have been fabricated and
operationalized with utmost precision. Hybrid UAVs are comprehensively classified into
four primary configurations, namely, tail-sitter, dual-systems, tilt-wing, and tilt-rotor, as
elaborated in [147]. As exemplified in Figure 2.9, these configurations are testament to the

remarkable advancements achieved in the field.
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Figure 2.9. Popular small-scale hybrid UAVs: a) Aerovel Flexrotor, tail-sitter b) Arcturus
Jump-20, dual-system c¢) Nasa GL-10, tilt-wing d) Bell Eagle Eye, tilt-rotor

In the second decade of the twenty-first century, research in the field of S/G systems
continued to expand, with a particular focus on the design of highly efficient and constrained
electric machines. In 2010, Legranger et al proposed the application of optimal multiphysics
models to the design of interior permanent-magnet (IPM) machines intended for automotive
ISGs [148]. In 2011, Jurkovic et al presented a comparative study of outer rotor permanent
magnet AC (PMAC) machine candidates, including interior and surface mount permanent
magnets (SPM) [149]. In 2012, Niu et al analysed three-phase and nine-phase pulse-width
modulation (PWM) inverter modules with different three- and nine-phase brushless
permanent magnet synchronous machine (PMSM) configurations [150]. In 2013, Friedrich
et al. proposed a description of this phenomenon, which involved modelling it on the basis
of nonlinear thermal resistances primarily associated with the rotation speed and air gap
temperature [151, 152]. In 2014, Rocca et al proposed a practical and reliable cooling
solution for a high power density, high-speed PMSM for an aero engine S/G system [153].

In 2015, Alnajjar et al presented a six-phase electrically excited starter generator for an
aircraft DC power system [154]. In 2016, Salihu et al presented a new permanent magnet
double-stator 1SG for HEVs [155]. In 2017, Hosad et al. reviewed the mounting details,
advantages, and benefits of 1SG [156].
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In 2018, Kong et al designed and optimized an outer-rotor PMSM with an amorphous stator
core for plant protection UAVs [157]. Noland et al. [158] reviewed electric machines and
power electronics for ISGs in MEA power systems in 2019, while Wei et al. [159] proposed
a method for sensorless controlled starting of BSM in variable frequency AC power systems
in civil aircraft. In the 2020s, significant advancements were made in the development of
S/G systems for aerospace. Honeywell Aerospace recently announced the development of a
new S/G that is specifically designed for use in small to medium-sized aircraft. In 2021,
Ismagilov et al created an integrated S/G system based on BLDC technology with its own
control unit for the APD-500 aircraft piston engine [160]. In the same year, engineers at the
University of Warwick announced the development of a new S/G for small UAVs called
REGEN.

This system uses a novel electromagnetic design that is expected to provide higher power
output and greater efficiency compared to traditional systems. Similarly, researchers at the
University of Nottingham have also developed a new S/G for use in hybrid-electric aircraft.
As of 2022, integrated S/G systems have already been implemented in Boeing 787 and F-35
aircraft [161]. In addition, AeroTEC successfully tested its Hybrid Power Source (HPS)
system in 2022, which includes an S/G system for use in hybrid-electric aircraft.
Furthermore, Jarrah et al proposed a novel hybrid multirotor drone design in 2022, which
uses two gasoline engines to provide the majority of the lift force and four electric motors to
stabilize the drone. Rolls-Royce recently announced the development of a new S/G called

the Power Drive Unit (PDU) for use in its hybrid-electric aircraft.

The development of Starter/Generator technology in aerospace applications has been driven
by a combination of advances in materials science, power electronics, control systems, and
magnetics [162-166]. These advancements have led to more efficient, reliable, and

lightweight systems that are well-suited for use in a wide range of aerospace applications.

The S/G industry is dominated by established manufacturers who have gained a reputation
for excellence through their commitment to innovation, quality standards, and exceptional
performance. These companies include Honeywell Aerospace, Safran Electrical, UTC
Aerospace, Hartzell Engine, GE Aviation, Rolls-Royce Electrical, Parker Hannifin, Sullivan
Acutronic Power, Hirth Engines, UAV Propulsion Tech, Aero Engines, PBS, Power4Flight,
Rotron UAV, UAV Engines, and Pegasus Aeronautics.



Figure 2.10 illustrates the significant advancements made in this field using turbine engines

(TEs) [167].
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Figure 2.10. Commercial large scale hybrid UAVs: (a) Airbus, Rolls-Royce, Siemens E-Fan
X (b) Zunum ZA10 (c) Boeing Sugar Freeze (d) ESAero ECO-150R

2.4.1. Standard

EASA and FAA enforce strict safety regulations through rigorous inspections and
certifications in the aviation industry. The conventional S/G units adhere to the TSO-
C56h:2006 and ETSO-C56bA1:2013 standards, and the power unit complies with the TSO-
C71:1961, TSO-C73:1963, ETSO-C71:2003, and ETSO-C73:2003 standards [168].
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2.4.2. Patent review

Document EP2962885A1 [169] presents a hybrid power system consisting of an ICE and an
S/G. In document TR201708206A2 [170], an S/G structure is proposed as a means of
stabilizing combustion engine drones, as well as starting the combustion engine. Document
US201717175856A1 [171] describes a system utilizing two S/Gs as a regulator and
stabilizer, capable of energizing or de-energizing the system. Document US2015180309A1

[172] proposes a system incorporating two S/Gs connected to a motor by a gearbox.

Document US2014203739A1 [173] discloses a system comprising a series of flywheels
arranged on a line. Document US2017247114A1 [174] introduces a system consisting of
two electric machines that function as a generator and starter. Document US2014013751A1
[175] describes a system comprising a rotor and gearbox connected to a turbine and an S/G
that can perform generator/starter functions. Document FR2986566A1 [176] introduces a
system consisting of an S/G connected to the compressor of a turbine engine, which provides
or draws power from the compressor, and another S/G connected to the engine output shaft,
which provides supplementary output power or receives power from the output.

Document US7915869B2 [177] proposes a generator system comprising an exciter for initial
movement of the rotor, with an example of a PMSG connected to an aircraft turbine with a
main generator/exciter. Document US7687928B2 [178] describes a system comprising two
assemblies, each consisting of a main S/G and an exciter, connected to a shaft housing a
PMSG. Document US6177734B1 [179] discusses an S/G system for ICE vehicles, including
their connection methods. Document US2012/0211981A1 [180] proposes an S/G structure
for turbine engines, including their control methods.

In document US2006/0087123A1 [181], an S/G structure with a two-stage rotor single-stage
input and output structure is connected to the gas turbine shaft with a gear group. Document
US2012/0212094A1 [182] introduces a multistage variable reluctance type S/G structure. In
document US006098584A [183], an S/G structure is connected to the flywheel system to
which the ICE is connected with the drivetrain. Document US005929537A [184] describes
a permanent magnet S/G structure connected to small aircraft engines by a gear train,
including their control units. Document US20120209456A1 [185] proposes a parallel
hybrid-electric propulsion system for UAVs, which includes an S/G structure.
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2.5. Problem Statement

Conventional hybrid UAV propulsion systems also employ traditional ICEs, including
ramjet, piston, and turbine engines, in conjunction with highly efficient and specialized S/Gs.
This combination of technologies is depicted in Figure 2.3 of Section 2.3. In Table 2.4, a

comparative analysis of the piston engine and the turbine engine - two widely used

propulsion technologies - is presented [186].

Table 2.4. Comparison of Piston and Turbine Engines

Feature Piston Engine Turbine Engine
Safety v
Simplicity v
Reliability v
Auvailability 4
Engine Performance v
Fuel Efficiency v
Power Output v
Ease of Start-Stop v
Cruise Speed Low High
Weight Light Heavy
Size Small Big
Operating Cost and Expense Cheap Expensive
Overhaul Short Long
Working Altitude Low Altitude High Altitude
Fuel Consumption Low at Small Powers Low at High Powers
(<200HP) (>200HP)
Efficiency Efficient at Small Powers Efficient at Higher Powers
(<200HP) (>200HP)

Turbine engines (TEs) are preferred for high-power requirements (>200 HP) in hybrid UAVs
due to their ability to operate at high altitudes and provide better power output and power -
to-weight ratios compared to piston engines. [187].

On the other hand, piston engines (PEs) are generally preferred for hybrid UAVs with lower
power requirements (<200 HP), due to their lower cost, greater fuel efficiency, and lower
maintenance requirements [188]. The advantages of PEs have made them a preferred choice

for a variety of UAVs, ranging from mini-scale to medium-scale, as outlined in Table 2.1.
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Hybrid UAVs offer a promising solution for a wide range of applications due to their ability
to combine the benefits of both electric and conventional propulsion systems. However,
conventional hybrid UAVs have been found to exhibit several shortcomings that can
significantly hinder their performance and capabilities, thereby limiting their utility in a
variety of applications [41, 80, 189-193].

In the same vein, while conventional piston engines are widely recognized for their
reliability and durability, they are also susceptible to various malfunctions and failures that
can have severe consequences. Such failures can be attributed to a range of factors, including
design defects, manufacturing errors, inadequate maintenance, and operational errors. Table

2.5 summarizes the types of catastrophic failures that can occur in PEs [127, 194].

Table 2.5. Catastrophic failure types of piston engines

Failure Reason
Excessive heat can result from blocked air intake or exhaust, low coolant
levels, or a malfunctioning thermostat.
An early or rapidly ignited fuel mixture can create excessive pressures in the
cylinder, resulting in PE damage.
Foreign objects inside the engine can cause piston damage and result in engine
failure.
Improper installation or maintenance can cause premature wear of the piston
and eventual failure.
Piston failure can result from manufacturing defects, material fatigue, or other
quality-related issues.
Oil leaks, caused by worn or damaged gaskets, seals, or O-rings, can lead to

Overheating

Detonation or preignition

Foreign object damage

Improper maintenance

Material defects or fatigue

Oil leaks loss of oil pressure, reduced lubrication, and increased wear on engine
components.
A malfunction in any part of the ignition system, such as the spark plugs,
Ignition system failure ignition coils, or wiring, can lead to poor engine performance or complete

engine failure.

Fuel system issues, such as contamination, clogged filters, or pump failures,
Fuel system issues can lead to poor engine performance, reduced power, and potentially engine
failure.

Failure of the crankshaft and pistons can lead to catastrophic engine damage,
including connecting rod or piston rod breakage, ultimately resulting in total
engine failure. These components are subjected to high levels of stress and
wear, making their failure a critical concern.

Crankshaft / Piston Failure

Studies have shown that a substantial number of turbine-engined UAV malfunctions can be
attributed to the fuel engine [194]. In the case of piston-engined UAVS, the failure of a

critical component such as the engine or crankshaft can result in dire consequences [37].

Crankshaft Failures: The crankshaft is a crucial engine component responsible for
converting the reciprocating motion of the pistons into rotational motion, which drives the

propeller. The following are common types of crankshaft failures:
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= Fatigue failure caused by cyclic loading,
= Bending or twisting due to excessive loads or misalignment,
= Bearing journal wear due to inadequate lubrication or contamination,

= Crankshaft fracture due to excessive stress or material defects.

Piston Failures: The piston is another critical component responsible for transferring energy

from combustion to the crankshaft. Common failures of pistons include the following:

= Piston seizure resulting from overheating or inadequate lubrication
= Piston ring failure causing loss of compression and increased oil consumption
= Piston skirt wear or scuffing due to excessive heat or insufficient lubrication

= Piston cracking or fracture due to material defects or detonation.

The graphical representation of data regarding the Australian turbine-engined UAV's
occurrences can be observed in Figure 2.11(a), while Figure 2.11(b) provides an overview

of the risk levels associated with piston failure for the piston-engined UAVs [37, 194].
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Figure 2.11. Australian: (a) Aircraft engine occurrences (2012-2016) (b) The risk level of
aircraft engine failure or malfunction (2009-2014) [37, 194]

Engine failures or malfunctions are a significant issue that has been identified in the field of
UAYV technology, and they pose a serious risk to the safety and effectiveness of UAV
operations. These can include the loss of human life, destruction of property, and significant

financial costs associated with repairs and legal liabilities.
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Although conventional S/Gs have potential advantages, there are also several challenges and
limitations that must be addressed to fully realize their capabilities. These challenges
encompass safety, endurance, cost-effectiveness, environmental impact, and other factors.
Addressing these issues is crucial to enable more effective integration of systems and
achieve optimal performance and efficiency [195-197].

= Hybrid UAVs crash due to piston motor shaft failure, degradation, or other electric
propulsion system failures.

= Absence of Master/Slave operation.

= Lack of independent S/G operation for piston motor.

= Uncontrolled fuel consumption.

= Topology is not conducive for implementing algorithms like maximum flight time.

= Dependence on launch systems such as Jato/Cato.

Foremost among these limitations is their restricted flight time and range, which are
predominantly attributed to their reliance on a conventional engine and limited energy
storage capacity [198, 199]. Consequently, such hybrid UAVs can only remain airborne for
a limited duration before necessitating a recharge or refuel. In addition, these UAVS may
suffer from decreased reliability due to the complexity of their powertrain systems. The
numerous components and systems that constitute their powertrain system could serve as

potential failure points, which can ultimately result in costly repairs or total system failures.

Given the increasing importance and widespread use of hybrid UAVSs in various industries,
it is imperative to address the shortcomings of conventional powertrain systems and
proactively mitigate the risk of catastrophic failures. A comprehensive understanding of the
failure mechanisms of PEs is thus essential to implement effective preventive measures and

make necessary improvements to ensure optimal performance and reliability.

In this context, the development of innovative, efficient, and up-to-date systems is crucial
not only to reduce the risks of catastrophic failures but also to address the limitations of

conventional hybrid UAVs in terms of flight time, range, and environmental impact [200].
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2.6. Proceedings of Magnetic Couplers

In traditional aviation systems, the direct coupling of the propeller to the piston engine (PE)
makes the aircraft prone to catastrophic failures in the event of any engine or crankshaft
malfunction. To mitigate such damaging scenarios, considerable endeavors have been
undertaken to incorporate Magnetic Coupler or Magnetic Coupling (MC) and
Starter/Generator (S/G) mechanisms. These innovations enable noncontact torque, hermetic
separation using static seals or containment shroud transfer and magnetic isolation of the PE
and the S/G, thus ensuring safe operations in the event of malfunctions [201]. Specifically,
the S/G can be used in motor mode to facilitate a controlled landing in the event of an

unforeseen incident, thereby averting catastrophic outcomes.

Yonnet et al. [202] presented an analytical method for calculating torque in synchronous
couplings, based on forces between permanent magnets. Ravaud et al. [203] developed
three-dimensional analytical expressions for optimizing permanent magnet couplings, using
the Coulombian model. Choi et al. [204] analysed the torque and conducted measurements
for cylindrical air-gap synchronous permanent magnet couplings, using analytical magnetic
field calculations. Carpentier et al. [205] proposed using the analytical virtual work approach
within the volume integral method framework to calculate magnetic forces. Li et al. [206]

derived 3D analytical torque equations with a closed form for an ideal radial MC.

Numerical methods using finite elements have been found to provide more realistic solutions
for magnetic coupler design, albeit at the cost of increased solution time [207-209]. These
methods are thus more effective in achieving optimal design and applying optimization
techniques [210-212]. Baiba-Ose et al. [213] conducted research on the impact of permanent
magnet width and the number of pole pairs on the mechanical torque of MCs. Sun et al.
[214] presented a computational model for cylindrical permanent magnet MCs based on the
magnetic field division method, taking into account the skin effect and the working point of
the permanent magnet. Meng et al. [215] simulated the transient magnetic field for a

permanent magnet MC in different states using Ansys Maxwell 3D software.
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Ziolkowski et al. [216] compared transient, quasi-static, and fast-quasi-static modelling
techniques to calculate force profiles using FEMs. Ose-Zala et al. [217] investigated the
influence of basic design parameters on the mechanical torque for cylindrical magnetic

couplers with rounded permanent magnets using QuickField software based on 2D FEMs.

Furthermore, it is worth noting that the study conducted a comprehensive comparison of
various magnetic coupler types, including different topologies [218]. Moreover, a recent
study focused on the development of axially magnetised coupling [219]. Another recent
advancement in MCs is the development of magnetic gears, which have been proposed as a
replacement for traditional mechanical gears [220, 221]. Building on the concept of magnetic
gears, a magnetic gear-integrated permanent magnet machine [222] has also been proposed,
which represents a significant advancement in the field. Additionally, the idea of a hybrid
coupling study on torque calculation has emerged, which involves combining magnetic
couplers of different topologies within a single structure [223]. These developments have

greatly expanded the scope and potential of MC technology in various applications.

MCs have found widespread use in various industries, including automotive, marine, pump,
and compressor applications, among others [224, 225]. A significant practical advantage of
MCs is their ability to prevent mechanical faults by slipping when excessive torque is
applied, particularly in critical applications [226]. MCs are also suitable for use in hazardous
or corrosive environments, due to their ability to transmit torque through a containment

shroud, offering increased safety and reliability [47].

Researchers have conducted optimization studies [227, 228] to achieve the most efficient
design of MCs. In addition, studies have explored the potential of using magnetic bearings
[229] in place of mechanical bearings to lower maintenance and operating costs. Although
there are only a few studies available, the use of MCs in aerospace applications has been
investigated [230-232]. For example, Charpentier et al. [233] examined ironless permanent
magnet devices as a coupling and an axial bearing based on magnetic charge theory for naval
propulsion. Bojoi et al. [6] compared radial and axial flux PM machines to evaluate the

benefits, constraints, and drawbacks of the more electric engine.

Despite the availability of some market products, there is still a need for improvement in

application-based designs.
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A promising avenue for the development of new systems is the combination of MCs with
S/Gs. This integration can allow for the utilization of the capabilities of these technologies
to create more advanced and efficient systems that are better suited to meet the needs of
diverse applications and address the limitations of conventional hybrid UAVs and
conventional S/Gs. Such an approach can lead to notable enhancements in performance,

reliability, and cost-effectiveness, among other factors.

2.7. Objectives and Scientific Contribution of the Thesis

As a contribution to the problem definition in Section 2.5, PEs generate excess power beyond
typical flight requirements to satisfy high power demands during take-off, climbing, and
manoeuvres. However, this requires flywheel systems for torque continuity and assisted
take-off launch ramp systems such as JATO/CATO, resulting in increased system size and
weight. The inefficient duty cycles of PEs during flight result in increased fuel consumption,
reduced efficiency, and shorter flight duration [234]. Low-power systems require external
starting, while larger power systems become unwieldy due to the need for separate electric
machines for starting and generating functions. PE start-up delays, high temperatures,
bearing/fuel tank failures, and shaft failure jeopardize system safety and reliability. Out-
runner S/G structures are traditionally favored for ease of installation, compromise system

insulation and cooling, reducing reliability and performance.

2.7.1. Objectives

The thesis was initiated to enhance the safety, reliability, durability, and capability of UAVs
by comprehensively addressing the limitations of conventional UAVs, while also integrating
and harnessing the all-in-one advantages. The study aimed to conduct a thorough analysis
of the current technology shortcomings and propose innovative solutions to overcome these
challenges, resulting in a substantial enhancement in performance and efficiency. To tackle
the difficulties faced by UAVSs, a pioneering solution has been put forth in the form of a
magnetically coupled dual-stage Starter/Generator (DCSG). The system is patented under
file number TR2020/22757, providing legal protection to intellectual property [235].

The DCSG optimizes the propulsion efficiency by assigning one or two DCSG stages as a

motor during high thrust requirements such as climbing, where the PE consumes more fuel.
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Meanwhile, during low thrust requirements such as cruising and diving, where the UAV
consumes less fuel, the system battery group is charged by assigning one or two stages of
the high efficiency DCSG as generators. As a result, the total fuel consumption of the PE is
reduced, while the batteries are charged in the most efficient manner, thereby increasing the
flight time. The fundamental block diagram of DCSG is demonstrated in Figure 2.12. The
DCSG can be easily integrated into existing UAVSs to hybridize or adjust the hybridization
rate of hybrid UAVs.
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Figure 2.12. Fundamental block diagram of the magnetically coupled double-stage S/G (a)
Puller aircraft connection (b) Pusher aircraft connection

For maximum propulsion system efficiency, DCSG stages can be motor/motor,
motor/generator, or generator/generator depending on UAV power and flight route.
Moreover, the DCSG system is designed with all shafts magnetically isolated using specially
designed MCs between the PE and the first stage S/G, as well as between the first and second
S/G stages. This ensures that, in the event of a shaft failure, one or more S/G stages will

continue to operate as a motor, allowing the UAV to continue its mission.

Furthermore, the DCSG system provides a significant weight advantage compared to
conventional systems, contingent upon the total propulsion system power and hybridization
ratio of the UAV system in which it is integrated. This advantage is achieved through the
reduction of required piston engine power, as the DCSG stages are able to participate in the
propulsion system by acting as engines. However, it is important to note that the weight

reduction benefit may not be appropriate for UAVs with less than 40 HP.
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2.7.2. Scientific contributions

This thesis presents a revolutionary approach in the form of a smart modular hybrid
propulsion system and its management method, which provides numerous significant
benefits. These include a remarkable increase in system efficiency, a substantial reduction
in total system weight, a significant decrease in fuel consumption, and a remarkable

extension in flight time through coupling with conventional and/or hybrid systems.

The present thesis outlines the development of a propulsion system that comprises an ICE
and multiple modular S/G stages. These stages can be operated as generators and/or motors,
and all propulsion elements can be managed individually, enabling the identification of
optimal combinations for efficient operation in various power requirements. The utilization
of various MC conversion ratios enables the system to attain higher velocities on the

propeller side, leading to a reduction in the size of the propeller.

Additionally, the UAV can function at high altitudes as the DCSG propulsion system takes
over completely when the piston engine becomes inoperative. Designing MC and S/G
modularly enables gradual combination of structures to fulfil rising power transmission

requirements, avoiding redesign and production, and creating a versatile modular structure.

DCSG offers significant advancements beyond its primary function, including the following:

= Increased efficiency results in longer flight times and reduced fuel consumption.
Alternatively, improving propulsion efficiency enables the use of a smaller PE to achieve
the same flight duration and reduce system weight.

= A double-stage stator and rotor structure that is independently controlled, providing
greater flexibility and efficiency.

= An embedded maximum flight time algorithm, optimizing the system's operation for
maximum efficiency and flight time.

= Independent S/Gs enable master/slave operation, granting superior system control.

= Drivetrain lifting was made possible through magnetic couplers, improving the overall
performance and reliability of the system.

= The ability to achieve the Start/Stop feature allows for increased levels of control over

the system and reduces wear and tear on the components.
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Moreover, the DCSG system offers a multitude of advantages, including:

= Intelligent and predictable warning system implementation for improved safety.

= Quieter start-ups and lower piston temperatures increase engine lifespan.

= Integrating regenerative braking enables energy recovery and reduces fuel usage.

= Smooth operation is ensured with low torque ripples, minimal noise, and vibration.
= Applicable to all systems using PE and TE, providing implementation flexibility.

= Ability to operate above nominal speed values through the use of flux weakening.
=  DCSG's high power delivery enables instant manoeuvring and G-turning ability.
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3. ELECTRIC MACHINE TOPOLOGIES AND MATERIALS FOR
STARTER/GENERATOR AND MAGNETIC COUPLER
APPLICATIONS

This chapter offers a detailed examination of the machine structures and materials employed
in S/G and MC applications. Specifically, it emphasizes the benefits of permanent magnet
brushless machines, which are notable for their high power density per unit volume. The
chapter further categorizes rotor topologies and discusses the materials utilized in the design
and manufacture of proposed double-stage magnetically coupled Starter/Generator (DCSG),
outlining their respective properties. Through an enhanced understanding of critical design

factors, the insights offer valuable guidance for component selection and optimization.

3.1. Machine Topologies for Starter/Generators

Electric machines are essential components of high-performance electrical power-
generation systems (EPGSs) used in modern aerospace and military industries [236]. Their
importance is particularly evident in the MEA of aircraft and spacecraft. Commercial planes
shift to noble air, variable-frequency power distribution, and electrical actuation, while some

military aircraft rely on MEA for primary and secondary flight control.

Recent developments in aerospace have created a surge in demand for EPGS power,
resulting in increased operating voltages and reduced system losses, weight, and volume.
However, these advancements have also created new power-quality and electromagnetic
interference requirements to address quality and performance concerns. As a result, the
number of installed EMs has significantly increased, posing challenges for their use.
Therefore, it is necessary to improve the overall system performance and power-density for

new-generation EMs while addressing cost constraints to make more affordable platforms.

EMs have been in use for over a century, with many of today's machines being invented
during the early days of electrification when the theory was established. Recent aerospace
advancements have created new challenges that require innovative solutions to maintain
high levels of performance, reliability, and affordability. Figure 3.1 provides a review of
small family EMs, featuring the most commonly used representatives in EPGSs for

aerospace applications [236, 237].
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Figure 3.1. Electric machines used in aerospace applications

The use of mechanical contact for power transfer from the rotor in a DC brush permanent
magnet machine (PMM) significantly reduces its reliability. In addition, frequent
maintenance and wear resulting from mechanical friction present further challenges.
Although brushed PMMs are commonly used for low-speed applications due to their simple
structure and cost-effectiveness, a noticeable shift is taking place towards brushless designs.
Higher cost and complex control aside, the long-term benefits of improved efficiency, and
reliability can justify the investment in brushless PMMs. They produce less heat and noise
and require less maintenance, as they do not have any brushes that can wear out. With
technology advancing at an unprecedented pace, brushless electric machines will likely

become even more prevalent in various applications in the future.

Brushless machines are comprised of three primary branches: synchronous, asynchronous,
and reluctance. The switched reluctance machine (SRM) is the most commonly used due to
its simple construction and high-speed capability. However, controlling SRMs can be
challenging due to highly distorted nonsinusoidal fluxes, resulting in excessive losses in both
the stator and rotor [236]. The noncylindrical rotor cross-section creates significant windage
losses, while substantial rotor steel losses can lead to cooling difficulties. Moreover, SRM
performance is highly sensitive to the air gap magnitude, and the rotor's laminated material

results in insufficient stiffness, leading to certain mechanical integration issues.
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The squirrel-cage induction machine (IM) is the most popular asynchronous type and is
capable of operating directly from the bus, making it a cost-effective constant-speed drive.
Recently, successful integrations of IMs for EPGSs have been achieved. However, IMs
contain short-circuited copper or aluminum bars, which create an additional speed limitation.

In Table 3.1, a comparison among the IM, SRM, and PMs can be observed [237].

Table 3.1. Comparison of IM, SRM and PM

Machine Type Power Density Torque Overload Safety Aspects Complexity
1M Medium Medium Good Low
PMM High Good Moderate Medium
SRM Medium Medium Good Low
WRM Low Good Good High

Synchronous machines can be divided into wound-field machines and PMMs. While wound-
field machines are commonly used in power generation for main-engine and APU
applications, their complex construction makes them unsuitable for high-performance
EPGSs. On the other hand, brushless PMMs have three main stator constructions: slotted,
slotless, and coreless types, as shown in Figure 3.2, and two rotor constructions: two-pole
and multipole [238]. Slotless and coreless stators offer numerous advantages. First, a stator
without teeth and slots eliminates cogging torque, resulting in easier motor starting. Second,
in slotted stators, the space available for winding is limited due to coils being wound inside
slots. In contrast, a slotless structure provides more free space and greater freedom of coil
arrangement. Furthermore, slotless and coreless stators reduce iron loss, particularly during
high-speed operation [239]. A two-pole PMM rotor has a single-piece magnet, while a

multipole rotor has a more complex design with more magnets.

Figure 3.2. Stator types: (a) Slotted-type (b) Slotless-type (c) Coreless-type
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The improvements in EMs as a component of an EPGS must be considered in conjunction
with their integration into driver and electromechanical systems. The availability of low-cost
power electronics, along with advancements in nonconventional bearing systems and more
efficient cooling methods, has propelled EMs towards achieving better performance. Electric
drives will be vital for future space vehicles, leading to an increased demand for high-quality

electric power. Table 3.2 provides a detailed comparison of aerospace EMs [236].

Table 3.2. A comprehensive examination of electric machines for aerospace applications

. % Rating
Machine Type KCs IM | SRM | PMM Tooth | PMM Toothless
KC1 Rotor Losses 6 6 10 10
KC 2 Stator Losses 8 8 10 9
KC 3 Windage Losses 5 1 9 10
KC 4 Rotor Thermal Limitation 8 10 4 4
KC5 Cooling Options 5 5 9 10
KC 6 | Rotor Mechanical Limitation 5 7 9 10
KC7 Torque-to-Inertia Ratio 5 7 9 10
KC 8 Torque Pulsation 9 3 6 10
KC 10 High-Speed Capability 5 7 9 10
KC 11 Short-Circuit Behavior 10 10 4 3
KC 12 Machine Complexity 7 10 9 8
KC 13 Current Density 7 7 10 8
KC 14 Power Density 7 8 10 8

*1=worst, 10=best. [236]

Multiphase and three-phase electric machines have been the subject of extensive research
and analysis [240, 241]. Although multiphase machines offer advantages such as decreased
vibration and increased degrees of freedom, they also have certain limitations that must be
considered. Nevertheless, they remain a popular choice due to their ability to increase power
density through harmonic injection and alter the number of pole pairs without winding
switch-over. On the other hand, three-phase machines are widely used and offer a variety of
benefits over multiphase machines. Their simpler design and availability of components
make them more cost-effective, and their simpler control algorithms require fewer
components. They have a higher power factor, offer high efficiency at low loads, and have
a long history of reliable performance. These qualities make them a versatile and dependable
solution for aerospace applications. Table 3.3 provides an exhaustive overview of the most

significant benefits and differences between these two systems [242].
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Table 3.3. Comparison of 3-phase and multiphase electric machines [242]

Three-Phase Multi-Phase
Torque ripple frequency 6f1 2mf;
Lowest space harmonics 5and 7 2m +- 1
Winding distribution factor Lower Higher
Power per phase P/3 P/m
Winding connections Star / Delta >2 (depends on phase number)

Harmonic injection

Only with nonrotating

Possible with higher time

component harmonics
Open-phase fault continue No Yes
Vibration level Lower Higher
Core loss Lower Higher

The utilization of brushless permanent magnet machines (PMMs) in Starter/Generators has
gained significant attention in recent years due to their exceptional efficiency and power
density. The gradual replacement of asynchronous and reluctance machines with these high-
performance machines is largely attributed to advancements in speed control systems and
frequency converters. The outstanding performance and efficiency of PMMs have

significantly improved the reliability and cost-effectiveness of these applications.

PMMs are known for their additional advantages over other types of electric machines. The
use of permanent magnets instead of windings in the rotor eliminates the need for rotor
excitation current, reducing excitation losses and increasing efficiency. PMMs do not require
a brush and collector system like DC machines, resulting in reduced maintenance costs and
increased efficiency due to the absence of losses in the brushes. The absence of windings in
the rotor leads to a reduction in weight, resulting in a shorter rotor length and low moment
of inertia. The increased air gap induction allows for a reduction in the size of stator windings
and outer diameter of the machine, resulting in a smaller volume and weight compared to
DC and asynchronous machines of the same nominal power and speed. Since there are no
windings on the rotor, cooling PMMs are easier. Figure 3.3 provides a comparison between
the structures of PMMs and IMs, specifically in terms of their size and weight [243].
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Figure 3.3. Brushless PM vs IM comparison: (a) Weight (b) Size [243]

Aerospace electric machines can be characterized based on their requirements, which refer
to a select few characteristics of an end-unit product that have a significant impact on its
performance. Selecting weight, volume, reliability, efficiency, and cost as performance

metrics can lead to an optimized design. Below are the critical aerospace requirements :

= Weight is a critical factor in determining the performance of aircraft.

= Volume has become critical due to increased electrical component installations.
= Reliability affects mission success, maintenance, repair, and dispatchability.

= Efficiency drives fuel savings and is gaining momentum.

= Cost determines affordability and must be considered in the design phase.

The rapid development of permanent magnet S/Gs is attributed to three key factors [244]:

1) Advancements in magnet technology and increased competition: The 1980s discovery
of NdFeB magnets revolutionized PMM technology, enabling a surge in development
due to declining magnet prices from China in the 1990s, overcoming SmCo magnets'
previous slow progress.

2) The rise of efficiency-focused applications: EMs are being increasingly used in aircraft
subsystems and can replace traditional machinery due to their compactness and
efficiency, and can be integrated with mechanical systems such as fuel engines.

3) Development of silicon sheet technology and coupling technology: The advancement of
silicon sheet technology and coupling technology has enabled the construction of more
efficient and compact machines, and has also facilitated improvements in the

electromagnetic and mechanical properties of brushless PMMs.
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On the other hand, given the technical characteristics and operational parameters, it is
relevant to classify S/Gs as part of high-speed electric machines. The term "high-speed™ in
the EM industry typically denotes machines that operate above 3600 rpm, leveraging

advanced materials and technologies to achieve higher power density and efficiency.

Increasing the shaft speed in EMs eliminates power transmission elements such as
gearboxes, belts, and pulleys, which results in a reduction in size and weight, making them
portable and more efficient. High-speed S/Gs, designed for specific systems, provide direct
drive benefits, including cost savings and other advantages that include [245]:

= Congestion reduction,

= Enhanced portability,

= Simplified mechanical design,
= Efficient cooling,

= Minimal torque ripple.

The statement highlights that there is a diverse range of PMMs that differ in various aspects
such as magnet orientation, slot/pole combinations, winding layout, driving method, magnet
placement, and rotor position. The different types of PMMs utilized for synchronous S/G

applications have been systematically categorized in Figure 3.4 [246-248].
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Brushless PM motors can be categorized as AC or DC based on their back-EMF voltage
[249]. AC machines require sinusoidal back-EMF, typically with distributed windings,
whereas DC machines require a more trapezoidal waveform with concentrated windings, as
illustrated in Figure 3.5. Some machines have intermediate waveforms that can work with
either AC or DC control [250]. DC motors are suitable for power drives that can tolerate
torque ripple and do not require substantial field weakening at high speeds. AC motors are

more suitable for smooth operation and extended field weakening.

(@) (b)

Figure 3.5. (a) Sinusoidal Back-EMF-Disributed winding (b) Trapezoidal Back-EMF-
Concentrated winding [249]

In general, in-runner (inner runner) and out-runner (outer runner) topologies differ in their
rotor and stator configurations, with in-runner machines having the rotor located inside the
stator and out-runner machines having the rotor located outside the stator, as shown in Figure

3.6. Their design difference leads to significant distinctions in performance and applications.

©) (b)

Figure 3.6. Rotor and stator configuration: (a) In-Runner structure (b) Out-Runner structure
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The out-runner rotor configuration typically experiences high armature thermal load, copper
loss, and current density, leading to reduced efficiency due to increased losses. Nevertheless,
this configuration is favored for its smaller volume, lower cost, and short circuit current. In
contrast, the in-runner rotor type, which shares the same PM geometry and characteristics,
offers benefits such as higher output power and lower load resistance, armature current
density, thermal load, and total losses [251]. The external rotor configuration is widely
considered superior due to its lower total weight. Moreover, it offers additional advantages
such as ease of installation and cooling, making it a popular choice for various applications.
The choice between stator and rotor topologies depends on application requirements,

considering power density, efficiency, cooling, and torque density trade-offs [252].

The benefits of axial and radial PMMs have been extensively researched and discussed.
Axial flux machines have a shorter and more direct flux path, leading to higher efficiency
and power density, while radial flux machines have a longer flux path, as shown in Figure
3.7, resulting in higher iron losses and lower efficiency [253]. Axial flux machines have
superior winding designs and can use grain-oriented steel, improving efficiency, but require
more PMs and are more complex to manufacture [254]. Radial flux machines have a simpler

construction and are more environmentally friendly due to their reduced volume of PMs.

(b)

Figure 3.7. S/G topology comparison based on PM orientation (a) Radial flux (b) Axial flux

Axial flux structures with a larger rotor diameter and shorter length lead to increased rotor
surface speed and higher stresses, resulting in higher maintenance costs and reduced
machine continuity [255]. In contrast, radial flux structures with a smaller diameter and

longer rotor generate smaller rotor stresses and enable higher speeds.
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Radial flux structures can also incorporate effective protection methods to prevent damage
to fragile PMs at high speeds, unlike axial flux structures. Therefore, radial flux PMMs are

preferred in high-speed direct-drive S/G applications.

Rotor design for radial flux PMMs is a critical aspect and can have a significant impact on
their performance. There are numerous rotor topologies available, each with its unique
advantages and disadvantages. In general, rotor topologies can be classified into two primary
types, namely surface magnet rotors and interior magnet rotors. Choosing an appropriate
rotor topology depends on various factors, including specific application requirements such
as torque, speed, and efficiency. Other factors such as manufacturing complexity, cost, and

maintenance requirements also play a crucial role in selecting the right rotor topology.

3.1.1. Surface mounted permanent magnets

Surface-mounted permanent magnets (SMPMs) are attached to the rotor's outer surface in
the form of thin strips or springs using robust adhesives. This cost-effective mounting
method takes into account the air gap, which leads to equal magnetic fluxes of the d and q
axes, as shown in Figure 3.8. However, the rotor's constant inductance with respect to the
rotor position and the low stator inductance make field weakening difficult [245]. Moreover,
due to the rotor's magnetic symmetry, machines with this rotor structure lack a reluctance
moment. Despite its simplicity, this rotor structure results in a large air gap and poor

induction response to pole flux, limiting the machine's effectiveness.

(@)

Figure 3.8. Surface mounted permanent magnets (a) d-axis path Lq4 (b) g-axis path Lq
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The assembly of SMPMs offers significant advantages in terms of design, production, and
cost-effectiveness, making it a popular choice. However, a major drawback of this simple
rotor structure is the magnets' low resistance against centrifugal forces, which can cause
damage to the rotor. However, attaching nonmagnetic materials to the rotor surface can
enhance the robustness of surface magnet rotors. However, this method often leads to

increased air gaps, which can decrease machine efficiency.

3.1.2. Interior mounted permanent magnets

Interior-mounted permanent magnets (IMPMs) have their magnets glued into cavities drilled
directly into the rotor. This rotor shape offers the advantage of magnetic material covering
the magnets, leading to the formation of the reluctance moment, an inevitable outcome.
IMPMs exhibit a mechanical robustness advantage over SMPMs, which makes them highly
resistant to centrifugal forces. Thus, they are preferred for high-speed applications where the
production cost is insignificant. Additionally, they offer higher efficiency than SMPMs,
primarily because air gaps are smaller. However, the biggest disadvantage of this design is
its cost. Placing magnets inside the rotor requires advanced technology. The synchronous
reactance in the g-axis is greater than in the d-axis, and the width of the bridge between

neighboring PMs must be carefully selected, as illustrated in Figure 3.9 [243].
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Figure 3.9. Interior mounted permanent magnets (a) d-axis path (b) g-axis apth (c) PM bridge

IMPMs can be realized in three types: internal inset, spoked and specific, as illustrated in
Figure 3.10 [256]. Both of these structures create more roughness in high-speed applications
and create a geometric dislocation that is useful for sensorless control. IMPMs also allow

for effective flux weakening, which is difficult to achieve with SMPMs.
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(@) (b) ©

Figure 3.10. Types of IMPMs (a) Internal inset (b) Spoked (c) Specific-V shape

Radially fluxed buried PMs (Internal inset type)

Internal inset type rotors have embedded magnets that generate radial flux. In this type of
structure, the g-axis inductance is higher than the d-axis inductance. As a result, flux
concentration becomes possible, leading to higher flux density within the air gap than inside
the magnet. The air gap is minimized, and the armature reaction is low [257]. By utilizing
the flux weakening technique, the control of the machine in the constant power region can
be as good as in the constant torque region. Torque generation is affected by both the
excitation field and the reluctance moment [258]. In comparison to SMPMs, the peak value
of rotor torque for the same magnet size is higher in this design because the magnets also

generate the reluctance moment.

Tangentially fluxed buried PMs (Spoked type)

The primary characteristic of the spoked type is the generation of induction at the poles
independent of the magnet working point, achieved by adjusting the magnet lengths [259].
This feature allows for very high air gap induction. The operating points of the magnets can
also be created around the optimum operating point, leading to the rotor being referred to as
a flux-compressed or flux-focused rotor. PMs are radially embedded in the rotor, providing
high resistance to centrifugal forces, making this rotor design particularly attractive for high-
speed systems. However, the high cost of the materials is a significant drawback [260]. The
air gap in this design is larger than in others, which results in a small reluctance on the d axis
and a large reluctance on the g axis due to the magnetic permeability of the PMs near the air.
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Specific configurations

The use of SMPMs is more convenient at speeds below 10000 rpm due to low magnet losses,
as silicon steel and bearing technology have advanced. In high-speed applications, special
magnet conditions must be considered to reduce PM losses, protect from demagnetization
risks, minimize cogging torque, and increase air gap flux density. Although such structures
have advantages, they also have disadvantages such as increased flux leakages due to
magnets being surrounded by magnetic material. While these disadvantages can be
overcome by placing flux barriers between the magnets, this increases the complexity of the

structure. Figure 3.11 illustrates various specific configurations of rotor types.
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Figure 3.11. Specifically configured IMPMS (a) W-shape (b) U-shape (c) L-shape

Selecting the most suitable rotor structure for Starter/Generators requires a thorough
comparison and evaluation of the strengths and weaknesses of both SMPMs and IMPMs. A
comprehensive analysis of multiple factors, such as efficiency, output, cost, complexity, and
other relevant aspects, is essential to make an informed decision about the optimal rotor

structure, resulting in improved performance and cost-effectiveness in the long run.

Table 3.4. Comparison of SMPMs and IMPMs

Surface Mounted PM Machines

Interior Mounted PM Machines

Lower air gap flux density

Higher air gap flux density

Simple machine structures, lower cost

Complex machine structures, higher cost

Weak armature reaction, simple driver

Large armature reaction, complex driver

Sensitive PMs to armature fields

Insensitive PMs to armature fields

Challenging flux weakening

Easy flux weakening

Lack of reluctance torque

Existence of reluctance torque

Ease of design and manufacture

Difficulty of reluctance torque

Higher air gap length, lower efficiency

Lower air gap length, higher efficiency

Low mechanical strength at high speeds

High mechanical strength at high speeds

Less leakage flux in the magnet tips

More leakage flux in the magnet tips

Low iron losses

High iron losses

Less torque density (torque per volume)

More torque density (torque per volume)
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3.1.3. Squirrel cage rotor bar-equipped permanent magnet machines

PMSMs can be classified into two types based on their power supply: line-fed and inverter-
fed. In contrast to inverter-fed PMSMs, line-fed PMSMs (line-started PMSMSs) cannot be
started directly from the industrial power supply. However, this limitation can be overcome
by adding short circuit bars to the rotor, as illustrated in Figure 3.12 [261]. During startup,
these short circuit bars act as an asynchronous torque component in the motor, producing
the necessary starting torque until the motor reaches synchronous speed. With the aid of
these bars, the motor operates like an asynchronous motor until it reaches synchronous
speed. Additionally, the rotor bars play a crucial role in preventing the motor from deviating

from its synchronous speed when sudden changes in torque occur.

Figure 3.12. (a) Rotor bars in PMSMs (b) Line-started PMSM [261]

Line-started permanent magnet motors (LSPMSMs) offer numerous advantages over
traditional induction motors, making them highly significant. These motors exhibit superior
energy efficiency due to the inclusion of permanent magnets, which allows them to achieve
higher power densities and operate at elevated efficiencies compared to induction motors.
Moreover, LSPMSMs can be easily controlled and can operate at variable speeds with the

use of a variable frequency drive (VFD) [262].

Another significant benefit is that LSPMSMs can reduce starting current, unlike traditional
induction motors, which require a large amount of starting current. This helps minimize
power quality concerns such as voltage sags. LSPMSMs are well-suited for frequent start-
stop applications such as in aerospace, cranes, hoists, and elevators, as they have a lower
starting current and can endure more frequent cycles without the risk of motor damage [263].
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3.2. Rotor Topologies for Magnetic Couplers

In recent times, design of magnetic couplers (MCs) has gained considerable attention, and
two primary approaches have been adopted for this purpose: analytical and numerical. These
approaches have been utilized in several studies aimed at enhancing the performance and
reliability of MCs. MCs have emerged as a superior magnetic coupler mechanism due to
their numerous advantages such as overload protection, reduced maintenance requirements,

a simple design, and the ability to tolerate shaft misalignment, vibration, and noise.

An MC is a type of machine that enables torque transmission between two or more parts
without requiring direct contact. This is accomplished through the use of PMs, which interact
with one another to transfer torque from one part to another. Unlike traditional couplers such
as electromagnetic, electromechanical, and friction clutches, which rely on physical contact,
MCs offer additional advantages, including reduced wear and tear, improved efficiency, and
the ability to operate in hazardous or corrosive environments [264]. In addition, MCs can be

designed to operate at high speeds, making them well-suited for a wide range of applications.

The operation of an MC involves the interaction of PMs and rotating parts. When an engine
rotates the inner half of the coupling via its shaft, the PMs generate attraction and repulsion

forces that cause the outer half of the coupling to rotate as well.

The interaction forces between the PMs and the MCs rotors work in both directions, meaning
that when the inner rotor is driven, the outer rotor follows, and vice versa [265]. This feature

makes MCs well-suited for applications where bidirectional torque transmission is needed.

The typical MC comprises several components, including permanent magnets (PMs),
inner/internal and outer/external rotors, a protective cover, a containment shroud, and shafts.
The PMs generate a magnetic field that interacts with the rotor yokes, enabling the transfer
of torque between the coupled parts [201]. The protective cover is an essential component
that shields the PMs from high speeds and external elements to prevent damage, which could
lead to coupling inefficiency or failure. Similarly, the containment shroud plays a critical
role in maintaining a sealed environment that prevents contamination or leakage, which
could pose a risk to usage. The MC design can vary depending on the application

requirements.
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However, all types share the common characteristic of enabling magnetic torque transfer,

which offers several advantages over conventional couplers.

Magnetic couplers fall under the category of noncontact electric machines, as demonstrated
in the comprehensive grouping illustrated in Figure 3.13 [266].
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Figure 3.13. Comprehensive classifications of magnetic couplers

These couplings are further classified into two groups, namely synchronous and
asynchronous, based on the rotor speeds and magnetic field depending on the load.
Synchronous MCs have no rotor slippage, while asynchronous MCs have slippage due to
the interaction between magnetic fields and conductive materials, resulting in power loss
and reduced efficiency. Therefore, synchronous Mcs are more advantageous, providing
better performance and efficiency as the inner and outer rotors rotate at the same speed [264].
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Furthermore, depending on the direction of PM magnetization, MCs can be classified as
linear, radial, or axial, as illustrated in Figure 3.14. Radial MCs are also referred to as

cylindrical couplers, while axial MCs are known as disc-type couplers [44, 266].

(a) (b) ()

Figure 3.14. MCs based on direction of PM magnetization (a) Linear (b) Radial (c) Axial

MCs are further divided into four groups based on functionality, performance type,
interaction type and air gap type. In turn, these groups are expanded as active, reactive, eddy
current, and hysteresis couplings based on their interaction type, as shown in Figure 3.15.
Additionally, according to the magnet type of the rotors, MCs can be classified as star-type
PM, cylindrical-PM, ring-PM, separate-salient PM, and toothed-surface PM [267-269].

(a) (b)
magnets air gap
iron hysteresis
material
(© (d)

Figure 3.15. MCs interaction types (a) Radial Active (b) Radial Reactive (c) Radial Eddy-
current (d) Axial Hysteresis
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Synchronous radial magnetic couplers have gained significant importance in high-speed
direct-drive aerospace applications due to the need for synchronous speed for both the inner

and outer rotors.

In such applications, any deviation in speed between the rotors can lead to significant
performance and efficiency issues. The use of radial synchronous MCs, which eliminate any
slippage between the rotors, provides a reliable and efficient solution to this problem.
Additionally, radial couplers have the advantages of compact design, low noise and
vibration, and high torque density, making them suitable for aerospace applications where
space and weight constraints are critical. Therefore, the use of radial synchronous magnetic
couplers has become increasingly prevalent in the aerospace industry. The diverse rotor and

magnet topologies utilized in MCs are depicted in Figure 3.16 [46, 201, 270].

() (h) (i)

Figure 3.16. Different MC rotor topologies: (a) Arc surface-mounted; (b) Rectangular
surface-mounted; (c) Ring-type; (d) Buried arc type; (e) Buried type; (f) Inset
type; (g) Halbach arrays; (h) Enhanced hybrid (i) V-shape
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3.2.1. Magnetic gear concept

A magnetic gear (MG) is a type of magnetic coupler that uses magnetic fields to transmit
torque between an inner and outer rotor, which operate at different speeds. Traditionally,
gearboxes have been used to transfer the high-speed, low-torque input to a low-speed, high-
torque output via mechanical contact between gear sets. However, this mechanical
interaction of gearbox components often leads to issues such as the requirement for frequent
lubrication and maintenance, generation of acoustic noise, transmission of vibrations, and
damage in overload conditions, resulting in low system utilization and labor-intensive

maintenance and replacement of gearbox components [266].

In contrast, MG offers an attractive alternative to the mechanical gearbox. In case of over-
load conditions, the "pole-slips,” which may cause additional acoustic noise and vibrations,
but no lasting damage should occur within the drivetrain [271]. The compliance of the MG
significantly reduces the transmission of torsional vibrations, which is particularly beneficial

in certain applications. Thus, the resulting drivetrain offers competitive advantages:

= Frictionless torque transfer: Torque is transmitted through magnetic forces, which
eliminates wear and losses related to tooth meshing.

= Low maintenance: The bearings are the only components in a magnetic gear requiring
lubrication, with minimal maintenance requirements.

= Overload protection: Magnetic gear slipping when the pull-out torque is exceeded
protects other drivetrain components more effectively than mechanical gears.

= Reduced noise: Due to the smooth transfer of torque and the absence of tooth contact,
magnetic gears are expected to operate quietly.

= High efficiency: Magnetic gears experience different power loss mechanisms than

mechanical gears, allowing for high levels of efficiency.

MGs have also become increasingly important in aerospace applications, espacially in
UAVs, due to their high torque density, high efficiency, reliability, durability and compact
size. Their ability to operate without contact between the rotors allows them to function in
harsh environments. A comprehensive overview of the various types of MGs, including

conventional and unconventional designs, is available in Figure 3.17 [266, 272, 273].
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Invention of proposed magnetically coupled double stage Starter/Generator (DCSG)

The proposed DCSG structures offer significant advantages by using magnetic gears in the

Starter/Generator stages:

= Different magnetic coupler conversion ratios allow the system to operate at higher
speeds, and in some cases, at lower speeds.

= Higher coupler conversion ratios enable higher speeds to be achieved in the modular S/G
rotors, as well as lower weight and more efficient designs for the same power. This also
facilitates achieving higher propeller speeds, reducing the total system noise, and
increasing G-turn manoeuvrability by reducing the propeller diameter.

= Lower coupler conversion ratios allow for lower speeds to be achieved in the modular
S/G rotors and for the use of larger diameter propellers in special cases.

= The rotors to which magnetic couplings are attached have independent shaft operation
capability, providing smoother torque transmission by reducing power transmission

fluctuations (torque ripple).

Modular design of coupler structures allows higher power transmission needs to be met by
combining multiple magnetic couplers without the need for redesign or manufacturing. As

a result, a flexible modular structure was achieved.

3.2.2. Magnetic coupler or magnetic gear assisted electric machines

Magnetic coupler or magnetic gear assisted machines (MCEM or MGEM) are a promising
alternative to mechanical gearboxes. These machines integrate a magnetic coupler, typically
a magnetic gear, within a synchronous AC electrical machine, creating a physical and
magnetic connection that allows for more efficient power transmission. A recent
advancement in EMs involves the integration of PMMs with a magnetic gear, resulting in
an MGEM [274]. This technology has the potential to deliver significant cost savings and
environmental benefits, making it attractive for performance-critical applications [267].

High Efficiency: MGEMs offer high efficiency due to the absence of mechanical contact
between the gears. MGEMs offer minimal energy loss and improved efficiency, resulting in

reduced operating costs and lower carbon emissions.
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High Power Density: The incorporation of magnetic gears within an electric machine
enables a compact design, which allows MGEMs to deliver high power output in a smaller
and lighter package than traditional mechanical gearboxes. This high power density makes

MGEMs ideal for applications where space is limited and weight is a concern.

Reduced Maintenance: The lack of mechanical components in a magnetic gear results in less
wear and tear, leading to fewer maintenance requirements compared to traditional
gearboxes. This advantage leads to lower maintenance costs and reduced downtime, making
MGEMs especially suitable for critical applications.

Improved Reliability: The use of magnetic gears eliminates the possibility of mechanical
wear and tear, which can lead to gearbox failures. Consequently, MGEMSs offer improved
reliability, reduced downtime, and increased productivity. Furthermore, the absence of

mechanical components also reduces the risk of oil leaks and environmental contamination.

Quiet Operation: MGEMs operate with very low noise levels compared to traditional
mechanical gearboxes due to the absence of mechanical contact between gears. This feature
makes MGEMs ideal for applications where noise levels need to be kept to a minimum, such

as in residential or office environments.

MGEM have demonstrated the capability to achieve larger torque densities compared to their
equivalent conventional PMMs. As a result, they may provide a competitive alternative to
conventional machine-gearbox arrangements and have significant potential for use in the
aerospace, automotive and wind turbine industries [273]. While MGs and MG-integrated
PM machines are advancing from technology demonstrators and prototypes, research is
shifting focus towards cost reduction and improved manufacturability. As the technology
continues to find applications in various fields, such as downwell oil and gas, automotive
traction motors, aerospace actuators, and marine propulsion, ease of manufacture and
mechanical robustness have become important considerations in addition to electromagnetic
performance. While many aspects of the technology have been investigated, some
opportunities remain unexplored, and there is potential to further exploit the advantages of

MG technology in a more robust and simple-to-manufacture manner.
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The integration of an electric machine with a magnetic gear can be achieved through various
types and configurations. Among these configurations, coaxial flux modulated MG
integration is a popular choice for Starter/Generator applications. Figure 3.18 illustrates the

inner and outer rotor structures of this configuration [275].

Stator tooth

Motor and HS
Motor and HS
~Steel segments

Low speed
gear magnets

back iron
Low speed
gear magnets

(a) (b)
Figure 3.18. Coaxial flux modulated MG assisted PMM (a) Outrunner (b) Inrunner [275]

The outer stator configuration offers a simpler mechanical construction compared to the
inner stator configuration, as it requires only two air gaps and allows for easier physical wire
connections. Additionally, this design offers efficient cooling of the windings, as they are
directly accessible. However, due to its larger size, the outer stator may require an oversized

design, and can only accommodate low current before the MG reaches the slip torque.

MGEMs can be further classified into three main categories: split magnetically geared
machines, ring-stator magnetically geared machines, and wound modulator magnetically
geared machines. Split types are composed of a separate flux-modulated MG and a PMM,
with a shared high-speed rotor situated between the modulator and the stator. They typically
feature three air gaps, and can be configured as either magnetically decoupled, partially

coupled, or coupled as demonstrated in Figure 3.19 [273].
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Figure 3.19. Classification of split magnetically geared machines (a) Decoupled (b) Partially
coupled (c) Coupled [273]

An alternative integration method involves replacing the ring gear yoke with a stator, as
demonstrated in Figure 3.20. This configuration eliminates one of the air gaps required for
split-types, resulting in Ring-Stator Magnetically Geared Machines with only two air gaps.
This simplicity in construction is a significant advantage of this method [267]. They are also

classified as magnetically coupled EM, as the flux generated by the MG penetrates the stator.

Figure 3.20. Ring-stator magnetically geared machines [267]

Another integration method involves the insertion of a stator winding in the gaps between
the modulator segments of an MG, as demonstrated in Figure 3.21 [273]. This configuration
offers the advantage of better utilization of the space occupied by the modulator, and requires
only three concentric components with two air gaps, as opposed to the four components and
three air gaps required by split-types. However, the pole-pair combinations that can be
utilized with this configuration are limited.
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However, the mechanical construction of this topology is rather challenging. It is important
to note that the wound-type exhibits the strongest coupling between the flux generated by

the magnetic gear and the stator.

Figure 3.21. Wound modulator magnetically geared machines [273]

3.3. Materials for Starter/Generator and Magnetic Coupler Structures

The development of Starter/Generator and Magnetic Coupler designs involves the
integration of diverse materials, each serving a unique purpose within the system. These
materials can be broadly categorized into three groups: magnetic, conductive, and insulating
materials. Of particular importance are advancements in permanent magnet and silicon silica
sheet technologies, which are continuously evolving and influencing the capabilities of these
systems. Gaining a more in-depth understanding of each of these material groups is essential

for comprehending their significance in the design and function of S/G and MC systems.
3.3.1. Magnetism
Magnetic materials can be classified into five distinct categories based on their inherent

magnetic properties: diamagnetic, paramagnetic, ferromagnetic, ferrimagnetic, and
antiferromagnetic, as shown in Figure 3.22 [276, 277].
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Figure 3.22. Summary of magnetic materials [276]

Diamagnetic materials do not have a net atomic or molecular magnetic moment, and they
generate an opposing current when exposed to an external magnetic field. Paramagnetic
materials possess a net magnetic moment at the atomic level, but the coupling between
neighboring moments is weak. These materials align with an applied magnetic field, but

alignment decreases at higher temperatures due to thermal excitation.

Ferromagnetic materials have a clear magnetic moment at the atomic level, and unlike
paramagnetic materials, there is a strong coupling between neighboring moments [278]. This
coupling enhances the spontaneous alignment of the moments in microscopic regions known
as domains. When subjected to a magnetic field, the domains tend to align more strongly
with the field. Antiferromagnetic and ferrimagnetic materials possess atomic moments
oriented inversely parallel to each other, with one neighboring moment oriented inversely

parallel to the other. The neighboring moments are equal, resulting in no net moment.

After extensive research aimed at increasing the mechanical strength of ferromagnetic
materials and improving their magnetic properties, two distinct types of materials have been
identified in terms of the durability of their magnetic properties: soft and hard magnetic
materials [279]. Materials that exhibit a propensity for easily degraded magnetic properties
or easily lost magnetization are classified as soft magnetic materials. Steel magnets, among
the earliest types of artificial magnets, are generally soft magnets and are also mechanically

applicable.
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Soft magnets undergo a series of heat treatments to enhance the longevity of their magnetic
properties. One of the goals of heat treatments applied to magnets is to reinforce their
mechanical strength. On the other hand, materials that exhibit magnetic properties with

resilience to deterioration or magnetization loss are referred to as hard magnetic materials.

3.3.2. Soft magnetic materials

Soft magnetic materials are characterized by high permeability and low coercivity, which
make them easily magnetized and demagnetized. In contrast, hard materials have relatively
low permeability and high coercivity, making them more difficult to magnetize and
demagnetize [280]. The difference between these two types of materials is best illustrated
by comparing their hysteresis curves, as shown in Figure 3.23. Soft magnetic materials are
used to limit flux paths and increase the flux density in a given region. Soft materials used
for this purpose include soft iron, iron-silicon alloys, nickel-iron, and soft ferrites. These
materials find applications in many devices, such as transformers, relays, motors, inductors,
and electromagnets. When selecting a soft material, its permeability, saturation
magnetization, resistivity, and coercivity are important considerations. High permeability
and magnetization are desirable for flux amplification and focusing, while resistance and
coercivity are crucial in high-frequency applications. A high resistivity reduces eddy

currents, while a low coercivity reduces hysteresis losses.
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Figure 3.23. Hysteresis curve of soft and hard magnetic materials
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Soft iron is extensively utilized in electromagnetic applications and as the core material of
DC machines. However, in AC machines, they are being replaced by high resistivity
materials owing to their low eddy current losses. Commercially available soft iron typically
contains low doping. The addition of a low percentage of silicon to soft iron increases its
resistivity, reduces its coercive force, and enhances its magnetic stability. An iron alloy with
3% silicon increases its resistivity by a factor of four compared to pure iron [281]. However,
the presence of silicon causes a sharp decline in the saturation flux density. Moreover, the
addition of more than 5% silicon makes the iron more brittle and difficult to work with.
Despite silicon being an inexpensive material, siliconized iron is relatively expensive. The
conditions necessary to achieve low losses and high permeability in silicon-iron materials
can be outlined in Table 3.5 [282]. In practice, meeting all these conditions with a single

material is not always possible.

Table 3.5. Conditions for achieving qualified silicon-iron materials

Lower eddy currents

Lower hysteresis losses

Higher permeability

Increase the alloy content

Use thinner material

Decrease the alloy content

Use a smaller particle size

Decrease the alloy content

Use a smaller surface size

Minimize defects and

Use thinner material
surface roughness

Use larger particle size

Reduce defects and surface
roughness

Use high purity materials to

Low surface distortion . ”»
reduce impurities

3.3.1. Electrical steel

Electrical steels, also referred to as laminating materials for machine designers, can be
classified into two types: nongrain-oriented (NGO) and grain-oriented (GO) stainless
electrical steels based on their grain structure. The steel sheet is typically coated with a thin
layer of insulating material to ensure proper insulation between laminations. For small
motors, vapour bluing of one surface is commonly used for laminations, while organic or

inorganic coating is applied to one or both surfaces of larger laminations.
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NGO steel is a type of steel that is designed for use in EMs. It is composed of iron, nickel,
and chromium, with small amounts of other elements such as molybdenum and copper. NGO
steel is produced by casting and then rolling the steel to achieve the desired thickness. GO
steel, on the other hand, is a type of steel that is designed for use in transformers and other
electrical devices where high magnetic flux densities are needed. It is composed of iron and
silicon, with small amounts of other elements such as aluminum and boron. GO steel is
produced by a process called directional solidification, which aligns the crystal structure of

the steel in a single direction, resulting in improved magnetic properties [245]:

Magnetic properties: GO steel has a higher magnetic flux density than NGO steel due to its

directional alignment of the crystal structure.

Anisotropy: GO steel is anisotropic, meaning its magnetic properties are directionally
dependent, while NGO steel is isotropic, meaning its magnetic properties are independent

of direction.

Applications: NGO steel is typically used in electrical applications that require moderate
magnetic properties, such as motors and generators. GO steel is used in applications where

high magnetic flux densities are needed, such as in transformers.

Production: NGO steel is produced by casting and rolling, while GO steel is produced by

directional solidification.

Cost: GO steel is generally more expensive than NGO steel due to its more complex

production process.

The choice between NGO and GO stainless electrical steel depends on the specific
application and the required magnetic properties. NGO steel is a more versatile material and
can be used in a wider range of applications, while GO steel is ideal for high-performance

applications that require high magnetic flux densities.



68

3.3.3. Hard magnetic materials

Hard magnetic materials are characterized by high coercivity and low permeability, which
make them difficult to magnetize and demagnetize. Due to their long-lasting magnetic
properties, they are referred to as permanent magnets (PMs) [283]. PMs are commonly used
as field sources in electronic household appliances, computers, data storage devices,

electromechanical devices, telecommunications equipment, and biomedical instruments.

The most critical properties include coercivity, saturation, and magnetization, all of which
are related to the second quadrant of the hysteresis curve known as the demagnetization
curve. To use a PM as a field source, it is polarized at an operating point on the
demagnetization curve. This operating point can be obtained from the load line of the circuit,
enabling designers to reduce magnet size and cost. PMs are typically composed of alloys of
iron, nickel, and cobalt and exhibit large B-H curves, high permanent magnetization, and
high demagnetizing force. There are three primary types of PMs, categorized according to

their chemical structure: Alnico, Ferrite (Ceramic), and Rare-Earth PMs.

Alnico magnets have relatively high remanence and low coercive force, while ferrites have
low remanence and relatively high coercivity. Ferrites are unique among the various types
of PMs in that they are electrically and thermally insulating. They are often the most
affordable option, thanks to the use of inexpensive and widely available raw materials.In

contrast, Rare-Earth magnets have high values for both remanence and coercivity.

3.3.4. Permanent magnetism and permanent magnets

The history of permanent magnets (PMs) can be traced back thousands of years to ancient
China, where lodestone, a naturally occurring magnetic mineral, was used to create the first
compasses. However, the development of synthetic PMs began in the early 19th century. In
1820, Hans Christian Oersted discovered that an electric current produces a magnetic field,
which led to the development of the electromagnet. This technology enabled the creation of
temporary magnetic fields for various applications, including the telegraph and electric
motors. The first synthetic PM was developed in 1824 by William Sturgeon. However, early
PMs made of steel and aluminum were weak and lost their magnetization quickly. The use
of PMs in various applications dates back to the discovery of Alnico magnets in the 1930s.
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In the 1930s, Alnico magnets, made of aluminum, nickel, and cobalt, were discovered and
widely used in various electrical applications, including electric motors and generators. In
the 1960s, the development of ceramic magnets, also known as ferrite magnets,
revolutionized the PM industry. These magnets are made of iron oxide and barium or
strontium and are less expensive and more widely available than Alnico magnets. Ferrite
magnets are still used today in applications such as loudspeakers and electric motors. In the
1980s, rare earth element magnets, such as samarium-cobalt (SmCo) and neodymium-iron-
boron (NdFeB) magnets, were discovered and developed, and the widespread use of PMs in
electric machines became possible [284]. These magnets are much stronger than Alnico or
ferrite magnets and have enabled the development of high-performance electric motors and

generators for various applications, including electric vehicles and wind turbines.

The development of PMs has been a continuous process of discovery and improvement,
driven by the need for better, more efficient and cost-effective electrical machines. PMMs
have several advantages over traditional wound coil machines. They have higher efficiency,
higher power density, and lower energy consumption, making them suitable for applications
where energy efficiency is crucial. Additionally, they have a simpler design and require less

maintenance than traditional wound coil machines.

Today, PMs are used in various applications, and researchers are continuously looking for
new materials and manufacturing techniques to further enhance their performance and
reduce their cost. The continuous development of PM materials, including new alloys and
composite materials, has resulted in further improvements in the performance and cost-
effectiveness of PMMs. For example, the use of NdFeB magnets has facilitated the
development of high-performance electric machines with a wide range of applications, such
as aircraft machines, electric vehicles, wind turbines, and industrial machinery. In addition
to their superior performance, permanent magnet motors have been found to have a lower
carbon footprint than traditional wound coil machines. This is due to their higher efficiency,

which results in lower energy consumption and reduced greenhouse gas emissions.

Although challenges remain in the use of rare earth element magnets, the continuous
development of alternative materials is expected to further enhance the performance and
cost-effectiveness of permanent magnet machines. Figure 3.24 illustrates the evolution of

permanent magnets over the years [285].
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Figure 3.24. Development of permanent magnets [285]

Rare earth magnets are composed of alloys of the Lanthanide group of elements. The two
Lanthanide elements most prevalent in the production of PMs are Neodymium and
Samarium. There are numerous alloy formulations of rare earth magnets covered under
many different patents but the most common commercial varieties are NdFeB and SmCo

[286]. There are two types of PMs commonly produced commercially: sintered and bonded.

Sintered magnets are produced by compressing dry granules of elemental materials into a
metal die and heating them at high temperatures to fuse the granules together. During the
manufacturing process, sintered magnets are exposed to a magnetic field, which orients the
magnetic domains in the material. The magnetic orientation of sintered magnets is fixed
during processing and cannot be changed later, resulting in anisotropic magnetic material.
The physical properties of sintered magnets are similar to ceramic materials; they are hard
and brittle, making them unsuitable for applications where they will be subjected to shock.
However, sintered neodymium magnets have the highest energy product of any permanent
magnetic material. Their small size and high magnetic field strength have led to the
miniaturization of many electronic components, such as motors and speakers, enabling the

creation of highly portable electronic devices such as cell phones and tablet computers.
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Bonded magnets are created by mixing magnetic metal powder with a polymer, which is
then cast or extruded into the final shape. Depending on the polymer used in production,
bonded magnets can be flexible. They do not have a fixed magnetic orientation and can be
magnetized in complex patterns with many poles, resulting in isotropic magnetic material.

Unfortunately, bonded magnets are weaker than sintered magnets, limiting their application.

Hysteresis

Hysteresis is a phenomenon that occurs in all magnetic materials, from soft to hard, with the
degree of hysteresis increasing as the material becomes harder. PMs exhibit the most
significant hysteresis among all magnetic materials. The hysteresis effect refers to the
resistance of a magnetic material to change the direction of its magnetization, and it is a
crucial property of PMs. The strength of the magnetic field produced by the magnet and its

stability over time depend on the hysteresis properties of the material.

Despite having spontaneous magnetization, a block of ferromagnetic material can exist in a
demagnetized state due to the presence of magnetic domains. Each domain is a volume of
the material that is spontaneously magnetized, but is aligned in different directions, causing
the net magnetization to be effectively minimized. In practice, if a positive field is applied
to such a material and then gradually reduced, the magnetization will not return to its original
value. This phenomenon is known as hysteresis, and a series of "minor" loops can be
generated by applying larger fields and then reversing them. The hysteresis curve of the

ferromagnetic materials, shown in Figure 3.25, is the envelope of all the minor loops [287].
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Figure 3.25. Characteristics of ferromagnetic materials (a) Minor loops (b) Hysteresis curve
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The magnetization curve of ferromagnetics is composed of several regions with distinct
magnetic properties. The reversible portion of the curve, OA, can be retraced if a magnetic
field is applied and then reduced to zero. The irreversible domain wall motion region is
denoted as AB. The region BC refers to the point where all the domains align themselves
along the applied field direction, leading to complete saturation magnetization, Ms. After
saturating the material in any direction, if the magnetic field is gradually reduced to zero,
the magnetization is not reduced to zero. This value of magnetization at zero field, denoted
as M (H=0), is referred to as remanence or remanent magnetization, M. If the direction of
the field is now reversed and its strength gradually increases to some well-defined value in
the opposite direction, the magnetization is once again reduced to zero. This negative value
of the applied field at which M=0 is known as the intrinsic coercivity, Hc. The second

quadrant of the hysteresis curve, segment DE, is known as the demagnetizing curve.

There are two types of B-H curves for PMs: intrinsic and normal. The intrinsic B-H curve is
a theoretical curve that represents the magnetic properties of the PMs individual magnetic
domains. It assumes that all of the domains are aligned in the same direction, which is not
the case in a real magnet. This curve shows the maximum magnetic flux density that can be
achieved in a magnet. The normal B-H curve, on the other hand, represents the magnetic
properties of the entire magnet, taking into account the distribution of magnetic domains
within the magnet [288]. This curve is obtained by measuring the magnetic properties of the
entire magnet using a magnetometer. The normal B-H curve is always below the intrinsic
curve because it takes into account the effects of domain wall motion and other factors that

limit the maximum magnetic flux density that can be achieved in a real magnet.

Maximum enerqgy product

The maximum energy product BHmax is a crucial parameter used to assess the magnetic
energy density that a magnet can store. It is obtained by multiplying the magnetic field
strength (H) and the magnetic flux density (B) at the point where the magnet delivers its
maximum energy output. Essentially, it signifies the magnetic field strength per unit volume
that a magnet can generate. Higher BHmax in PMs results in stronger magnetic fields,
enabling operation at specific points on the B-H curve with minimal dimensions. BHmax IS
not the sole factor that determines PM performance. Other crucial parameters such as

microstructure, coercivity, remanence, and temperature stability also play a critical role.
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Permeability and retentivity

Ferromagnetics are extensively utilized in engineering applications owing to their high
permeability, which facilitates the generation of high magnetic inductions with relatively
low magnetic fields. It is worth noting that only a few elements in the periodic table, such as
iron, cobalt, nickel, and certain lanthanides, exhibit ferromagnetism and are of immense

technological significance. Ferromagnetics are notable for their high relative permeability.

However, unlike paramagnets, the permeability of a ferromagnet does not remain constant
as a function of the magnetic field. Consequently, to fully characterize the properties of
ferromagnetics, it is necessary to measure the magnetic induction B as a function of H over
a continuous range of H, resulting in a hysteresis curve. Typically, the initial relative
permeabilities of ferromagnetics lie in the range of 10 to 10° [289]. The highest values are
found in special alloys, such as Metglas, permalloy, and supermalloy, which are nickel-iron

alloys and are useful as flux concentrators.

Ferromagnetics are highly valued for their remarkable ability to be magnetized, allowing
them to retain their magnetization even after the magnetic field is removed. This property is
widely recognized, as many individuals have likely experienced magnetizing pieces of iron
using a permanent magnet. This distinguishes ferromagnetics from paramagnets, which,
although they acquire a magnetic moment when exposed to an applied field H, are unable to

maintain their magnetization once the field is removed.

Effect of temperature on permanent magnets

When a PM exceeds its critical temperature (T¢) or maximum operating temperature (Tmax),
the thermal energy can overcome the energy holding the magnetic domains in place, causing
random orientation. This leads to a reduction in the magnetic field strength and magnetic
flux density, which can result in demagnetization. If the temperature is high enough, the PM
can lose all of its magnetization and become nonmagnetic. This critical temperature is known
as the Curie temperature. At this temperature, both the coercivity and remanence become
zero, and the permeability drops suddenly. Therefore, it is crucial to design PMs that can
operate within their intended temperature range to prevent demagnetization. Table 3.6

presents the Curie temperatures of commonly used PMs [245].
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Table 3.6. Curie temperature comparison of permanent magnets

Permanent Curie Temperature Working Temperature Residual Flux
Magnet Type (°C) (°C) Density (Br)
AINiCo 860 540 1,15
Ferrit (Ceramic) 450 200 0,4
SmCo 800 350 1
NdFeB 350 200 1,2

Demagnetization

Demagnetization is the process of reducing or eliminating the magnetic properties of a
material. The magnetization of a material is due to the alignment of its magnetic domains,
which are regions where the magnetic moments of atoms are aligned. Demagnetization
occurs when the magnetic domains become disordered or disrupted, resulting in a loss of
magnetic field strength. PMs, which are designed to retain their magnetic field strength
indefinitely, can also undergo demagnetization under certain conditions, including exposure
to high temperatures, mechanical stress, volume loss, and exposure to external magnetic

fields that are in opposition to the PMs’ own field [290].

Heat: Demagnetization due to an increase in temperature is a common phenomenon. As the
temperature of a magnet approaches its Curie point, the level of demagnetization also
increases. The extent of demagnetization is greatly influenced by the material and grade of

the magnet and is explained by its demagnetization curve.

Collision and loss of volume: Collisions with other objects can also cause demagnetization
in permanent magnets. Repeated impacts, such as those caused by hammering, can disrupt
the atom movements and alter the alignment of the magnet's north and south poles, leading

to its demagnetization.

Conflicting magnetic fields: Permanent magnets can also lose their magnetism due to
exposure to external magnetic fields. When an external magnetic field surrounds the magnet,

it can exert a demagnetizing force and cause damage to the magnet.
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Permeance coefficient

The permeance coefficient, P, is a parameter that determines the PM operating point on the
B-H curve, and is defined as the ratio of magnetic flux density to magnetic field strength at
the operating point. Pc is crucial in determining the amount of flux available in a magnetic
circuit, and thus the amount of work done. The P¢ value is typically designed to be close to
one, which is at or near the maximum energy product of the PM, but for applications such

as EMs, a P. above one should be selected to reduce the demagnetization risk.

P is calculated using the geometry of the magnet, with thicker magnets operating higher on
the demagnetization curve and thinner magnets falling farther down the curve. As the aspect
ratio of length to diameter is reduced, the magnet operates at a lower operating point and
becomes more susceptible to demagnetization [277]. Figure 3.26 shows the second quadrant

demagnetization curve for a typical NdFeB magnet.
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Figure 3.26. Permeance coefficient definition [277]

Rare-earth permanent magnets

In the past two decades, high-energy and permanent induction magnet materials have played
a significant role in the current importance of magnets in EMs. These materials, known by
the general formulas NdFeB and SmCo, exhibit superior properties compared to other
magnets. Rare earth PMs are alloys formed between 3d-transition metals with strong
magnetic properties such as lIron (Fe), Cobalt (Co), Cerium (Ce), Paraseodium (Pr),
Neodymium (Nd) and Samarium (Sm), which belong to the 4f-transition series and are also
called Lanthanides [245]. Table 3.7 presents a comparison between NdFeB and SmCo.
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Table 3.7. Comparison of rare-earth permanent magnets, NdFeB and SmCo

Specification

NdFeB

SmCo

Working Temperature

<200°C (EH)

<350°C

Flux Loss at Higher Temperature

% 0,11 B/C°

% 0,03 B//C°

Environmental Preference

Need coating because of the
oxidation problem

No need coating

Hydrogen-Rich Atmosphere

Hydrogenation risk

No hydrogenation risk

Cost

Lower

Higher

Radiation Environment

Particularly vulnerable to gamma
rays

Stable in radiated
environments

Mechanical Strength

Very strong, not fragile

Weak and fragile

High Space Requirements

Higher fields and energy

Lower fields and energy

Aerospace Applications

Preferred at low altitudes

Preferred at high altitudes

Saline, Open Sea, Acidic, Alkaline
Environment

Should be coated

Stable in saline
environment

Coatings

Suitable

No need coating

lon Vapor Deposition (1VD)

Suitable

Not convenient

Coating types

SmCo magnets, although inherently resistant to corrosion, do not always need to be coated
for protection. Nonetheless, it isa common practice to coat them with a thin layer of material
due to their brittleness and proneness to corrosion. The protective layer on SmCo magnets
serves to prevent corrosion and provide insulation between the magnets and any other
materials that they may come into contact with. Furthermore, the coating can improve the
adhesion of the magnet to other materials when used in assemblies or systems. In contrast,
NdFeB magnets usually require coating against corrosion and rust, as they are not
intrinsically corrosion-resistant. The coating additionally helps to prevent a reduction in the
magnetic field due to the volume loss of the magnet alloy material. Several types of coatings
can be used, such as nickel, zinc, gold, epoxy, plastic, and Teflon. Among these, epoxy is
the most commonly used type for aerospace, as shown in red in Figure 3.27 [265].
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Plating / Coating Indoor Use Abrasion Resistance Humidity Water Salty Air Salt Water Glue Thickness
Nickel (NFCu-Ni) Excellent _ Bad Bad Bad Bad 10-20 Microns
72 nc (Zn) ] Exzellznt Excellent Excellznt _ Bad - ?0 Mitron:
Gold {Ni-Cu-Au) i Excellent 7— Bad Bad ;ﬂ I Bad 10-20 Microns
Black Epoxy (Ni-Cu-BE) Superior Bad Superior Superior é:cetlen: Eixcgl 15-25 Microns

Superior _ Superior Superior Excellent Excellent Superiar 10-20 Microns

Superior Superior Superior Supsrior Superior Superior Excellent »800 Microns

Teflon® (PTFE) Superior Superior Superior Superior Superior Superior Bad 250-500 Microns
Everlube-51550 Supetior Superior Superior Superior Superior Superior 8-25 Microns.
Xylan@ Superior Superior Superior Superior Supericr Supericr 15-30 Microns
Parylenz Superior Superior Superior Superiar Supericr Superior 15-30 Microns

Figure 3.27. Commercial coating types of permanent magnets [265]

Magnetic orientation

A magnet exhibits the characteristic of being magnetized in various directions. The
schematic diagrams shown in Figure 3.28 serve to demonstrate the diverse magnetic
orientations that can be attained during the PM manufacturing process [291].

ot e Front Side Front Side Front Side
) ) Oriented Through Length Radially Oriented Multi-Pole Segments on Single Face
Oriented Through Thickness
Fron Si e
Imr‘ I Im i Front Side Front Sice
Radially Oriented Axially Oriented in Segments.

Axially Oriented Through Thickness Multi-Pole on Outside Diameter

(€) () @) (h)

0i0i™ ¢

Multi-Pole on Outside Diameter Oriented Through Diameter

Diametrically Oriented

(i) () (k)

Figure 3.28. Orientations (a) Through thickness (b) Through length (c) Radially (d)
Multipole (e) Axially (f) Outside diameter (g) Radially in segments (h) Axially
in segments (i) Single face (j) Through diameter (k) Diametrically [291]
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Future permanent magnets

The straightforward approach to enhance PM properties would be to discover a new
intermetallic phase with a saturation magnetization greater than Nd>Fe14B and a comparable
magnetocrystalline anisotropy and Curie temperature. Some of the most interesting potential

PM materials that are currently being investigated are summarized in Table 3.8 [288].

Table 3.8. Compound list as possible permanent magnets [288]

Br Hc,i BHmax
kG T kOe kA/m MGOe kJ/m3
L10-MnAl (alloy) 5-6 0,5-0,6 2-4 159-318 5-8,8 | 40-70
L10-MnAl (particles) | 2,5-5 | 0,25-0,5 | 3,6-5,6 286-446 4,8 38

Material

MnBi (powder) 2,5 0,25 19-12 | 1512-1671 1,75 14
MnBi (Bonded) 5 0,5 11 875 7,5 60
Zn2Col1 (ribbon) 6 0,6 2 159 5,3 42
HfCo2 (ribbon) 7 0,7 2 159 4.4 35
HfCo2 (particle) 9 0,9 4,5 358 12,6 100

Recently, SmFeN and integrated powder (IP) magnets have been developed as a new family
of PMs. The SmFeN compound has all the necessary requirements for a PM, including high
saturation magnetization, large magnetocrystalline anisotropy field, and high Curie
temperature [291]. The IP magnet is a unique and innovative encapsulated magnet type that
provides high magnetic strength, eco-friendliness, and cost savings in production, material,
finishing, assembly, and better tolerance [292]. It is also highly corrosion-resistant due to
sealed enclosure, making it an ideal option for exposure to chemicals, water, and gases.

Commercial rare-earth PMs are listed in Figure 3.29 [288].
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Figure 3.29. Commercial rare-earth permanent magnets [288]

3.3.5. Materials utilized in magnetic couplers

The yokes in magnetic couplers are typically made of magnetically soft steel, which is a type

of metallic alloy as shown in Figure 3.30 with their composition [266, 293].

Carbon

e
Composition - -

5

Tool Steels —
Mold Steels

‘High Speed

Special
Purpose

Figure 3.30. Magnetic coupler yoke materials



80

The selection of rotor core materials should consider four primary qualifications: saturation
level, core losses, cost, and manufacturability [294-296]. Oriented steels have higher
magnetic permeability and lower core losses, but are less cost-effective and reproducible due
to limited availability. Magnetic stainless steel has lower losses and saturation points than
carbon steel, but similar mass densities. Nonmagnetic stainless steel is a preferred material
for retaining sleeves as it provides easy access and protects PMs from centrifugal forces at
high speeds [245].

A static seal shroud is used to provide a barrier between the rotors, preventing leakage of the
fluid being transferred and protecting the magnetic assembly from external contamination

[269]. The materials used in MCs are listed in Table 3.9.

Table 3.9. List of the materials used in magnetic couplers

Permanent Protective Containment
Rotor Yoke Magnets Cover Shrould Shats
Electric Steel NdFeB/SmCo | Stainless Steel Nonferrous Nonmagnetics
Carbon Steel | Ferrite/Ceramic Fibres Hastelloy Magnetics
Metals Alnico Plastics Oxide ceramics Alloys
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4. ANALYTICAL DESIGN AND MODELLING OF SYNCHRONOUS
MAGNETIC COUPLERS AND PERMANENT MAGNET
STARTER/GENERATORS WITH CONTROL STRATEGIES

The chapter elucidates the stator and rotor reference frames that are crucial components of
the S/G vector control structure, detailing their role in machine operation. Furthermore, the
chapter provides an extensive overview of the analytical design equations of synchronous
magnetic couplers and permanent magnet Starter/Generators, methods, and approaches for
various control structures, equipping the reader with the knowledge required to achieve
optimal design outcomes. This chapter is a valuable resource for professionals seeking an
inclusive understanding of the latest techniques and technologies employed in the S/G
industry. Likewise, this chapter provides a rigorous exploration of the analytical design
methods and approaches used in the magnetic coupler of contactless torque transmission
between S/G stages. The chapter examines the essential principles of MC and the factors
that affect its performance and efficiency. It also examines design methodology approaches

to enhance the coupling efficiency, performance, and reliability of S/G systems.

4.1. Analytical Design Methodologies of Magnetic Couplers

Modelling the stored energy in permanent magnets (PMs) and the force between PMs is an
important step in deriving an analytical model of magnetic couplers. This is because the
stored energy in PMs determines the maximum amount of energy that can be transferred
between the magnet and other components in a magnetic coupler system. The force between
PMs is also a critical parameter that must be modelled in order to derive an analytical model
of magnetic couplers. This force determines the torque that can be transmitted between the
magnets and the amount of energy that can be transferred between them. The analytical
model can be used to quickly predict the performance of the magnetic coupler under varying

operating conditions.

4.1.1. Stored energy in permanent magnets

A thorough understanding of the energy stored in magnetic circuits is crucial for

comprehending their operation. Although PMs are a ubiquitous element in various magnetic

circuits, there is some degree of ambiguity regarding the energy stored in PMs.
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Obtaining a comprehensive understanding of this energy is of great importance to
researchers and engineers working in fields that require the use of PMs, such as in the design
of motors and generators, magnetic bearings, and magnetic storage devices. Additionally, a
thorough comprehension of the stored material is vital for predicting the magnet's response
to transient and steady-state conditions and for estimating its efficiency and performance.

By considering of the electrical energy input into an ideal solenoid, it is possible to derive
the standard definition for the magnetic energy of a material in which B and H are parallel.
This definition can be expressed as a volume integral in Eq. 4.1 [297].

B
W= f ( fo H(B,) d(B1)> dv (4.1)

where W, B;, and v are the stored energy, integration variable, and volume respectively. The
lower limit of energy density integration is arbitrary when calculating force from the stored
energy derivative with respect to displacement [298]. However, for a modern rare earth
magnet, which acts along its linear demagnetization characteristic with a slope pou,, it is

more appropriate to select the lower limit as the remanence By, as shown in Figure 4.1.

Stored Energy Density
/B,
B= s+ B, B
H

Figure 4.1. Stored energy density in PMs [297]

When integrating along the demagnetization line, both the magnetic field strength H and the
differential of the magnetic induction AB are negative. However, by defining Eq. 4.2, the
energy stored in a magnet with a keeper, or one with H=0 and positive and symmetrical H
on either side of H=0, is zero. Eq. 4.3 illustrates the force of a simple idealized permanent
magnet circuit with no electrical energy input [299].
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This choice of zero energy is not only convenient under the condition of partial

demagnetization, but is also grounded in sound physical reasoning [297]:

= Removing the keeper causes an increase in energy as work is done on the system.

= Zero energy is consistent with the conventional definition of energy in an unmagnetized
material.

= Stored energy is generally considered to be positive.

= Only easily recoverable energy can be considered, with the exclusion of energy
associated with crystal structure, and energy dissipated as heat during magnetization.

B
W= f < L ) d(B1)> dv 4.2) F = _‘;_‘1/ (4.3)

where F and dx are the exerted force and axial displacement, respectively.

Figure 4.2 depicts an idealized simple magnetic circuit consisting of a magnet with a linear

demagnetization curve, and serves to verify the energy-force relationship.

l B
X
B =y, H+ B,

Depth into
page d

ﬂnur(H - Hmm ) + Bm’.n

(b)
Figure 4.2. (a) Model with a PM and ideal iron (b) Ideal PM demagnetization curve [297]

Neglecting fringing and leakage, and assuming ideal iron with infinite permeability and

nonsaturating properties, the PM satisfies the following equation [297]:

By = woW-Hy, + By (4-4)
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where B,,, Hy, Uo, Uy, and B, are the PM flux density, PM field intensity, free-space
permeability, relative permeability, and residual flux density, respectively.Using Ampere's
law and flux conservation for a zero-length air gap, the following equations are obtained.

B
u—92x +Hplyy =0 (4.5) Byty = Bt (4.6)
0

where B, and [,,, are the air gap flux density and magnet length, respectively. By solving

Eq. 4.4-Eq.4-6, the following results are obtained.

Bl t B.lL.t
g = (4.7) B, i
2tpxpy + tgly,

T 2t Xy + (48)

The total magnetic energy for an ideal iron is zero, resulting in the summation of energy
contributions solely from the air gaps. Substituting Eq. 4.7 and Eq. 4.8 confirms that the
force obtained from Eq. 4.3, using the energies specified in Eq. 4.9 and Eq. 4.10, is

equivalent to the product of the total gap area and recognized magnetic force per unit area.

1 B? 1
Wy = 2(xtgd)§u—‘; (4.9) Win = (bntmd) 5 Moty H (4.10)
d B?
- _ = — 4 411
F - (W, + W) = —(2t,d) 2 (4.11)

where Wy, tg, Wi, t,,, and d are the stored energy in the air gap, air gap width, stored energy
in the PM, width of the PM, and model depth, respectively. However, in practice, the
demagnetization or recoil curve for a real PM is not linear. Nevertheless, for modern rare

earth magnets, it is a close enough approximation to be approximated by a constant.

However, if the magnet is subjected to an excessive demagnetizing field or high temperature,
it will partially demagnetize. The magnet will subsequently operate along a recoil line that
is approximately parallel to the original demagnetization curve with close p,., as described
by Eq. 4.12. It is crucial to note such phenomena for a comprehensive analysis of magnetic

circuits in advanced applications.
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B =y, ur(H - Hmin) + Bnin (4-12)

where B, and H,,;, are the minimum flux density experienced by the PM and the
corresponding magnetic field intensity, respectively as shown in Figure 4.2.

Thus, for any point located on the new recoil line, the energy stored per unit volume in the
PM can be described by Eq. 4.13. The utilization of H to express energy eliminates the
necessity of accounting for the variation in By. The energy enclosed by the dotted and solid
lines in Figure 4.2 corresponds to the energy responsible for demagnetization and is

primarily lost as heat, commonly referred to as hysteresis loss.

The energy in the form of Eq. 4.13 is applicable to any linear material, including the case
when a component of H is applied in the direction perpendicular to the magnetization
direction in a magnet [297].

w 1 1
P EH[(Bmin — WokrHmin) — B] = 2 Hok-H? (4.13)

4.1.2. Force between permanent magnets

The use of the magnetic pole theory method and a seminumerical integration method enables
an effective calculation of the force exerted between two magnets [300, 301]. Under
magnetic pole theory, a parallelepipedical magnet of dimensions (a,b,c) can be
conceptualized as two charged planes, Si1+ and Si- [302]. The former is charged with positive

magnetic charges, while the latter with negative magnetic charges, as depicted in Figure 4.3.
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Figure 4.3. (a) Permanent magnet field (b) Force between two PMs [302]

Each plane has a charge density of J. 71, where J represents the material magnetization and 7
denotes the surface normal vector. Consequently, the magnetic induction created by a

magnet at a given P point (X,y,z) in free space is a superposition of each field, as follows:

- ] K'P f ] kP
B, = —=—dS;; — —=—dS5;_ 4.14
! f 4m prp3 v s, 4w Py P3 ! (4.14)

S14

Expressing the equation analytically in all three axes yields the following equations [303].

le(x, v,z a, b’ C!]O)
] Nx(x;y;Z, a, b; C)Nx(x; y, Z, 0,0; C)Nx(xlyﬂzl a, O:O)Nx(x'y' Z, 0' b’ O) (415)

- A n N,(x,v,2,a,0,c)N,(x,y,2,0,b,c)N,(x,y,z,a,b,0)N,(x,y,2,0,0,0)

Bly(x' Y,z a, b: C,]())
] 1 Ny(x;y;Z, a, b; C)Ny(x; y, Zz, OIOI C)Ny(x' yi z,q, O’O)Ny(x’ylz, O’ b' 0) (4'16)
- 47‘[ Ny(x, yl Z; a; 0; C)Ny(x) yi Z; 0, bl C)Ny(x' y’ Z’ a’ b’ O)Ny(x’ y’ Z’ 0’0’0)

N,(x,y,z,a,b,c) — N,(x,v,2,a,b,0)
] |=N,(x,y,2,a,0,c) + N,(x,¥,2,a, 0,0)}
BlZ(xi yr z,a, b; C:]O) - 47_[ —NZ(X, y, Z, 0’ b, C) + Nz(x’ y’ z, 0’ b, O) (417)

N,(x,v,2,0,0,c) — N,(x,v,2,0,0,0)
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No(x,y,2z,a,b,c) =b—y ++/(x —a)? + (y — b)2 + (z — ¢)? (4.18)
Ny(x,y,z,a,b,c) =a—x++(x—a)?+ (y —b)2 + (z — ¢)? (4.19)
L (a—x)(b-y)

N,(x,y,z,a,b,c) = tan™ (4.20)

(c—z)\/(x—a)z+(y—b)2+(z—c)2

The forces between two magnets in any spatial orientation can be inferred from the field
produced by the first magnet on the charged planes of the second magnet, as shown in Figure

4.3. Therefore, the forces between two magnets in free space can be expressed as follows.

F= ff éB_ldSZJ, _ ﬂ éE’dSZJ, (4.21)

Sa+ So+
4.1.3. Analytical calculation of synchronous active radial magnetic couplers

Magnetic couplers (MCs) are classified into two main groups: synchronous and
asynchronous. This classification is based on the rotor speeds and magnetic field variations
that occur in response to the load, which enhances the versatility. The magnetization
direction of PMs offers a further layer of classification. This provides distinct design options
for radial and axial orientations, which can fulfil specific requirements for various
applications. Additionally, MCs can be categorized based on their interaction types, such as
active, reactive, eddy-current, and hysteresis. This categorization is crucial for designing and

optimizing the MC performance for specific applications, as highlighted in Section 3.2.

Aerospace Starter/Generator applications rely heavily on the use of synchronous magnetic
couplers due to their crucial role in achieving a smooth transfer of torque between the piston
engine and the Starter/Generator shafts, resulting in reduced noise and vibration, as well as
improved control of Starter/Generator operations. Furthermore, synchronous MCs offer
advantages over asynchronous couplers, including higher efficiency, greater torque density,
and improved power transfer control, making them ideal for applications where precise

synchronization and high performance are needed.
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By using synchronous types, maintenance requirements are reduced and the service life of

the system is prolonged, leading to cost savings and overall improved system performance.

In low-speed aerospace applications, axial MCs are typically preferred over radial MCs due
to their higher torque density. In high-speed aerospace applications, such as
Starter/Generators, axial magnetic couplers can pose significant challenges due to the high
contact pressures required to transfer torque at high speeds, resulting in increased heat and
wear. Additionally, the larger and heavier structure of axial couplers can be disadvantageous

in aerospace applications where weight and space are critical factors.

In contrast, the use of radial MCs in aerospace applications is highly effective due to several
advantages over axial couplers. Radial couplers offer greater efficiency, reliability, and
compactness in high-speed applications compared to axial couplers. They also operate with
lower contact pressures, reducing wear and heat generation, and can be designed to be

lightweight and compact, ideal for weight and space-critical applications.

Radial couplers can reduce vibration and noise generated during operation and accommodate
misalignments and angular offsets between the PE and the S/G, ensuring efficient torque
transfer. In addition, the ease of maintenance and repair of radial couplers is crucial in

minimizing downtime and performing maintenance quickly and efficiently.

Synchronous radial MCs can be categorized into two groups: active and reactive couplers,
as illustrated in Figure 4.4. An active magnetic coupler (AMC) consists of PMs inserted into
both rotors. On the other hand, a reactive magnetic coupler (RMC) has PMs mounted on

only one-half of the rotor, while the other half is made of steel in the form of PMs.

o AN\ S TPM] S

| steel

(a) (b)

Figure 4.4. Simple synchronous MCs (a) Active type (b) Reactive type [304]
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The AMC has a significantly higher maximal mechanical torque, which is a key
characteristic of AMCs, compared to the RMC [304]. The torque change period for the RMC
is half that of the AMC. These findings indicate that the AMC is generally better suited for
use. However, in environments where the temperature can exceed 200°C, the PM quality is
compromised, leading to a loss of their attraction and repulsion forces. In such cases, it is
advisable to use the RMC, which is also preferred when mechanical torque is not critical.
Since RMCs use fewer PMs, they are also more cost-effective. After a thorough evaluation
of all the factors discussed above, the synchronous active radial magnetic coupler topology
has been deemed the most suitable choice for the thesis.

Analytical approaches such as Virtual Work [205], Maxwell Stress [305], Coulombian
[306], Monte Carlo [307], 3D semi-analytical [206], and analytical magnetic field methods
[204] are regarded as fast and straightforward methods to estimate the preliminary design

dimensions of magnetic couplers.

Despite their usefulness, conventional methods for calculating the transmitted torque of MCs
have high margins of error. This is due to various assumptions made during the calculations,
such as the homogeneity of PM magnetization, large model length, average air gap radius
compared to PM thickness and air gap length, increase in torque with increasing pole
numbers, and unsaturated rotor materials with high permeability. Analytical calculations
involving these effects can also be laborious and complicated. However, utilizing the Virtual
Work approach and analytical subdomain method, which is based on the Maxwell stress

tensor, can provide fast and useful analytical calculations for the transmitted torque of MCs.

Analytical subdomain method based on the Maxwell Stress Tensor

The subdomain analytical method is based on the resolution of Laplace's and Poisson's
equations in the air-gap and PM subdomains, respectively, which provides a fast and

accurate calculation of the transmitted torque in AMCs, as illustrated in Figure 4.5 [208].
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Figure 4.5. Parameters of synchronous active radiallly oriented magnetic couplers [208]

where R, R1, Rz, R3, Rs, Ro, la, p, Im, Bm, lout, Is and By are the inner radius of the back iron,
inner radius of the inner PM, outer radius of the inner PM, inner radius of outer PM, outer
radius of outer PM, outer radius of outer back iron, air gap length, pole-pair, thickness of

PMs, openings of PMs, outer diameter, active part length, and PM remanence, respectively.

The 2D analytical method assumes a cylindrical geometry and neglects end effects. The back
iron is assumed to have infinite permeability, and the magnetic field is perpendicular to it.

PMs are assumed to have a relative permeability of 1 and are radially magnetized [308].

The determination of the flux density distribution is achieved through the use of the solutions

obtained from the vector potential in the air-gap, as described by the following equations:

. (4.23)

B (r,8) = ;— (4.22) Bj1e(r,0) = —

The aforementioned equations denote that the air gap flux density distributions
By (r,0) and Byg(r,0) are a function of the radial distance (r) and angle (©) in polar
coordinate representation. dAy; is the vector potential in the air gap. The flux density
distribution components can also be expressed using the following equations obtained by

rearranging the above equations:
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T
=L (4.24)
,rn n
+ z (C,’l’ DI —) sin(n®)
n=1
= nrn nr-"
Bjo(r,8) = — 2 (A,’{ — - Bl )cos(ne)
n=1
NS ) (4.25)
- Z (C,’l’ " DI )sm(ne)
n=1

The coefficients of the vector potential, AY, B, CI, DI are determined by using the
relationship between the boundary conditions and the potential functions. These boundary
conditions and potential functions are reported in [208]. This version separates the
explanation of the coefficients from the reference to the potential functions, making it easier
to follow the logical progression of the sentence. Ultimately, the transmitted torque can be

calculated by implementing the Maxwell stress tensor method as follows:

l 7 2T
T = %f [BIIr(rmean; e)BIIO(rmean' 9)]d6 (4-26)
0 0

The total model active length is denoted by ;. The radius of the middle of the air gap is
represented by 7,4, @s depicted in Figure 4.5. roi and rio correspond to the inner rotor outer

radius and outer rotor inner diameter, respectively.

Virtual work method

The force and torque exerted on a single pole of the synchronous active radial MC can be
effectively evaluated by calculating the work done during small axial and angular
displacements from their initial positions. The representative model is shown in Figure 4.6

[201]. The configuration typically includes two rotating parts: an inner and an outer rotors.
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Figure 4.6. Synchronous active radial MC model for analytical calculations [201]

Where roi, lio, 'mean are the inner rotor outer radius, outer rotor inner diameter, and middle of

the air gap, respectively. The energy stored in the air gap can be obtained by the following:

2 2
(By1) (Vag) (Byz) (Vag2)
W., = ~9/ \'ag/ (4.27) We, = ~927 17492/ (4.28)
I AT 12 AT
where Bg1: effective air gap flux density at zero torque angle (T)

Wi stored energy at minimum energy position (J)
Vag: air gap volume at zero torque angle (m®)

Wr: stored energy at the specific torque angle of do (J)
Vag2: air gap volume at the specific displacement (m®)

Assuming that the total flux remains constant when a pole is displaced relative to its opposite
pole by an axial distance dx or angular distance d©, it becomes concentrated in the air gaps,
as seen in Eq. 4.30.

© and dO represent pole the angle and small angular displacement in radians. x and dx
represent pole arc length and small axial displacement in meters, respectively, as shown in

Figure 4.7. The air gap area at dO and dx can be calculated using Eq. 4.30.



6 —-do x —dx
BglAl = Bngz (429) AZ — Al % g = 1 * g
(] X
The resulting flux density and air gap volume can be expressed as follows:

(By1) *© 6 — doe)

By, = —2— Vg = Vg
(6 —do) (4.31) ag ag

T (x—dx) - x
Thus, the increase in energy can be expressed as follows:

(Bgz)z(Vagz) _ (Bgl)z(Vag) * 0 _ (Bgl)z(Vag) * X
29 2010(6 — dB) 2410 (x — dx)

sz =

(]
_(Bgl)*x _y *(x—dx)
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(4.30)

(4.32)

(4.33)

The air gap area and volume at zero position and small displacement are seen in Figure 4.7.

(c) (d)

Figure 4.7. Air gap area and volume at (a) Torque angle of zero (b) Torque angle of © (c)

Axial displacement of zero (d) Axial displacement of dx

Az and A are the air gap area at zero torque angle and torque angle of dO respectively.
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Vag1,V1and Vag,V2 are the air gap volume at zero torque angle and torque angle of dO
respectively. The energy increase, dW, resulting from the displacement of the pole by a

distance dx or dO is equivalent to the work done, and can be represented as follows:

(Bgl)z(vzlg) *dO (Bgl)z(Vag) * dx
2u0(6 —dO)  2pp(x — dx)

dW = Wp, — Wy, = (4.34)
The force acting on a single pole can be determined using the Virtual Work principle, as
expressed in Eq. 4.35 [309]. This method involves evaluating the change in stored energy
within the air gap resulting from a small axial displacement between the poles. The torque
can similarly be calculated by replacing the axial displacement (x-dx) in the equation with
the angular displacement (©-d©) [265].

dW _ (Bg1)® (Vag) dw
Fsingle pote = dx = Zﬂi(x — Zi‘;) (4.35) T = PT) (4.36)

_ aw _ (Bgl)z(Vag)
Tsingle pote = dO  2u,(6 —doe)

(4.37)

where Fsingle_pole: €Xxerted force on a single-pole (N)
dW: stored energy change in the air gap (J)
x: pole arc length (m)
dx: small displacement distance of a pole (m)

T: torque exerted on a single-pole (N)

The total force and torque acting on the rotors are evaluated with respect to the Effective Air
Gap (EAG), which is determined based on the total number of poles, 2p. The EAG is
determined as the midpoint of the air gap and is utilized to calculate the force and torque on

the rotors, as expressed below:

. _aw _ (Bg1)*(Vag)
total pole = "7~ = 2uo(x — dx)

(2p) (4.38)

_ aw _ (Bgl)z(Vag)
Ttotal_pole - do - 2,[10(6 IR de) *

(2p) (4.39)
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The critical angle, denoted as Ocriticat (In Mechanical degrees, Mdeg), is the angle at which
the maximum torque is achieved, corresponding to an electrical angle (Edeg) of 90°. The
critical angle and maximum torque are also referred to as the maximum torque angle and
pullout torque, respectively. Mdeg and Edeg represent the mechanical and electrical degrees,

respectively. The critical angle can be calculated using Eq. 4.40, as shown below.

360° 2
chitical,Mdeg = W (4.40) HEdeg = (Z—p) * gMdeg (4.41)

In magnetic couplers, if the critical torque angle is exceeded, the magnetic coupling between
the two rotors is lost, and the coupler stops transmitting power. This is because the magnetic
forces can no longer overcome the mechanical forces that are trying to separate the rotors.
In other words, the coupler experiences magnetic pullout, which is a failure mode in which
the magnetic attraction between the rotors is no longer sufficient to maintain synchronization
and torque transmission. This can cause the magnetic coupler to experience torque ripple,
which can result in noise and vibration. Therefore, it is important to operate magnetic
couplers within their designed torque limits to ensure efficient and reliable operation.

The value of permanent magnet embrace (B), as defined in Eq. 4.42, is a crucial parameter

affecting the output torque of magnetic couplers.

_ Apole_arc (4.42)
Apole_pitch

Pole embrace, the ratio of the pole arc to the pole pitch, is depicted in Figure 4.8 (a) [201].

(pole_pitch

(pole_arc
el — i

Figure 4.8. Definition of PM embrace
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Wider embrace of PMs result in higher mechanical torque for magnetic couplers [265].
Research shows that wider permanent magnets, which correspond to a higher pole embrace
ratio (B), cause the mechanical torque to take on a trapezoidal shape [41]. In MCs, similar to

EMs, the flux density in the yoke needs to be considered, given as follows [225]:

h :T[*R4*ﬁ*2 BPM:n*(RS_h-yoke)*ﬁ*ZBPM (443)
yoke (Zp) Byoke (Zp) By0k€

where R4, Rs, and hyoke represent the radius of the inner and outer surfaces of the outer half
coupler and the thickness of the rotor yokes, respectively, as illustrated in Figure 4.9. A
smaller number of poles results in a more distinct trapezoidal shape of the mechanical torque.
This effect is further amplified by an increase in the yoke thickness, hyoke, as the pole number

decreases.

Figure 4.9. Definition of MC dimensions

Analytical solutions can also be utilized to determine the initial dimensions necessary for
the efficient design of modulated and nonmodulated magnetic gear [310-313] and magnetic

gears assisted electric machines [271, 314].

While analytical calculations may suggest a linear relationship between variables, nonlinear
effects of magnet embrace, magnet offset, number of poles, rotor yoke thickness, and
effective air gap radius can be better understood through numerical analysis. The following

section provides an in-depth description of the relevant analyses conducted for thesis study.
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4.2. Mathematical Modelling of BLDC

In the context of PM Starter/Generators, it is important to understand the types of permanent
magnet machines used in these systems. Permanent magnet brushless machines can be
divided into two categories based on the control types: brushless DC machines (BLDCs) and

permanent magnet synchronous machines (PMSMs), as detailed in Section 3.1.

Table 4.1 compares the ideal characteristics of BLDCs with concentrated windings, which
are typically powered with trapezoidal waveforms, and PMSMs with sinusoidal windings,

which are typically powered with sinusoidal waveforms, as illustrated in Figure 4.10 [315].

Traditionally, a distributed winding configuration has been utilized as the prevailing
approach for the stator winding configuration in three-phase systems, with the objective of
generating a sinusoidal flux within the air gap. Nevertheless, there has been a discernible
shift in recent times towards the adoption of concentrated windings in PMSMs. Despite the
inherent drawback of a concentrated winding, which results in a less sinusoidal
magnetomotive force distribution when compared to a distributed winding, the adoption of
concentrated windings in PMSMs has gained prominence in recent years due to several
compelling advantages. These include heightened power density, improved overall
efficiency, reduced end turns, increased slot-fill factor, cost-effectiveness achieved through
segmented stator structures, minimized cogging torque, the ability to facilitate flux

weakening, and enhanced fault tolerance [316].

Table 4.1. Ideal characteristic comparison of BLDC and PMSM

Parameters BLDC PMSM

: Nonsinusoidal . .
Flux linkage (Trapezoidal) Sinusoidal

Back EMF Trapezoidal Sinusoidal
Stator current Six-step Sinusoidal
Phase energies Two phases at any time Three phases all time

Output torque High ripple Low ripple
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(a)
PMSM
Sinusoidal Trapezoidal
A bEMF A bEMF
-90° 1800 /" -90° 180° €
Controlled by Field-Oriented Control Controlled by Trapezoidal Control
(c) (d)

Figure 4.10. (a) PMSM with distributed winding (b) BLDC with concentrated winding

Both machines can be used in S/G applications, and the choice depends on factors such as
power, efficiency, and cost. A thorough understanding of their characteristics is crucial for

successful S/G system design.

Starter/Generator in starter and motor mode can be operated as BLDC or PMSM. These
topologies offer notable advantages compared to other options, such as brushed DC, wound
rotor, reluctance, and induction motors. Here are the key points that emphasize the

possibility and benefits of utilizing BLDC or PMSM motors in starter mode:

High Starting Torque: BLDC and PMSM motors exhibit the ability to deliver substantial
torque even at low speeds, which is crucial for effectively starting the piston engine.

Speed Control: BLDC and PMSM motors can be precisely controlled using advanced motor

control techniques. This allows for optimal speed management during the motor mode.

Compact and Lightweight Design: BLDC and PMSM motors possess a compact and
lightweight construction, making them highly suitable for integration into UAVs.
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Efficiency and Energy Savings: Both BLDC and PMSM motors are known for their high

efficiency, leading to enhanced energy utilization and reduced fuel consumption.

Durability and Maintenance: The brushless nature of BLDC and PMSM motors eliminates

the need for brushes, thereby reducing wear and maintenance requirements.

Control Flexibility: BLDC and PMSM motors offer flexible control options, allowing for

precise management of motor speed, torque, and position.

Figure 4.11 depicts a schematic of a simple three-phase star and delta connected BLDC

motor with phase currents [317].

IDC

sel3

Ioc Ioc

Figure 4.11. Three-phase BLDC motor (a) Star connected (b) Delta connected

. dy . dyy . dy
Vo = Rgig + dta Vp = Rpip +W Vc=Rclc+d_tC
where  Ra, Ry, Re . Phase resistances in ohm
Va, Vb, Ve : Phase voltages in volt
Ia, Ib, Ic . Phase current in ampere
Wa, Wb, Ve . Flux linkages in weber

Yq = Lglg + Lapip + Locic + Yam

Yp = Lplp + Lpgiq + Lpcic + Ypm

(4.44)

(4.45)

(4.46)
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Ye = Leic + Legiy + Lepip + Yem (4-47)
where L, Ly, Le¢ : Self inductances in henry

Lab, Lac, Lba, Lbc, Lea, Lo Mutual inductances of phases in henry

Wam, WYbm, Yem . Flux linked with each phase due to PMs in weber

When equations Eq. 4.44-4.47 are written in matrix form, the following equation is obtained:

V;l Ra 0 0 ia La Lab Lac ia d lpam
V=10 R, O]|ip o Lpa Ly Lpc||in +o Yom (4.48)
Ve 0 0 R L, Leg Lep  Lollic Yem

The rate of change of the flux linkages created by the PMs in each phase is equivalent to the
induced back electromotive force (EMF) in the winding. Assuming no changes in the rotor
reluctances, the self-inductances (L) and mutual inductances (M) of each phase are assumed
to be similar. It is also assumed that the winding resistances are equal. When the three phases
are connected in a wye configuration without a neutral point, the sum of the currents in the

three phases is zero. Therefore, the above equation can be expressed as follows [318].

Vo] [R 0 O0][la L-M 0 0 1[ta] [Ca
Vol=10 R O|ip|+—| 0 L-—M 0 [|ipf+e (4.49)
vl lo o RIL 0 0 L-MlLil le

The electromagnetic torque equation, derived from the back electromotive forces (EMFs)
and coenergy, is expressed as shown in Equations 4.50 and 4.51, respectively:

Te — eaia + eaia + eaia A — z_paVVc(ere) (450)
Wrm 2 00,
where  2p : Pole numbers

W, : Coenergy
Ore : Rotor position in electrical degree

wm : Rotor angular speed in mechanical degree
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In surface-mounted PMMs, the direct and quadrature axis inductances are nearly equal. As

a result, L and the energy stored in the PM (Wpwm) are independent of the rotor position (©y).

[ Y sin ere ]

W 1 a L |1/)m (sm B, — |
c(ere) - E[la lp lc]L l.b + [La lp i ] + me (451)
i
¢ me smere + J
Y sin Oy,
2m
Zp a]/Vc(ere) Zp . . . 1/) (sm 0. — —)
T,=——7——=—|iqg 1p I m re 4.52
e 2 90, > lia @ i)z aer 2?;.[ (4.52)
[ (sin 6y + )]
(2p) 2m 21
T, = pzlllm [qC0S0,, +ij (cos 0, — 3 ) + i, <cos 0,, + ?)] (4.53)

Te and To are the electromagnetic torque and torque load, respectively. B is the viscous

friction coefficient. If the mechanical equation is implemented as shown below:

+T, (4.54)

Wirm
dt

e

Through conversion of above equations, the mechanical differential equations are obtained.

2 2

Wre = 7pWrm Oy = ;erm (4.55)
2 dw,, (2p) oW, B 2 1
= = —— —-ZT 4.56
2p dt 2] 90, J@p) " Tt (459
d 2p)2 oW, B 2

Wre _ (2p) ¢ _Zw. — (2p) T, (4.57)
dt 4] 940,, 2J
do

—2% = (4.58)

4.3. Mathematical Modelling of Starter/Generator

In the realm of PMSMs, two distinct rotor configurations have gained prominence: surface
mounted and interior mounted, as discussed in Section 3. Surface mount types (SPMSMs)
do not possess inherent reluctance torque. The rotor structure of an SPMSM consists of

magnets mounted on the rotor surface, providing a concentrated magnetic field.
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It interacts with the stator windings to generate torque primarily through MMF. Reluctance
torque, which arises from the variation in magnetic reluctance between the rotor and stator,
is not a significant factor in SPMSM. Thus, SPMSMs exhibit a reduced stator winding

inductance, resulting in equivalent d-axis and g-axis inductances.

Interior mount types (IPMSMs) utilize a rotor design incorporating magnets and salient rotor
poles, resulting in variable air gaps between the rotor and stator during motor rotation.
IPMSMs exhibit varying d and g-axis inductances depending on the magnet arrangement. In
parallel topology, magnets are positioned along the d-axis, resulting in higher g-axis
inductance compared to the d-axis. In perpendicular topology, the g-axis inductance is lower
than the d-axis. This difference in inductance creates magnetic saliency, enabling IPMSMs

to harness reluctance torque, particularly in the case of a right torque angle drive [319].

Figure 4.12 illustrates the armature current phasor position in the d-g coordinate system,
indicating the operating modes of the synchronous machine as an overexcited or
underexcited generator, as well as an overexcited or underexcited motor, depending on the

quadrant of the armature current [285].

UNDEREXCITED ’~
GERERATGR Th SRR
oa ©
290°< W< 0 L% RL load .
______ L 0<wy<90
II Ia S K ! I
A
LY i
- |
i d
A dﬁ siny magnetic flux axis
a
Ia
II1 IV
UNDEREXCITED 1 a Oﬁg%gC ITED
MOTOR
RL load RC(‘) load .
-180° < y <-90° 90° <y <180

Figure 4.12. Armature current I, in d-q reference system and PMSM operation modes [285]



103

In the PMSM equivalent circuit shown in Figure 4.30, it is customary to employ two arrow

systems for the motor mode, as shown in Eq. 4.59 and generator mode as shown in Eq. 4.60.

Ef = Uy + IRy + jlaaXsa + ilagXsq
= Uy + loa(Ry + jXsa) + Iag(R1 + jXsq) (4.59)

Uy = Ef + [gRy + jlgaXsq +ilaqgXsq

. , (4.60)
=Er + Ioa(Ry + jXsq) + Iaq(Rl +]qu)
where Ia:|3d+|aq
lag=lasiny
lag=lacosy
jIaqxsq jIadxsd J.Iadxsd jlaqxsq
R, - - - - R, +
+ + -+ o+ - + - + - 4+ -
' F 3
]
e + + a

(@) (b)

Figure 4.13. PMSM equivalent circuit (a) Motor notation (b) Generator notation [285]

Phasor diagrams for synchronous generators utilize the generator arrow system, where an
overexcited generator supplies inductive current and reactive power to the line. The same
arrow system can be used for motors, but the motor arrow system is more convenient. For
underexcited motors, the d-q coordinate system is rotated by 180° to represent the 3™
quadrant as the position of the 1 quadrant. The phasor diagram, using the motor arrow
system, illustrates a load current (la) lagging behind the vector U; by the angle ¢, indicating
an underexcited motor. At this angle, the motor induces a capacitive current component
(lssinP) relative to the input voltage U:i. An overexcited motor draws a leading current from

the circuit and supplies reactive power [320].
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4.3.1. Mathematical model of SPMSM

The mathematical modelling of the 3-phase SPMSM, as illustrated in Figure 4.14, involves

the following assumptions [321]:

= The three-phase stator winding is distributed symmetrically in space, disregarding the
discrete properties of its structure. As a result, the MMF generated by the stator windings
in the air gap is assumed to be sinusoidal, along with the induced EMF.

= The internal permeability of the PM is assumed to be the same as that of air, and the
excitation EMF produced in the air gap is assumed to have a sinusoidal distribution.

= Various factors such as iron loss, terminal effects, and magnetic saturation are neglected,
and the rotor is assumed to have an infinite constant permeability.

= The motor parameters are assumed to be unaffected by temperature and load effects, and

there is no damper winding on the rotor.

Figure 4.14. SPMSM model [321]

Ul [Re O O[] o [V
Uup|=10 Rs O0[[ip +E Yy (461)
Uc 0 0 R ILi,. Y,



Ve io 0s®) 11
. 2m .
[zpb] = Lapc Lp + Y| cos (Ge —?> [l_b
Ve e cos(0, + 2m/3) fe-
Yra Ly, My MyTi,
= (Yrp |+ |Mpa Lp Mpc||ip
lllfc Mca Mcb Lc— ic
where  wa, woyc  : Flux linkage of three phase a, b, ¢

Vi, Uib, Wic . PM flux linked of three phase a, b, c
(i . Rotor flux vector

Rs . Stator winding resistance
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(4.62)

The self-inductance and mutual inductances of the a-b-c winding are considered constant

and independent of the rotor position.

1
Myp = Mpq = Mye = Meq = Mpe = Mep = Ly cos 120 = —ELm
3 . . .
Yo = (LSU + EL"”) ta + Yra = (Lsg + Ldia + Yra=Lsia + Prq

Ys = (Lsais) + Lipis + lpf = Lgis + l/)f

where  Lmis . Produced by is corresponding to armature field
Lsols . Flux leakage produced by is
Vs . Stator flux vector
Is . Stator current composed of ia, ip, ic

(4.63)

(4.64)

(4.65)

By considering ¢y = (lpfef"e) and assuming the amplitude of the variable is constant in the

steady-state condition, the voltage vector form can be obtained as follows:

Us = Ryl + jweLsls + jwepr = Rols + jwsLgls + E

(4.66)

By observing the phasor diagram of the SPMSM, as shown in Figure 4.15, the

electromagnetic torque of the surface mount S/G can be determined.
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Figure 4.15. Phasor diagram of SPMSM [321]

Te = 2p)yyissin B = (2p)y x (i) (4.67)

In vector control, the control parameters used are the amplitude of the stator current vector
is and the space phase angle B with respect to yr. In the sinusoidal steady state, this is

equivalent to controlling the amplitude of the stator current phasor and the phase angle f.

4.3.2. Mathematical model of IPMSM

In an IPMSM, the air gap is not uniform, resulting in variations in the armature reaction

magnetic field due to the difference in the space phase angle B, as depicted in Figure 4.16.

Figure 4.16. IPMSM model
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The voltage equation and the flux linkage equation of the three-phase winding in the IPMSM
have a similar form to that of the SPMSM, as illustrated in the above equations. However,
due to the nonuniform air gap in the IPMSM, the self-inductances and mutual inductances

of the phase windings become periodic functions with respect to the rotor position [322].

(Ly, = Lgo + Ly, cos(26,)

2
J Ly = Lgo + Lz 05 2 (ee -2 (4.68)
21
\Lc = Lso + Lgz cos 2 (Be + ?)
( 21
Mg, = My, = —Myo + My, cos 2 (Qe + ?>
S My, =M., = —My + M, cos(26,) (4.69)
21
(Mca = Mg = —Mgo + Mg, cos 2 (He - ?>
where  Lso . Average magnitude of self inductance
Ls2 . Second harmonic of self inductance
Mso . Average magnitude of mutual inductance
Ms2 . Second harmonic of mutual inductance

The inductances along the a-f axes in an IPMSM remain periodic functions of the rotor
position. By applying the Park transformation, these inductances are transformed into the d-
g coordinate frame [323]. In the d-q coordinate frame, the voltage equation, flux linkage,

and inductance matrix can be expressed as follows:

lg -y
R [ ] ] + q] 4.70
] = AR I (4.70)
] Lag [ ] ["’f] 4.71)
d

Lag =1 Lq] (4.72)
Us = Ryls + jwsLgly + jwsLgl, + Eg (4.73)

where ug @ d-axis stator voltage component

Ug : Q-axis stator voltage component

id . d-axis stator current component
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iq . g-axis stator current component
yda . d-axis stator flux component
Vg . Qg-axis stator flux component
Legg : d-qaxisinductance matrices

By observing the phasor diagram of the IPMSM, as shown in Figure 4.17, the

electromagnetic torque of the interior mount S/G can be determined.

@,
joLd,
. sts
-ja)sLd[d
F 3 )
. E()
IS
= = T A ;
: I
Us ¢I ?/ q
' p
I
I .
Iz [//f -
jd
Figure 4.17. Phasor diagram of IPMSM [321]
3 . . dw;
T = 5 (2p) [rig + (Lg — Lg)iaiy] To= J—+ Bwe T, (4.74)

However, the utilization of surface mounted permanent magnet (SMPM) rotors in
Starter/Generators brings notable benefits in terms of design flexibility, efficient production,
and cost-effectiveness, leading to their widespread adoption, as discussed in detail in Section
3.1. However, one limitation of this rotor design is the magnets' vulnerability to centrifugal
forces, which can potentially damage the rotor. To address this concern, incorporating non-
magnetic materials on the rotor surface can significantly enhance the robustness of surface

magnet rotors, ensuring their reliable operation in demanding aerospace environments.
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4.4. Reference Frame Transformation of PM Starter/Generators

Reference frame transformation, specifically the d-q transformation, is employed to convert
the commonly used three-phase abc variables in AC systems into orthogonal d-q variables.
This transformation is applied in control strategies to simplify analysis and enable
independent control of specific components, such as the flux-producing and torque-
producing components of the S/G. Figure 4.18 illustrates these variables, where the direction

of the abc variables aligns with the magnetic axes of their respective windings [324].

b-axis g-axis

g-axis

n-axis

\ d-axis

N

(b)

Figure 4.18. Reference frame notation (a) abc coordinates (b) d-q axes [324]

In the reference frame transformation involves three axes: the d-axis, g-axis, and n-axis. The
d-axis represents the direction of the magnetic flux in the machine and serves as the reference
axis in vector control. The flux-producing component of the motor current is aligned along
the d-axis. The g-axis is positioned 90° electrical degrees ahead of the d-axis. It represents
the direction where the torque-producing component of machine current or the back-EMF is
aligned in vector control. The n-axis is orthogonal to both the d-axis and g-axis. It is not

directly associated with the mechanical output power of the motor but is relevant to losses.

The d-q coordinate system can be rotated at any desired speed, but there are two commonly
used reference frames. The first is the synchronously rotating reference frame, also known
as the synchronous reference frame, which rotates at the speed of the rotating magnetic field.
This reference frame is denoted by the d®-g°® axes. The second is the rotor reference frame,
which rotates at the speed of the rotor itself. This reference frame is denoted by the d'-q"
axes. These two reference frames provide different perspectives and are used in various

control strategies and analyses in AC systems.
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The angle 0, which represents the deviation between the rotating reference frame and the
stationary reference frame, is subject to variation over time. Mathematically, this angle 6 can
be obtained by integrating the angular velocity ® of the rotating reference frame. For
instance, the notation "i%s" signifies the stator current along the d-axis in the synchronously

rotating reference frame.

o= f w(z)dr + 6(0) (4.75)

The transformation of any reference frame into different types of reference frames can be
achieved by adjusting the rotation speed. This conversion is known as the generalized
rotating transformation. The reference frame transformation can be readily achieved using

matrix forms or complex vectors, facilitating a straightforward conversion process.
4.4.1. Matrix form reference frame transformation

Figure 4.19 illustrates the conversion of the three-phase abc variables into dgn variables
within the stationary reference frame. The reference frame transformation can be understood
as the orthogonal projection of the three-phase abc variables (fa, v, fc) onto the d-q axis in
the stationary reference frame (d®-g° axes). The frame of reference can rotate at an angular
velocity . Therefore, the transformation of the three-phase stationary abc variables into dgn
variables in an arbitrary reference frame rotating at a speed  and the transformation matrix,
T(0) is defined as follows [324]:

f(%n = T(e)fabc (476)

where qun = [fdqun]T fabe = [fafbfc]T
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Figure 4.19. Stationary reference frame transformation [324]

— 2 2 -
cos 0O cos (0 — §n) cos (9 + §”)
2 2 2
T(6) = 3 —sinf —sin (0 - §n> —sin <9 + §n) (4.77)
1 1 1
2 2 2

In the case of using a coefficient of 2/3, the magnitude of the dq variables is exactly the same
as that of the abc variables. This transformation is known as the magnitude invariance
transformation. However, the power and torque calculated in the dgn variables become 2/3
smaller compared to those calculated in the abc variables. On the other hand, when
employing a coefficient of V(2/3), the power remains the same value in both reference

frames. This transformation is referred to as the power invariance transformation.
4.4.2. ABC into dgn variables transformation in the stationary reference frame
By setting 6=0 in Eq. 4.76, the transformation of the three-phase abc variables into dgn

variables in the stationary reference frame is obtained. This transformation is referred to as

Clark's transformation. The equations for this transformation are as follows [324]:
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L =3 =3 y
fchn:T(O)fabczg 0 ? —g fo (4.78)
11 1|l
2fff_\/§ﬁ\1/§_ o+ fo + 1)
s _%Ja_Jb_ Jc S_ _— (£ _ s 2Uatfotfe (4.79)
fd_ 3 fq_\/g(f fC) fn_ 3

In the stationary reference frame, dgn variables are arithmetically related to abc variables.
Specifically, if the sum of the abc variables in a balanced three-phase system with no neutral
connection is zero (fa+f,+f:=0), then the n-axis variable (f%y) is zero. Consequently, the d*-
axis variable (f°q) is equal to the phase a-axis variable (f2). In this scenario, the dq variables

are reduced as follows:

1
s —

f; = fa fa=0 fq :\/g(fb _fc) (4.80)

The inverse transformation of the dgn variables in the stationary reference frame back into

abc variables can be expressed as follows:

s 1., V3 1 . V3
Ja =Ja fo==5fi+5f8 f=—5f-5f (4.81)

4.4.3. Transformation between reference frames

To analyse Synchronous Generators (S/Gs), it is often necessary to perform variable

transformations between different reference frames, as depicted in Figure 4.20.
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Figure 4.20. Transformations (a) Stationary into rotating (b) Rotating into stationary [324]

Park's transformation is a commonly used method to convert variables from the stationary
reference frame to the rotating reference frame. The transformation is expressed as follows:

cos & sin@ 0]|fd
fdqn = RO)fin = |—sin6 cos 6 Of|f7 (4.82)
0 o 1l|gs

When the variable n is equal to zero,f*,=0, Eq. 4.82 can be expressed as separate equations

as follows:

fé =ficos0 + fisinf f& = —fisinf + ficos 6 (4.83)

Similarly, the inverse transformation can be expressed as follows:

fi =ficos0 — f7sinf fé =fisinf + ffcosb (4.84)

4.4.4. Complex vector reference frame transformation

Any three-phase quantity can be represented by a complex space vector, denoted as fanc, in
the complex plane as shown in Figure 4.21. This representation enables the analysis of the
three-phase system as a whole, providing a comprehensive view rather than considering

individual phases separately.
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Figure 4.21. Complex space vector

Notably, a space vector differs from a phasor, which represents the amplitude and phase of

a sine wave in steady-state conditions. The complex space vector is defined as follows [324]:

2 . .
fave = 5 (fave + fave + fanc) a =/ q? =W/ (4.85)

The complex space vector, representing a three-phase quantity, rotates at the same angular
velocity we as the three-phase quantities themselves, as illustrated in Figure 4.22.

b-axis A Im

@ -

abe

Figure 4.22. Complex space vector with three-phase quantities [324]
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When comparing the complex plane with the dqg coordinate system discussed earlier, it is
observed that both systems possess similar orthogonal coordinates. Specifically, the real axis
and imaginary axis in the complex plane correspond to the d-axis and g-axis in the stationary
reference frame. Therefore, the space vector fac is considered equivalent to the vector f4q in
the stationary reference frame, which comprises the components along the d- and g-axes.

fdq = fd +JId (4.86)

However, since the dg-axis can rotate at any angular velocity, it is necessary to examine the
relationship between a space vector and a vector in the dg-axes rotating at a specific angular
velocity. A vector f®q in an arbitrary reference frame rotating at a speed o in Figure 4.23

can be expressed as follows:

faq = fa" +ifq" (4.87)

A ¢ -axis

@ .
q -axis

Sy

d “-axis

Figure 4.23. Rotating vector in an arbitrary reference frame [324]

& = g[facos 0 + fycos (0 - %ﬂ) + fecos (0 - gn)] (4.88)

fq = %[fa sin© + fsin <9 — %n) + f.sin (9 — gn)] (4.89)
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fdqg = %lfa(cose —jsin®) + f,, <cos(9 —gn) — jsin (9 _§”)>

+ fe (co s (9 - §n> — jsin (9 - gn)ﬂ (4.90)

2 ) )
- § [fa + afa + azfa]e_]e = fabce_]8

When 6=0, the space vector fabc is equivalent to the vector f%yq in the d-q axis of the
stationary reference frame. In the rotating reference frame with angular velocity m=wme, a

vector fodq can be expressed as follows:

fdq = fapce ™% = fdgqe_jee

fiq = favce™° = fape 0, = fwe(t)dt +0(0) (4.91)
The instantaneous power can be expressed in terms of the complex vector as follows:

3 3 . . .
P= ERe[VabcIabc*] = ERe[V;{II(‘;Vq | Note: * is the conjugate (4.92)
4.4.5. Torque equation of the Starter/Generator in the d-g axes
The input power can be expressed in the d-q axes as follows:
Py = (Udslds + vgst qs) (4.93)

By substituting the voltage and flux linkage equations [325-329] into Eq. 4.93, it is obtained:

3 . dAy , , ,
P, = 5((1%5155 +—k - wrxlgs) Lgs - (Rslgs + qs +w, Ads) qu> =

(R (2 +ir2) + i7, dds +i 55

(4.94)
Qflgs + wy (Lds - qu)igsigs)

Stator Copper ~ Magnetic Energy

Loss Variation Mechanical Outpu Power Pout
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(2p)3, . o
T, = — E(@flgs + (Lds - qu)zgszgs) (4.99)
Magnet Reluctance
Torque Torque

Eq. 4.95 indicates that the developed torque of a PM Starter/Generator is composed of two
components. The first term represents the magnet torque generated by the PMs, while the
second term represents the reluctance torque resulting from saliency. In an SPMSM with a

cylindrical rotor and equal d-g axis inductances (Lds=Lqgs), there is no reluctance torque.

In the field of PMSM control, there are several vector control modes for PM S/Gs that offer
distinct strategies for achieving desired performance characteristics [321, 330-332]. These
include the 14=0 vector control mode, which focuses on maintaining the zero direct current
component in the machine to minimize losses and improve efficiency. Another mode is
maximum torque per ampere (MTPA) control, which aims to maximize the torque output
for a given current input, optimizing the machine's torque production capabilities.
Additionally, there is the flux weakening control mode, which allows the machine to operate
beyond its rated speed by reducing the magnetic flux, enabling higher rotational speeds.
These vector control modes, among others, provide flexible control strategies to meet

specific operational requirements and enhance the overall performance of electric machines.

4.5. Performance Comparison of BLDC and PMSM

BLDC and PMSM motors, despite their resemblances in stator and rotor configurations,
demonstrate distinct performance variations due to factors including back-EMF
characteristics, intended applications, and driving techniques. These dissimilarities give rise
to variations in efficiency, torque output, speed range, and control precision, thereby
differentiating the performance of BLDCs and PMSMs. A comparative analysis of these

performance aspects is presented in Table 4.2 [333-336].
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Table 4.2. Performance comparison of BLDC and PMSM

Features BLDC PMSM
Machine Categorization Synchronous Synchronous
Supply-Fed DC current AC current
Back-EMF Trapezoidal (Generally) Sinusoidal (Generally)

Drive Method

Commutation

Control Algorithms

Phase Conduction Two phases Three phases
Torque Ripple High Low
Harmonic Order Low order harmonics Fewer harmonics
Core Loss High due to the harmonics Low
Switching Loss Low High
Complexity in Control Simple Complex
Ease of Control Easy Complex
Noise Level High Low
High Speed Performance Good Poor
Torque per Peak Current High Low
Torque per RMS Current Low High
Cost Low High
Efficiency Low High
Maintanence Cost Low High
Overload Capacity <120% <150%
Starting Torque Medium High

The ideal torque-speed curves of the BLDC, SPMSM and IPMSM exhibit distinctive

characteristics, as illustrated in Figure 4.24 [337, 338].
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Figure 4.24. General ideal torque speed characteristics (a) BLDC [339] (b) SPMSM [340]
(c) IPMSM [337]
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The torque ripple characteristics of the BLDC and PMSM are illustrated in Figure 4.25.
These plots provide insights into the behavior of the machines under different operating

conditions and can help evaluate the performance in terms of torque fluctuations.
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Figure 4.25. Ideal model torque ripple comparison (a) BLDC (b) PMSM [341]

On the other hand, radial flux permanent magnet machines (PMMSs) are favored over axial
flux structures for high-speed direct-drive starter/generator applications due to their smaller
diameter and longer rotor, which generate smaller rotor stresses and enable higher speeds.
They can incorporate effective protection methods to prevent damage to delicate permanent
magnets at high speeds, which is not possible with axial flux structures. On the other hand,
axial flux structures with larger rotor diameters and shorter lengths lead to increased rotor
surface speeds and higher stresses, resulting in higher maintenance costs and reduced
machine continuity. Hence, it is crucial to perform a detailed investigation of radial flux

PMMs to make informed design decisions in high-speed direct-drive S/G applications.
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4.6. Control Strategies for Permanent Magnet Starter/Generators

In the design of permanent magnet Starter/Generators, it is critical to have a deep
understanding of the driver strategies and switching methods to ensure optimal performance
and efficiency. This is because the driver strategy has a significant impact on the control of
the S/G, which directly affects its output power, efficiency, and reliability. In addition, it
affects the machine performance, as well as the overall system cost. The appropriate driver
strategy should be chosen early in the design to meet the specific application requirements,
which can include high starting torque, high efficiency, low noise, and low weight.

The driver strategy can be achieved through various control techniques, such as
commutation, scalar control, vector control, direct torque control, and field-oriented control,
as detailed in Figure 4.26 [247, 342]. Each control technique has advantages and

disadvantages, which must be carefully evaluated to select the most appropriate strategy.

a
)
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Control (FOC) Control (Danfoss) Control (DTC)
Preudo-Sinusoidal .
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Stator Flux Hexagonal Flux
Oriented Trajectory

Figure 4.26. Control strategies for Starter/Generators
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The scalar control technique is a simplified control approach that relies on a model that is
only applicable to steady states. This method involves controlling the magnitude and

frequency of voltage, current, and flux linkage space vectors.

However, due to its limitations, the scalar control technique is not suitable for transient
performance and is not recommended for PMSMs that lack damper winding [247]. To
achieve stable operation, a stabilization loop must be formed using either rotor speed
perturbation, input power, DC-link current perturbation, or flux and power angle stabilizing
loop. Therefore, scalar control is only suitable for applications that do not require high

dynamic performance.

On the other hand, the vector control technique is a more advanced approach that allows for
precise control of the position, magnitude, and frequency of voltage, current, and flux space
vectors [343]. This technique can be divided into three categories: Field Oriented Control
(FOC), Direct Torque Control (DTC), and Voltage Vector Control (VVC+).

The FOC technique uses frame transformation of the machine equation in a PM flux rotating
frame, allowing decoupled control of stator current components, indirectly controlling motor
flux and torque. It involves d-q axis current controllers for decoupled drive control. DTC
enables direct control of motor flux and torque without the need for inner current control
loops. Although DTC can achieve good dynamic performance, it suffers from several
disadvantages, such as a requirement for fast sampling time, the need for two hysteresis

controllers, variable switching frequency behavior, and higher ripples in torque and flux.

VVC+ control, developed by Danfoss Drive, is a promising approach that results in good
steady-state and transient performance of PMSM drives. VVC+ controls the voltage
impressed on the motor with respect to both amplitude and angle using a vector concept
based on a steady-state motor model. It offers advantages such as the absence of feedback
position or speed sensors, a simple control algorithm, less computation, and improved

transient response compared to the scalar control method.

The stabilization of the PMSM is achieved by measuring the change in input power, and the

reference speed is proportionally varied according to this power variation.
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The current controller compensates for machine parameter mismatch, temperature drift of
stator resistance, and other unmodelled factors. If all machine parameters are correct, the
output of the controller will not depend on the load, and the d-axis current is kept at the
desired value at steady state, depending on the control strategy, Maximum Torque Per
Ampere (MTPA) or Constant Stator Flux Control (CSFC).

FOC and six-step commutation are two important control techniques used in the control of
aerospace three-phase Starter/Generators. FOC is a widely used technique that enables
precise control of the torque and speed. It allows independent control of the magnetic field
and torque components, which improves the overall efficiency and performance. Six-step
commutation, on the other hand, is a simpler control technique that is commonly used in
applications where high precision is not needed. Stator currents are switched in a sequence
of six steps to generate a rotating magnetic field that drives the rotor. Commutation is
determined using sensors or sensorless methods based on the rotor position. It is relatively

simple and cost-effective, but it may not provide the same level of control precision as FOC.

Both techniques have their advantages and limitations, and the choice of use depends on the
application. FOC is often used in high-performance applications such as aerospace and
electric vehicle propulsion systems, while six-step commutation is more commonly used in

lower performance applications such as fans, pumps, and industrial equipment.

Types of rotor position sensors for permanent magnet brushless machines

The determination of rotor positions in brushless PMM is accomplished through the
utilization of position sensors, which include Hall sensors, incremental or absolute encoders,
and resolvers, as illustrated in Figure 4.27. These sensors are designed to detect the position
of the rotor field, thereby enabling the identification of the rotor shaft's position [321].
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Figure 4.27. Rotor position sensors (a) Hall sensor (b) Incremental encoder (c) Absolute
encoder (d) Resolver

4.6.1. 6-Step commutation in starter and motor mode

The marvel of a BLDC motor lies in the synchronized interaction of rotor permanent magnet
field with a magnetic field generated by a DC voltage across its stator coils. For seamless
rotation, the stator magnetic field needs to be rotated sequentially, with each phase current
switching in sync with the machine back EMF as a function of rotor position. At each
position, a constant current multiplies the back EMF's constant part, yielding the machine
output torque. However for this synchronization and commutation sequence to be identified,

the rotor position must be known at fixed angular intervals, as shown in Figure 4.28 [344].

Inverter
Gating signals BLDC motor

Direction command —- Position information
Controller i Hall sensors

Speed command — < (displaced by 120°)
SN SN S

Figure 4.28. Driver system of BLDC motor [344]
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The rotor position can be determined through the utilization of position sensors, including
encoders, resolvers, and Hall sensors. Alternatively, a sensorless method can detect the

position of the rotor field and therefore the position of the rotor shaft.

Hall effect sensored control

The implementation of Hall sensors in sensing the rotor position of BLDC motors has gained
significant popularity over the use of encoders and resolvers. This can be attributed to several
factors, including the simplicity and cost-effectiveness of Hall sensors compared to encoders
and resolvers. Additionally, Hall sensors do not require physical contact with the rotor shaft
and do not suffer from mechanical wear, making them more reliable in the long run. The use
of Hall sensors offers a practical and efficient solution for BLDC rotor position sensing. The
position of Hall sensors determines the output type: either 60° or 120° phase shift.

Combining these signals from three sensors can determine the exact commutation sequence.

Hall sensors are classified into analog and digital types, as shown in Figure 4.29. Analog
sensors produce a continuous voltage output proportional to the magnetic field strength with
higher resolution and sensitivity. Digital sensors are simpler to use, as they output a digital
signal, but lack the precision of analog sensors. Analog sensors require additional signal

circuitry to convert output to a digital format to be processed by a microcontroller [345].

On the other hand, digital Hall sensors output a digital signal that is either high or low
depending on the presence of a magnetic field. They are cost-effective and easy to

implement, making them commonly used in position sensing for brushless DC motors [346].

_” . _

Unipolar Switch

Latch/Bipolar Switch

_J

Omnipolar Switch

Figure 4.29. Types of Hall sensors
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The unipolar switch is an active sensor that operates in only one magnetic pole spectrum,
north or south, and is primarily used for position sensing. As depicted in Figure 4.30 (a),
both Bop and Bre will be activated with the same magnetic pole. However, a minimum

hysteresis is required to prevent unwanted toggling caused by variations in the magnet.

The Latch/Bipolar switch is an active sensor that is activated with one magnetic field and
deactivated with the opposite field, as shown in Figure 4.30 (b). The operating point and
release point have the same absolute values but opposite signs, with Bop = - Bre. Both
thresholds are symmetrical and centered around 0 mT. Due to its operational characteristics,

the latch-type Hall effect sensor is widely used for rotor position sensing in BLDC motors.

Omnipolar sensors, as demonstrated in Figure 4.30 (c), are active in both the North and South
magnetic fields. They are commonly used to detect changes in both spectra. Bor s and Brp s
are parameters that identify the South Pole operating and release points, while Bop n and

Brp_n refer to the North Pole parameters.

Output State Output State Output State

PP T - PP T - - r > "OFF” State
<+ €+ + |+ 4+ *> > d——==P— "ON" State
Bre  Bor g Brp Bop > Bor_n Bre_n Bre_s Bop_s ’
Magnetic Flux Density (mT) Magnetic Flux Density (mT) Magnetic Flux Density (mT)
(@) (b) (©)

Figure 4.30. Hall sensor types (a) Unipolar (b) Latch/Bipolar (c) Omnipolar

The commutation sequence of a three-phase BLDC motor driver circuit with 120°E for
counterclockwise rotation is shown in Figure 4.31. °E represents the electrical degree. Three
Hall sensors (a, b, ¢) are mounted on the stator at 120°E intervals, while the three phase
windings are arranged in a star formation. With every 60°E rotation, one of the Hall sensors

changes its state, taking six steps to complete a whole electrical cycle.
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Figure 4.31. Commutation sequence logic of three-phase BLDC [346]

In synchronous mode, the phase current switching updates every 60°, with one motor
terminal driven high, another driven low, and the third left floating for each step. Therefore,
during each step, only two phases are conducted. The number of signal cycles needed to
complete a mechanical rotation is determined by the number of rotor pole pairs. Every rotor

pole pair requires one signal cycle in one mechanical rotation.

Sensorless control

In some applications where only variable speed control is required, and system dynamics are
not too demanding, position sensors can be eliminated to reduce cost and motor size.
Sensorless communication is particularly useful in dusty or oily environments where motors

are hard to access and only require occasional cleaning.
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Some control methods provide enough information to estimate rotor position with sufficient
precision for synchronous phase current operation, thus enabling a PM brushless drive that

requires only electrical measurements, called a sensorless drive.

There are several techniques to obtain the position information of the BLDC motor [347]:

= Back EMF detection,

= Stator third harmonic voltage detection,

= Conducting interval of freewheeling diodes connected in antiparallel with solid-state
switch detection,

= Measurement of inductance variation, terminal voltages and currents.

One of the most commonly used sensorless control strategies is based on back electromotive
forces or back-EMFs, which eliminates the need for position sensors such as Hall sensors to
commutate the signal [348]. The back-EMF of an unused phase is an efficient and cost-

effective method to obtain the commutation sequence in star windings.

However, since back-EMF is zero at standstill and proportional to speed, the measured
terminal voltage, which has a large signal-to-noise ratio, cannot detect zero crossing at low
speeds. As a result, the low-speed performance of back-EMF-based sensorless methods is

limited, and an open loop starting strategy or back-EMF amplifiers are necessary [349].

There are two primary methods for sensing back-EMF in BLDC motors: direct back-EMF
detection and indirect back-EMF detection [350]. Direct back-EMF detection techniques
involve sensing the back-EMF of the floating phase and detecting its zero crossing by
comparing it with the neutral point voltage. However, such methods are prone to high
common mode voltage and high frequency noise due to the pulse width modulation (PWM)
drive, thereby necessitating the use of low pass filters and ADCs, as shown in Figure 4.32.
Direct back-EMF detection techniques can be classified as back-EMF zero crossing

detection (ZCD) or terminal voltage sensing, and PWM strategies.
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Figure 4.32. Block scheme of the sensorless back-EMF based BLDC driver

Indirect back-EMF detection methods are employed to reduce switching noise. This is
because filtering introduces commutation delay at high speeds, while attenuation reduces
signal sensitivity at low speeds. Examples of indirect back-EMF detection methods include
back-EMF integration, third harmonic voltage integration, and free-wheeling diode

conduction or terminal current sensing.

4.6.2. Field oriented control (FOC) of starter/generator

FOC, shown in Figure 4.33, is a control technique employed to regulate the direct and
quadrature axis current, ig and iq, with the objective of achieving the desired torque. Eq. 4.95
represents the torque as a function of the current components. By independently controlling
ig and iq, it becomes possible to optimize the Maximum Torque Per Ampere (MPTA) ratio,

thereby minimizing the current required for a specific torque and maximizing the efficiency.



130

e’ [ 7 N Ve *\\ *,7 ’r:
x R — = G |A'AY
Ph A d-controller

'i’ isg‘ Isd Vsdrs Vsargf M
Phase B Clarke Park ] Inverse park SVM Phase B
Ph transformation | jsp | transformation | isq Vsqref| transformation |vspref

ase C al i > Phase C
e ’ g- controller | >

3-Phase System | 2-Phase System 3-Phase System
Stationary Reference Frame I Rotating Reference Frame | Stationary Reference Frame

Figure 4.33. General principle of Field Oriented Control (FOC)

In the case of a nonsalient machine, where Lg4=Lq, implementing control is relatively
straightforward. According to Eg. 4.95, a nonsalient machine cannot generate any reluctance
torque. As a result, ig does not influence torque production and needs to remain zero at all
times to achieve MPTA. Consequently, the torque curves in the dq reference frame are linear,

and the trajectory for MPTA lies along the quadrature axis.

Conversely, for a salient machine with Ld#Lq, implementing control becomes more
challenging since the S/G generates both electromechanical and reluctance torque.
Consequently, the torque as a function of current in the dqg reference frame is no longer
linear. To achieve MPTA, it is necessary to calculate the minimum distance from the origin
to the curve representing the desired torque. Thus, accurate determination of the S/G rotor
position becomes a critical parameter for FOC. Indirect FOC (IFO) is commonly employed,
which utilizes a mechanical sensor, such as an incremental or absolute resolver (sin/cos),
coupled to the motor's shaft for position sensing. Alternatively, Direct FOC (DFO) estimates
the position from the flux or back-EMF vector [351].

Another significant parameter is the variation in inductance values, Lq and Lg, which
constantly change during operating conditions due to saturation effects.

Sensored field oriented control

FOC can be implemented using either a sensor or a sensorless approach. However, for
applications that require high precision control, sensored control is generally preferred. The
key differentiation between sensor-based and sensorless FOC resides in the manner of rotor
position and speed detection. Sensored FOC employs external sensors, such as encoders or
resolvers, to directly measure the rotor position and speed, as shown in Figure 4.34.
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Figure 4.34. Block diagram of sensored FOC

The control process can be summarized as follows [352]:

Measurement of Stator Currents: The three-phase stator currents are measured, and for an

S/G with balanced windings, only two currents need to be measured.

Conversion to a Stationary Two-Axis System: The measured three-phase currents (ia, ib, ic)
are converted to a stationary two-axis system. This conversion, called the Clarke transform,

yields time-varying quadrature current values (i, ig), as observed from the stator perspective.

Alignment with Rotor Flux: The stationary two-axis coordinate system is rotated to align
with the rotor flux using a transformation angle determined during the previous control loop
iteration. This transformation, called the Park transform, yields the quadrature current values
(ia, 1g) in the rotating coordinate system. Under steady-state conditions, iq and iq remain
constant. lsq is associated with torque, while Isq is linked to flux. Setting lIsdref t0 zero

establishes a direct proportionality between torque and current.

Pl Controllers: The error signals are fed into Proportional-Integral (PI) controllers. The

outputs of the controllers generate the voltage vectors (vq, Vq) to be applied to the S/G.

Angle Measurement: A new angle is measured from the encoder input. This angle guides

the FOC algorithm in determining the placement of the next voltage vector.
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Transformation Back to Stationary Frame: The outputs (vd, Vq) from the PI controllers are
transformed back to the stationary reference frame using the new angle. This transformation,

called the Inverse Park transform, calculates the next quadrature voltage values (va, V).

PWM Duty Cycle Calculation: The (vq, vg) values are used to calculate the new Pulse-Width

Modulation (PWM) duty cycle values, which generate the desired voltage vector.

Switching: To determine the switching sequence of the upper three power transistors in an
inverter, specifically a voltage source inverter (VSI), generally Space Vector Modulation
(SVPWM) is employed. SVPWM ensures that the inverter generates the appropriate output

voltage waveform to achieve the desired control objectives in the FOC system [353].

Mechanical Speed Calculation: The mechanical speed (om) and Iqref are calculated after each
discrete PWM cycle.

The FOC in software is generally implemented within the ADC interrupt service routine,
running at the same rate as the PWM frequency, after data conversion is completed.

Sensorless field oriented control

Sensorless FOC is commonly used in applications where the inclusion of external sensors
for rotor position and speed detection is impractical. The control processes are
fundamentally similar in nature. Sensorless FOC utilizes mathematical models and internal

motor measurements to estimate the rotor position.

The sensorless techniques can be classified into two primary categories based on their
approach to deriving the rotor position, as depicted in Figure 4.35 [324]. The first group
utilizes the back-EMF, which carries information about the rotor speed. In this approach, the
rotor position is obtained through the utilization of estimators or observers that employ
mathematical equations specific to the S/G. The second group derives the rotor position by
leveraging the inherent characteristics of the S/G itself. This technique involves injecting a
specialized signal into the S/G to extract the position-dependent characteristics. Typically, a

high-frequency voltage is employed as the special signal.
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Figure 4.35. Types of sensorless FOC [324]

the rotor motion, while saliency is a characteristic of the S/G structure [322].

It is customary to divide the position estimation of S/Gs into two primary groups: back EMF-
based methods and saliency-based methods, as illustrated in Figure 4.36. This categorization

is justified partly due to the distinct factors that influence each group. Back EMF relies on
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categories themselves.

Figure 4.36. Position and speed estimation methods for sensorless FOC [322]

However, as research in this area has expanded, confining the methods solely to these
categories has become challenging. One reason is the implementation of back-EMF and

saliency methods using different techniques, which appear to be more crucial than the
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For instance, observer-based estimation is capable of utilizing both back-EMF and saliency

methods and has emerged as a significant category for position and speed estimation.

Another reason is that they do not fit into either of the traditional categories. Hypothetical
position estimation serves as an example. In fact, the wide diversity of position and speed
estimation methods, along with their overlapping characteristics, makes categorization a
difficult task. Nevertheless, despite these challenges, attempting to categorize the methods
provides a broader perspective of the field, aiding in the understanding of their fundamental
principles before delving into specific details.

On the other hand, the necessity of conducting comparisons between control algorithms
arises from the imperative to methodically evaluate and discern the best and most efficient
approach for attaining desired control objectives [354]. Through comprehensive assessments
and comparisons, as shown in Figure 4.37, valuable insights are garnered pertaining to the
individual merits and limitations of different algorithms, encompassing aspects such as their
inherent strengths, performance attributes, computational demands, resilience to

uncertainties, and applicability to specific domains.
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Figure 4.37. Comparison of vector control algorithms [354]

4.6.3. Pulse width modulation strategies

The emergence of different circuit configurations has gained significant popularity and
caught the attention of researchers. Three-phase voltage-fed Pulse Width Modulation
(PWM) inverters have recently gained traction in aerospace applications. The rising
popularity of these inverters can be attributed to their ability to generate output voltage
waveforms with low switching frequencies, high efficiency and low distortion level. The
two-level inverter is currently the most commonly used topology due to its simplicity and
cost-effectiveness. Higher-level structures are primarily utilized in high-voltage applications

and will not be discussed extensively in this thesis.

PWM techniques have revolutionized the field of power electronics by providing versatile
control strategies for voltage source inverters. In the realm of S/G voltage source inverters,
a range of PWM techniques has emerged, each offering unique characteristics and
advantages.
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These techniques are designed to meet specific requirements, allowing engineers to optimize
inverter performance specific to the application at hand. Figure 4.38 explores the

classification of various PWM techniques [355].

Single PWM
1 ‘ Multiple PWM
- Sinusoidal PWM

Figure 4.38. Classification of PWM techniques
In particular, the Space Vector PWM (SVPWM) has garnered substantial interest in recent
times. It offers a higher magnitude of fundamental output voltage compared to sinusoidal

PWM. Table 4.2 summarizes the performance comparison of PWM techniques [356, 357].

Table 4.3. Performance comparison of PWM techniques

THD | Complexity | Efficiency | Dynamic Response
PWM High Simple Low Slower
SPWM Moderate Simple Moderate Slower
SVPWM Low Complex High Moderate
Phase Disposition PWM | Moderate | Moderate Low Moderate
Simple Boost Control Low Complex High High
Phase Shifted PWM Low Complex | Very High High
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4.6.4. Space vector PWM

The SVPWM method is widely recognized as an effective approach for PMSM drive

applications, as it generates PWM control signals in a three-phase inverter.

The switches employed in the inverter circuit, such as Mosfets or IGBTSs, are illustrated in
Figure 4.39. When the upper switches (S1, S3, S5) are ON, they are equal to 1, while the
lower switches (S2, S4, S6) are equal to 0 when they are OFF. The output voltage can be
determined by considering the ON and OFF states of the switches [358].

S11S3|S5
; /:';‘ ]_l% A
Vl(lﬂ) 7 (1.1.0) V3(0,1,0)
(©) d)
T T T
c : Y o

V,(0,1,1) V5(0,0,1) Ve(1,0,1) V7(1,1,1)
(e) (f) (9) (h)

Figure 4.39. Switching states of SVPWM (a) Vo(0,0,0) (b) V1(1,0,0) (c) V2(1,1,0) (d)
V3(0,1,0) (e) V4(0,1,1) (f) V5(0,0,1) (9) Vs(1,0,1) (h) V7(1,1,1) [358]

The three-phase inverter produces eight switching vectors as a result of the switching
partners. Among these vectors, two are zero vectors (VO, V7), while the remaining six are
nonzero vectors (V1, V2, V6). When the zero vectors are utilized in the inverter, the currents
of the S/G will be zero. Table 4.4 provides an illustration of the eight switching vectors,

output line-to-neutral voltages, and output line-to-line voltages.
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Table 4.4. Switching vectors and sectors

Voltage S{//v(ietcigirrslg Line to Neutral Voltage Licfoiga;;ne
Vectors St | S| Ss | Van | Voo | Ven | Va | Ve | Vea
VO 0 0 0 0 0 0 0 0 0

V1 1 0 0 213V | -1/3Ve | -1/3V4c | Ve 0 -Vde
V2 1 1 0 1/3V4c | 1/3V4c | -2/3Vc 0 Vac | -Vdc

V3 0 1 0 |-1/3Vac | 23V | -1/3Vde | -Vac | Ve 0
V4 0 1 1 |-2/3V4 | 1/3Vac | 1/3V4 | -V 0 Vic
V5 0 0 1 | -1/3Vq | -1/3Vqc | 2/3Vyc 0 -Vde | Ve
V6 1 0 1 1/3V4c | -2/3Vac | 1/3Vde | Vdc | -Vdc 0
V7 1 1 1 0 0 0 0 0 0

Table 4.4 displays the switching vectors and sectors. The sectors are separated by 60 degrees.

For instance, the reference voltage vector is positioned in sector 1.

V5(0,1,0) V,(1,1,0)

Figure 4.40. Exploration of the space vector diagram [358]

The significant advantage of SVPWM techniques lies in their ability to generate higher
output voltage levels compared to other PWM techniques, as demonstrated in Table 4.5
[334]. This capability makes SVPWM highly advantageous for applications where a robust

high voltage capability is essential.



139

This capability contributes to the improved performance, efficiency, and reliability of power

electronic systems, making SVPWM a preferred choice in various aerospace and industrial

energy conversion applications.

Table 4.5. Comparison of voltage produced by different PWM techniques

Relative to 6-Step

(SVPWM)

Voltage ViLms/ Vs Commutation
3
6-step 120° —=0,675 0,8660
b \V2n
6-step 180° ﬁ = 0,780 1
T[ )
Hexagon tracking ﬁ = 0,7446 0,9545
s
Circle tracki ! 0,707 0,9069
ircle trackin — =0, ,
’ V2
Maximum linear range of V3
Sine/Triangle (SPWM) N 0,612 0,7854
Sine/Triangle with 3' 1
harmonic injection — =0,707 0,9069
V2

4.6.5. Control Approaches for Starter, Motor and Generator Modes of S/Gs

Figure 4.41 illustrates the typical operating performance curve of an aircraft piston engine

and defines the operational regions of the S/G. In conventional UAV systems, an external

drive mechanism is needed to initiate the startup of the piston engine, as they lack internal

starters. Additionally, these systems rely on large battery packs to fulfil their electrical

system requirements.

The integration of the MEA concept with UAV systems has revolutionized their operational

efficiency by incorporating an S/G with the piston engine. This integration enables the S/G

to effectively fulfil crucial functions within the system.
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Figure 4.41. Operational zone of modes for aerospace Starter/Generator

Primarily, S/G serves as the initial drive mechanism to initiate the PE in the starting mode.
Subsequently, during the motor mode, the S/G seamlessly transitions into generator mode,
facilitating the charging of the battery group that powers the electronic system while the
engine is running and the UAV is cruising. Figure 4.42 illustrates the simple configuration

of the inverter/converter stage of the S/G for both motor and generator modes [31].

Inverter Uncontrolled rectifier Batter

Jﬁlji K Jﬂ J@s JKljs JKL}%

TT [FECKe == 1] O
I ESJKljs JKI} JKIES KEKE

Figure 4.42. Simple configuration of the inverter/converter stage of Starter/Generator

The 3-phase two-level inverter topology is employed for both the motor and starting modes
of the S/G.
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This topology allows for efficient and controlled power delivery to the S/G, ensuring smooth
operation and reliable starting of the engine. It also enables the conversion of DC power

from the battery into AC power for the S/G in motor or starting modes.

In the generator mode of the S/G, an uncontrolled rectifier topology is typically used to
convert the AC power generated by the S/G into DC power. This DC power can be used to
charge the battery or power other electrical systems in the UAV. The uncontrolled converter
topology provides a straightforward and cost-effective solution for power conversion in
generator mode. In addition to uncontrolled converter topologies, there are also controlled
inverter/converter topologies available for both the motor and generator modes of the S/G.
One example is the bidirectional converter, shown in Figure 4.43, which offers improved
control and flexibility in managing power flow during generator operation. These controlled
rectifiers provide benefits such as enhanced power quality, better control over the generated

power, and improved regulation and stability.
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Figure 4.43. Block scheme of the S/G using bidirectional converter topology [12]

The advanced control system of the S/G, as depicted in Figure 4.43, comprises the S/G, a

bidirectional converter, a DSP controller, a switch drive circuit, and more.

During the starting mode, the S/G is initially powered by an onboard or ground power

supply.
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Once the S/G reaches the cut-off speed, switch K1 is activated, stabilizing the DC voltage.
At this point, switch K2 is turned on to deliver power to the load. In the starting mode, a
vector control strategy with i¢=0 is employed for effective control of the S/G performance,
particularly at low speeds. In the generating mode, the AC power generated by the S/G is
converted into DC power using an uncontrolled full-bridge rectifier. This DC power is

utilized to supply the load or charge the battery [12].

4.7. Analytical Design Equations of Inrunner Radial BLDC Starter/Generator

There are various methods to determine the distribution of magnetic fields in the air gap of
permanent magnet machines (PMMSs). Simple analytical equations can be used for straight-
forward geometries to calculate the magnetic field. However, for complex structures such as
axial flux PMSMs, a realistic field analysis typically requires FEM studies. Nevertheless, it

is possible to reasonably approximate the field distribution using analytical models [359].

The analytical magnetic S/G model provides a rapid evaluation tool for analysing S/G
performance in steady-state conditions. It enables easier optimization of different parameters
while maintaining reliability. For the analytical analysis of a magnetic circuit, flux paths and
reluctances must be defined for each component. In PMMs, this task is relatively
straightforward as the presence of magnets determines the flux paths. The flux naturally
follows the magnetization direction of the magnets within the poles and splits into two paths

towards adjacent poles, as illustrated in Figure 4.44.

d-axis

-axis ;
q g-axis

R, Ry
OOO
~ AR -

Figure 4.44. 2D magnetic circuit model illustration of surface mount PMMs [359]
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where  ¢o : Permanent magnet flux
Rmo : Internal reluctance of permanent magnet
Rn : Reluctance of the flux path in the rotor between adjacent poles.
Rg : Magnetic reluctance of equivalent air gap
Rin . Tooth path reluctance
Roc : Stator yoke reluctance
Rr : Rotor yoke reluctance

Taking into account the machine cross section depicted in Figure 4.44, it can be observed
that the machine comprises 8-poles. The magnetic flux originating from the rotor surface
crosses over to the stator and divides into two equivalent sections. Each section travels in
the opposite direction, traversing the air gap towards the adjacent rotor pole. The flux follows
a closed path between two adjacent poles. Additionally, some magnetic flux jumps from one
magnet to the next in the air gap without passing through the stator, as indicated by Ry in
Figure 4.45. This flux is commonly referred to as magnet or rotor leakage flux [360]. It is
worth noting that the flux paths illustrated in Figure 4.44 repeat for every pole, allowing for
modelling of a single pole to characterize the PM motor. Stator slot leakage is neglected in

this analysis. The arrows on the lines in the figure denote the direction of the flux.

L

Stator

Figure 4.45. One-pole magnetic circuit model of surface mount PMMs [359]
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The flux leaving the magnets splits into leakage flux and air gap flux. To determine the
actual air gap flux, it is necessary to determine the reluctances associated with these two
paths. However, estimating the rotor leakage paths and explicitly defining leakage
reluctances is a challenging task. Instead, an empirical approach using a leakage factor is
commonly employed in analytical models [361]. For surface and inset magnet motors, the
leakage flux typically accounts for up to 10% of the air gap flux and can be modelled by
introducing a leakage factor that multiplies the air gap reluctance, Ry = knRg [362]. The
presented model can be utilized to determine the mean or rms value of flux density in the air
gap. For a more detailed flux distribution analysis , the utilization of FEM is often necessary.
The analytical design process typically commences by defining both the dependent and
independent design parameters. The dependent design parameters are directly influenced by
the independent design parameters and are the key characteristics or outputs of the system
under consideration. On the other hand, the independent design parameters are the variables

that can be adjusted by the designer to achieve specific design goals [363].
4.7.1. Calculation of direct dependent variables
The calculation of the desired output torque and corresponding input current, phase current,

coil current, and input power in the ideal case can be determined using the following

equations that provide a clearer understanding of the process involved [334, 360, 363].

P rpm

Tour = M‘:ut Wy, = 2T * TpSs Tps = 2—0 (4.96)

m

P p;
p, =2 (4.97) I, = Vi (4.98)
Na DC
2
Iph,peak =1 (4.99) Iph,rms = \/;Iph,peak (4.100)
Ipn

I,=+= .
¢ N, (4.101)
where  Tout :  Rated output torque (N)

Pout : Rated output power (kW)

Wm, We . Rated mechanical angular speed (rad/s)

rpm : Revolution per minute

rps : Revolution per second
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Nd . Desired efficiency (%)

Pin :  Rated input power (kW)

o : Phase current (A)

It : Average terminal current (A)

e : Coil current (A)

Np : Number of parallel path in winding
Vbc : Input DC voltage

4.7.2. Calculation of the back-EMF
Output equations play a crucial role in the design and dimensioning of EMs, enabling to
calculate of important machine dimensions. The equation establishes a relationship between

the input electrical power, output mechanical power, and various machine parameters.

To derive the output equation of the S/G, the first step is to calculate the back-EMF using

the following equations in linear magnetic properties:

dl  dAde, di dA N,

E., == - = —n 4.102
Ph=Ur T de, dt  de,"¢ " de,"™* 2 (4.102)
Amax = Kw * Nepp * Qp (4.103)
21 N.

Eph = Zlax * Wy, * Tm (4104)
where  Epn . Induced phase back-EMF (V)

A . Flux linkage (Wb)

Oe . Electrical degree (rad)

Nm, (2p) : Number of poles

Niph . Number of effective turns per phase

Kw : Winding factor

dp . Pole flux (Wb)

Flux linkage and back-EMF as a function of rotor position are illustrated in Figure 4.46.
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Figure 4.46. (a) Flux linkage (b) Back-EMF as a function of rotor [360]

To improve the accuracy of the back-EMF equation mentioned above and align it with the

real case, a correction is applied, as depicted in Eq. 4.105 and Figure 4.47.

k. = Miine1 >1 ks _ Eph,max _ Eph,max (4.105)
Miine2 (ZAmax)/Ts/z (4/1max)fs
22 N.
Epp, = kg * ;T”“x m * 7’” (4.106)
where ks . Slope factor

Ts/fs : Time period / Rated frequency of phase current

Phase Flux Linkage

&7
S
Ny

T T T T i I T ' T T T T T T T
1.00 2.00 3.00 4.00

Figure 4.47. Phase flux linkage in real operation [363]
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4.7.3. Calculation of the magnetic and electric loadings

The magnetic and electric loadings play a crucial role in the design of S/Gs because they
significantly impact the efficiency, performance, and overall operational characteristics of
the machines. Proper consideration and optimization of these loadings are essential for

achieving desired outcomes in terms of energy conversion, power output, and reliability.

The magnetic and electric loadings are calculated using the following equations:

N, @, _ Bgy *mDL
By, = DL PN (4.107)
Epn = kskyNippBgay * TDL * 2(rps) (4.108)
2+%4 2N
ac = *3 % elVee * lepeak _ 4thh * Inh peak (4.109)
D D
where  Bay Specific magnetic loading (T)
[Average of the flux density in the middle of air gap]
D Stator bore diameter (m)
L, Ls Stack length (m)
ac Specific electric loading (KA/m)
Ns Stator slot number

The selection of specific magnetic and electric loadings is a critical aspect, which is depicted

in Table 4.6 and Table 4.7, considering the types of machine and cooling in italics [336].

Table 4.6. Selection of specific magnetic loading for BLDC

Flux Density, B (T)
Salient-Pole Nonsalient-Pole DC
Synchronous Machines | Synchronous Machines | Machines

Air gap 0,85-1,05 0,8-1,05 0,6-1,1
Stator yoke 1-15 1,1-15 1,1-15
Stator tooth 1,6-2 1,5-2 1,6-2
Rotor tooth 1,6-2 1,5-2 1,8-2,2
Rotor yoke 1-1,5 1,3-1,6 1-1,5

Pole core 1,3-1,8 1,1-1,7 1,2-1,7
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Table 4.7. Selection of specific electric loading for BLDC

Nonsalient-Pole Synchronous

Salient-Pole Machines
Synchronous Indirect Cooling Direct DC Machines
Machines Cooli
Air Hydrogen oofing
A
(KA/m) 35-65 30-80 90-110 150-200 25-65
Armature Armature | Armature Armature Armature
Winding Winding Winding Winding Winding
Water
Cooling 4-9
J 7-10
2 4-6,5 3-5 4-6
(A/mm°) Hydro_gen Pole Winding
Cooling
6-13 2-5,5
Field-Winding Field- Field- Compensating
J , Multi-Layer Winding Winding Winding
(A/mm’) 235 3-5 3.5 3-4
Field-Winding .
J 2 Single-Layer Water Cooling
(A/mm’) 2-4 13-18

4.7.4. Calculation of the developed power and output equation

By incorporating the magnetic and electric loadings, the developed power and the output

equation of the S/G can be derived as follows:

Pout = 2Ephiph

Poyt = 2 % kgky,NeppBgy * DL x 2(rps) * ipp

Py, = (kg *ky, *m% % By, xac) * D2L = (rps) = G * DL * (rps)

where

Output equation [coefficient] (J/m® or N.m/m?)

(4.110)

(4.111)
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4.7.5. Calculation of main dimensions

The aspect ratio plays a significant role in the segregation of the stator bore diameter and
stack length within the output power equation of S/Gs. It refers to the ratio of the stack length
to the pole pitch and is a critical parameter in the design and optimization of EMs. The proper
selection of the aspect ratio of the model determines the degree of elongation in length. the

DL product determines the size of the motor and thus its power and torque density.

P
D2 = —2& :
G (rps) (4.112)
D
ar = — T, = = (4.113)
T, (2p)
2
D= /M (4.114)
ar x T
where  ar . Aspect ratio
Tp . Pole pitch (m)

(2p), Nm : Pole number
4.7.6. Calculation of total flux, pole flux and stator tooth flux
To calculate the detailed stator and rotor dimensions, it is necessary to calculate the total

flux and pole flux first. These calculations are essential steps in the design process of S/Gs

and provide crucial information for determining the appropriate dimensions.

Qtotal
=R DL 0., = 4,115
Deotal av ¥ TU p (Zp) ( )
)
Bse = ’;\‘Z“l (4.116)
where  @ww  :  Total air gap flux (Wb)

Dst : Stator tooth flux (Wb)
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4.7.1. Calculation of stator dimensions

Through the calculation of the total flux and pole flux, it becomes possible to accurately

determine the dimensions of the stator. The dimensions of the stator, including the stator slot

dimensions, are depicted in Figure 4.48 [363].

OSD

Figure 4.48. Stator slot dimensions

The stator slot dimensions in Figure 4.48 are calculated using the following equations:

Wst2

Ywst = Wtz = Ywst * Wst1

Wst1

Bst = Bgt * Wepq * L x k;

D Wer1/2
el Goraon )20
4 0
szBsy*Wsy*L*ki 7p=BTy*Wry*L*ki
_ 2T
as N
D W /2

(4.117)

(4.118)

(4.119)

(4.120)

(4.121)

(4.122)
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where  Ywst . Ratio of the stator tooth width at tail to at tip
Wst1 . Stator tooth width at tip (m)
Wst2 . Stator tooth width at tail (m)
Wsy : Width of stator yoke (m)
Wiy : Width of rotor yoke (m)
Bst : Maximum permitted flux density in stator tooth (T)
Bsy . Maximum permitted flux density in stator yoke (T)
Bry : Maximum permitted flux density in rotor yoke (T)
ki . Stacking factor (iron insulation factor)
bs1 . Slot openning width (m)
hso . Slot openning height (m)
hs1 . Height of tooth shoe (m)
Os . Stator slot pitch angle (rad)

4.7.7. Calculation of back-EMF

To calculate the number of turns in the stator winding, it is necessary to first calculate the
phase back-EMF. This step allows us to determine the appropriate number of turns required

to achieve the desired voltage and performance characteristics.

Epn
Yems = Voo/2 (4.123)
Epn = ks * ky * Nepn * Brorar * 2(rps) (4.124)
Nepn = Nic * bl (4.125)

m N,

where  Nipn : Number of effective turns per phase

Nic : Number of turns per coil

Ns : Number of stator slots

m : Number of phases

Yemt . Initial back-EMF calculation constant

(Yems <1, for motor mode of S/G)
(Yems >1, for generator mode of S/G)
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4.7.8. Calculation of the stator slot area

Now, with the calculation of the number of turns per coil, it becomes possible to determine

the stator slot area, as shown in Figure 4.49.

Figure 4.49. Slot area explanation

By accurately calculating the stator slot area, efficient winding placement, proper insulation,
and effective cooling can be ensured, ultimately contributing to the optimal performance and

reliability of the machine.

cAsc I,
cAca = Ny, * cAsc gAca = —— cAsc = — (4.126)
Kf ]sw
by + b
2 % gAca = (SlTsz) % Ry, (4.127)
where cAca : Copper area of coil arm (m?)
cAsc : Copper area of single conductor (m?)
gAca : Gross area of coil arm (m?)
K . Fill factor (0-1)

Jsw : Permitted maximum armature current density (A/m?)
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4.7.9. Rough calculation of permanent magnet dimensions
In the field of magnet design, as shown in Figure 4.50, various calculation methods exist,

including rough calculation and magnetic equivalent circuit calculation methods, which are

commonly used for initial estimations and detailed analysis, respectively.

sth|

I "8 p—td,

Figure 4.50. Calculation approach for the rough method for magnet design

In the rough method, the desired average magnetic flux density in the air gap is approximated

by adjusting the width and depth of the permanent magnet using the following equations.

_Om Um
m
Ay = Wy * Legy Ag = wy * Ly Ym = W, =1 (4.129)
@ = By * A * k; = By x Ay Dmagnet = Bm * Am (4.130)
fH.dlesz*dmz—Hg*g*kr (4.131)
By % Wiy * k= By * wy Hp * dy = —Hg * g * Ky (4.132)
B — By * wy _ B,
m ek Ytk (4.133)
By, = unH B = & =t
m = Wmfym + By Hm = _Hc Hr = o (4.134)
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Hg*g*kr__Bg*g*kr

H, = — e d, (4.135)
YmBi Pl (— %) + B, (4.136)
B = Ym * ki * By
R TR (W) (4.137)
4 Bt Yk xkixg
MmO Ty Tk, *B, — B, (4.138)

where Ym Embrace of permanent magnet (0-0,9)

Om Arc angle of permanent magnet (rad)

Drotal Total flux generated by permanent magnet (Wb)

ap Rotor pole pitch angle (rad)

Am Cross-sectional area of permanent magnet (m?)

Aq Cross-sectional area of air gap (m?)

Wm Width of the permanent magnet (m)

Wg Width of the air gap (m)

g Air gap length (m)

dm Depth of the permanent magnet (m)

Hm Magnetic field of permanent magnet (kA/m)

Bm Flux density of permanent magnet (T)

W Relative permeability

Kr Reluctance factor (1-1,3)

ki Leakage factor (0,8-1)

Br Residual flux density of permanent magnet (T)

By Flux density in the air gap (T)

Ww Width of the C-core window

Wy Width of the core yoke

4.7.10. Magnetic equivalent circuit calculation of permanent magnet dimensions

Another method commonly used to calculate the magnet dimensions is the magnetic

equivalent circuit, as shown in Figure 4.51. This method involves treating the PMs as an

equivalent magnetic circuit and leveraging circuit analysis to estimate its dimensions.
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Figure 4.51. 4-pole machine exploration (a) Model (b) Magnetic equivalent circuit [360]

k
bg = kiPmagner = s (ﬁ ) (4.139)
B, = — e p
I 14k, ;j— T (4.140)
A l

Cp = A—’; P. = ﬁ (4.141)
where  ¢g : Air gap flux (Wb)

dmagnet . Total flux generated by magnet cross air gap (Wb)

rotal : Flux of permanent magnet (Wb)

Im . Depth of the permanent magnet (m)

Co . Flux concentration factor

Pe : Permeance coefficient

Figure 4.52 proposes a method for the proper selection of the permeance coefficient [364].

It defines the depth of the magnet compared to the air gap length.
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Figure 4.52. Selection of permeance coefficient [364]
4.7.11. Updating process of the design parameters

In analytical design outputs, certain parameters such as the number of effective turns in each
phase and the number of turns in a single coil may be calculated as fractional values.
However, in practical motor design, these values need to be updated to integers. This
adjustment ensures that the machine electrical and mechanical properties align with real-

world manufacturing requirements and constraints.

The procedure involves several steps to ensure practical design considerations. First, the
number of turns per coil is converted to a fixed integer value to facilitate the winding
arrangement and manufacturing feasibility. Next, the number of effective turns in each phase
is also adjusted to a fixed integer value to align with practical manufacturing constraints.
Subsequently, the machine stack length is updated by modifying the total air gap flux value.
This step is essential as it ensures that the magnetic circuit design remains consistent and
accounts for the updated winding configuration. By adjusting the stack length, the magnetic
flux distribution is appropriately maintained, contributing to the desired performance

characteristics of the machine. The following equations yield the updating procedure:

Eph = kskthph * Drotal * Z(rps) (4.142)

Bav * DL ®p,new _ Lnew
(2p) Dpota  Lota

0, = (4.143)
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Epn

Dtotatnew = ks * Koy * Neprunow * 2(rDS) (4.144)
where @ new) : Updated pole flux (Whb)

D(p,old) . Old pole flux (Wb)

D (total new) . Updated total air gap flux (Wb)

N tph,new) . Updated number of effective turns per phase

Lnew . Updated stack length (m)

Lold . Old stack length (m)

4.7.12. Coil and phase resistance

The next step involves calculating the coil and phase resistance, which is crucial for

evaluating ohmic losses, as follows [336]:

t
Rer = Nec * pr* —— (4.145)
pr = pao(1 + a7 (Tamp + Ty = 20)) (4.146)
Ryp = R, + i
ph = R¢ * - * sz (4.147)
Lt aistributea = 20+ 2,4W + 0.1 (4.148)
bs1 + bsy We1 + Weo

Lmt,concentrated =2%Lgp+4*Lepgtm (%) +2 (%) (4.149)
where RcT . Coil resistance (ohm)

pT . Material resistivity at operating temperature (ohm-meter)

L mt distributed . Mean turn length for distributed winding scheme (m)

Lmtconcentrated  :  Mean turn length for concentrated winding scheme (m)

P20 : Material resistivity at 20 celcius (ohm-meter)

or : Temperature coefficient for stator winding resistance

Tamb : Ambient temperature (celcius)

Tr : Temperature rise (celcius)

Rph . Phase resistance (ohm)
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4.8. Analytical Design Equations of Inrunner Radial PMSM Starter/Generator

The analytical design approach for PMSMs shares similarities with that of BLDCs due to

their common underlying principles. Both motor types employ PMs for generating magnetic

fields and utilize similar mathematical equations for performance analysis and design.

However, there are differences in the driving methods and the number of conducting phases

at each driving step, as discussed in Section 4.5. This section focuses on the distinctive

factors between the analytical design equations for PMSMs to avoid repetition [365].

4.8.1. Calculation of direct dependent variables

_ Pour _ 120+ f _rpm
Tout =—, Wn= 21 * rps rom = (Zp) ; TPS = W
m
Pout PO‘u,t
in = (4.151) in = 1 cos(@)
J 2 4.153 = — 1
Qin = Sin * /1 — cos(®) (4.153) t = 737, cos(0)
I;: Star connection V; o
_ ) _ )= Star
bon =422 pelta connection (4.155) Von =343
V3 Vi: Delta
Ipn Ve * cpph
I, == (4.157)  Vpp=—T
¢ N, p N,
Js Single Layer E
| h
Neppn = 2m (4.159) Yems = _pr

—:Double Layer
m

Sin=3*Vph* ph

where  Tout
Pout
Wm
rpm
rps

Nd

(4.161)  Sip=3+*

Rated output torque (N)

Rated output power (kW)

Rated mechanical angular speed (rad/s)
Revolution per minute

Revolution per second

Desired efficiency (%)

(4.150)

(4.152)

(4.154)

(4.156)

(4.158)

(4.160)

(4.162)



Pin :Rated input active power (kW)
Sin : Rated input apperant power (VA)
Qin . Rated input reactive power (VAR)
Iph . Phase current (A)
It . Input terminal current (A)
I . Coil current (A)
Np : Number of parallel path in winding
Vi :Input terminal voltage (V)
Voph . Input phase voltage
Nepph  : Number of coils per phase
Ns : Number of stator slots

(Yemf <1, for motor mode of S/G)
Yent (Yemf >1, for generator mode of S/G)
(2p) : Number of poles
f, fs . Rated frequency of supply (Hz)
cos(@) : Desired power factor
m : Number of phases
Eph . Induced phase back-EMF (V)

4.8.2. Calculation of the back-EMF
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The calculation of the induced back-EMF voltage in PMSMs differs from that in BLDCs. It

is typically determined using the equations specific to synchronous operation, as follows:

Epp = 4,44 * fo % Nepp * ky, * @,

thh = Nic * cpph * N
14

ky = kg * kp * Kspew
3 4,44 * fo * Nepp * ky, * @y
*

* [

e Yemf ph
where  Nipn : Number of effective turns per phase
Nic : Number of turns per coil

Kw : Winding factor

(4.163)
(4.164)

(4.165)

(4.166)
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Kq . Distribution factor
kp . Pitch factor

Kskew : Skew factor

dp . Pole flux (Wb)

4.8.3. Winding factor

The winding factor for a specific winding configuration quantifies the ratio of flux linked by
that winding in comparison to the flux that would have been linked by a single-layer, full-
pitch, nonskewed integer-slot winding with the same number of turns and one slot per pole

per phase, as shown in Figure 4.53.

Figure 4.53. Winding factor (a) Distribution factor (b) Pitch factor (c) Skew factor [336]
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Figure 4.53. (continued) Winding factor (a) Distribution factor (b) Pitch factor (c) Skew

factor [336]

. a
sin (v q—“)
_ N 2/

gsin (v az—“)

o = si Wm\ ym
pv = SIN UTPZ = sin vaZ

. S ) S
sin (v ——) sin (v ﬁf)
‘[p 2 _ mgq 2

kg, =

ks = 5@ T spum
Tp 2 Vm—qg
— Ns
T 2p
21
a, = FS
s
Yo~ @p)
where  Kay . Distribution factor at v\ harmonic component
Kpv : Pitch factor at vi" harmonic component
Ksqv . Skewing factor at vi" harmonic component
% - v harmonic component
oy . Stator slot pitch angle (rad)
q : Number of stator slots per pole per phase
o) . Pole pitch (m)
Ssp . Skewing denoted as the number of slot pitches

S Skewing denoted as the number of pole pitches

(4.167)

(4.168)

(4.169)

(4.170)

(4.171)

(4.172)
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The distribution factor accounts for the arrangement of winding coils in multiple slots within
each phase. Due to the phase difference between the induced EMFs in different slots, the

phasor sum of these EMFs is less than their numerical sum [366].

The pitch factor accounts for the partial winding arrangement commonly used in electrical
machines, where individual turns are reduced to shorten the end-turn length, resulting in

incomplete coverage of a full pole-pitch, also known as chorded winding.

The skew factor accounts for the angular twist in the winding, which leads to an angular
spread and a reduction in the EMF. Squirrel-cage induction motors and permanent magnet
synchronous machines often have their stator slots or rotor skewed by one slot-pitch to

minimize the winding factor harmonics introduced by stator slotting.

4.8.4. Calculation of the magnetic and electric loadings

The calculation of specific magnetic loading in PMSMs follows an approach similar to that
in BLDCs. On the other hand, the calculation of specific electric loading in PMSMs differs
from that in BLDCs. Table 4.8 and Table 4.9 provide the selection process, taking into

consideration the machine type and cooling method in italics [336].

Table 4.8. Specific magnetic loading for SPMSM

Flux Density, B (T)
Salient-Pole Synchronous EM Nonsalient-Pole Synchronous EM

Air gap 0,85-1,05 0,8-1,05
Stator yoke 1-15 1,1-15
Stator tooth 1,6-2 1,5-2
Rotor tooth 1,6-2 1,5-2
Rotor yoke 1-1,5 1,3-1,6

Pole core 1,3-1,8 1,1-1,7




Table 4.9. Specific electric loading for SPMSM
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Nonsalient-Pole Synchronous Machines
Salient-Pole . .
Synchronous Machines Indirect Cooling Direct Cooling
Air Hydrogen
A
(kA/m) 35-65 30-80 90-110 150-200
Armature Windin Armature Armature Armature
g Winding Winding Winding
( A/r;]1m2) 4-6,5 3-5 4-6 Water Cooling
Field-Winding Multi- Field- . -
Layer Winding Field-Winding 7-10
J , Hydrogen
(A/mm?) 235 3.5 3.5 Cooling
6-13
J Fleld-W:_n;j;re]? Single- Water Cooling
2
(A/mm’) 2-4 13-18

Specific magnetic loading involves determining the magnetic flux density in the air gap and
evaluating the magnet dimensions and properties to achieve the desired magnetic loading.
The specific electric loading is determined by considering factors such as the current density,
winding fill factor, and slot area. It quantifies the electric loading on the machine windings

and and heat dissipation capabilities of the machine which determines the overall efficiency.

(2p)0,
= 4.173
w =0 (4.173)
qc = 22 Nee * Neppn * Ie (4.174)
D
where  Bay Specific magnetic loading (T)
[Average of the flux density in the middle of air gap]

D . Stator bore diameter (m)

L, Lst Stack length (m)

ac . Specific electric loading (kA/m)

dp . Pole flux (Wb)
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4.8.5. Calculation of the developed power and output equation
By incorporating the magnetic and electric loadings, the developed power and the output

equation of the S/G can be derived. This equation serves as a fundamental representation of

the machine performance characteristics.

Poue (111 x7? %k, * Bgy, * ac
Ng * cos(@)

>D2L * (rps) (4.175)
Yemf

B <1,11 * 12 * k,, * By, * ac * 14 * cos()
out —

>D2L * (rps) (4.176)
Yemf

P,.: = G * DL = (rps) (4.177)

G =

<1,11*7‘[2 * k,, * By * ac *ng *cos((D)) (4.178)

Yem f

where G : Output equation [coefficient] (J/m3 or N.m/m®)
4.8.6. Calculation of main dimensions

The DL product, which refers to the product of the stator bore diameter and the stack length,
has a direct influence on the size, power, and torque density of the machine. This product
provides valuable insights into the overall dimensions and capabilities of the machine, as it
combines both the radial and axial dimensions. The aspect ratio is a crucial factor in
determining the relationship between the stator bore diameter and stack length within the

output power equation of S/Gs. It represents the ratio of the stack length to the pole pitch.

(4.179)

(4.180)

2
D= S’M (4.181)
ar x 1T
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where  ar . Aspect ratio
Tp . Pole pitch (m)
(2p), Nm : Pole number

4.8.7. Calculation of total flux, pole flux and stator tooth flux

The calculation of total flux, pole flux, and stator tooth flux for SPMSM Starter/Generators
follows a similar approach to that discussed in Section 4.10.6 for BLDCs. The principles
and equations outlined in that section can be applied to SPMSM S/Gs.

4.8.8. Calculation of stator dimensions

The calculation of stator dimensions for SPMSM follows a similar approach to that
discussed in Section 4.10.7 for BLDCs. The design principles and equations discussed in

that section can be applied to SPMSMs with some modifications specific to the motor type.

The knowledge and methodologies provided in Section 4.10.7 can be adapted to the specific
requirements and characteristics of SPMSM S/Gs, allowing for accurate and efficient design
calculations. By utilizing this approach, optimal performance and proper integration of the

stator dimensions are ensured.

Dstmax = Bst * Wser * L * k; (4.182)
v D
Dst,max = fB- ds = f . B,.(0) * Ede * L (4.183)
“Ns
2 2
B,.(6) = By cos <m9> = EBaU cos <(_p) 9) (4.184)
2 2 2
By *mDL (m(2p) . (m(2p)
Bstmax = “”(Zp) * sm< N, ) =0, * sm( o, (4.185)
where  @stmax : Maximum permitted flux density in the stator tooth (Wb)
Bm : Maximum value of the radial component of the flux densiny (T)

Br . Radial component of flux density (T)
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4.8.9. Calculation of the number of turns

The calculation of the number of effective turns per phase and the number of turns per coil
differs between PMSM and BLDC, as shown by the following equations:

Epn

N, » =
tph 4,44 *f % kW % Q)p (4186)
1
Nipn = Nec * Neppn * N, (4.187)
P
where N : Number of effective turns per phase
Nic : Number of turns per coil
Nepph  : Number of coils per phase

4.8.10. Calculation of the stator slot area
In SPMSMs, the calculation of the stator slot area follows a similar approach to that of
BLDCs. After determining the copper area of a single conductor (cAsc), it is recommended

to consult the SWG or AWG table to ensure the model aligns with real-world applications.

cAsc I

cAca = N;, * cAsc gAca = cAsc = — (4.188)
f Jsw

by +b
gAss = (512—52) * hg,y (4.189)
where cAca : Copper area of coil arm (m?)

cAsc : Copper area of single conductor (m?)

gAca : Gross area of coil arm (m?)

gAss : Gross area of stator slot (m?)

K . Fill factor (0-1)

Jsw : Maximum stator current density (A/m?)

The update process begins with the copper area of a single conductor wire (CAsc), which is
obtained from existing industrial conditions. Next, the copper area of the coil arm (cAca)

and fill factor (Kr) are adjusted to derive the updated gross area of the coil arm (gAca).
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Subsequently, the corresponding new Gross area of the stator slot (gAss) is calculated, and

the values of hs2 and bs, are updated accordingly.

4.8.11. Rough and magnetic equivalent circuit methods to calculate PM dimensions

The rough and magnetic equivalent circuit methods are commonly used to estimate the
dimensions of PMs in both PMSMs and BLDCs. These methods are similar in their approach
due to similar rotor topologies and provide a way to determine the appropriate dimensions
of the PMs, as detailed in Sections 4.10.10 and 4.10.11.

In the rough method, the PM dimensions are estimated based on simplified assumptions and
empirical relationships. This method takes into account factors such as the desired magnetic
flux density, air gap length, and motor performance requirements. By using these
parameters, along with considerations for saturation and demagnetization effects, an

approximate estimation of the PM dimensions can be obtained.

The magnetic equivalent circuit method is a more detailed approach that involves modelling
the magnetic circuit of the machine. The machine is divided into magnetic equivalent
circuits, with each circuit representing different components such as the stator, rotor, and
PMs. By considering the magnetic properties of these components, along with the machine
operating conditions and desired performance characteristics, the dimensions of the PMs can
be determined through iterative calculations or optimization techniques. Both methods aim
to find the optimal dimensions for the PMs that satisfy the desired radial component of the
average air gap flux density requirements while taking into account factors such as magnetic
saturation, demagnetization, and efficiency. The fundamental principles of these methods in

PMSMs and BLDCs remain similar in both motor types.

4.8.12. Carter factor

In manual calculations of the magnetic voltage across an air gap, it is necessary to simplify

the geometry of the air gap. Typically, both the stator and rotor surfaces in a machine have

slots, where the flux density decreases at the slot opening, as shown in Figure 4.54.
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This makes it challenging to accurately determine the average flux density of the slot pitch

between the stator and rotor.

D slot pitch 7 —_—>

(b)

Figure 4.54. (a) Flux diagram under a stator slot along one slot pitch (b) The behavior of the
air-gap flux density along a slot pitch [336]

However, F.W. Carter proposed a solution in 1901 known as Carter's principle. According
to this principle, the air gap length, denoted as 9, is considered longer than its physical

measure by a factor called the Carter factor (K¢), as shown in the following equations [365]:

1
K. =
‘T 145k (4.190)
WS
l l
g g
-9 _ (4.191)
Hod  HoLys
g g g
R = : Approximation (4.192)

T oA welWe  poL(ys — W)

The initial correction assumes a smooth rotor surface, replacing the real flux density curve
with a rectangular function. This approximation ensures that the flux density remains
constant under the teeth and is zero at the slot opening. In other words, the shaded areas

S1+S1 in Figure 4.55 are equal to S2, defining the equivalent slot opening [336].
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Figure 4.55. Distribution of air-gap flux density at a distance of one slot pitch

The Carter factor is utilized to incorporate the influence of stator slot openings, which
contribute to an increase in the reluctance of the air gap. Calculating the effects of slot

openings in a closed-slotted stator is relatively straightforward, as depicted in Figure 4.56.

Figure 4.56. Carter factor for closed-slotted stator type

However, for an open-slotted stator, the task becomes complex, as illustrated in Figure 4.57.
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Figure 4.57. Carter factor for open-slotted stator type

To analyse and understand these effects, the following assumed equations can be derived.

Vs' = Wy + W, = W, + 8W, + W, — W,

ys' =ys — (1= W Ys' = ys = KesWs
K.s = 7 Improved approximation
1+5i
lg
Ky = Rsiotopen _ tol s Kes) ____ s
Rsiot closed g (ys — KesWs)
HoLys
K. = (Kgs - 1) « (W — W)
Kys * W

where  Kc . Carter factor

g . Air gap length (m)

W : Width of slot (m)

Wi : Width of tooth (m)

R . Air gap reluctance (H?)

Stator tooth area (m?)

L : Stack length (m)

Ys . Slot pitch (m)

Ys' Effective slot pitch (m)

Kes . Carter factor of stator core

Kgs . Gap contraction factor

) . Coefficient

(4.193)
(4.194)

(4.195)

(4.196)

(4.197)
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4.8.13. Calculation of air gap flux based on the open-slotted type stator

The basic calculation to investigate the Carter effect on the air gap flux density in open-

slotted stator types, as illustrated in Figure 4.58, is performed using the following steps:

[
i

axis

Figure 4.58. Air gap flux density over open-slotted stator [365]

(Dst = Bst,av * (Wt + VVS)LStk = (Azl - AZZ)LStk (4-198)
B x (W, + W)
A, =2 > s Y A,y =—A, (4.199)
where @y
Bst,av
Az . Magnetic vector potential at point of z1
Az : Magnetic vector potential at point of z2

4.8.14. Updating process of the design parameters

In analytical design, some parameters, such as effective turns per phase and turns per coil
may be fractional. In practical machines, values are adjusted to integers to meet
manufacturing requirements. First, the number of turns per coil is converted to a fixed integer
value to facilitate manufacturing. Next, the number of effective turns per phase is also
adjusted to a fixed integer value. Subsequently, the machine stack length is modified based

on the total air gap flux value. The following equations outline the updating procedure:
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Epn = 4,44 = fo * Nepp * ky, * @y (4.200)
Bav * DL Q)p new Lnew
@, =—r— — = 4.201
P (2p) DPpota  Lota ( )
Epn
Dpnew = K 4.202
PR = 4, * Noprumow * o (4.202)
where @ new) : Updated pole flux (Wb)
@ (p,old) :  Old pole flux (Wb)
N tph,new) : Updated number of effective turns per phase
Lnew : Updated stack length (m)
Lol . Old stack length (m)

4.8.15. Coil and phase resistance with mean turn length

The approach to calculate coil and phase resistance, as well as the mean turn length, is similar
in both PMSMs and BLDCs. The mean turn length, representing the average wire length in
asingle coil turn, is used to determine the coil and phase resistance. By multiplying the mean
turn length by the wire resistivity, the resistance values can be obtained. This approach

allows for consistent analysis of the electrical characteristics in both machine types.
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5. DESIGN AND OPTIMIZATION OF THE PROPOSED
MAGNETICALLY COUPLED STARTER/GENERATOR (DCSG)

This chapter presents a comprehensive overview of the analytical and finite element method-
based 2D and 3D numerical analyses conducted on the proposed Magnetically Coupled
double stage Starter/Generator. The focus is specifically on both the independent and
dependent design of magnetic couplers and Starter/Generators. In addition, this section
presents a pivotal component in the form of analytical design and numerical FEM
verifications of the retaining sleeve or the containment shrould, which offers a practical
solution to a common problem faced in S/Gs. It plays a critical role in the research presented,
addressing the potential displacement of the magnetic coupler inner rotor and S/G rotor

magnets due to centrifugal force at high speeds.

Additionally, the chapter illuminates the numerical-based analysis software and tools
utilized, comparing their efficacy with other software within the field. Finally, the chapter
employs both classical and nature-inspired optimization techniques to meticulously refine
the final model, significantly enhancing its performance and reliability. This chapter plays a
pivotal role in advancing the understanding of the DCSG and provides engineers with

essential tools and knowledge to design high-performance hybrid UAVs.

5.1. Overview of Proposed DCSG Model

The thesis workout introduces a smart modular hybrid propulsion system and its
management method, designed to enhance efficiency, reduce total system weight, decrease
fuel consumption, and increase flight time, particularly for combustion engined aircraft.

Section 2 provides a comprehensive overview of the system's contributions to science.

The developed propulsion system incorporates a combustion engine along with multiple
modular magnetically coupled Starter/Generator stages that can operate as generators and/or
motors. By individually managing all the drive elements, optimal operating ranges can be
achieved for both the combustion engine and the modular DCSG stages, catering to various
power requirements. Furthermore, the thesis delves into the enhancements made to the

system's robustness and reliability in the event of a failure.
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Special attention is given to the implementation of magnetic couplers between the piston
engine and Starter/Generator stages, aiming to ensure seamless operation and continuity
even under challenging circumstances. By integrating these magnetic couplers, the system's
fault tolerance and ability to withstand potential failures are significantly improved. Detailed
analysis and findings regarding the system's enhanced functionality in failure scenarios are
presented in Section 2. The overall system block scheme is depicted in Figure 5.1, providing
a visual representation of the system's configuration and components. The system is also

accompanied by a TR patent and registration number 2020 22757.
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Figure 5.1. Advanced block scheme of the proposed multiple modular DCSG system

where 1 Drive system 12 : Intelligent control unit
2 Combustion engine 13 : External motor controller
3 First stage DCSG 14 : Built-in digital motor controller
4 Second stage DCSG 15 : Propeller pitch controller
5 Modular magnetic couplers 16 : Buck/Boost converter
6 Load (Propeller) 17 : Encoder or speed/position sensor
7 Bidirectional converter 18 : Fuel controller
8

Load braking unit 19 : Ignition controller
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9 : Gas control 20 : Ambient value measurement unit
10 : Battery 21 : Battery measurement unit
11 : Charging unit 22 : Current sensors of stages

Figure 5.2 depicts the 3D model of the DCSG structure, which is further explored and

analysed in detail within the thesis study.

(b)

Figure 5.2. Proposed DCSG model workout in the thesis (a) Full 3D model of DCSG
structure for DLE-30 (b) Split 3D model of DCSG structure for DLE-30
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The thesis primarily concentrates on the analytical and numerical design aspects, as well as
the 2D and 3D FEM analysis, optimization, prototype fabrication, and testing of the
magnetic coupler and Starter/Generator stages within the smart modular system.

5.2. Design Parameters and Hybridization Rate

The determination of design parameters for the magnetically coupled double-stage
Starter/Generator (DCSG) structure is a crucial aspect, dependent on several factors. These
factors include the shaft structure and power of the piston engine used in the UAV system,
the desired hybridization rate of the UAV, and the propeller selection. The shaft structure of
the piston engine directly influences the inner rotor diameters of the magnetic coupler stages,
and consequently, the inner rotor diameters of the Starter/Generator stages. The
hybridization ratio plays a significant role in determining the required torque values for both

the magnetic coupler and Starter/Generator stages within the system.

In addition, the choice of propeller significantly impacts the effective operating zone, which
represents the region where the propeller functions optimally and generates thrust. It is
important to ensure that the outer diameter of the DCSG system does not exceed the diameter
at which the active region of the propeller begins. The maximum outer diameter of the
Starter/Generator stages and the DCSG system are thereby affected. Consequently, each
DCSG system needs to be customised to meet the specific design requirements; failure to do

so will inevitably result in a loss of efficiency.

The central focus of this thesis revolves around the development of a system specifically
designed to facilitate the conversion of a conventional mini-scale UAV equipped with a
DLE-61 engine into a 50% hybrid UAV. The proposed hybridization entails the removal of
the existing conventional engine and the subsequent integration of the DLE-30 engine along
with the DCSG system into the UAV. This strategic modification aims to optimize the UAV

operational efficiency and performance by leveraging the benefits of hybrid technology.

Furthermore, to delve into the various system responses regarding magnetic torque
transmission, the magnetic coupler design is expanded to encompass an additional hybrid

UAYV configuration, distinct from the one involving the DLE-30 engine.
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In this particular configuration, a conventional mini-scale UAV originally equipped with a
3W-70R2 engine is substituted with a 3W-55XI engine, accompanied by the integration of
the DCSG system, resulting in a 40% hybridization rate. The identical MC model can also
be implemented for the 3W-70R2 engine. Figure 5.3 provides a visual representation of the
piston engines with their shaft dimensions where the magnetic couplers are utilized.

(b)
Figure 5.3. The shaft dimensions of the (a) DLE-30 engine (b) 3W-55XI engine

5.2.1. Determination of the inner rotor mounting dimensions of the magnetic couplers

Considering that the DLE-30 and 3W-55XI engine have flange diameters of 42 mm and 43
mm with connection points measuring 29 mm, respectively, it is essential for the magnetic
coupler inner rotor flange points to align with the same diameter. Additionally, if the
magnetic coupler inner rotor yoke material directly interfaces with the DLE-30 engine shaft,

the inner diameter of the magnetic coupler inner rotor must be 42 mm.

5.2.2. Determination of the maximum outer diameter of the DCSG with housing

The hybrid system incorporating the DLE-30 engine is designed to utilize 19x8 propellers,
while the hybrid system featuring the 3W-55XI engine employs 24x8 propellers.
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In cases where the magnetic coupler inner rotor does not have a direct connection with the
DLE-30 shaft, it becomes crucial to meticulously determine the outer diameter of the MC in
coordination with the S/G design. This meticulous consideration is undertaken to ensure the
proper positioning of the DCSG outside the propeller active area, where torque is generated,
as shown in Figure 5.4 [367]. By strategically placing the DCSG outside this region, the risk
of interference or disruption to the operation of the propeller is effectively minimized. On
the other hand, exceeding the active zone of the propeller can lead to a reduction in torque

due to aerodynamic interference, increased turbulence, and inefficient power transfer [368].

24x8

(@) (b)
Figure 5.4. Propeller for (a) DLE-30 (b) 3W-55XI

To ensure that the DCSG system remains within the active zone of the propeller, it is
imperative to maintain an outer diameter of approximately 130 mm. This requirement is
reinforced by the findings presented in Sections 4.10 and 4.11, which highlight the
significance of minimizing power losses associated with the BLDC and PMSM outputs
while maximizing torque density and unit volume power density. Therefore, the outer
diameter of the DCSG, including the housing, is constrained to 130 mm to uphold the desired
performance parameters. This limitation imposes a maximum outer diameter of 74 mm for

the MC stages, ensuring compliance with the specified restriction.

In the pursuit of performance enhancements, increasing the length of the system can present
challenges in terms of preserving structural integrity, ensuring optimal weight distribution,
and maintaining aerodynamic efficiency. No mandatory axial length limitations exist, but
prioritizing a compact and concise system design is prudent to address potential issues.
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5.2.3. Torque and speed requirements of DCSG stages based on hybridization rate

The determination of torque and speed requirements for magnetic couplers of the DCSG
stages is dependent on the performance data of the piston engine when paired with an
appropriate propeller. These data serve as a crucial basis for understanding the engine
characteristics, including its torque output and rotational speed. On the other hand, the
performance data of piston engines can vary depending on the specific propeller with which
they are paired. Different propellers have distinct characteristics that can influence the

engine performance in terms of torque, speed, and overall efficiency.

The torque and speed requirements for the Starter/Generator are determined by considering
both the performance values of the piston engine and the hybridization ratio. By analysing
the performance characteristics of the engine, such as its torque output and rotational speed,
in conjunction with the desired level of hybridization, the specific requirements for the S/G

can be accurately determined. The DCSG stages are illustrated in Figure 5.5.

éPiston Engineg
teresrspeascanaal

Figure 5.5. Stages of the DCSG model

Through a careful analysis of the engine performance data in tandem with the desired system
performance, precise torque and speed requirements for the DCSG stages can be derived.
This process is essential because it allows for the customization of the DCSG design to meet
the system-specific demands while ensuring the attainment of optimal performance and

efficiency.
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Table 5.1 presents the maximum performance data for the DLE-30 engine paired with a 19x8

propeller and the 3W-55XI1 engine paired with a 24x8 propeller.

Table 5.1. Maximum performance data of DLE-30 with a 19x8 propeller and 3W-55XI
with a 24x8 propeller

Diameter . Speed | Thrust | Torque Power
Brand " Pitch Blades
) (rpm) | (kg.f) | (N.m) (kw)
DLE-30 19 8 2 7250 6 3.3 2.5
3W-55XI 24 8 2 6250 11.5 4.3 2.8

Table 5.2 summarizes the performance requirements of the DCSG stages, taking into

consideration the hybridization rate, working speed and torque capability of the engines.

Table 5.2. Torque and speed requirement of DCSG stages for DLE-30 and 3W-55XI

DLE-30 Hybrid | 3W-55XI Hybrid
Maximum piston engine speed (rpm) 7250 6500
Maximum piston engine torque (N.m) 3.3 4.4
Maximum piston engine power (kW) 2.5 3
Aspect ratio for each stages of MC 1.2
Safety factor for each stages of MC 1.2
Hybridization rate based on 1-Stage DCSG (%) 50 40
MC1, minimum torque requirement (N.m) 4.75 6.4

SG1, minimum torque requirement (N.m) Motor / Generator Mode: 2.1/ 2.2

MC2, minimum torque requirement (N.m) 6.9 8.5
SG2, minimum torque requirement (N.m) Motor / Generator Mode: 2.1/ 2.2
Rated speed of DCSG, motor mode (rpm) 4500

Rated speed of DCSG, generator mode (rpm) 5500

Propeller maximum transferable torque (N.m) 9 10.6

To ensure a robust and reliable system, a factor of safety of 1.2 was incorporated for each
stage of the DCSG.
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Additionally, an aspect ratio of 1.2, representing the FEM design error rate factor, was
considered. By incorporating these factors, the minimum requirements for the system were

established, aiming to mitigate potential turbulence and adverse effects.

Conducting thorough testing, the operating speed ranges for the DLE-30 engine were
evaluated within the range of 1600-7250 rpm, while the 3W-55XI1 engine exhibited operating
speed ranges of 2000-6250 rpm. The required minimum torque density is 18.5 N.m/kg.
Taking these factors into account, the designs of the DCSG stages are meticulously crafted
to adhere to these established values. This ensures that the DCSG stages are optimized to
meet the required torque density, operating speed ranges, and others, thus aligning with the
performance requirements set forth by the UAV manufacturer. The design scheme block

diagram is presented in Figure 5.6, illustrating the overall interconnections of the system.
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5.3. Design Methodology
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Figure 5.6. Design flowchart of the DCSG system
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The design process of the double stage magnetically coupled Starter/Generator (DCSG)
structure involved macrobased analytical designs of the Magnetic Coupler (MC) and
Starter/Generator (S/G) utilizing Octave. For the S/G, analytical sensitivity analysis was
conducted using Ansys RMxprt. To further analyse and optimize the electromagnetic
performance of both the MC and S/G stages, electromagnetic FEM analyses were carried
out using Ansys Maxwell 2D and 3D v2022R1.

Thermal Computational Fluid Dynamics (CFD) analyses were performed to assess the
thermal behavior of the DCSG structure, as well as the magnetic coupler and
Starter/Generator stages, employing Siemens FIOEFD v2021.R2. Additionally, structural
FEA was conducted using Ansys Workbench. CAD drawings of the entire model were
created using Solidworks v2017. These comprehensive analyses and design tools were
employed to ensure a well-informed and optimized DCSG structure.

Ansys RMxprt, offers versatility in the preliminary dimensioning of electrical machines,
providing a wide range of machine design templates, power electronics, and control circuit
options. Additionally, it enables the solution of more intricate circuits by seamlessly
transferring them to the Simplorer interface. This capability expedites the design and
optimization process, leveraging analytical calculations within the solution. With its

extensive features, the software facilitates accelerated and efficient design and optimization.

Ansys Maxwell 2D and 3D, is a powerful and interactive software designed to solve a wide
range of electromagnetic problems using the FEM. This high-performance software
efficiently addresses electrostatic, magnetostatic, eddy current, and transient problems. By
utilizing Maxwell equations within a finite space domain and incorporating appropriate
boundary conditions, the software effectively tackles these complex problems. Moreover,
designers have the flexibility to input initial conditions to further extend the solution when

needed, enhancing the versatility and adaptability of the software [369].

Simcenter FLOEFD is a comprehensive CFD software with multiphysics capabilities that is
seamlessly integrated within CAD environments. This powerful tool caters to the needs of
both designers and analysts, providing a streamlined workflow. By frontloading fluid flow
simulation and thermal analysis and utilizing native CAD geometry, it significantly reduces

development time by an impressive 65-75% when compared to traditional CFDs [370].
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The design process for the magnetically coupled double stage Starter/Generator (DCSG)
system begins with the selection of the UAV to be hybridized, followed by determining the
hybridization ratio and selecting a compatible piston engine for the hybrid UAV. The main
topology of the DCSG system is established based on the performance values obtained by
testing the new piston engine of the hybrid UAV. Subsequently, design parameters for both
the magnetic coupler (MC) and the Starter/Generator (S/G) stages are determined. Detailed
information regarding the MC and S/G topologies, the eligible materials, and the power
electronics system is detailed in Section 3 of the document. To avoid redundancy, these
details are not reiterated here. Interested readers are encouraged to refer to Section 3 for

comprehensive insights into these aspects of the system design.

Macrobased analytical design is conducted for both the magnetic coupler and
Starter/Generator stages, with initial dimensions entered into the Ansys analytical analysis
environment. The Ansys RMxprt module is utilized for analytical analysis of the S/G stages,
while the magnetic coupler stages are directly incorporated into the 2D and 3D Finite

Element Method (FEM) analysis environment.

Detailed 2D and 3D FEM analyses are performed using Ansys Maxwell 2D and 3D,
incorporating optimization assignments and analysis to obtain approximately optimal design
parameters. The resulting model is cosimulated with the power electronics system using
Ansys Simplorer, and thermal and structural analyses are conducted using Siemens FLOEFD

software and Ansys Workbench, respectively.

If the model fails the thermal and structural analyses, the 2D and 3D optimetric analyses are
repeated based on new data. Performance tests are carried out on the problem-free model
using a direct-dynamic test system. If the model fails the performance tests, cosimulations
are re-evaluated. Finally, the optimized final model is achieved through optimization
techniques, considering objective functions such as maximum efficiency, minimum weight,

or maximum torque density.

This comprehensive design process ensures that the DCSG system is thoroughly analysed,
optimized, and validated to meet the desired performance objectives while considering
thermal, structural, and functional requirements. The design methodology flow is depicted

in Figure 5.7, illustrating the sequential steps and processes involved in the design.
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Figure 5.7. Design scheme of DCSG system (a) Design methodology (b) Design flowchart

5.4. Design of Active Radial Magnetic Couplers for DLE-30 and 3W-70R2 Engine

The comprehensive system model comprises several components, including the outer rotor
yoke (1), outer rotor permanent magnets (2), retaining sleeve and air gap (3), inner rotor
permanent magnets (4), inner rotor yoke (5), stamp (6), piston engine shaft (7,8), piston
engine stationary body (9), and S/G parts (10) [265]. These components are illustrated in
Figure 5.8 (a), which shows a single stage of the DCSG.
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The synchronous MC is designed to meet one-to-one speed requirements, and the radial type

is preferred among synchronous types due to its cylindrical shaft motion.

010
(a)
Figure 5.8. Magnetic coupler stage for DLE-30 and 3W-70R2 (a) Model (b) Dimensions

In addition to the design parameters outlined in Table 5.2, the consideration of turbulence
and correction factors becomes imperative in mitigating disturbances such as sudden G-turns
and weather-related overloads. Hence, an initial selection of a correction factor of 1.2 and a
turbulence coefficient of 1.1 is incorporated. As a result, the minimum torque requirements
for the magnetic couplers are adjusted to 10 N.m and 20 N.m for the first (MC;) and second
(MCy) stages of couplers, respectively, as described in Figure 5.5. These updated torque

values are denoted as the maximum or pullout torque within the design.

5.4.1. Analytical design based on the Virtual Work method

The force acting on a single pole can be determined by applying the Virtual Work principle
[309], as expressed in Eq. 5.1. This principle takes into account the change in stored energy
within the air gap caused by a small axial displacement between the poles. Similarly, the
torque can be calculated by substituting the axial displacement (x-dx) in the equation with
the angular displacement (©-dO) [265].
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daw _ (Bgl)z(vag)
dx — 2uy(x — dx)

_dw
~de

Fsingle_pole = T (6.1)
Fsingle_pote: force exerted on a single-pole (N)
dW: change in stored energy in the air gap (J)

Bgu1: effective air gap flux density (T) — [the fundamental component]

where

Vag: Volume of air gap (m?3)

wo: permeability of free space (4710"-7 H/m)
x: pole arc length (m)

dx: small displacement distance of a pole (m)

T: torque exerted on a single-pole (N)

If the force acting on a pole and the small displacement distance are known, the required air
gap volume can be determined by assuming an initial air gap magnetic flux density of 0.6 T
to prevent demagnetization of the permanent magnets. Based on this assumption, analytical

calculations, summarized in Table 2, are performed using the critical angle.

Table 5.3. Analytical calculations for preliminary dimensions

Virtual Work Method Analytical Virtual Work Method
Output 8-pole 10-pole
Air gap volume, required 3427 mm?® 2192 mm®
Length of the model, required 12.12 mm 7.75 mm
(x-dx), equals dx at critical angle 11.78 mm 9.42 mm
(6-dO), equals dO at critical angle 0.3925 rad. 0.314 rad.
Critical angle 22.5 (Mdeg) 18 (Mdeg)
Force on EAG based on a single pole 41.67 N 33.33N
Total force on EAG based on total pole number 333.33 N
Preliminary Design Assumptions
Effective air gap radius 30 mm
Average air gap flux density 06T
Air gap length/Retaining sleeve thickness 1/0.5 mm
Pullout torque, required 10 N.m
Magnet grade N48H-60deg

In this case, (x-dx) is directly equal to dx, and similarly, (©-d©) is directly equal to dO. Here,
O represents the mechanical angle of a pole, and dO represents the small angular

displacement in radians. Figure 5.9 shows the Virtual Work method parameter definitions.
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Figure 5.9. Definition of parameters for Virtual Work method

The air gap volume refers to the space between the outer rotor inner diameter and the inner
rotor outer diameter. If the inner rotor is directly mounted on the piston engine shaft, the
inner diameter of the inner rotor (rin) can be at least 42 mm, as shown in Figure 5.8. The
effective air gap, which is the middle of the air gap, is denoted by the effective air gap radius

(refrective) IN @analytical calculations of force or torque on the rotors, as depicted in Figure 5.9.

Considering the thickness of the inner rotor yoke and magnets, reffective is initially chosen
as 30 mm. The sleeve thickness is assumed to be 0.5 mm based on experience. As a result,
the total air gap clearance with the air gap is 1.5 mm. Accordingly, the corresponding inner
rotor outer diameter and outer rotor inner diameter are found to be 29.25 mm and 30.75 mm,
respectively. The critical angle (Ocritical, Mdeg), Calculated as shown in Eq. 6.1, corresponds to

an electrical angle (Okdeg) of 90°, where the pullout torque is obtained.

360° (Zp)

Ocritical,Mdeg = W eEdeg > — % 9Mdeg (6.2)

Here, Mdeg and Edeg represent the mechanical and electrical degrees, respectively, and (2p)
denotes the total number of poles. For a 10-pole configuration, the values for © and Ocritical
are 36 Mdeg and 18 Mdeg, respectively. For an 8-pole configuration, the values for © and
Ocritical are 45 Mdeg and 22.5 Mdeg, respectively. The corresponding values for © and dO
at the critical angle in radians are depicted in Figure 5.9, with 0.628 and 0.314 for 10-poles,
and 0.785 and 0.3925 for 8-poles, respectively.
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Similarly, at the critical angle, the pole arc length and small displacement distance are
determined to be 18.85 mm and 9.42 mm for the 10-pole configuration, and 23.56 mm and
11.78 mm for the 8-pole configuration, respectively. The total force is the force exerted on
the Effective Air Gap (EAG) used to calculate the force on the rotors, taking into account
the total number of poles. Considering that a torque of 10 N.m is needed, the ideal total force
is calculated as 333.33 N by determining the effective air gap radius (refrective). Consequently,
the force exerted on a single pole is 33.33 N for the 10-pole configuration and 41.67 N for
the 8-pole configuration. The respective air gap volumes are calculated as 2192 mm? for the
10-pole configuration and 3427 mm? for the 8-pole configuration. As a result, the required
model length is determined to be 7.75 mm for the 10-pole configuration and 12.12 mm for

the 8-pole configuration, as shown in Table 5.3.

5.4.2. Optimetric design approach based on Maxwell 2D magnetostatic FEA

The Maxwell 2D solutions employed in this thesis utilize optimetric assignments and
sensitivity tools. The magnetic coupler model is fully parameterized, allowing for
multiparameter analyses to investigate the impact of various variables. FEM is a robust and
accurate technique utilized to calculate the maximum transferrable torque or pullout torque
at the critical angle. By applying a denser mesh as depicted in Figure 5.10 (a) for critical

areas such as the air gap, the analysis error is reduced by approximately 10%.

\\ :Pole Arc _
\\ :Pole Pitch

(b)

Figure 5.10. (a) Mesh distribution of model (b) Pole embrace and pole arc offset definition

FEAs are performed using two solution types: transient for the dynamic state and
magnetostatic for the static state. To facilitate assembly and production requirements, the

pole embrace and offset are set to 0.98 and 0, respectively, as illustrated in Figure 5.10 (b).
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The embrace refers to the ratio of the pole arc to the pole pitch, while the offset defines the

concentricity of the permanent magnets.

5.4.3. Pullout torque investigation based on outer diameter and length

The design process should commence from the outer rotor and progress towards the inner
rotor, deviating from the conventional method, primarily due to limitations imposed on the
outer rotor outer diameter. In Figure 5.11 (a), the pullout torque is examined by altering both
the coupler length and the outer rotor outer diameter. The outer rotor outer diameter is
adjusted within the range of 66 mm (minimum possible) to 74 mm (maximum) at the critical
angle, considering a 10-pole configuration. Meanwhile, the coupler length varies between 9
mm and 13 mm. Furthermore, Figure 5.11 (b) presents an analysis of the torque density
based on the outer rotor outer diameter, with a fixed coupler length of 10 mm.
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In Figure 5.11 (a) and (b), specific dimensions are assigned to the components involved. The
thicknesses of the PMs, rotor yokes, retaining sleeve, and air gap length are uniformly set at
4 mm, 4 mm, 0.5 mm, and 1 mm, respectively. Taking into account the mounting points, the
minimum feasible inner diameter of the inner rotor is determined to be 31 mm.
Consequently, the corresponding minimum outer diameter of the inner rotor yoke is 39 mm,

while the inner diameter of the outer rotor PMs measures 50 mm.

However, considering the achievement of maximum torque density at the highest outer rotor
outer diameter, as depicted in Figure 5.11 (b), an outer diameter of 74 mm and a
corresponding length of 10 mm are selected. Maintaining the outer diameter of the outer
rotor near the limits has a beneficial impact on the operation of the piston engine. It enhances

mechanical strength and contributes to the flywheel effect.

5.4.4. Determination of the PM thickness based on the static pullout torque

The static torque, also known as locked-rotor torque, refers to the torque exerted by the
system when it is in a locked-rotor state. Figure 5.12 investigates the static pullout torque
for various thicknesses of inner and outer PMs. It is evident that the desired torque can be
attained with different magnet thicknesses. However, for the sake of assembly convenience
and practical aspects, a thickness of 4 mm is preferred for both the inner and outer PMs. This
preference is indicated by the red markers in Figure 5.12, as it ensures that the required

torque can be achieved without compromising the ease of assembly and manufacturability.
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Figure 5.12. Static pullout torque with respect to changes in PM thickness
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5.4.5. Locked-rotor torque investigation based on torque angle

The torque angle is the mechanical angle between the inner and outer rotor d-axes during
the loading of the MCs. It represents the transferable torque through the MCs and determines
the overload capacity of the system. Figure 5.13 investigates the locked-rotor torque as it
varies with the torque angle. At the critical angle, a maximum torque of 10.15 N.m is
achieved, satisfying the requirements. MCs are typically operated close to the critical angle
to achieve high torque density. However, it should be noted that operating at the exact critical
angle may render the coupler susceptible to turbulence-induced desynchronization. In
aviation applications, it is advisable to provide the pullout torque slightly below the critical
angle or consider coefficients that account for the effects of turbulence. This ensures reliable

operation and mitigates potential issues arising from turbulent conditions.

Locked-Rotor Torque vs Torque Angle Ansys
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Figure 5.13. Locked-rotor torque depending on torque angle

5.4.6. Rotor yoke thickness determination

The thickness of the rotor yokes plays a significant role in determining the torque output of
the system. It directly impacts the average air gap flux density by influencing the total
reluctance. Additionally, the rotor yokes are constrained by the outer diameter limitation,
which in turn affects the effective air gap radius and ultimately the torque density through
variations in the rotor diameters. Through analysis, as depicted in Figure 5.14, it has been

determined that the optimal thicknesses for the rotor yokes are 3.5 mm and 3 mm.
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These values are highlighted in red in the below figure. Selecting minimum yoke thicknesses

meets the maximum torque requirement while minimizing the overall weight.

Pullout Torque vs Rotor Yoke Thickness Ansys
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Figure 5.14. Pullout torque with respect to changes in rotor yoke thickness

It is worth noting that in yokeless designs, where the use of magnetic materials is restricted,
achieving the same torque would necessitate thicker PMs. Therefore, the utilization of yokes

allows for a more efficient and lightweight design, resulting in improved performance.

Figure 5.15 (a) and (b) examine the magnetic flux density and distribution, respectively.
Efforts can be made to reduce leakage fluxes by optimizing the embrace and magnet housing,
as seen in red in Figure 5.15 (b). In coupler applications, utilizing Steel1020 for rotor yokes

can be more advantageous than electrical steels due to its high saturation level of 2.5 T.

(b)

Figure 5.15. (a) Flux density of rotor yokes (b) flux distribution for the 10-pole configuration
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Operating at saturation points may not always result in higher torque density but can lead to
lower weight. The air gap flux density at no-load and full-load conditions is analysed in

Figure 5.16, showing a decrease as the MC is loaded but remaining below saturation.
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Figure 5.16. Air gap flux density distribution at no-load and full-load

5.4.7. Investigation of the magnetic coupler model length

To achieve higher torque within the outer diameter limitation, the length of the MC needs to
be increased, enabling modular operation. Figure 5.17 demonstrates that doubling the length
results in approximately double the torque. Therefore, the second magnetic coupler is

designed with a model length of 20 mm to accommodate the desired torque increase.

Ansys

Pullout Torque vs Magnetic Coupling Length
20.0 199 |
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Magnetic Coupling Length (mm)
200

10.0

Figure 5.17. Pullout torque depending on coupler length
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5.4.8. Determination of the pole numbers based on pullout torque

In synchronous magnetic couplers with a 1:1 speed conversion ratio, the torque is influenced
by the number of rotor poles. Increasing the pole number enhances the torque by increasing
the air gap flux density, up to a point where leakage fluxes become dominant. Additionally,
the presence of mounting and weight reduction holes in the rotor impacts the selection of the

pole number at which maximum torque is achieved.

As depicted in Figure 5.18, the pullout torque is attained when the number of poles is 18.
However, a higher pole number also implies increased challenges in mounting, particularly
for the outer rotor magnets. Considering the balance between torque requirements and
practical considerations, a pole number of 10 is chosen because it meets the system torque
and weight requirements to a satisfactory degree. If 8 poles were to be used, the model length
would need to be increased by 20% to achieve the required torque, resulting in an

approximate 23% increase in total weight.

A
Pullout Torque versus Pole Number s
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Figure 5.18. Pullout torque depending on the number of poles

5.4.9. Optimetric design approach based on Maxwell 2D transient FEA

The dynamic behavior of the MC is investigated using Maxwell transient simulation, taking
into account the moment of inertia, mechanical losses, and the type of load applied.
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To ensure realistic analyses, the model is created in Solidworks, and the moments of inertia
for the inner and outer rotors are determined to be 0.34 kg-cm? and 1.55 kg-cm?, respectively.
Mechanical losses, including bearing losses, windage, and friction losses, are typically
estimated to be between 2% and 4% of the output power in the absence of a computational
fluid dynamics (CFD) solution, similar to rotating electric machines. In this study, a 3%

mechanical loss is assumed, resulting in a total mechanical loss of 0.000478 W/(rad/sec)>.

Dynamic torque tests are conducted using N48H magnets at a temperature of 60°C, which
allows for effective cooling in the dynamic state. This leads to a 5% higher torque per unit
volume compared to static torque due to the higher residual flux density of the PMs at lower
temperatures. Transient simulations are performed directly at the critical angle with high
precision and low time-steps, considering mechanical revolutions. The pullout torque,
accompanied by torque ripple, is obtained for the case without a retaining sleeve Figure 5.19
(a). However, when a sleeve is utilized, the pullout torque is reduced by approximately
10.5% due to the dominant eddy current losses Figure 5.19 (b). In this scenario, increasing
the model length by approximately 12% is necessary to achieve the same torque. Due to the
different moments of inertia of the rotors, instant load changes result in torque ripple during

dynamic torque transmission.

The torque fluctuations are measured at 0.1% and 0.15% for the cases without and with the
sleeve, respectively, under instant load variation Figure 5.19 (a) and (b). In synchronous
MCs, the torque ripple remains minimal until the critical angle. Without considering

dynamic modelling, transient simulations would result in constant torque Figure 5.19 (c).
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Figure 5.19. (a) Dynamic torque without sleeve at critical angle (b) Dynamic torque with

5.4.10. Repulsive torque examination at loss of synchronization

sleeve at critical angle (c) Torque ignoring dynamic model at critical angle

Analysing the torque during the Loss of Synchronization (LoS) between the coupler rotors

is crucial for system protection against overloads, especially in aerospace applications where

the system should be operated by the Starter/Generator during LoS events. Two scenarios

can lead to LoS: piston shaft malfunction or exceeding the pullout torque of the magnetic

coupler.
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When the piston shaft is undisturbed, LoS caused by overload results in the piston shaft and
inner rotor of the MC running at idle speed (e.g., 2000 rpm for a 3W-70 engine), while the
outer rotor runs at near idle speed. To analyse this scenario, the inner rotor is rotated at 2000
rpm, and the outer rotor is rotated at 2100 rpm, just above the idle speed. Figure 5.20 (a)
illustrates that the attraction torque in this case is -0.6 N.m. The effect at different speeds is
further examined in Figure 5.20 (b).

Alternatively, in the event of a locked piston engine shaft and inner rotor due to shaft failure,
LoS analysis is conducted by setting the inner rotor speed to 0 and rotating the outer rotor at
different operating speeds at the critical angle. As depicted in Figure 5.20 (b), the attraction
torque is -0.52 N.m for the minimum operating speed and -0.72 N.m for the maximum
operating speed in this scenario. Further investigation can be carried out on a skewed model
to reduce the attraction torque [371, 372]. However, decreasing the attraction torque by

implementing skewing may also result in a decrease in the maximum torque per unit volume.
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Figure 5.20. (a) Attraction torque at out of synchronization if piston shaft is not locked (b)
Attraction torque at out of synchronization if piston shaft is locked
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5.4.11. Parameter tuning based on Maxwell 3D optimization techniques

The optimum dimensions of the magnetic coupler, obtained from Maxwell 2D optimetric
simulations, are further analysed using optimization techniques in Maxwell 3D. Various
objectives can be considered, such as maximizing torque per permanent magnet volume,
maximizing torque per total weight, or minimizing cost per volume. However, in hybrid
UAV applications, there is often a requirement for a minimum weight that meets the system's

specifications.

To reduce optimization time, the 3D model is divided into one-fifth using symmetry features.
Several applicable optimization techniques, including Sequential Nonlinear Programming
(SNLP), Genetic Algorithm (GA), and Multi-Objective Genetic Algorithm (MOGA) [373,
374], can be employed in magnetic couplers. The results of these optimization techniques

are summarized in Table 5.4.

However, it should be noted that the prototypes are fabricated based on the dimensions
obtained from sensitivity analyses in Table 5.4. This approach takes into account production
tolerances and measurable dimensions, even if the maximum torque density is not achieved.

This ensures practicality and feasibility in the fabrication process.

Table 5.4. Design parameters obtained by using Maxwell 3D optimization techniques

. Optimization Technique Sensitivity*
Design Parameters SNLP | GA | MOGA Analyses
Inner PM thickness (mm) 4.1 4.49 4.026 4*
Outer PM thickness (mm) 3.93 4.25 3.79 4*
Inner yoke thickness (mm) 2.57 2.61 2.525 3*
Outer yoke thickness (mm) 3.03 3.02 3.028 3.5*
Optimum Model Dimensions
Inner diameter of inner rotor (mm) 42
Outer diameter of inner PMs (mm) 56
Inner diameter of outer PMs (mm) 59
Outer diameter of outer rotor (mm) 74
Air gap volume of final model (mm?) 2709.6
Length of the final model (mm) 10
Cost Function Outputs
Average torque (N.m) 10.2 | 10.95 10.24 10.5
Total coupler weight (gr) 194 205 195 207
Torque density (N.m/kg) 52.58 | 53.41 52.51 50.72
Elapsed time (min.) 150 270 210 15
* Optimum values obtained from the sensitivity analyses.




200

5.4.12. Magnetic coupler efficiency and losses based on Maxwell 3D FEA

Calculating losses in magnetic couplers analytically can be challenging; however, numerical
methods provide an effective solution. Magnetic coupler losses encompass various
components, including rotor core losses, permanent magnet losses, retaining sleeve losses,
and mechanical losses. Ansys Maxwell offers a reliable approach to calculate core losses,
which comprise hysteresis, eddy-current, and excess losses. These losses can be evaluated

using the following equation [375]:

ploss:kh*f*B2+kc*f2*Bz+ke*f1'5*B1'5 (6-3)

where kn:  hysteresis loss coefficient of material
frequency of air gap flux density
B:  absolute average of air gap flux density
ke:  eddycurrent loss coefficient of material

ke:  eddycurrent loss coefficient of material

Under ideal conditions in synchronous couplers, where the inner and outer rotors rotate at

the same speed, there is no induction of eddy currents on the PMs and the retaining sleeve.

However, due to load disturbances, high vibrations, and torque ripple from the natural
operation of the piston engine, the torque angle frequently fluctuates. Consequently, in
addition to hysteresis losses [376], eddy-current losses [377] arise as a result of induced eddy
currents. These losses are converted into heat, gradually raising the temperature of the PMs.
If not mitigated, they can significantly reduce the residual flux density of the PMs and the
transmitted torque. Excess losses occur due to the eddy current generated by the

displacement of magnetic domain walls.

Figure 5.21 (a), (b), (c), and (d) investigate the losses in the magnetic coupler, including
rotor core losses, hysteresis losses of PMs, eddy-current losses of PMs, and eddy-current
and hysteresis losses of the sleeve. These losses are analysed based on the torque angle at

the maximum operating speed for the optimal coupler configuration of 10-poles and 10 N.m.
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In Ansys Maxwell 3D, the efficiency of the magnetic coupler is analysed in two cases.
Similar to Maxwell 2D simulations, dynamic effects are incorporated through the "Model-
Motion Setup-Consider Mechanical Transient” settings. The losses and efficiency are

evaluated under the following conditions:

Losses and efficiency at the critical angle for different operating speeds: By setting the inner
rotor speed to zero and limiting the positive rotation of the outer rotor at various operating
speeds from a torque angle of zero to the critical angle, the losses and efficiency at the critical
angle are determined. Figure 5.21 (e) presents the coupler efficiency as a function of

operating speed at the critical angle.

Losses and efficiency at maximum operating speed for different torque angles: By setting
the inner rotor speed to zero and limiting the positive rotation of the outer rotor at maximum
operating speed from a torque angle of zero to different torque angles, the losses and
efficiency at the maximum operating speed are obtained. Figure 5.21 (f) illustrates the

efficiency as a function of torque angle at maximum operating speed.

Based on the analysis, the coupler efficiency is found to be 93.8% at the maximum speed
and critical angle, while it reaches 96.9% at the minimum torque angle and minimum speed.
These efficiency values provide valuable insights into the performance and energy

conversion capabilities of the magnetic coupler system.
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5.4.13. Design of the retaining sleeve or bandage

When operating at speeds exceeding 3600 rpm, commonly referred to as high speed, it
becomes necessary to utilize a retaining sleeve to prevent the magnets from dislodging from

the rotor surface due to the significant centrifugal force. A suitable material for the sleeve is

nonmagnetic stainless steel 316L, which possesses favorable properties listed in Table 5.5.

Table 5.5. Properties of Steel316L used in the analytical design of the retaining sleeve

Properties Value Unit
Mass density 8000 kg/m?®
Tensile strength, ultimate/yield 515/205 MPa
Young’s modulus (Elasticity modulus) 193000 MPa
Poisson’s ratio 0.25
Magnetic permeability 1.02

Although the sleeve thickness can be promptly determined through optimetric analyses in
Maxwell 2D, preliminary dimensions can also be estimated by conducting analytical
calculations based on centrifugal pressure and tangential stress [378]. The analytical results,
based on the inner rotor dimensions depicted in Figure 5.22 (a), are summarized in Table 5.6

and subsequently verified through Ansys structural analysis, as illustrated in Figure 5.22 (b).
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Structural analyses were conducted considering their respective maximum operating speeds
of 7250 rpm for DLE-30 and 6250 rpm for 3W-55XI1. Figure 5.22 presents the results for the
30 mm magnetic coupler model, showcasing maximum deformation and stress to avoid
cluttering the image with excessive details. Additionally, the equivalent elastic strain and
directional deformation along the X-axis are depicted in Figure 5.22 (d) and (e), respectively.

Analytical design of the retaining sleeve

The determination of the minimum sleeve thickness involves satisfying two fundamental

conditions, even when the adhesive effect is disregarded:

1. The residual contact pressure between the magnets and the rotor core must remain positive
during overspeed conditions, as expressed by Eq. 6.4.

Pc = (pc,prestress —Pwm — pw,b) >0 (64)
where  py, p: centrifugal force on sleeve shell MPa
Pw.m: centrifugal force on magnets MPa

De,prestress: contact pressure due to

) . MPa
interference fit of sleeve onto magnets

pc: residual contact pressure MPa

Eq. 6.5 and Eq. 6.6 provides the calculations for the centrifugal forces acting on the sleeve

and magnets, which contribute to the reduction of residual contact pressure.

Pwp =Tp * Pp * ngerspeed * hy, (6.5)
where  py, p: centrifugal force on sleeve MPa

1, mean radius of sleeve shell m

pp: mass density of sleeve shell kg/m3

Woverspeed: angular velocity, at over speed rad/s

hy: thickness of sleeve shell m
Pwm = Tm * Pm * ngerspeed * i (6.6)
where Pwm: centrifugal force on magnet MPa

Tm: mean radius of magnets m
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Pm: mass density of magnets kg/m3

hy: thickness of magnets m

Eq. 6.7 and Eq. 6.8 are utilized to evaluate the contact pressure and prestress resulting from
the interference fit between the sleeve shell and the magnets.

(rbzo - rrrzlo)

Dcprestress = Ot,prestrees (szo + rr%o) (67)
Ot prestrees: Prestress due to
where MPa
interference fit of sleeve onto magnets
Tpo: Sleeve shell outer radius m
Tmo: magnet outer radius m
AD
Ot,prestrees — E x 21, (6.8)
where E: Young's modulus MPa
AD: sleeve undersize m

2. The stress within the retaining sleeve must remain below the maximum tolerable

tangential stress, as outlined by Eq. 6.9.

Ot = (Ut,prestrees + Ut,w) < Otmax (6.9)
where o, w: tangential stress due to sleeve rotation MPa

Ot max: Maximum tangential stress MPa

o:: stress inside sleeve shell MPa

The tangential stress resulting from the rotation of the retaining sleeve shell, characterized
by a mass density of pp, can be estimated using Eq. 6.10 [245, 379, 380].

— 2 2
Otw = Pb * Woverspeed * Tp (6.10)
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The analysis confirms that the residual contact pressure at overspeed, pc, remains positive,
and the stress inside the retaining sleeve, oy, iS well below the ultimate tensile stress of the
Steel316L material listed in Table 5.5. This is further validated through numerical Ansys

structural analysis, as depicted in Figure 5.22 (b).

To determine the minimum required sleeve thickness, analytical equations are applied
incrementally, starting from 0.05 mm with 0.05 mm step intervals. It is found that a sleeve
thickness of 0.24 mm satisfies the conditions for contact pressure, while a thickness of 0.28
mm is sufficient to meet the tangential stress requirements, considering the safety factor.

However, it is practically challenging to obtain or process materials with such thin
thicknesses. Considering production feasibility and incorporating a safety factor of 2, a
sleeve thickness of 0.5 mm is deemed a practical and suitable choice [265]. Table 5.6

summarizes the analytical design parameters and dimensions of the retaining sleeve.

Table 5.6. Summary of the analytical design of the retaining sleeve

DESIGN INPUTS

Iii Inner radius of inner rotor 21 mm
Mo Outer radius of inner rotor 24 mm
'm Mean radius of permanent magnet 26 mm
I'mo Outer radius of permanent magnet 28 mm
) Mean radius of retaining sleeve 28.25 mm
Mo Outer radius of retaining sleeve 28.5 mm
AD Sleeve undersize 0.1 mm
Yover Overspeed factor 15

Ysafety Safety factor 2

DESIGN OUTPUTS
Residual Contact Pressure at Overspeed

Centrifugal force on sleeve Pwb 0.14 MPa
Centrifugal force on a magnet Pw,m 1.01 MPa
Contact pressure

(due to interference fit of sleeve) Peprestress 6.27 MPa
Residual contact pressure Pe 5.12 MPa

Stress Inside Retaining Sleeve Shell

Tangential stress

(due to rotation of sleeve) Otw 8.17 MPa
Prestress

(due to interference fit of sleeve) Otprestress 354 MPa
Stress inside retaining sleeve shell ot 362 MPa

Determination

of Retaining Sleeve Thickness

Minimum required thickness of retaining

sleeve, based on contact pressure P min pressre 0.24 mm
Minimum required thickness of retaining _

sleeve, based on tangential stress P minsress 0.28 mm
Selected thickness of retaining sleeve hp selected 0.5 mm
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5.5. Design of Active Radial Magnetic Couplers for a 3W-55XI Engine

The utilization of the proposed magnetic couplers (MCs) in hybrid UAVs incorporating
piston engines (PE) and starter/generator (S/G) units is of significant importance due to their
ability to safeguard the UAV, particularly in challenging scenarios involving excessive
loading and shaft lock-up, as discussed in detail in Section 2. In such critical situations, the
S/G operates in motor mode, enabling the UAV to maintain its flight mission or safely land

by exploiting the loss of synchronization between the inner and outer rotors of the MC.

While this loss of synchronization may appear problematic in conventional machine designs,
the adoption of MCs confers a substantial advantage in terms of protecting hybrid UAVs

from potential breakage.

In the hybrid UAV configuration with the 3W-55XI piston engine, the coupler is mounted
on the engine shaft using a coupler rotor, as depicted in Figure 5.23 over single stage of the
DCSG. This arrangement allows for efficient power transmission and integration of the MC
with the engine system. Similar to the model with DLE-30 and the 3W-70R2 hybrid model,
the design parameters are listed in Table 5.2 [201].

MC:

L
u
-

Figure 5.23. 3D drawing of the single-stage DCSG model
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5.5.1. Determination of the minimum outer diameter of the inner rotor
In this configuration, to enhance the safe operation of the hybrid UAV, the magnetic coupler

features a direct connection between the inner rotor and the flange of the piston engine, as
indicated by the red marking in Figure 5.24 (a).

(b)

Figure 5.24. Mounting illustration of the (a) Inner rotor; (b) Inner flange

The design of the MC follows a unique approach, starting from the inner rotor and
progressing towards the outer rotor. This methodology is necessitated by the diameter
limitations of the inner flange in the 3W-55XI PE, as illustrated in Figure 5.24 (b). By
leveraging this design constraint, the outer rotor of the MC also serves as the rotor of the
S/G, maximizing the utilization of available space and resources. The proposed cylindrical
MC model consists of an inner and outer rotor (1,7), weight reduction holes (2,9), mounting
holes (3,8), PM housings (4,10), and PMs (5,6), as depicted in Figure 5.25 (a).

In Figure 5.25 (b), the torque angle (0) represents the mechanical angle between the d-axes
of the inner and outer rotors when the MC is under load. The critical or maximum angle
[304] is calculated using Eg. 6.2 and corresponds to 90°E. The critical angle for a 10-pole
configuration is 18 Mdeg and 0.314 radians. Initial sizing is performed using Virtual Work
method and summarized in Table 2 for the 10-pole configuration at the critical angle, where
(6-dO) is directly equal to dO. The value of © is 36 Mdeg and 0.628 radians for 10-poles.
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(b)

Figure 5.25. Magnetic coupler model definitions of (a) Parameters (b) Materials

The respective air gap volume is calculated to be 1289.5 mm?2. Due to the mounting hole
diameters on the flange, the bore diameter of the inner rotor is determined to be 29 mm, as
shown in Figure 5.25 (a). Likewise, the outer diameter of the inner rotor is set to a minimum
of 43 mm for the model. Considering the thickness of the rotor yokes and PMs, the initial
selection for rmean IS 27.5 mm. Assuming an air gap length of 1.5 mm, the outer diameter of
the inner rotor and the inner diameter of the outer rotor are calculated as 26.75 mm and 28.25

mm, respectively. Consequently, the corresponding model length is determined to be 5 mm.

Table 5.7. Analytical design calculations by virtual work approach for preliminary sizing

Design Outputs 10-Pole Configuration
Air gap volume, minimum required 1289.5 mm?®
Length of the model, based on rmean 5mm
(6-dO), dO at critical torque angle 0.314 rad.
Critical torque angle 18 (°M)
Design Assumptions
Middle of the air gap radius, rmean 27.5 mm
Average air gap flux density 065T

Air gap length 1.5mm
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5.5.2. Correlation of effective air gap diameter based on 2D FEA

The analysis begins with a 10-pole configuration to determine the appropriate effective air
gap diameter and model length that would meet the required torque and torque density. The
analysis considers a minimum effective air gap diameter of 45 mm, accounting for the air
gap and yoke thicknesses. The effective air gap is defined as the midpoint of the air gap.
Figure 5.26 explores the pullout torque across a range of effective air gap diameters and
model lengths. The specified pullout torque of 6.9 N.m can be achieved with a minimum
effective air gap diameter of 47 mm and a model length of 10 mm. Alternatively, a minimum

model length of 6 mm is sufficient with an effective air gap diameter of 67 mm.

The relationship between the effective air gap diameter and the length of the MC
significantly impacts the system inertia and transferrable torque in the hybrid UAV. Opting
for a higher effective air gap diameter allows for increased system inertia and facilitates
modular construction for higher torque transmissions. Consequently, an effective air gap
diameter of 57.5 mm, nearing the upper limit of the range, is selected. On the other hand, the
linear increase in model length corresponds to an almost proportional increase in pullout
torque such that the required torque of 6.9 N.m can be achieved with a minimum coupler
length of 7.4 mm. However, for enhanced manufacturability and greater tolerance to
disturbances, a length of 10 mm is chosen, resulting in a pullout torque of 9.4 N.m. This
updated torque requirement will be referred to hereafter.

Pullout Torque vs Effective Airgap Diameter in Model Length Ansys

==model_length="4mm"
—=14.51 model_length="6mm"
E. *“model_length="8mm"’
< 12.5 ™ model_length="10mm’

5405 modellength=t2mm’
. '6 .................................
l |_ 8.57 ) 4 v R Se B o143
“E gL g
g 6.5 ||||||||||||||||||||||||||||||||||||||||||||||||
S L S
m 4'57 ammsEEEEEEEESEESEEE -I----------I--I------- -----------
2.5 ------;--I ---------- ‘---- ‘ ‘ | | | | |
450 475) 50.0 525 550 575 |60.0 625 650 67.5 70.0

Effective Airgap Diameter (mm)

Figure 5.26. Pullout torque versus effective air gap length in model length
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5.5.3. Investigation of optimum pole number based on 2D FEA

The pole number configuration of the rotors plays a vital role in determining the transmitted
torque and, consequently, the torque density. Opting for a pole number of 10 for both the
inner and outer rotors proves to be the optimal choice, as it yields the highest pullout torque
for this configuration, as depicted in Figure 5.27 (a). Figure 5.27 (b) explores the feasibility
and impracticability of different inner and outer rotor pole number configurations in terms

of torque density. Torque density represents the pullout torque per unit weight in N.m/kg.
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Figure 5.27. (a) Torque vs same pole number (b) Torque density vs different pole number

It is observed that the torque density experiences a significant decline when there is a
mismatch in the pole numbers of the inner and outer rotors. However, with a well-designed
modulator in the air gap, it is feasible to have different numbers of poles on both rotors. This

realization gives birth to the concept of magnetic gears.
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5.5.4. Investigation of the PM embrace and offset effect based on 2D FEA

Pole embrace refers to the ratio of the pole arc to the pole pitch. In some cases, the arched
PMs may not be perfectly concentric with the rotor, leading to a nonuniform air gap. This
offset between the center of the bottom and top of the PM arc is known as the pole arc offset.
While the embrace significantly influences the pullout torque, the impact of the offset is
relatively limited. An embrace value of 0.98, indicated by the red marker in Figure 5.28 (a),
offers a higher torque density. However, the pole arc offset is generally not preferred because
it tends to have a negative effect on the output torque, as shown in Figure 5.28 (b), unless
specifically required for situations such as cogging torque. Consequently, the maximum

pullout torque is achieved by maximizing the embrace and minimizing the offset.
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5.5.5. Effect of PM type, grade, and temperature on pullout torque based on 2D FEA

The grade, type, orientation, and operating temperature of PMs play a crucial role in the
design of MCs. Figure 5.29 examines the implications of these factors for the 10-pole
configuration at a critical angle. Figure 5.29 (a) demonstrates that the pullout torque
increases with higher PM grades. Conversely, Figure 5.29 (b) reveals that SmCo magnets
can withstand higher temperatures and harsher conditions, but their energy density is lower

than that of NdFeB magnets, resulting in a lower pullout torque for the same PM thickness.

Regarding the magnetization, Figure 5.29 (c) shows that it has minimal effect on the pullout
torque. However, the operating temperature of the PMs has a significant impact, as depicted

in Figure 5.29 (d). Radially oriented N48H magnets are preferred for improved accessibility.
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5.5.6. Investigation of negative torque at loss of synchronization based on 2D FEA

The loss of synchronization (LoS) occurs when the rotational synchronization between the
rotors is disrupted due to exceeding the torque limit and critical torque angle caused by a
malfunction in the PE shaft. In such cases, while the drive system is sustained by the S/G, it
is essential to analyse and account for the negative torque exerted by the rotors to determine
the power limits of the S/G, considering safety factors. In the 2D simulation, the LoS torque

is evaluated by setting the inner rotor speed to 0 rpm and varying the speed of the outer rotor.

In the experimental setup, the LoS torque is measured by immobilizing the inner rotor to
prevent its rotation and gradually rotating the outer rotor at different speeds using a speed
source. As depicted in Figure 5.30, the LoS torque at maximum speed is recorded as -0.61
N.m in the 2D simulation and -0.6 N.m in the test results.

The slight variations in the results can be attributed to the sensitivity of the sensors and the
higher moment of inertia of the test bench in comparison to the dynamic model of the UAV

utilized in the simulations.
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Figure 5.30. Negative torque at loss of synchronization depending on operating speed
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5.5.7. Static locked-rotor torque and transient torque ripple analyses

The locked-rotor or static torque represents the torque capability of the coupler and can be
evaluated for different pole numbers, depending on the torque angle, as seen in Figure 5.31
(@). In the 10-pole configuration, the maximum static torque is achieved, reaching 9.4 N.m.
During dynamic operation, the torque transmission in response to instantaneous load
variations introduces torque ripple in MCs due to the varying moments of inertia of the rotors

and the flywheel effect, as depicted in Figure 5.31(b).
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5.5.8. Investigation of different rotor materials

While electrical steel offers lower core losses in synchronous MCs, it does not provide a
significant advantage in the proposed model due to its limited volume. Additionally, if
electrical steel is preferred, it would lead to a higher yoke thickness due to its lower
saturation point. However, certain exceptional cases, such as military applications, may

necessitate the use of nonmagnetic materials like Steel-316, resulting in a yokeless design.

In such situations, it becomes essential to increase the thickness of the PMs to prevent a
substantial drop in torque, which can be approximately 60%, as depicted in Figure 5.32. For

the production of MCs, Steel-1020 is commonly utilized as the rotor material.
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Figure 5.32. Investigation of the effect of different rotor materials on torque

5.5.9. Study of pullout torque depending on misalignment length

To assess the worst-case scenario, it is crucial to analyse the reduction in pullout torque
resulting from misalignment length, which occurs when the propeller forces the system
forward, leading to the inability to generate thrust in the event of severe bearing failure.
Figure 5.33 (a) provides a visual representation of the misalignment itself. As the
misalignment increases, the torque decreases accordingly. Figure 5.33 (b) illustrates the

relationship between the pullout torque and misalignment length.
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The test results and simulations show agreement, but slight discrepancies may arise due to

challenges in precisely adjusting the misalignment length in the test system.
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Figure 5.33. (a) Misalignment exhibition (b) Pullout torque versus misalignment length

5.6. Design of Starter/Generator

The Starter/Generator design, similar to the magnetic coupler design, follows a structured
approach that begins with a macrobased analytical calculation. This calculation helps
determine the initial dimensions needed for the Ansys Maxwell input. The flowchart
outlining the design process is presented in Figure 5.6.
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The analytical calculations for both motor mode and generator mode operation of the
Starter/Generator (S/G) are similar. In the motor mode of S/G, the design is based on Field-
Oriented Control (FOC) strategy and Space Vector Pulse Width Modulation (SVPWM)

switching technique, as described in Section 4.8.

Simultaneously, the permanent magnet synchronous motor (PMSM) model is utilized to
drive the Starter/Generator in starter mode using the 6-step commutation technique outlined
in Section 4.7. Consequently, separate analyses employing FOC and 6-step commutation are

performed concurrently.

The importance of using the 6-step commutation technique rather than the FOC strategy in
the starter mode when initiating the start-up of a piston engine lies in its ability to provide
higher torque at low speeds and ease of control, ensuring reliable and prompt engine start,
as well as its superior response characteristics in the face of load variations, making it
adaptable to rapid changes in engine load during the start-up process; additionally, its
simplicity and robustness make it easier to implement and maintain, while its reduced
sensitivity to parameter variations guarantees stable and reliable operation even in
challenging conditions, and its compatibility with MCUs optimizes integration and control,
making the 6-step commutation technique an advantageous choice for achieving consistent

and efficient engine starting performance.

The design process for generator mode is similar to that of the motor mode but the
performance rating is slightly different. However, in S/G generator mode, the winding
calculations are conducted based on the uncontrolled rectifier, as explained in detail in
Sections 4.6 and 4.9, different than in motor mode. Integration of S/G structure to the piston
engine over a single-stage DCSG is illustrated in Figure 5.34. The unique constraints of each
UAV necessitate the implementation of a system-based DCSG model to achieve optimal
torque density, despite the availability of certain market products. Figure 5.34 illustrates the

rotor flange connections and the outer diameter limitations of the single-stage DCSG [41].
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Figure 5.34. (a) Single-stage DCSG integration (b) Integration dimensions

The performance values are analysed separately to accommodate the varying operating
speeds between the motor and generator modes. While small UAV systems typically utilize
a 28 VDC battery pack, the DCSG is specifically designed for a 48 VDC DC bus inverter.
In generator mode, when the operating speed falls below the nominal value, the S/G charges
an additional 28 VDC battery group. Table 5.8 serves as a reminder of the design parameters.

Table 5.8. Design data and constraint summary of the Starter/Generator stages

Motor Mode Performance Data

Design Parameter Value Unit

Rated torque 2.1 N.m

Rated speed 4500 rpm

DC bus voltage 48 VDC

Operational speed range 3500-5000 rpm

Generator Mode Performance Data

Design Parameter Value Unit
Rated output power 1250 w

Rated speed 5500 rpm

Generated phase voltage, min. 15 VAC-rms
Operational speed range 4500-6500 rpm
Constraints

Outer diameter limit, including case 130 mm
Maximum model length, excluding the case 25 mm
Total weight, excluding case and covers 15 kg
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The control method for the S/G stages of the DCSG is FOC. In the motor mode of S/Gs, the
DC bus voltage is 48 VDC, and the switching technique employed is SVPWM. Based on
these parameters, the motor mode V.. (rms) value is calculated as 34 VAC (48 VDCx0,707),
as shown in Table 4.5. However, when the duty cycle ratio of the DCSG driver switch
reaches 0.95, the motor V. (rms) is adjusted accordingly to 32 VAC (34 VACx0,95).

Hence, the number of turns for the motor mode is determined based on this adjusted value.

5.6.1. Operating points of Starter/Generator based on working modes

Figure 4.41 depicts the common torque and speed characteristics of a conventional piston
engine employed in aviation applications. However, for mini-small scale UAVs, customised
piston engines are utilized to enhance performance. The performance of these UAVs is also
inherently reliant on the specific customization of the piston engine and the choice of
propeller. Furthermore, these specialized piston engines often demonstrate distinct operating
characteristics that deviate from the conventional torque-speed graphs observed in
conventional piston engines. Consequently, it is imperative to directly measure the torque,

speed, and thrust values of the piston engine through a dedicated direct method test system.

Figure 5.35 (a) and (b) showcase the output power and specific fuel consumption obtained
from the direct-test system, illustrating the performance for both the DLE-30 and the 3W-
55X piston engines employed in this particular context. These figures provide valuable
insights into the characteristics and performance capabilities of the respective engines,

serving as essential references for the integration and optimization of the DCSG model.
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Figure 5.35. Output power and specific fuel consumption curves of (a) DLE-30 with 19x8
wooden propeller (b) 3W-55X1 with 24x8 wooden propeller

Fundamental principle of DCSG is based on an efficieny-tracking approach. Specifically,
the DCSG serves as the primary propulsion source in situations where the piston engine
demonstrates inefficiency and high specific fuel consumption. Conversely, when the piston
engine operates efficiently with low specific fuel consumption, it becomes the primary
power source, while the DCSG charges the battery pack. Additionally, as described in
Section 2, during scenarios such as G-turns, climbing, sudden manoeuvring, and turbulence,

both the piston engine and the DCSG work in tandem to provide propulsion capabilities.

The designed DCSG stages have been tailored to achieve compatibility with the DLE-30 and

3W-55XI piston engines employed in various UAV systems, requiring no modifications.
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To achieve this, consistent operating regions have been established.The starter mode
operates within the range of 1750-2750 rpm, the motor mode operates within 2750-4500
rpm, and the generator operating zones span 3500-7250 rpm. These predefined ranges allow

for effortless integration and optimal utilization of the DCSG stages across diverse systems.

5.6.2. Determination of duty-cycle for S/G stages in the DCSG model

The duty cycle, as defined by the IEC standards [381], establishes the operational conditions
of the EMs. The duty cycle class of the DCSG in this model is classified as S8, indicating

continuous operation with periodic variations in load, as shown in Figure 5.36.

This duty cycle plays a pivotal role in determining the current density and electrical-
magnetic specific loadings during the analytical design process. Failure to meet the duty
cycle conditions can lead to excessive heat generation and potentially result in performance

values below their rated capabilities.

Figure 5.36. Determination of duty-cycle of S/G stages

The electromagnetic design process of the S/G commences with analytical calculations,
where initial dimensions are provided as input for sensitivity analysis using Ansys RMxprt.
The finely tuned analytical structure, adjusted for sensitivity, is then modelled in Maxwell
2D to perform multiobjective FEA, aiming to identify optimal design values. The optimized
model, based on FEM, is further simulated in Maxwell 3D to generate efficiency and torque
maps. To minimize the solution time, the S/G model is divided based on the symmetry ratio.

Stator and permanent magnet materials are selected as M250-35A and N38SH, respectively.
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The preliminary dimensions are derived utilizing the PMSM design equations in Section 4.8.

The analytical design incorporates independent variables, which are outlined in Table 5.9.

Table 5.9. Independent variables of analytical design

Adjustable Independent Variables A:gézgtce ac:' CR;II\(/:'SE rtte g Méﬁﬁ‘ﬂ.‘;ﬁ'
Specific magnetic loading, T 0.68 0.65 0.63
Electric loading, KA/m 30 26 24
Current density, A/mm? 6 7 8.1
Stator tooth flux density, T 15 1.46 1.44
Stator yoke flux density, T 1.4 1.3 1.3
Rotor yoke flux density, T 11 1 0.95

In the analytical design phase, the specific magnetic and electrical loadings, initially
accepted at the onset of the design, are presented in the "Analytical” column. Upon
concluding the final design, the data obtained from the RMxprt and the results obtained from
the Maxwell FEA are consolidated in the same table to facilitate a comprehensive

comparison. The design outputs are summarized in Table 5.10.

Table 5.10. Comparison of Starter/Generator design methods

Analyses Methodologies
Design Outputs Analytical RMxprt Maxwell
Sensitivity 2D-FEM
D2L, rotor volume product, cm? 115 105 96
Stator tooth width-parallel, mm 4.77 4.49 3.83
Stator yoke width, mm 8.05 7.58 7.5
Rotor yoke width, mm 10.45 9.85 9
PM thickness, mm 2.3 2.7 3
Efficiency, % 84 87 90
Weight of active parts, kg 1.6 1.45 1.3
Torque density, N*m/kg 1.4 1.5 1.65
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In the analytical design, the initial efficiency of 84% was enhanced to 87% through RMxprt
analytical optimization. Furthermore, with Maxwell FEM optimizations, the efficiency

further improved to 90%.

5.6.3. RMxprt sensitivity analyses for stator Slot/Pole number combinations

Sensitivity analyses play a crucial role in examining how changes in independent variables
influence dependent variables within a given set of assumptions. In the context of the design
process, the ratio of stator slots to pole numbers holds significance because it impacts key
factors such as the winding factor and the occurrence of space harmonics resulting from the
distribution of ampere-conductors. By increasing the ratio, the winding factor improves
while the presence of space harmonics diminishes. However, it is important to note that an
increase in the number of poles can introduce complexities in the driver structure due to

higher voltage frequencies that need to be handled.

Figure 5.37 offers a valuable depiction that delves deeper into the implications of different
slot and pole combinations. This figure provides a comprehensive analysis of various
combinations in terms of their efficiency, frequency, copper loss, weight of active parts, and
torque density. These parameters are critical considerations in the design process. Among
the combinations evaluated, the variation of 36 slots and 8 poles is specifically chosen based

on accumulated experience and expertise, warranting further investigation and analysis.
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Figure 5.37. Stator slot and pole number selection (a) Parameters (b) Space harmonics
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5.6.4. Stator bore diameter and stack length separation based on RMxprt

Stator bore diameter and model length determination takes into account various constraints.

Figure 5.38 illustrates that as the model length decreases, the weight also decreases.
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Figure 5.38. Stator bore diameter and model length separation

However, opting for a shorter length can lead to production and winding challenges. To
strike a balance, a stack length of 15 mm is chosen, considering the design limitations

outlined in Table 5.8 and the requirement for an adequate end-span length of the coils.

Moreover, efforts have been made to maximize the specific loadings to enhance power
density. Consequently, a stator bore diameter of 80 mm is selected, and the resulting current
density and electric loadings are presented in Table 5.9.

5.6.5. Stator and rotor yoke thickness determination based on RMxprt

The determination of the stator yoke thickness aims to achieve a magnetic operating point
close to saturation while minimizing weight. Based on this objective, a stator yoke thickness
of 7.5 mm is selected. Likewise, for the rotor yoke, a thickness of 9 mm is chosen. These
values, depicted in Figure 5.39, are carefully determined to optimize the magnetic

performance of the system, taking into account weight considerations.



229

Stator and Rotor Yokes Thickness Determination
.E_.11.0_ = Rotor Yoke _11'00 0
£ oo — Stator Yoke| 10 o0 £
£10.0 ator YoX€l10.00 £
S 95 ' 9.50 ¥
£ 9.0/ : 9.00 £
' 8.5] ; 850
£ 8o i 8.00 X
> 75 ; <5! 750 >
g 70 i 7.00 5
2 6.5 : 650 O
? 6.0 ‘ b ' ‘ ' | ' 6.00
070 080 090 100 110 120 130 140 150
i Yoke Flux Density (T) '
0.86 1.3

Figure 5.39. Thickness of stator and rotor yokes determination

The flux density distribution, as depicted in Figure 5.40, showcases the magnetic
characteristics of the model. It is observed that the model operates well below but close to
the saturation points, indicating that the magnetic field strength is within the desired range
throughout the system. This ensures efficient and reliable performance without

compromising the integrity of the components.

Figure 5.40. Magnetic flux density distribution of the stator and rotor
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5.6.6. Air gap clearance investigation based on RMxprt

Figure 5.41 illustrates that increasing the air gap length leads to a higher specific electrical
loading, while maintaining the same output coefficient. This observation highlights the
importance of carefully selecting the air gap length to optimize the system performance.

On the other hand, it is important to note that when determining the air gap length, the
consideration of a retaining sleeve becomes crucial to mitigate the impact of high centrifugal
forces on the permanent magnets at elevated speeds. For the specified hybrid UAV
application, an air gap length of 1 mm is chosen. Additionally, a stainless steel containment

shroud, with a thickness of 0.4 mm, is initially utilized to provide structural support.

Specific Electric Loading vs Air Gap Clearance
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Figure 5.41. Air gap determination based on specific electric loading

5.6.7. Determination of the thickness of permanent magnets based on RMxprt

The thickness of the PMs plays a crucial role in determining the average air gap flux density
and output power of the system. Figure 5.42 demonstrates that the optimal air gap average
flux density is achieved with a magnet thickness of 3 mm. It is important to note that
increasing the magnet thickness beyond this point may lead to material saturation, while
decreasing the thickness may result in lower magnetic loading. Therefore, careful
consideration is given to selecting the appropriate magnet thickness to strike a balance

between achieving the desired flux density and maximizing the overall output power.
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Figure 5.42. Air gap determination based on specific electric loading

5.6.8. Permanent magnet temperature effect on dynamic torque based on RMxprt

Figure 5.43 depicts the impact of temperature variations of the PMs on the dynamic torque.

The torque ripple for the system is observed to be 0.11 N.m. In the context of the analysis,

the terms Mdeg and Edeg correspond to the mechanical and electrical angles, respectively.

To minimize torque ripples, additional techniques such as skewing can be employed on

either the stator or the PMs, as suggested in reference [382]. The analysis takes into account

the worst-case operating conditions of the S/G, where the PMs reach a temperature of 120

degrees Celsius. By considering these extreme conditions, the design can be optimized to

ensure reliable and stable performance even under challenging scenarios. The detailed

demagnetization analyses are performed using 2D FEA, as discussed in the following results.
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Figure 5.43. Dynamic output torque versus magnet temperature changes
5.6.9. Determination of the Carter and Leakage factor based on 2D FEA

As mentioned in Section 4.8.12, the Carter factor is employed to account for the impact of
stator slot openings, which results in increased air gap reluctance. The evaluation of slot
opening effects in a closed-slotted stator is a relatively straightforward process. The Carter
factor for the single stage of the S/G is shown in Figure 5.44.

The Carter factor for this model was determined to be 0.26, considering the slot-opening
structure of the S/G stage. This factor is utilized to estimate the effective air gap length,

which is taken into account during both analytical and numerical sensitivity analyses.
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Figure 5.44. Carter factor determination of the single-stage Starter/Generator of the DCSG
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Special attention should be given to the design of the stator and rotor, as the air gap flux

density decreases with increasing leakage factor, as depicted in Figure 5.45.
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Figure 5.45. Leakage factor of the single-stage S/G

5.6.10. d-axis alignment of the stator and rotor

One notable vector control mode is the 14=0 vector control, as discussed in Section 4.4.5,
which aims to minimize losses and improve efficiency by maintaining the zero direct current
component in the machine. To implement this control strategy, it is crucial to align the d-
axis of the rotor with the phase windings. Figure 5.46 illustrates the alignment angle of 7.5
mechanical degrees, indicating the optimal orientation of the rotor and Phase A windings.
By ensuring this alignment, the magnetic field generated by the PMs interacts effectively

with the stator windings, enabling precise control of the Starter/Generator.
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Figure 5.46. Rotor alignment mechanical angle illustration

5.6.11. Demagnetization study based on 2D FEA

The demagnetization study is an essential analysis conducted to ensure the safe and reliable
operation of permanent magnet synchronous motors (PMSMs). PMSMs rely on permanent
magnets to generate the magnetic field necessary for motor operation. However, under
certain operating conditions, such as high temperatures or excessive external magnetic
fields, there is a risk of demagnetization, which can lead to a loss of machine performance

or even complete failure, as analysed analytically in Figure 5.43.

The purpose of the demagnetization study is to assess the S/Gs susceptibility to
demagnetization and determine the safe operating limits. This study involves evaluating the
magnetic properties of the PMs used in S/Gs and analysing their response to various
operating conditions. One important scenario is when the torque angle is set to 180 electrical
degrees, as depicted in Figure 5.47. At this torque angle, the stator winding current aligns
precisely with the rotor d-axis, resulting in a demagnetizing effect on the PMs. This

configuration can lead to a reduction in the magnetic field strength of the magnets.
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Figure 5.47. Demagnetization study approach [365]

The worst-case scenario involves identifying the operating conditions that pose the highest
risk of demagnetization. This includes considering factors such as maximum temperature
and maximum external magnetic field that may affect the PM properties. On the other hand,
the over-case scenario explores the demagnetization behaviour under extreme conditions
that exceed the normal operating limits. The demagnetization study takes into account both

worst-case and overcase scenarios, as shown in Figure 5.48 (a) and (b), respectively.
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Figure 5.48. Demagnetization study (a) Worst-case (b) Overcase
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Upon examination of Figure 5.48 (c), it is evident that the S/G stages operate safely below
the demagnetization point even under worst-case operating conditions. Furthermore, Figure
5.48 (b) provides detailed information on the overstate criteria, revealing that the

demagnetization limit occurs at 50 A when the torque angle is set to 180 Edeg.

To safeguard the S/Gs against demagnetization, precautionary measures are necessary in the
driver against short circuits. Techniques such as employing a 50 A fast fuse or semiconductor
current protection can be implemented to mitigate the risk of demagnetization. These

protective measures serve to ensure the integrity and longevity of PMs.

It is important to note that in the event of demagnetization, the upper surfaces of the magnets
tend to be more susceptible than the entire magnet, as depicted in Figure 5.49. This
characteristic allows for the safe landing of the UAV even in cases of potential overloading,

as the high specific electrical loading is sustained only for a brief duration.

H [kAim]
330.0000
l 3127378
295.4756

11111

Figure 5.49. Demagnetization over the surface of the PMs in the overcase situation
5.6.12. Matching specific magnetic loading based on 2D FEA

In the initial analytical design of the S/G stages, the absolute average of the radial component
of the air gap flux density or specific magnetic loading of 0.68 T was assumed. However,
subsequent 2D FEA analysis, as shown in Figure 5.50 revealed an average air gap flux
density of 0.64 T, indicating a slight deviation from the initial assumption. To bridge the gap
between the analytical and numerical designs, the analytical calculations were revised,

incorporating the updated value of 0.64 T instead of the initial 0.68 T.
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Figure 5.50. Determination of the specific magnetic loading based on 2D FEA

5.6.13. Static torque investigation in motor mode based on 3D FEA

The static torque refers to the torque produced by the DCSG fed by the rated current when
it is in a stationary, steady-state or locked-rotor condition, without any rotational motion
[201]. Static torque is an essential parameter for drive control in motor mode, as it helps in
maintaining stable operation and achieving desired performance characteristics. Figure 5.51
illustrates that the FOC strategy, utilizing the i¢=0 approach, achieves the highest output
torque when the torque angle is set to 90 Edeg. This arrangement presents a 90 Edeg phase
shift between the stator and rotor fields, ensuring that the g-axis of the rotor aligns with the

axis of the stator current, resulting in maximum output torque.
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Figure 5.51. (a) Static torque examination versus absolute torque angle (b) i¢=0 control
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5.6.14. Induced Back-EMF voltages in generator mode based on 3D FEA

Despite the similarity in output torques between the motor mode and generator mode S/G
stages, their winding structures and number of turns differ due to their respective operational
characteristics. In the motor mode, the S/G stage directly draws power from the 48 VDC
battery group. However, in generator mode, the 24 or 48 VDC battery group is charged.
Therefore, it is essential for the induced phase voltages to reach a level that enables charging
of the 24/48 VDC LiPo or LiFePo4 battery group after rectification. Notably, considering
the generator mode operating range of 3500-7250 rpm, the winding structure needs to be
tailored to the minimum speed of 3500 rpm. Figure 5.52 (a) and (b) illustrate the induced

back-EMF depending on winding turn numbers for the minimum and maximum speeds.
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Figure 5.52. Induced back EMF at (a) Minimum speed (b) Maximum speed
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Figure 5.53 (a) and (b) depict the output of the full-wave rectifier and output voltages
depending on various input voltages based on the battery equivalent circuit, respectively. To
ensure efficient charging of the 48 VDC battery pack at high speeds and the 24 VDC battery
pack at low speeds, the number of windings was carefully determined to be 4. On the other
hand, the number of turns in motor mode was computed as 3 using an analytical method and

subsequently corroborated through rigorous analysis utilizing 2D FEM.
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Figure 5.53. Output of the full-wave rectifier depending on different input voltages

5.6.15. Stator slot fill factor

The slot fill factor (FF) is determined by dividing the conductor area by the total slot area,

as seen in EqQ. 6.3. It represents the proportion of the slot area occupied by conductors.
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For instance, a slot fill factor of 0.5 indicates that half (50%) of the slot area is taken up by
the conductors, while the remaining is allocated to conductor insulation, slot insulation, and

the necessary gaps between the conductors and the slot sides, as illustrated in Figure 5.54.

NA
FF = —%2 (6.11)
A
where N: Total number of turns in the slot
Awb:  Wire cross-sectional area without enamel
As: Stator slot cross-sectional area
Slot
Insulation Conductor
Slot
Divider
Stator
Conductor
Insulation

Figure 5.54. Stator slot fill factor [383]

The fill factor is influenced by various factors such as the type of winding (distributed or
concentrated), the stator manufacturing method, and the winding technique employed. In the
case of factory or automatic machine winding, the FF is typically kept below 45% to
accommodate the insertion of needles and other winding components between the stator
slots. For manual winding techniques, the FF is maintained below 60% for distributed
winding and below 55% for concentrated winding.

However, advancements in stator design, such as segmented structures, allow for higher FF
values of up to 70%. In the case of the proposed DCSG model, where the stages of S/Gs
have a distributed winding pattern, the FF is targeted to be within the range of 55-60%.
Deviating from this range can result in difficulties during the winding process and reduced

heat transfer due to excessive slot filling.
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5.6.16. Winding Scheme

To facilitate the identification of desirable windings, it becomes necessary to make certain
assumptions to focus and delimit the scope of pole and slot count combinations, as well as
winding layouts. The following assumptions were taken into consideration in this context
[360]:

= The motor comprises three phases and only balanced windings are considered.

= Allslots are full and the slot number in 3-ph machine is always a multiple of three.
= Each slot accommodates two coil sides which is double layer winding.

= Number of slots per pole per phase is assumed to be either less than or equal to two.

= All coils possess an equal number of turns and span the same number of slots.

The objective in the winding arrangement is to position coils with a span of S in slot pairs,
aiming for minimal angular separation between relative midpoints at approximately 0°E and

180°E. The coil span and winding symmetry are presented in Eq. 6.12 and Eq. 6.13 [360].

S = max (fix (11\\[’—5) , 1) o (612) GCD(QS,(ZZ—p)) (6.13)

m
where S: Coil span
Ns: Stator slot number
Nm:  Number of poles
pf: Pitch factor

Coils situated close to 0°E are wound in one direction, while coils near 180°E are wound in
the reverse or opposite direction. This distinction is made due to the opposite direction of

magnet flux at 180°E. Table 5.11 presents the selected phase A coil angles in the S/G stages.



Table 5.11. Coil angles of phase A in the S/G stages
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PHASE A
COIL NUMBER COIL SLOT ANGLE SLOT IN SLOT OUT
1 1 0 1 5
2 10 0 10 14
3 19 0 19 23
4 28 0 28 32
5 6 20 10 6
6 15 20 19 15
7 24 20 28 24
8 33 20 1 33
9 5 -20 9 5
10 14 -20 18 14
11 23 -20 27 23
12 32 -20 36 32

5.6.17. Dynamic torque and torque ripple exploration based on 2D and 3D FEA

The dynamic torque of an S/G refers to the torque produced by the S/G in motor or starting

mode during dynamic or transient operating conditions. During dynamic operation, the S/G

experiences variations in torque due to changes in load, speed, or control inputs. These

variations can be caused by factors such as acceleration, deceleration, sudden changes in

load torque, or adjustments in motor control parameters [384]. In the motor mode, the S/G

employs an FOC structure, depicted in Figure 5.55 (a). Conversely, during the starter mode,

the S/G utilizes a 6-step commutation control structure, illustrated in Figure 5.55 (b).
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Figure 5.55. Control schematics of the S/G stages in (a) Motor mode (b) Starter mode

The dynamic torque of the S/G is influenced by several factors, including the machine
mechanical and electrical characteristics, the control strategy employed, and the machine
moment of inertia and damping effects. To accurately analyse and predict the dynamic

torque behavior of the S/G, dynamic models and control algorithms are utilized.

The analysis of output torques for motor mode and starter mode can be found in Figure 5.56
(a) and (b), respectively. In motor mode, despite the S/G stage with the FOC strategy having

a lower maximum torque, the torque ripple remains relatively low at 5%.
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However, in Starter mode, although the S/G with a 6-step strategy achieves a higher torque,
the torque ripple is significantly higher, reaching 35%. Torque ripple is calculated as the

difference between the maximum and the minimum torque, divided by the average torque.
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Figure 5.56. Output torque examination (a) Motor mode (FOC) (b) Starter mode (6-step)

5.6.18. Investigation of cogging torque and skew techniques

In permanent magnet motors (PMMSs), the cogging torque refers to a detrimental component
that affects the average torque. It arises from the interaction between the structure of the
magnets, either mounted on or inside the rotor surface, and the structure of the stator teeth

when there is no excitation in the winding.
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The cogging torque occurs due to changes in the magnetic field caused by the movement of

magnets within the rotor.

Figure 5.57 illustrates the cogging torque analysis for the S/Gs. The peak-peak value of the
cogging torque is measured to be 18 mN.m. Given the low cogging torque value for hybrid
UAVs, skew techniques are unnecessary because the impact on the system would be

minimal.
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Figure 5.57. Cogging torque investigation of the S/Gs stages

The quality of the output torque directly influences the performance of PMMs and is a crucial
consideration in machine design. Torque ripple in electric machines can stem from various
sources, including cogging torque, PWM current harmonics, nonideal EMC waveform, and

fluctuations in the DC bus.

At low speeds, torque ripple can result in undesirable variations in speed, vibration, and
acoustic noise. Minimizing cogging torque, which is a primary contributor to torque ripple
in PMMs, is particularly important in low-speed precision applications. However, at high
speeds, the inertia of the system can help filter out torque ripples [385]. The literature
suggests various techniques, as illustrated in Figure 5.58, to reduce the cogging moment in

radial flux permanent magnet synchronous motors [386, 387].
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Figure 5.58. Skew techniques for minimization of cogging torque and torque ripple [387]

Figure 5.59 demonstrates the effect of applying the skew technique. While it effectively

reduces torque ripple, it also results in a reduction of the maximum output torque.

Consequently, the decision to implement skew techniques should be based on the specific

application requirements and considerations.
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5.6.19. Investigation of the losses and efficiency of S/Gs based on 3D FEA

Analytically calculating losses can be a challenging task, but numerical methods provide an
effective means of calculation. Starter/Generator losses encompass core losses, permanent
magnet losses, retaining sleeve losses, copper losses, mechanical losses, and additional

losses, as shown in Figure 5.60.

Permanent Iron Coober Loss Mechanical Additional
Magnet Loss Loss pp Loss Loss

=

o

Eddy-current

Loss - -

Loss

Figure 5.60. Loss table of Starter/Generator

Copper losses occur in the stator windings and are influenced by resistance and current, as
shown in Eq. 6.14 [375]. They are categorized as frequency dependent or frequency
independent. Frequency independent losses are determined by wire dimensions (length and
cross-sectional area) and the material used. Frequency-dependent losses increase with higher
frequencies due to the skin effect, which restricts the current-carrying area. To mitigate this
effect, larger-diameter wires are divided into multiple separate wires. However, excessive

wire division can lead to increased resistance due to the proximity effect.

Pcu =m=* RAC * Igh : Rac = kR * Rdc (614)

where pci:  Copper loss
Rac: AC resistance
k:: AC resistance factor

Rac: DC resistance
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Core losses encompass hysteresis losses, eddy current losses, and additional losses and are
calculated in Ansys Maxwell as in Eq. 6.5 [265]. Iron losses are weight-dependent and rely
on frequency and maximum flux density. To minimize losses, soft magnetic materials with
minimal hysteresis curves, such as electrical sheets, are employed. Iron losses are mainly

concentrated in the stator and rotor.

Ploss = Kn * f * B2 + ke 2% B? + ke, * f15 % B1S (6.15)
where ky: hysteresis loss coef ficient of material

f: frequency of air gap flux density

B: absolute average of air gap flux density

k.: eddycurrent loss coef ficient of material

k.: excess loss coef ficient of material

Eddy currents emerge when the magnetic flux within the stator fluctuates. These currents
generate losses and heat within the stator. To reduce eddy current losses, the stator is divided
into insulated laminations, effectively mitigating these losses. Thinner laminations further
decrease eddy current losses [388]. Although losses in magnets are typically small, they are
critical because magnets generally have limited temperature resistance. The selection of the
retaining sleeve thickness requires careful consideration due to its impact on the air gap
length, torque density, and induced eddy-current losses. Detailed analysis of eddy-current
losses is crucial because they contribute to increased magnet temperature, leading to a

reduction in the residual flux density of the magnets [377].

Changes in the magnetic field can induce wall displacements, resulting in additional losses,
also known as excess losses. Estimating stray losses can be challenging, but they generally
amount to approximately 1%. Mechanical losses encompass friction losses and ventilation
losses. Friction losses depend on the speed and occur in components such as bearings. Proper
lubrication of bearings helps minimize friction losses. Ventilation losses occur in electric

motors with nonround rotors and are influenced by the speed at which the motor operates.

Extensive analysis of losses and efficiency for the Starter/Generator stages has been
conducted using 3D FEA. To present the efficiency in a clear manner, Figure 5.61 illustrates
the efficiency of both motor and generator modes considering the losses.
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The analysis reveals an efficiency of 90% in motor mode and 92% in generator mode. The
2D and 3D final models of S/Gs are illustrated in Figure 5.61 (a) and (b), respectively.
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Figure 5.61. (a) Efficiency map in motor and generator mode (b) 2D model (c) 3D model

5.6.20. Retaining sleeve design for Starter/Generator stages

The design of the retaining sleeve for the S/G stages can be carried out analytically, as
outlined in Section 5.4.13, following a similar approach used for magnetic couplers. The

summarized results of the S/G sleeve design based on 7500 rpm are presented in Table 5.12.
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Table 5.12. Retaining sleeve design for Starter/Generator

DESIGN OUTPUTS
Residual Contact Pressure at Overspeed

Centrifugal force on sleeve Pw,b 0,31 | MPa
Centrifugal force on a magnet Pw,m 1,87 | MPa
Contact pressure (due to interference fit of sleeve) Pe,prestress 3,24 | MPa
Residual contact pressure Pc 1,05 | MPa
Stress Inside Retaining Sleeve Shell

Tangential stress (due to rotation of sleeve) Otw 24,69 | MPa
Prestress (due to interference fit of sleeve) Otprestress | 294,45 | MPa
Stress inside retaining sleeve shell Gt 279,15 | MPa

Determination of Retaining Sleeve Thickness
Minimum thickness of retaining sleeve (contact pressure) | hpminpressure | 0,34 | mm
Minimum thickness of retaining sleeve (tangential stress) | hp,minstress 0,38 | mm
Selected thickness of retaining sleeve Nbselected 0.4 mm

5.6.21. Optimization of the Starter/Generator

The dimensions of the optimal S/G for motor and generator modes, obtained through
Maxwell 2D optimetric simulations, are subjected to microanalysis using optimization
techniques in Maxwell 3D. To streamline the optimization process and reduce computational

time, the 3D model is divided into one-fifth sections by employing symmetry features.

Various optimization techniques are employed for S/Gs, leveraging tools such as Sequential
Nonlinear Programming (SNLP), Genetic Algorithm (GA), and Multi-Objective Genetic
Algorithm (MOGA) within Ansys Maxwell [369]. These techniques are selected based on
their effectiveness in achieving the desired design objectives. Figure 5.62 provides a
comprehensive overview of the optimization techniques utilized and their respective
applications within the context of Ansys Maxwell. These techniques allow for efficient

design, enabling the identification of optimal dimensions that satisfy the given objectives.



252

4

Design of Maxwell
Experiments Optimization

DesignXplorer

Sequential
- Nonlinear
Programming
_ I
Sequential
- Mixed-Integer

Programming

- Pattern Search

Optislang

Figure 5.62. Applicable optimization techniques using Ansys Maxwell

The objectives of the optimization process typically include maximizing torque per PM
volume, maximizing torque per total weight, and minimizing cost per volume. However, it
is crucial to consider the minimum weight requirements for hybrid UAV applications. The

results obtained from the optimization process for the S/G stages are summarized in Figure

5.63 for further analysis and evaluation.
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Parametrization Technigues Optimization Techniques
Design Parameters SNLP GA MOGA SE::::C::-.::::SI .
Statics Tool | Optimetrics Tool| Tuning Tool| (Sequential NonLinear N (Multi-Objective -
. (Genetic Algorithm) " -
Programming} Genetic Algorithm)
S/G Magnet Thickness| ;5 5 2.75-3.25 28-3.1 2.96 31 2.98 3mm
(mm})
S/G Magnet Embrace| 0.8 -1 | 0.85-0.95 0.87 - 0.93 0.89 0.93 0.94 0.92
SIG SlotHeight! ¢ 155 | g2.10.2 95-10 966 9.82 975 97
(mm)
S/G Model Depth| 10 - 20 | 12-17 13- 16 14.7 15.3 14.9 15
S/G Stator Winding
Conductor/Slot in Motor 6-14 8-12 6-10 10 8 9 8
S/G Stator Winding
Condustor/Slot in Generator|  ©~ 14 | 9ok =il 1° e e €
Cost Function Qutputs
SEpcel 'E'::":l; 18-2.4 | 19-23 A=5f 223 2.18 2.25 2.1
Output Torque in Geneta ™!l 1524 19-23 2.22 223 2.18 2.25 22
Total S/G Mass
in Motor (gr) 1000 - 1350 1050 - 1250 1100 - 1200 1165 1202 1194 1180
Total S/G Mass
in Generator (ar) 1000 - 1350 | 1050 - 1250 1100 - 1200 1165 1202 1194 1200
Torque/Mass Ratio| 1.8-1.77 18-184 1.82-1.83 1.91 1.82 1.88 1.78
Analyses Time
Elapsed Time (min.) 25 40 [ 65 [ 150 ‘ 270 210

Figure 5.63. Optimization of the Starter/Generator stages

5.7. Field Weakening Control of Starter/Generator

As discussed in Section 2.7, the double-stage magnetically coupled Starter/Generator
(DCSQ) offers several advantages, including the ability to enhance the speed and altitude of
the UAV by pushing the Starter/Generator stages beyond their rated speeds using the field
weakening control technique during mission conditions that do not demand high thrust, such
as cruising or diving. The design and field-weakening capability of the DCSG also enable a

reduction in propeller diameter, enhancing high-speed performance and extended range.

The principle of field weakening involves controlling the excitation flux by adjusting the
armature current flowing through the field winding. The torque produced is the result of the

armature current and the excitation flux.

The induced voltage is directly proportional to the speed and flux. During low speeds, the
rated current and rated flux are used to generate the rated torque. Both the voltage and output

power increase linearly with speed [389].
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The rated speed or base speed is reached when the voltage equals the rated voltage, which is
defined as the maximum voltage provided by the drive. To achieve speeds higher than the
rated speed, the flux needs to be reduced or weakened while keeping the voltage constant at
the rated value. This results in an inverse relationship between torque and speed, allowing
the output power to remain constant beyond the base speed, as shown in Figure 5.64.
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Figure 5.64 General ideal torque speed curve of surface mount Starter/Generator [340]

The control of the total flux in the d-axis for field-weakening, is achieved by introducing a
negative d-axis current lq to counteract the fixed excitation field from the PMs by adjusting
the torque angle. Figure 5.65 illustrates the phasor diagram depicting the S/G operations at
different speeds of below rated speed, at rated speed, and beyond rated speed.
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Figure 5.65. S/G Phasor diagram in ideal operating conditions (a) At low speed (b) At rated
speed (c) Beyond rated speed without I4 (not-feasible) (d) Beyond rated speed
with g [389]

The field weakening performance of the SPMSM is limited due to the nonvarying dg-axis
inductance. In contrast, the field weakening of the IPMSM relies on the difference between
the dg-axis inductance values, allowing for better control and adjustment of the flux

weakening capability.

Due to the reduced effective air gap, the small inductance SPMSMs limit their capability for

flux-weakening during high-speed operations.
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Conversely, IPMSMs exhibit higher d-axis inductance compared to an equivalent SPMSM,

which grants them a significant advantage in flux-weakening operations.

To address the high-speed operation of permanent magnet synchronous motors (PMSMs),
three distinct methods can be employed for flux-weakening control: the feedforward method,
which derives current commands required for high-speed operation from steady-state
voltage equations; the feedback method, which obtains current commands from voltage

feedback; and a combination of these two techniques. [324].

Hence, in hybrid UAV applications that necessitate field-weakening, interior-mount rotor

topologies may be preferred due to their ease of flux attenuation, among other reasons.
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6. PROTOTYPING AND TESTING OF DCSG SYSTEM

The chapter meticulously outlines the IEC and IEEE recommended testing procedure for the
prototyped MCs and S/G stages, which are carried out separately in a specially designed
direct-dynamic test system. The chapter also provides valuable insights into the integrated
system tests conducted on the test stand and piston engine to showcase the performance of
the entire system. As a result, the chapter presents a double-stage magnetically coupled S/G
structure that significantly improves system performance while also providing single-stage
magnetically coupled and direct-drive S/G structures for comparative purposes. The
knowledge gained from the testing procedures and results in this chapter is essential for
advancing the understanding of DCSG and designing reliable systems for piston engines.
The findings presented in this chapter offer invaluable information for engineers and

researchers seeking to enhance the performance and efficiency of such systems.

6.1. Prototyping Approach of Double Stage Magnetically Coupled Starter/Generator

As explained in the preceding sections, the double-stage magnetically coupled
Starter/Generator (DCSG) structure comprises two stages: the first stage and the second
stage magnetic couplers, as well as the first stage and second stage Starter/Generators. Each
stage of the S/G can function as both a motor and a generator. Additionally, the DCSG

system retains all the advantages of a single-stage system.

While conducting tests on the piston engine within the DCSG structure to determine torque,
power and efficiency, it can be challenging to measure these parameters directly. Therefore,
thrust and speed measurement tests are typically conducted on hybrid piston engine tests.
Based on the collected thrust data, the output torque, power and efficiency can be calculated
for both static and dynamic states. However, it is necessary to know the performance

characteristics of each S/G stage and magnetic coupler individually.

Consequently, during the development of the DCSG structure, a motor model, a direct-
mounted single-stage structure for testing each stage, a magnetically coupled single-stage
structure, a direct-mounted double-stage structure and a magnetically coupled double-stage
structure are created. The production scheme chart is presented in Figure 6.1 for reference.
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Figure 6.1. Organization scheme of system manufacturing for performance tests
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6.1.1. Test bench setup based on torque measurement for MCs and S/Gs

The establishment of a test bench based on the torque measurement allowed for separate
testing of the Starter/Generator stages and magnetic couplers. Figure 6.2 (a) and (b) provides
an illustration of the test setup employed for the magnetic coupler tests, while Figure 6.2 (c)
showcases the dedicated test bench utilized for the tests of Starter/Generator stages. In Figure
6.2 (d), the measurement board is depicted, which serves as the collection point for the
sensors and indicators. While test bench components generally fulfil similar functions, the
loading technique and torque/speed transmitter may vary depending on the maximum torque
value of the device-under-test (DUT) [201, 265].
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Figure 6.2. Direct dynamic bench: (a) Magnetic couplers with servo (b) Magnetic couplers
for hysteresis (c) Starter/Generator with hysteresis (d) Measurement panel
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The magnetic coupler test system, depicted in Figure 6.2 (a) and (b), will now be elucidated.
The test bench comprises a servo motor (1) in (a) and a hysteresis brake (1) in (b), both
serving as load components. Furthermore, the system incorporates a torque/speed transmitter
(2), a geared asynchronous motor (3), magnetic couplings under test (4), a high-speed
spindle motor (5), and a laser thermometer (6). The operational principle of the test system
entails the gradual loading of the magnetic coupling, driven by the asynchronous motor,
through the utilization of either the servo motor or the hysteresis brake operating in torque
mode. The servo motor provides a higher torque capability as a load, whereas the hysteresis
brake exhibits greater brake sensitivity despite its limited torque capability. Concurrently,
the transmitted torque and speed are dynamically measured via the torque/speed sensor. The
temperature of the magnetic coupling is obtained using the laser thermometer. Additionally,
the speed can be manually measured through the employment of a speed transmitter (7). The
test system shown in Figure 6.2 (a) is employed for torque tests lower than 5 N.m, whereas

the system depicted in Figure 6.2 (b) is utilized for torque tests exceeding 5 N.m.

Similar to the magnetic coupler tests, Figure 6.2 (c) illustrates the direct measurement test
system utilized for the Starter/Generator stages. The efficiency of the Starter/Generator can
be determined by calculating the ratio of output power to input power. International

electrotechnical standards (IEC) define several methods to obtain the efficiency [390]:

Direct Measurement Method: This method involves directly measuring the S/G input power
and output power under different load conditions using specialized instruments. The load on
the S/G shaft can be applied through either a brake system or by loading a calibrated
generator. By comparing the measured values, the efficiency of the S/G can be obtained.

Tests conducted using the direct measurement method often yield more accurate results.

Indirect Measurement Method: In this approach, the efficiency is determined by summing
all the losses during the no-load condition and estimating the output power accordingly. This
method offers the advantage of testing S/G units without the need for an engine shaft braking

system, making it applicable to certain scenarios where direct measurement is not feasible.

Regenerative Measurement Method: The regenerative method involves connecting two

identical motors to each other, with one operating as a motor and the other as a generator.
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By measuring the input and output power of these motors, the efficiency of the S/G can be

determined. This method is particularly suitable for testing high-power S/Gs.

Starter/Generator stages, produced as servo motors, are connected to the test system to
facilitate performance testing independently of the propeller test system. In Figure 6.2 (c),
SIG (2) serves as the DUT and is linked to spindle motor (1) for conducting back-emf tests
and to torque transmitter (3) for performing loading tests. This connection is achieved using
specially designed magnetic couplers (5), replacing the mechanical couplings mentioned
earlier. The magnetic couplers provide protection to the S/G (2), torque transmitter (3), and
hysteresis brake (6) shafts, shielding them from adverse conditions such as high load, sudden

load variations, vibrations, and misalignment.

For the back-EMF tests, the S/G (2) operates in generator mode, driven by the spindle motor
(1), with the rotational speed gradually adjusted using the VFD driver (4). The back-EMF
voltages are then captured and analysed using an oscilloscope. In the loading tests, S/G (2)
functions in motor mode. Using Field-Oriented Control (FOC) or the 6-step driving
technique, S/G (2) is incrementally loaded by the hysteresis brake (6) during operation.
Simultaneously, the torque/speed transmitter (3) measures and records the output power and
output speed of the system. Additionally, the input power of S/G (2) is measured by the
bidirectional DC energy analyser (5) located on the measurement panel. The efficiency of
SIG (2) is calculated by dividing the output power to the input power. The temperature of
S/IG (2) is monitored and displayed by datalogger (6) through the use of a positive

temperature coefficient (PTC) sensor placed among the windings.

Figure 6.2 (d) showcases the measurement panel, where various parameters are measured
and displayed by indicators, including the DUT output speed (2), DUT output torque (2),
DUT temperature (6), DUT output power (2), loaded torque (3), and induction motor input

power (5). Furthermore, all the data are collected through RS485 serial communication.
6.1.2. Propeller bench setup based on thrust measurement
Following the individual performance tests of the magnetic coupler and S/G stages within

the DCSG structure, an integrated hybrid performance testing approach was adopted by
incorporating the thrust measurement-based propeller test system, as depicted in Figure 6.3.
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This system was specifically implemented to conduct comprehensive performance

evaluations in conjunction with the piston engine.

Figure 6.3. Propeller test bench for (a) Single DCSG (b) Sensor panel (c) Double DCSG
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Double-stage magnetically coupled Starter/Generator (DCSG) thrust tests are conducted
using the test system depicted in Figure 6.3 (a). This hybrid system is composed of various
components, including the ignition (2), propeller (5), piston engine (3), and DCSG (4).
Throttle adjustment is achieved remotely (7) through a servo motor (8), while the generated
thrust is measured and displayed by the power measurement panel (6) using a load cell (1).
To facilitate effective endurance tests, a scaled fuel tank (7) is utilized. The obtained thrust
values are further analysed and correlated with static and dynamic calculations to estimate

the torque and power output of the piston engine.

Figure 6.3 (b) showcases the measurement panel, where various parameters are measured
and displayed by indicators, including the hybrid UAV output thrust in kg (1), hybrid UAV
output speed (8) and DUT temperature by datalogger and thermal camera.

6.2. Prototyping and Testing of Magnetic Couplers

6.2.1. for 3W-55XI

Table 6.1 presents a summary of the different MC designs derived from simulations. Within
the constraints of the system, the optimal design is achieved, with the corresponding
optimum parameters denoted by an asterisk. It is important to note that the measurement of

the inner rotor outer diameter and outer rotor inner diameter includes the PM thickness [201].

Table 6.1. Dimension and performance list of various MCs in summary

Pole Number 8-Pole 10-Pole *
Embrace 0.6 0.8 098 | 0.8 |0.98*
PM Thickness 3 mm 4 mm 4 mm 4 mm *
Grade of PM N48H N45H \ N48H N48H N48H *
Outer rotor outer diameter 79 mm 83 mm 83 mm *
Outer rotor inner diameter 57 mm 59 mm 59 mm *
Inner rotor outer diameter 54 mm 56 mm 56 mm *
Inner rotor inner diameter 20 mm 20 mm 20 mm *
Air gap length 1.5mm 1.5 mm 1.5mm*
Effective air gap diameter | 55.5 mm 57.5 mm 57.5mm*
Model length 10 mm 10 mm 10 mm *
Total weight (gr) 320 350 351 370 352 | 371
Dynamic torque (N.m) 3.9 6.9 7.2 7.5 8.1 8.7
Torque density (N.m/kg) 12.2 19.7 20.5 20.3 23 | 2345
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Figure 6.4 encompasses a range of MCs that have been manufactured, featuring distinct
design parameters. Figure 6.4 visually presents a selection of these MCs, with the upper and

lower sections highlighting the outer and inner rotors of the coupler, respectively.

Figure 6.4. Various MC productions of: (a) 8-pole/0.8-embrace/3 mm-PM thickness/10
mm length; (b) 8-pole/0.98-embrace/4 mm-PM thickness/10 mm length; (c) 10-
pole/0.8-embrace/4 mm-PM thickness/10 mm length; (d) 10-pole/0.98-
embrace/4 mm-PM thickness/10 mm length; (e) 10-pole/0.98-embrace/4 mm-
PM thickness/20 mm length

The utilization of the direct test method yields more precise results because it dynamically
measures key MC parameters such as output torque and output speed through a torque/speed
transmitter. Figure 6.5 (a) depicts the installation of the MC within the direct dynamic test
system, while Figure 6.5 (b) showcases its installation on the PE and propeller. This

approach ensures accurate and real-time measurements for precise performance analysis.

Figure 6.5. Assembly of (a) MC for dynamic tests (b) MC with piston engine and propeller
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Magnetic coupler tests designed for 3W-55X1 were conducted using Figure 6.2 (a). During
the locked-rotor or static test, the shaft is subjected to a substantial load imposed by the
hysteresis brake, rendering it immobile. The torque is measured by gradually adjusting the
load based on the torque angle, while recording the corresponding data. Figure 6.6 (a)
presents the outcomes of the static test conducted at a critical torque angle, utilizing a 10
mm coupler length for configurations characterized by higher torque density. Conversely,

Figure 6.6 (b) showcases the results obtained for a lower torque density configuration.

The maximum locked-rotor torque is observed in the configuration featuring 10 poles and a
0.98-embrace, as indicated by the black marker in Figure 6.6 (a). However, when comparing
the same configuration with 8 poles, a reduction of approximately 14% in the maximum

locked-rotor torque is noted, as indicated by the blue marker in Figure 6.6 (a).

Additionally, an examination of the influence of the model length reveals that doubling the
length leads to an almost twofold increase in the locked-rotor torque. These findings
underscore the significant impact of configuration parameters, such as the pole number and
embrace, as well as the model length on the locked-rotor torque performance.
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Figure 6.6. Locked-rotor test results of (a) Higher torque density (b) Lower torque density
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The locked-rotor and dynamic test results exhibit a consistent correlation, allowing for the
focus on plotting the results for the optimal design configuration of 10 poles, 0.98-embrace,
and 10 mm length. This selection aims to maintain clarity and avoid visual clutter in the
presentation of the data. Figure 6.7 (a) provides a comparison of the time-dependent results
obtained from the Maxwell 2D and 3D simulations, as well as the dynamic tests. The average
dynamic pullout torque values derived from the 2D and 3D simulations are recorded as 9.35
N.m, 9.15 N.m, and 8.7 N.m, respectively. Figure 6.7 (b) showcases the static torque results
obtained at different torque angles. At the critical angle of 18 Mdeg, the maximum static
torque values obtained from the Maxwell 2D and 3D simulations, as well as the static tests,
are documented as 9.32 N.m, 9.11 N.m, and 8.72 N.m, respectively. These findings highlight

the agreement between the simulation and test results, further validating the accuracy.
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Figure 6.7. Test results of the 10-pole, 0.98-embrace, and 10 mm length model (a) Pullout
torque in transients (b) Static torque versus torque angle in magnetostatics
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The Maxwell simulations exhibit a high level of agreement with the test results,
demonstrating their accuracy and reliability. The numerical simulations demonstrate an
acceptable margin of error compared to the test results, with an 8% deviation for Maxwell
2D and a 4.5% deviation for 3D, without considering the safety factor. To achieve a more
effective design, it is recommended to introduce a correction coefficient in the initial stage

of the numerical design, accounting for the observed differences or margin of error.

Considering the inclusion of a safety factor, the Maxwell 2D and 3D simulations, on average,
yield results that are 14% and 9% higher, respectively, than the direct dynamic test results
for the proposed model. Based on these observations, it is suggested to apply a correction
coefficient of 1.2 for the Maxwell 2D simulations and 1.1 for the Maxwell 3D simulations
when utilizing MCs in hybrid UAVs.

By incorporating these correction coefficients, the simulation results can be aligned more
closely with the experimental test results, ensuring a more reliable and accurate design

approach for the implementation of MCs in hybrid UAV systems.

6.2.2. for DLE-30 or 3W-70R2

Magnetic coupler tests were conducted on the DLE-30 and 3W-70R2 piston engines, similar
to the 3W-55XI, utilizing Figure 6.2 (b). The locked-rotor tests involve immobilizing the
outer rotor of the magnetic coupler using excessive torque adjustment of the servo motor.
For high torque tests, the MCs are driven at a speed of 250 rpm. Additionally, high-speed
tests are conducted on the test bench using the spindle motor (5). The torque angle is
measured by absolute hall encoders on both the load servo motor and drive asynchronous
motor. Loctite648 serves as the adhesive material for permanent magnets, and the retaining

sleeve material is excluded, leaving an air gap of 1.5 mm with the sleeve [265].

While the output torque and speed are measured, calculating efficiency requires a second
torque/speed transmitter to measure input torque and speed. Due to the absence of suitable
testing facilities, dynamic plotting of efficiency was not possible. However, based on data
obtained from other test results, the actual efficiency graph could be estimated using the

proposed correction factor in conjunction with the numerical efficiency graph.
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Figure 6.8 (a) presents the results of the pullout torque and temperature obtained from
dynamic tests conducted on a magnetic coupling with a length of 10 mm. The average
pullout torque recorded during the dynamic tests was 8.9 N.m, while it was 10.5 N.m for

transient Maxwell 2D and 9.9 N.m for transient Maxwell 3D analyses.

Similarly, Figure 6.8 (b) illustrates the dynamic test results of the MCs with a length of 20
mm. These data confirm that doubling the length leads to an almost twofold increase in the
pullout torque. The results from Maxwell 2D and 3D transient dynamic analyses align

closely with the test results. Dashed lines indicate the average values of the obtained results.
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Figure 6.8. Transient pullout torque test results for MC with 20 mm length
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In Maxwell 3D, torque simulations in the transient dynamic state exhibit torque fluctuations
during sudden load changes. This is attributed to the moment of inertia of the coupler,
mechanical losses represented by the damping factor, and the characteristics of the applied
load, all of which are modelled in the analysis. The 3D modelling and layout of the test
bench are accomplished using Solidworks v2017 software to ensure precise production. The
test components are manufactured with high precision using CNC machines, and their
assembly is meticulously performed. Special attention is given to ensuring that the coupler
rotors fit snugly and rest on the bearing flanges, ensuring concentricity and alignment of the
axes. The torque/speed transmitter and temperature sensor, KTY84-130, used in the tests are
calibrated by an internationally accredited organization [391]. The tests are repeated three

times at different intervals, and the average values are utilized for the graphs.

During dynamic tests, the servo motor employed in torque mode endeavors to maintain the
load at the maximum torque point of the magnetic coupling, utilizing position information
from the encoder and current information from the driver. However, fluctuations in torque
results are observed on the test bench due to the unstable load caused by the moment of
inertia of the servo motor, the mechanical imbalances between the servo and the torque
sensor, and the low sensitivity of the torque sensor. Figure 6.9 compares the locked-rotor
torque results obtained from the Virtual Work method, numerical Maxwell 2D and 3D

simulations, and the test bench.

Static Output Torque vs Torque Angle
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Figure 6.9. Static torque results of the optimum model depending on the torque angle
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The analytical Virtual Work method utilized the optimum values determined in Table 5.4,
considering factors such as manufacturability and accessibility. Eg. 6.1 was employed to
calculate the torque corresponding to various torque angles. Within the synchronous zone
which is before the critical angle, the torque increases as the torque angle increases until
reaching the critical angle, where it reaches its maximum value. In the asynchronous zone
following the critical angle, the torque angle and output torque decrease as the reference is
taken from the subsequent incoming PM with opposite polarity. However, the system
becomes unstable in the asynchronous region, leading to a loss of synchronization.
Additionally, the torque is zero at the minimum energy position, occurring at rest.

The static torque at the critical angle is as follows: 9 N.m for static tests, 10.15 N.m for static
Maxwell 2D, 9.56 N.m for static Maxwell 3D, and 12.35 N.m for the Virtual Work method.
The static test results on the test bench incorporate a torque angle variation of 4 mechanical

degrees to minimize errors associated with torque angle readings using an encoder.

For more realistic results, the magnet temperature is updated to 80°C in the magnetostatic
analysis from the initial 60°C considered in the transient analysis. This update accounts for
cooling difficulties encountered during the steady state of the system, enabling exploration
of torque deviations dependent on static and dynamic states. However, as these effects

cannot be replicated on the test bench, the static and dynamic results exhibit close agreement.

Analytical methods are commonly used for preliminary design under ideal conditions,
primarily relying on basic parameters and desired output values. Consequently,
nonlinearities inherent in material behavior are not typically taken into account. Variables
such as leakage fluxes, cross-coupling effects, core losses, thermal effects, and eddy losses
are disregarded in these calculations. On the other hand, analytical calculations that
incorporate these effects can be complex and time-consuming. FEM provides a practical

approach, offering high accuracy by precisely defining the material nonlinear properties.

Finally, the correction factor coefficient allows the design methods to reduce errors and yield
results that closely align with practical observations [212]. Based on the correlation of
analytical calculations, Maxwell FEA, and the results obtained from the dynamic test
system, a correction factor of 1.39 is proposed for the Virtual Work method, 1.18 for
Maxwell 2D, and 1.11 for Maxwell 3D.
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6.3. Prototyping and Testing of Starter/Generator Stages as a Servo Motor
The Starter/Generator stages are designed as servo motors to facilitate dynamic performance

tests of the DCSG system. Figure 6.10 showcases the production parts and the final model,

providing a visual representation of the manufacturing process.

(a) (b)

Retalmn

g-1

(©)

Figure 6.10. Manufacturing of (a) Housing, flanges, stators (b) Windings (c) Shaft, rotors,
sleeve (d) 3D model (e) Servo Starter/Generator (f) 0-3 kW Load bank for tests



272

/

(&

Figure 6.10. (continued) Manufacturing of (a) Housing, flanges, stators (b) Windings (c)
Shaft, rotors, sleeve (d) 3D model (e) Servo Starter/Generator (f) 0-3 kW Load
bank for tests

Table 6.2 presents an overview of the production methods utilized. To evaluate performance
using both FOC-based and 6-step-based driving techniques, a servo motor model equipped
with an incremental encoder and hall sensor was developed. Figure 6.11 (a) displays the

layout of the hall sensor, while Figure 6.11 (b) illustrates the encoder layout.
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Table 6.2. Manufacturing methods for servo Starter/Generator model

Material Description Material Manufacturing Mehod Assembly Method
Housing AL7.OOO CNC 5-Axis Set-screw bracing
series
Front Bearing AL6061 CNC 5-Axis Snug-Tight
Flange
Back Bearing Flange AL6061 CNC 5-Axis Snug-Tight
Stator M250-35A Wire-cutting Heating
(oven/warmers)
Rotor M250-35A CNC Lathe Heating
(oven/warmers)
Shaft Steel316L CNC Lathe Heating
(oven/warmers)
Permanent Magnets N38SH Mould with Adhesive
Retaining Sleeve Steel316L Roll-weld Snug-Tight

Figure 6.11. Driving methods (a) FOC with encoder (b) 6-step with Hall sensor or sensorless

6.3.1. Hall sensor placement

In 6-step drive control, there are two types: with sensors and without sensors. In sensorized
speed control applications, the position of the rotor is easily detected using Hall effect
sensors. Additionally, optical sensors (encoders) and zero crossing detectors can also be
utilized [392].
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When selecting a sensing element, the magnitude of rotor angular displacement, the
allocated distance for the sensor, the required precision and accuracy of control, the
maximum power expected to be drawn by the sensor element, and the ability to produce the

sensor element in series need to be considered.

Hall effect sensors are positioned at 60° or 120° electrical angles on the stator or rotor.
Considering our drive model for Starter/Generator stages, Hall effect sensors are placed
between the stator teeth at 120° Edeg. In the case of the S/G with 36 stator slots, each slot
corresponds to 10 Mdeg and 40 Edeg. In the case of placing three hall sensors with a spacing
of 120 electrical degrees, the placement angles of the sensors are determined by counting
three slots after the first hall sensor for the second hall sensor, and the subsequent three slots

for the third hall sensor. This arrangement ensures the proper functioning of the system.

__ 180%(2p)
Xhaue = 5 (6.16)
N
where  anai e . Electrical angle of hall sensors

Ns/(2p) : Number of stator slots / poles

Performance tests were conducted utilizing the test system depicted in Figure 6.2 (c),
detailed in Section 6.1.1. The data were gathered through the measurement panel shown in
Figure 6.2 (d). A summary of the test methods is shown in Figure 6.12 [393-397].

On On
Test Bench Piston Engine

] r
| -
® -
‘ I

Figure 6.12. Summary of the test methods for direct-dynamic and propeller test systems
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6.3.2. Back-EMF Voltage and Rectification

Back-EMF tests were conducted by rotating S/G at various speeds using the spindle motor
while ensuring the S/G was de-energized. The back-EMF constant, which can have different
definitions in the literature and is important for DCSG driver based on FOC, was determined
by calculating the ratio of the rms value of the line-line voltage to the speed expressed in
kRPM [398]. It is 5,4 for motor mode and 7,3 for generator mode, as presented in Table 6.3.
Additionally, Figure 6.13 provides a comparison of the analysed and tested back-EMF for
phase A and full-wave diode rectified DC bus voltage at the maximum speed of 7500 rpm.

Table 6.3. Back-EMF constant calculation for motor and generator modes

No VAC-Line (rms) VAC-Line (rms) Measured Ke Ke
Motor Mode Generator Mode | Speed (rpm) | (Motor) | (Generator)
1 9,40 12,63 1750 5,37 7,22
2 13,50 18,13 2500 5,40 7,25
3 19,00 25,52 3500 5,43 7,29
4 24,40 32,78 4500 5,42 7,28
5 30,00 40,30 5500 5,45 7,33
6 35,00 47,01 6500 5,38 7,23
7 40,20 54,00 7500 5,36 7,20
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Induced Line Voltage vs Turn Number
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Figure 6.13. (a) Test bench back-EMF (b) FEA vs turn number (c) Motor mode back-EMF
(d) Generator mode back-EMF (e) Rectified DC voltage for generator mode
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Figure 6.13. (continued) (a) Test bench back-EMF (b) FEA vs turn number (c) Motor mode
back-EMF (d) Generator mode back-EMF (e) Rectified DC voltage for
generator mode

6.3.3. Calculation of the d and g inductances

In SMPM, the synchronous inductances tend to be nearly equal. This is primarily due to the
nature of the machine, which results in consistent reluctance across all positions within the
motor. Consequently, the magnetic field distribution remains relatively uniform, resulting in
similar synchronous inductances throughout the machine. In practical scenarios, magnetic
circuits are susceptible to saturation as the current levels rise. This effect is particularly
pronounced when the current component lq is increased, leading to a reduction in the value
of the synchronous inductance Lq [391]. Conversely, the current component lq is typically
kept at zero or maintained at a negative value (a technique known as flux-weakening) in the
majority of operating conditions, thereby minimizing the likelihood of L saturation. Hence,

the saturation of Lq is infrequently encountered.
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To measure the d-axis inductance accurately, follow the steps outlined below:

Begin by aligning the rotor with phase A. Connect phase A to the positive potential (+),
while grounding phases B and C (-).

Ensure that the rotor shaft is securely locked to prevent any rotational movement.
Apply a negative step voltage to the SG. Ground phase A (-) and connect phases B and
C to the positive terminal (+). The applied current is typically 10% of the rated current.
A current probe is employed to measure and capture the step response of the current.
This step response provides valuable information for calculating the inductance.

Calculate L4 using the measured data obtained from the step response analysis.

To accurately measure the g-axis inductance, follow the step-by-step guide provided below:

Start by aligning the rotor with the g-axis. Connect phase B to the positive (+) of the
voltage source while grounding phase C (-). Keep the phase A terminal floating.
Ensure that the rotor shaft is securely locked in place, as the current step response in the
g-axis can generate torque, which may cause unwanted rotational movement.

Generate a current step response in this specific configuration: Connect phase A to the
positive potential (+) of the voltage source while grounding phases B and C.

Utilize the measured data from the step response analysis to calculate the g-axis
inductance (Lq) using the same method employed for calculating Lg.

Figure 6.14. (a) Shaft locking method (b) Inductance measurement
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3Rphase

L
(1-et/) r=——dord) (6.17)

Requivalent

laorq) =

Lq and Lq are 45 uH for motor mode and 75 uH for generator mode. Rphase is 150 mQ for

motor mode and 200 mQ for generator mode. The measurements are made at 1 kHz.

6.3.4. Dynamic load-tests

The dynamic tests of the starter/generator stages were conducted using the test system
described in Figure 6.2 (c), focusing on 100% nominal loading values while also considering
other loading levels. The S/G stages were subjected to a hysteresis load, bringing them to
their rated speed after being run at idle, and then loaded with the rated load. The results,
depicted in Figure 6.15, illustrate the performance under full loading conditions, with
hysteresis brake loads set at 2,1 N.m for motor mode and 2,2 N.m for generator mode.
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Figure 6.15. Output torque comparison of motor motor, generator mode and FEA

Comparing the analysis results with the test system findings, a close correlation can be
observed. There is a disparity in torque ripple, with the FEA indicating 4% while the test
system results show approximately 10%. This difference could be attributed to factors such

as measurement accuracy and variable load conditions caused by the hysteresis brake.



280

Additionally, another notable distinction is the current density. The RMxprt analytical
design suggests a current density of 7 A/mm?, whereas the 2D FEM analysis indicates 8

A/mm?, and the test results demonstrate 10 A/mm>.

This variance can be attributed to the need for higher current in practice to achieve the
desired torque output for the S/G stages, surpassing the originally designed specifications.
The current value falls within the safe range, ensuring reliable operation under the S8 duty

cycle and high-altitude conditions.

On the other hand, thermal analysis of the S/G stage in generator mode under full load
operating conditions was conducted using Siemens FIOEFD CFD, and the corresponding

thermal images of the real system are presented in Figure 6.16 (a) and (b).

57.0°C

(b)

Figure 6.16. S/G thermal issues in generator mode (a) FIoEFD CFD (b) Real time thermal
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The maximum temperature observed on the winding sides reaches approximately 110°C,
while the permanent magnets reach around 80°C on FIOEFD CFD, as shown in Figure 6.16
(a). However, based on the data from the test system, the maximum temperature observed

during 30 minutes of operation at full load in S/G generator mode is approximately 60°C.

Real-time thermal imaging has the disadvantage of providing low accuracy in regard to in-
machine temperature measurement. It is noteworthy that the winding temperatures of the
S/G remain well within a maximum of 60°C, even when subjected to an ambient
environment with a 1 m3/s air flow. Considering that the S/G duty cycles are S8, the obtained
temperatures are well within the safe operating range. Therefore, these findings provide

confidence in the thermal performance and operational reliability of the S/G stages.

6.3.5. Locked-Rotor or static tests in overload conditions

Locked rotor or static tests play a crucial role in determining the maximum torque capacity
of S/G stages. These tests involve applying a high torque load to the hysteresis brake and
subsequently operating the S/G stages (motor and generator) in both motor modes while

measuring the torque.

The static test results, shown in Figure 6.17, consistently exceed the values obtained from
dynamic tests. This disparity arises from the fact that dynamic tests are conducted at rated
values, whereas static tests are carried out at maximum load conditions. However, acquiring
static torque values can be challenging due to the torque angle dependency in static tests
conducted on the test bench. To simplify the analysis, a torque angle assumption of 90 Edeg,
based on the i4=0 approach in the FOC driver, is made. These static test results are then

compared with FEA analysis, as depicted in Figure 6.17.
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Static Output Torque vs Torque Angle
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Figure 6.17. Static torque test comparison

6.3.6. Cogging torque tests

Using the test system illustrated in Figure 6.2 (b), the cogging torque was assessed. In this
setup, the de-energized S/G was subjected to rotational motion in both clockwise and
counterclockwise directions by the load servo motor operating in speed and torque mode.
The resulting output torque, known as the cogging torque, was measured and is depicted in
Figure 6.18 (b). This analysis provided valuable insights into the cogging behavior of the

SIG, facilitating a better understanding of its operational characteristics.
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Figure 6.18. Cogging torque determination (a) Maxwell FEA (b) Test bench

In the analysis values, the peak-to-peak cogging torque is approximately 180 mNm, as
shown in Figure 6.18 (a), whereas during the tests, the average cogging torque measures
around 300 mNm, as shown in Figure 6.18 (b). This difference can be attributed to various
factors, such as the influence of the magnetic coupler employed in the shaft connections of

the test system and the accuracy of the torque/speed transmitter used for measurements.

6.3.7. Efficiency calculation

Efficiency calculations were carried out by conducting rated load tests on the S/G stages
designed for motor and generator mode, utilizing a BLDC-based driver at bus voltages of 48
VDC and 51 VDC, respectively. The output power was determined by measuring the speed
and torque, while the input power was calculated as the product of the input DC voltage and

current using a power analyser.
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Figure 6.19 presents the obtained values for the ratio of output power to input power,

reflecting the corresponding efficiency values.
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Figure 6.19. (a) Efficiency comparison of FEA and test results (b) Torque-Speed-Efficiency
curve of S/G in motor and generator modes

Remarkably, the efficiencies of the S/G stages operating in motor mode and generator mode
exhibit close proximity. However, it should be noted that the efficiency derived from the
bench was lower than those obtained through analysis, primarily due to the analysis

overlooking the driver efficiency.
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The efficiency study was conducted after operating the S/G stages for a maximum duration

of 60 minutes, as per the operating time of the UAV.

Upon reviewing Figure 6.19, the FEM analysis indicates a motor mode efficiency of 90%
and a generator mode efficiency of 92%. In contrast, the test results demonstrate a motor
mode efficiency of 74% and a generator mode efficiency of 76%. However, considering the
typical efficiency range of BLDC drives, which is approximately 85%, an estimated motor

mode S/G efficiency of 87% and generator mode S/G efficiency of 88% can be calculated.

Figure 6.19 (b) illustrates the torque-speed and efficiency-speed curves. By analysing this
graph and calculating the fuel consumption based on the power generated by the piston

engine, the efficiency of the DCSG system can be accurately determined.

6.4. Fuel Tests of DLE-30

A fuel test was conducted specifically on the DLE30, as shown in Figure 6.20, to compare
the test fuel and flight time of the hybridized system with and without the DCSG structure.
During the cruise state, which constitutes approximately 60% of the flight time, the operating
speed ranges between 3500 and 4000 rpm, while the fuel consumption is estimated to be

around 500-750 cc/h. It allows for performance comparison with and without the DCSG.
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Figure 6.20. DLE-30 fuel consumption and thrust test
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6.5. Prototyping and Testing of Double Stage Magnetically Coupled S/G (DCSG)

The proposed DCSG structure incorporates the advantages and contributions discussed in
Section 2, in addition to the benefits of a single-stage design. The DCSG system presents
four distinct configurations: single stage direct-mounted S/G, single stage magnetically
coupled S/G, double stage direct-mounted S/G, and double stage magnetically coupled S/G.

6.5.1. Prototyping of the single-stage model

In Figure 6.21. (a), the direct-mounted single-stage structure comprises the S/G rotor and
engine shaft (2), a single-stage S/G stator (1), and a housing (3). Likewise, in Figure 6.21.
(b), the magnetically coupled structure consists of a single-stage magnetic coupler (2), S/G
rotor-shaft (3), single-stage S/G stator (1), and housing (4).

(b)

Figure 6.21. Single stage S/G model (a) Direct-mounted cross-section (b) Direct-mounted
3D (c) Magnetically coupled cross-section (d) Magnetically coupled 3D
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0

Figure 6.21. (continued) Single stage S/G model (a) Direct-mounted cross-section (b)
Direct-mounted 3D (c) Magnetically coupled cross-section (d) Magnetically
coupled 3D

6.5.2. Prototyping of the double-stage model

In Figure 6.22 (a), the direct-mounted double-stage model comprises the first stage S/G
stator (1), first stage magnetic coupler and S/G rotor (2), second stage magnetic coupler and
S/G rotor (3), second stage S/G stator (4), second stage S/G rotor, and housing (6). Likewise,
in Figure 6.22 (b), the magnetically coupled model consists of the first stage S/G stator (1),
second stage S/G stator (2), S/G rotor and engine shaft (3), and housing (4).
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(d)

Figure 6.22. Double stage S/G model (a) Direct-mounted cross-section (b) Direct-mounted
3D (c) Magnetically coupled cross-section (d) Magnetically coupled 3D
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Table 6.4 lists the output power and the weight of the sample piston engines with a brand of

3W for reference. Table 6.5 lists the manufacturing and assembly methods of the proposed

model, including the four configurations, along with their respective weights.

Table 6.4. Comparison of the weight and output power of different piston engines

Piston Engine
Weight (gr) and Output Power (kW)
DLE30 | 3W-55 | 3W-170XI1 | 3W-210XI | 3W-275X1 | 3W-342i | 3W-684i
Weight (gr) | 1200 | 1800 4100 6000 7100 8900 16500
Power (kW) 2.5 2.8 14 15 19 23 45
Table 6.5. Total weight of the DCSG model with configurations
Weight (gr)
. Double Single Double Single
Material Coupled Coupled Direct Direct
DLE30 | 3W55 | DLE30 | 3W55 | DLE30 | 3W55 | DLE30 | 3W55
Housing 510 250 510 250
Front-Flange 150 150 150 150
Bearing 200 200 200 200
End-Flange 100 100 100 100
Statar with 1800 900 1900 900
windings
Rotorwith | 1q5q | 1750 | 900 | 800 | 1600 | 1450 | 750 | 650
magnets
Driver 220 220 220 220
Power (kW) 2.5 1.25 2.5 1.25
TOta'(gVDe'ght 4880 | 4730 | 2720 | 2620 | 4680 | 4530 | 2570 | 2470
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6.6. Thermal Analyses of DCSG with Magnetic Couplers and Starter/Generators

Thermal analysis plays a paramount role in the comprehensive understanding and effective
management of permanent magnet double-stage magnetically coupled Starter/Generators, as
it encompasses a range of critical aspects, including accurate temperature estimation,
optimal design of cooling systems, selection of suitable materials, and the optimization of

machine efficiency and performance.

By conducting thorough thermal analyses, it is empowered to gain insights into the intricate
temperature distribution within the machine, enabling them to identify potential overheating
risks, prevent insulation degradation, minimize winding resistance, and ensure the long-term
reliability and operational stability of DCSGs in diverse applications such as aerospace,
electric vehicles and industrial machinery, robotics, and renewable energy systems.

Within this context, the significance of thermal analysis becomes evident as it covers a
holistic examination of the entire system, encompassing the four configurations, alongside

the magnetic coupler and Starter/Generator stages.

6.6.1. Thermal analyses of magnetic coupler stages

Thermal analyses were conducted to evaluate the performance and temperature
characteristics of the magnetic couplers in various configurations designed for the DLE-30
and 3W-55XI piston engines with 10 mm and 30 mm coupler lengths under different
operating conditions.These analyses, depicted in Figure 6.23, were performed using Siemens

FIOEFD CFD software at ambient temperature.

The simulations accounted for an assumed ambient air flow rate of 1 m%/sec in static steady-
state conditions, enabling a comprehensive assessment of heat dissipation and thermal
management within the magnetic couplers for accurate temperature estimation and the

identification of potential overheating risks.
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Figure 6.23. Thermal analyses of MCs for DLE-30 and 3W-55XI engines with lengths of (a)
DLE-30, 10 mm (b) DLE-30, 30 mm (c) 3W-55, 10 mm (d) 3W-55, 30 mm
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Upon detailed examination of Figure 6.23, noteworthy observations arise regarding the
maximum temperatures attained by the couplers under investigation. Specifically, the
coupler with a 10 mm length exhibits a maximum temperature of 31°C, while the coupler

with a 30 mm length reaches a maximum temperature of 52°C.

Notably, these coupler designs were specifically tailored for worst-case conditions.
However, the crucial insight gleaned from the thermal analysis is that the obtained
temperature results remain below the critical threshold of 80°C for materials, which signifies
that the risk of demagnetization is effectively mitigated. Consequently, these findings offer
reassurance regarding the robustness and operational integrity of the coupler designs under

consideration.
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6.6.2. Thermal analyses of Starter/Generator stages

In the context of thermal analysis for the Starter/Generator (S/G) stages, the focus was
primarily on the generator mode, given its higher output power compared to the motor mode,
which is expected to yield lower temperatures. Similar to the MCs, the S/G thermal analyses

were conducted at ambient temperature, specifically for worst-case operating conditions.

The winding temperatures of the S/G remain well within a maximum of 60°C, even when
subjected to an ambient environment with a 1 m3/s air flow, as shown in Figure 6.24. Magnet
temperatures remain comfortably within the safe operating range, with readings confined to

the 40°C range. These temperatures assure the longevity of the S/G under diverse conditions.

Figure 6.24. Thermal analyses of S/G in generator mode: Worst-case in ambiant flow

6.7. Fuel Consumption and Flight Time Comparison of Hybrid UAV with DCSG model

In novel hybrid UAV applications, the propulsion system incorporates both a fueled piston
engine and an electric-fed Starter/Generator. To evaluate the efficiency and specific fuel
consumption (SFC) of this hybrid propulsion system, the approach of thermal efficiency,
also referred to as fuel conversion efficiency, is utilized [399, 400]. The specific fuel
consumption is determined by the reciprocal of the product between the efficiencies
characterizing the energy conversion process and the specific calorific value of the fuel.
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During the fuel-to-power conversion within the piston engine, the process exhibits
inefficiencies, with only approximately one-fourth of the fuel potential energy being

converted into power at the flywheel [401].

The remaining energy is dissipated as waste heat through the exhaust or transferred to the
surrounding air or water. This ratio between the actual power produced and the potential

power is defined as the engine thermal efficiency.

The thermal efficiency, alternatively known as the fuel conversion efficiency, quantifies the
ratio of work generated per cycle to the amount of fuel energy supplied per cycle that can be
released through combustion. Its mathematical representation, in a simplified form, is

provided in Equation 6.2.

1
Nt = m (6.18)
where 1t . Thermal efficiency of the piston engine
SFC : Specific fuel consumption

Qnv  : Net heating value of the fuel (35MJ/kg for gasoline)

For the comparison of fuel consumption and flight time in the proposed system, a 50%
hybridization of the UAV propulsion system is conducted by implementing the proposed
DCSG model with a combination of the conventional 3W-55XI engine. The battery pack
capacity of 48 VDC 10 Ah LiPo and the fuel tank size remain unchanged from the
conventional setup. The propellers are kept the same. The conventional 3W-55XI UAV has
a specified flight time of 1 hour. The operation of the DCSG stages as motor and/or generator

is determined based on the engine SFC, as depicted in Figure 6.25.
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3W-55XI Piston Engine SFC and Time Spent vs Speed
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Figure 6.25. 3W-55XI piston engine SFC and time spent curve

The DCSG system consists of two Starter/Generator stages designated S/G1 and S/G2. The

flight profile is divided into distinct zones as follows:

Zone 1: Lasting for 5 minutes, this marks the heating phase of the piston engine for starting
where the DCSG initiates the piston engine or the idle operation.

Zone 2: Extending for about 10 minutes, this zone corresponds to diving and landing
missions. Due to the high SFC in this zone, the piston engine is either silenced or running at
low throttle. The propulsion system is predominantly supported by S/G1 during this period.

Zone 3: In this zone, both the piston engine and S/G1 share the load of the propulsion system.
In sudden situations such as manoeuvres, G-tun, or turbulence, S/G2 engages in engine mode

alongside S/G1. Both the engine and S/G1 can work at full-rate during take-off.

Zone 4: Within this zone, the piston engine and S/G1 operate at full capacity based on the
power requirements, while S/G2 consistently functions as a generator. By incorporating
S/G1 as an additional source in motor mode, the overall propulsion system efficiency is
enhanced. Additionally, both the engine and S/G1 can work at full-rate during take-off.

In essence, organizing the system to align with the working zone of maximum efficiency

contributes to an overall improvement in the propulsion efficiency, as shown in Table 6.6.
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Table 6.6. Hybrid UAV working zone and thrust ratio determination

Operating Required _?LS:S; Tshcr;ulst TShcr;uzst SIG1 SIG2
Speed (rpm) | Power (W) . . . Mode Mode
Ratio Ratio Ratio
2000 90 10% 90.00% 0.00% Motor -
2500 150 25% 75.00% 0.00% Motor -
3000 260 30% 70.00% 0.00% Motor Generator
4000 730 35% 65.00% 0.00% Motor Generator
5000 1240 60% 40.00% 0.00% Motor Generator
5500 1600 40% 0.00% 60.00% | Generator Motor
6000 2160 75% 0.00% 25.00% | Generator Motor
6500 3000 90% 0.00% 10.00% | Generator Motor

Comparison of Efficiency vs Speed
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Figure 6.26. Efficiency comparison, piston engine, S/G and overall system

Based on the propeller test system shown in Figure 6.3, the data obtained with the hybrid
DCSG system are summarized in Figure 6.26. The comparison of flight time between the
conventional and hybrid systems was conducted under the same conditions of LiPo battery

pack and fuel tank. The propulsion system efficiency has been improved from 20% to 45%.

Although the DCSG system has a high torque capacity, to make a direct comparison, the
propulsion system power is taken based on the power consumed in the conventional system.
The flight time and specific fuel consumption were evaluated by simulating the time spent
in the operating zones shown in Figure 6.27, considering throttle settings in the test bench,
and calculating the total achieved flight time in the test system.



296

Hybrid 3W-55XI Piston Engine Fuel Consumption and Time Spent vs Speed
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Figure 6.27 Optimizing the fuel consumption and flight time of hybrid UAVs

Analysing Figure 6.27 reveals that, under the same operating conditions and with the DCSG
structure in the designated mission areas and thrust ratios, the total flight time increased by
24% despite the increased weight of the UAV. This significant improvement can be
attributed to the high efficiency of the electric-fed DCSG system. Additionally, the fuel
consumption during flight time has been reduced from 11500 cc/h in the conventional UAV
to 7170 cc/h with the DCSG system, resulting in a remarkable fuel reduction of 37%.

Hybrid System Power Capability vs Speed
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Figure 6.28. Hybrid system power capability vs conventional system

Moreover, as depicted in Figure 6.28, the DCSG system significantly enhances the
instantaneous power generation capability by approximately 75% during cruise operating
conditions within the 3000-5000 rpm range. This increase adds to the system reliability,

particularly in critical scenarios such as sudden manoeuvring, turbulence, and climbing.
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50% Hybridization (Full-Electric) of Piston Engined Aircraft
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Figure 6.29. (continued) Weight reduction with (a) 100 kW piston prop aircraft versus
hybridization rate (b) DCSG at 100% hybridization (c) DCSG at 50%
hybridization

The applicability of hybrid systems to medium and high-altitude high-endurance UAVs
offers the potential for reduced system weight, as demonstrated in Figure 6.29 [19].
Furthermore, Figures 6.30 and 6.31 provide a comparison of the performance and propulsion

characteristics between the hybrid DCSG models and the conventional system, respectively.

Upon analysing the figures, it is evident that the conventional system exhibits a flight
duration of 60 minutes, whereas the implementation of a single DCSG extends the flight
time to 67.8 minutes, and the utilization of dual DCSG further extends it to 74.4 minutes.
Additionally, the fuel consumption experiences a reduction from 11499 cc/h in the
conventional system to 9470 cc/h with the single DCSG and even further to 7168 cc/h with
the dual DCSG. In contrast, the system weight undergoes an increase from 1800 grams in
the conventional system to 2620 grams with the implementation of a single DCSG, and
significantly rises to 4730 grams with the use of dual DCSGs. Despite the fact that the
productions were carried out for proof of concept purposes, the dual DCSG model is

expected to exhibit greater effectiveness with the implementation of weight reduction holes.
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Figure 6.30. Performance comparison of DCSG structures versus conventional systems
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Figure 6.31. Propulsion comparison of DCSG structures versus conventional systems

6.7.1. Thermal operation of novel DCSG model

The thermal analysis of the presented DCSG model diverged from that of the coupler and
S/G stages, as it was specifically conducted under engine and propeller operating conditions.
In this scenario, the propeller was set to rotate at a cruise speed of 4500 rpm, while the piston
engine temperature was established as 75°C based on the obtained thermal test data. On the
other hand, Figure 6.26 illustrates the variations in the piston engine thermal efficiency, S/G
efficiency, and system efficiency with respect to the total thrust ratio.

The thermal analysis results for the DCSG structure are depicted in Figure 6.32 (a) for the
model equipped with ventilation ducts on the front and rear flanges and Figure 6.32 (b) for
the model lacking ventilation ducts but featuring fins on the housing. In the air ducted model,

the maximum temperature is observed at the windings, reaching approximately 70°C.
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However, in the finned version, cooling becomes slightly more challenging, leading to
winding temperatures rising to approximately 110°C. Nevertheless, the permanent magnet
temperatures remain within the safe zone, approximately 60°C. Furthermore, Figure 6.32 (c)

presents a depiction of the temperature distribution of the air flow within the model.

Figure 6.33. Temperature monitoring (a) at cruise speed (b) at rest after 1 hour operation

The CFD analysis indicates winding temperatures ranging between 75-100°C at 4500 rpm
cruise operation. However, real-time tests demonstrate lower temperatures. This disparity
arises due to the steady-state operating conditions considered in CFD analysis, while the
DCSG stages operate under S8 duty cycle conditions, resulting in lower temperature values.
As depicted in Figure 6.33, the hybrid UAV exhibits a piston engine temperature of 60°C
during cruise operations, whereas the DCSG structure remains approximately 25°C.

6.8. Operating both Starter/Generator Stages in Motor Mode

Implementing a series connection of the Starter/Generator (S/G) stages in motor modes
without a suitable Phase-Locked Loop (PLL) system presents various challenges in
achieving efficient synchronization and load sharing between the units, leading to noticeable
amplification of torque ripple. The absence of a reliable PLL mechanism hinders the precise
alignment of phase and frequency among the S/G stages, causing irregularities in torque
production and undermining the smooth operation of the system. As a consequence, the
increased torque ripple adversely impacts the overall performance and efficiency of the S/G
stages, while also introducing mechanical stresses and vibrations that can potentially

compromise the longevity of system components.
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In series motor mode, the S/G stages operating in motor mode have lower nominal operating
speeds. Each stage is designed to deliver a constant torque of 2.1 N.m with the aid of the
FOC-based driver. Ideally, when both stages are combined in the system, the torque
capability should reach 4.2 N.m. However, upon analysing Figure 6.34, it is observed that
the maximum torque produced is 3.9 N.m, accompanied by a torque ripple of approximately
20%. Torque ripple is quantified by computing the difference between the maximum and
minimum torque values and subsequently dividing it by the average torque. This discrepancy
suggests that there is room for improvement in the speed algorithm and PLL implementation

within the drive system to enhance the torque output and minimize the ripple effect.

Output Torque vs Time
when S/G stages in motor mode

0.00 1.50 3.00 4.50 6.00 7.50 9.00 1050 12.00 13.50 15.00 16.50 18.00
Time (min)

Figure 6.34. Output torque with torque ripple in motor modes of both S/G stages
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7. CONCLUSIONS - FUTURE RESEARCH

The chapter carefully outlines the final arguments and findings of the thesis, while also
engaging in a discussion regarding potential future work that can build on the research
presented in this thesis. The insights gained from this chapter offer significant value to
researchers, professionals, and engineers seeking to advance the field of magnetically
coupled S/G especially for piston engines. The chapter's recommendations provide a clear
direction for future research and development, encouraging the continued exploration of
innovative designs and novel technologies to improve system performance and reliability. It
provides a vital contribution to the field of S/G by consolidating the key findings of this

thesis and providing valuable insights for future research and development efforts.

Magnetic couplers for the 3W-55XI piston engine

The design and testing of magnetic couplers for the 3W-55XI piston engine provide valuable
insights into the impact of various design parameters on active cylindrical MCs, achieved
through multi-objective simulations based on FEMs. The magnetic design was optimized
using optimetric and tuning tools in Ansys Maxwell. Increasing the number of poles yields
a maximum torque density up to a certain threshold. The configuration of a 10-pole and
0.98-embrace demonstrates the highest pullout torque, surpassing the 8-pole configuration
by 18%. Enhancing the embrace leads to increased output torque, with a 20% increase
resulting in a 7.5% boost in torque density. Decreasing the embrace to below 0.6 nearly
halves the output torque. Introducing an offset reduces the transmitted torque by a maximum
of 10%. PMs with lower residual flux density yield reduced pullout torque, with NdFeB PMs
exhibiting higher torque density compared to SmCo couplers. Doubling the air gap length
results in a 13% reduction in pullout torque. Decreasing PM and yoke thickness significantly
diminishes torque density. Operating the MC close to the saturation point minimizes the
system weight. For testing, a direct-type dynamic test system was established for transient
and locked-rotor tests, while a thrust test system was utilized for force tests of the MC on
the PE. Exceeding the critical torque angle leads to loss of synchronization between the inner
and outer rotors. The torque fluctuation during load changes is approximately 0.25%, and
the loss of synchronization torque at maximum speed is -0.61 N.m. The magnetic coupler

efficiency exceeds 94% at maximum speed.
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While the Maxwell 2D FEM results are higher than the 3D and dynamic tests, they still
exhibit reasonable agreement within an error margin. Test results differ by 8% with Maxwell
2D results and 4.5% with 3D results due to density variations in adaptive meshes, inclusion
of end-leakage effects in 3D FEM, and temperature assignments. Consequently, a correction
coefficient of 1.2 for Maxwell 2D and 1.1 for Maxwell 3D is proposed. This comprehensive
examination of active cylindrical MCs contributes to their potential utilization in various

applications such as robotics, hydraulics, automotive, medical, and pumps.

Magnetic couplers for the DLE-30 or 3W-70R2 piston engine

The specific design of the magnetic coupler for the DLE-30 or 3W-70R2 piston engine
contributes to an optimal design study of active synchronous magnetic couplings using a
multiobjective analysis approach. Initial analytical calculations are based on the Virtual
Work method, while the magnetic design is performed in Ansys Maxwell 2D using
optimetric solutions and in Maxwell 3D utilizing sensitivity analyses and optimization
techniques such as SNLP, GA, and MOGA. Considering manufacturability, a 10-pole
configuration is preferred, providing a 17% higher torque density compared to an 8-pole
configuration. Torque fluctuations are measured at 0.1% without a retaining sleeve and
0.15% with the sleeve. Operating the system at saturation points ensures meeting the
requirements with minimum weight. Loss of synchronization is calculated to result in an
average attraction torque of -0.6 N.m, suggesting the need for skew work in S/G applications.
Static structural analysis of the retaining sleeve, designed to protect permanent magnets from
contact pressure and tangential stress, confirms its robustness. Magnetic couplings are
manufactured with lengths of 10 mm and 20 mm, with doubling the stack length
corresponding to an almost twofold increase in torque. The proposed modular stack structure
offers ease of production due to the limitation of the outer diameter, deviating from the
traditional method. A direct dynamic test system is implemented for magnetic couplings,
conducting full load, overload, and locked-rotor tests. The dynamic and static test results
closely correlate with the outputs of Maxwell 2D and 3D FEM simulations. Experimental
static results reveal a 37% absolute error for the Virtual Work method in analytical
calculations. However, the presence of errors, 13% for 2D FEM and 6% for 3D FEM,
underscores the importance of numerical simulations in aviation applications. The test

results also provide insights into the safety factor and turbulence coefficient.
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At the critical angle, the total rotor core losses amount to 2.7 W, PM hysteresis losses are
0.40 W, the induced eddy-current losses on the magnets are 212.5 W, sleeve hysteresis loss
i50.91 W, and induced eddy-current loss of the sleeve is 40.46 W. Among these losses, PMs
and eddy current losses induced on the sleeve have the most significant impact. The coupling
efficiency at maximum operating speed and critical angle is 93.8%, while at minimum torque
angle and minimum operating speed, it reaches 96.9%. The study introduces a correction
factor of 1.39 for the Virtual Work method, 1.18 for Maxwell 2D, and 1.11 for Maxwell 3D,
enabling realistic design opportunities. Thus, it can be concluded that the modular design of

magnetic couplings is valid and can be safely adapted to various applications.

Double stage magnetically coupled Starter/Generator (DCSG)

The DCSG system optimizes propulsion system efficiency by utilizing one or two stages as
motor during high thrust requirements like climbing, when the piston engine consumes more
fuel. Conversely, during low thrust requirements such as cruising and diving, when the UAV
consumes less fuel, one or two stages of the high-efficiency DCSG function as generators to
charge the system battery group. This approach reduces the overall fuel consumption of the

piston engine while efficiently charging the batteries, thereby increasing flight time.

To ensure operational continuity, the DCSG model incorporates specially designed magnetic
couplers between the engine and the first stage S/G, as well as between the first and second
S/G stages, effectively isolating all shafts. In the event of a shaft failure, one or more S/G

stages can continue operating as motors, enabling the UAV to complete its mission.

Dynamic tests of the Starter/Generator stages were conducted using a direct-dynamic test
system, achieving full loading conditions with the S/G capable of providing 2.1 N.m in
motor mode and 2.2 N.m in generator mode. The analysis results closely align with the
findings from the test system. Even when exposed to an ambient environment with a 1 m3/s
air flow, the winding temperatures of the S/G remain well within the maximum of 60°C.
FEM analysis indicates a motor mode efficiency of 90% and a generator mode efficiency of
92%. However, the test results demonstrate slightly lower values with a motor mode
efficiency of 74% and a generator mode efficiency of 76%. It is worth noting that the typical
efficiency range of BLDC drives is approximately 85%, suggesting an estimated motor

mode S/G efficiency of 87% and generator mode S/G efficiency of 88%.
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The DCSG system provides a significant weight advantage compared to conventional
UAVs, depending on the total propulsion power and hybridization ratio. However, this

weight reduction benefit may not be as applicable to UAVs with less than 40 HP.

A comparison of flight time between conventional and hybrid systems was conducted using
the same LiPo battery pack and fuel tank conditions. The propulsion system efficiency has
been improved from 20% to 45% with the implementation of the DCSG model in designated
mission areas and thrust ratios. Consequently, the total flight time increased by 24% despite
the increased weight of the UAV. Moreover, fuel consumption during flight time decreased
from 11500 cc/h in the conventional UAV to 7170 cc/h with the DCSG system, resulting in
a significant fuel reduction of 37%. The DCSG model also significantly enhances the
instantaneous power generation capability by approximately 75% during cruise operating
conditions within the 3000-5000 rpm range. Additionally, a single-stage magnetically
coupled Starter/Generator, represented by production images in Figure 6.22, underwent
similar investigations to the DCSG system. However, the benefits achieved were found to

be 55% lower compared to the double-stage DCSG model.

Advantages

In addition, the DCSG design takes into account the propeller dead-zone, resulting in a
negligible 2% reduction in thrust generated by the piston engine when the DCSG system is
not in operation. This minor reduction in thrust has minimal impact on the overall
performance of the propulsion system. This study emphasizes the importance of considering
kickback torque during piston engine startup in magnetic coupler design. A modular design
approach was adopted, considering the different torque values between the 1% and 2™ stages
of the magnetic coupler.

While the 1% stage MC demonstrated higher torque transmission capabilities with an 18 or
20 pole ratio, a decision was made to opt for 10 poles due to ease of production and assembly.
However, it was found that the 10-pole MC was insufficient to overcome the initial starting
kickback torque. To address this challenge, the length of the 1% stage MC was doubled to
meet the torque requirements while considering production and assembly constraints.
Although this solution increased the weight of the UAV by approximately 350 grams, it

successfully resolved the torque-related issue.
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Disadvantages

The DCSG system, operating in a master/slave configuration as detailed in Section 2,
ensures a high level of system reliability. However, in the unlikely event of an extreme
failure resulting in the inoperability of the DCSG system, propeller test system data reveal a
30% decrease in the flight time, primarily due to the increased weight. To mitigate such
risks, it is important to monitor the performance of the DCSG system using speed or current
sensors. Gathering relevant information from these sensors allows for determining whether
the DCSG system is functioning properly or not. This knowledge can then be incorporated
into the mission scenario, enabling informed decisions on whether the UAV should continue

its mission or take appropriate measures based on the operational conditions.

One notable drawback is the cost associated with the DCSG system. For instance, while the
3W-55XI piston engine used in this study costs approximately 1000 EUR, the production
cost of the DCSG system amounts to 750 EUR. This represents an approximate 75% increase
in system cost, which may raise concerns in industrial applications. However, in specialized
fields such as the military and defense industry, where longer flight times and reduced fuel
consumption hold significant value, the benefits of the DCSG system outweigh the cost
considerations. In Start/Stop mode, which is generally required for flight at high speeds, the
extended flight time is reduced by 20% because the piston engine consumes some oil-mixed

fuel to maintain piston engine lubrication.

While the torque ripple generated by the series-connected S/G stages may be lower
compared to that of the piston engine, it is still crucial to incorporate a suitable Phase-Locked
Loop (PLL) system to ensure optimal comfort and performance of the overall system. In the
proposed DCSG system, complete implementation of a PLL is not employed when both S/G
stages are operated in motor mode, resulting in torque ripple. The torque ripple can be

obtained by testing the servo Starter/Generator model on a dynamic test bench.

Future research

Future research directions for the proposed double-stage magnetically coupled
Starter/Generator (DCSG) are outlined below:
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Investigate the feasibility of utilizing alloy materials to further reduce the weight of the
DCSG system, thereby enhancing its overall efficiency.

Explore and test new manufacturing techniques that can effectively reduce the weight of
the DCSG system while maintaining its performance and reliability.

Develop and implement an improved Phase-Locked Loop (PLL) application to minimize
torque ripple when both stages of the DCSG system are operated as motors.

Investigate the feasibility and potential benefits of incorporating new generation
semiconductor drivers, such as SiC and GaN, in the DCSG drive system, with a focus
on their impact on weight reduction.

Study the IPMSM topology in addition to the studied SPMSM topology, analysing their
contributions to power density and exploring the benefits of reluctance torque.

Evaluate the operability and performance of the hybrid UAV at high speeds by
leveraging the field-weakening feature offered by the IPMSM topology.

Investigate the impact of coating materials such as gold and platinum on the lifetime and
performance of NdFeB magnets, exploring their potential benefits for the DCSG system.
Examine the effect of the piston engine start/stop feature on the flight time of the hybrid
UAV during its operational duties.

Assess the impact of regenerative braking on fuel consumption in the DCSG system and
explore its potential for further improving efficiency.

Investigate the effectiveness and reliability of measuring vibrations generated by the
piston engine and using the DCSG stages to dampen those vibrations, thereby enhancing
the safety and reliability of the hybrid UAV.

Explore the applicability and adaptability of the DCSG system for medium and long-
altitude UAVSs, assessing its potential benefits in different operational scenarios.
Conducting performance tests and weight studies with LiPo and LiOn battery types with
higher C values other than the LiFePo4 battery group.

Attempting to reduce the size of the propeller with the ability to reach higher speeds with
DCSG stages in the IPMSM topology using flux-weakening.

Investigating specific fuel consumption reduction for smaller fuel tanks.

The impact of the DCSG model, which will be lightweighted through borehole drilling,
on the system will be examined.

An effort will be made to decrease the length of the S/G stages from 15 mm to 10 mm

by increasing the specific electrical loading, which is one of the design parameters.
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ANNEX-1. Winding scheme
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Figure 1.1. Winding scheme of the 36 slot/8 pole Starter/Generator stages of DCSG model
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ANNEX-2. Industrial Starter/Generators

Figure 1.2. Review of the industrial Starter/Generators (a) DCSG model (b) DLE128HD
hybrid (c) Power4Flight B29i (d) Skurka DC brushless (e) Honeywell DC
brushed (f) Safran PMAC (g) Hartzell PMAC (h) Sullivan out-runner
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