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ABSTRACT

ANALYSIS AND FAULT TOLERANT CONTROL OF A FIVE-PHASE
AXIAL FLUX PERMANENT MAGNET SYNCHRONOUS MACHINE

Bayazit, Goksenin Hande
M.S., Department of Electrical and Electronics Engineering

Supervisor: Assoc. Prof. Dr. Ozan Keysan

September 2021, [I38|pages

This study investigates the fault-tolerance capability of an air-cored, axial flux, five-
phase permanent magnet synchronous machine. The air-cored stator is designed by
adopting a novel winding topology that is called flat winding. The coils of flat wind-
ing are made by bending and grouping one within another of the flat wires made of a
laser-cut thin aluminum sheet. This topology provides superior current ratings, better

cooling performance, and a robust structure for the stator.

As the coils are covered with epoxy resin afterward, inter-turn short circuit risk,
which is the most common stator fault in electrical machines, is completely elimi-
nated. Therefore, in this study, the main focus is the analysis and mitigation of wind-
ing open-circuit fault. Another advantage of the proposed topology is its multiphase
structure. The phase number, which is five, is chosen as an optimum point between
minimum over-rating of phase currents in fault mitigation operation and the overall

system complexity.

In the scope of this study, the design of a five-phase winding structure, analysis of



the sizing of the 1.4 kW, 26 Nm, 525 RPM machine are made. Analytical models
for both healthy five-phase and open-circuit faulted four-phase machines are derived,
and the simulation models for these drive operations are developed. Open-circuit
fault mitigation strategies are investigated, and reduced-order Clarke transformation
matrix method without third-order harmonic injection is adopted. On top of that, these
analytical models and simulations are verified experimentally on the manufactured
prototype. Closed-loop speed control is performed for normal and faulted operation
modes with standard field-oriented control, using conventional PI controllers. Finally,
it is concluded that the machine is advantageous for its robust structure, low electrical
time constant. Still, niche measurement, acquisition devices and driver are necessary

due to the air-cored machine’s low phase inductance.

Keywords: fault tolerance, multiphase electric machine, permanent magnet synchronous
machine, axial-flux, air-cored stator, five-phase, field-oriented control, open circuit

fault, fault remedial strategies
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0z

BES FAZLI EKSENEL AKILI SABIT MIKNATISLI SENKRON
MAKINENIN ANALIZI VE HATA TOLERANSLI KONTROLU

Bayazit, Goksenin Hande
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Bolimii

Tez Yoneticisi: Dog. Dr. Ozan Keysan

Eyliil 2021 , sayfa

Bu calisma, hava niiveli, eksenel akili, bes fazli sabit miknatisli senkron bir maki-
nenin hata tolerans kapasitesini arastirmaktadir. Hava niiveli stator, yassi sargi adi
verilen yeni bir sartm topolojisi benimsenerek tasarlanmugtir. Yass1 sargi bobinleri,
lazerle kesilmis ince bir aliiminyum levhadan yapilmig yassi tellerin biikiilmesi ve
birbiri i¢inde gruplandirilmasiyla yapilir. Bu topoloji, stator i¢in yiiksek akim tagima

kapasitesi, daha 1y1 sogutma performansi ve saglam bir yap1 saglar.

Bu topolojde bobinler epoksi recine ile kaplandigi icin elektrik makinelerinde en sik
goriilen stator arizasi olan sargilar arasi kisa devre riski tamamen ortadan kalkar. Bu
nedenle, bu ¢alismada ana odak, sargi acik devre arizasinin analizi ve azaltilmasidir.
Onerilen topolojinin bir bagka avantaji da ¢ok fazli yapisidir. Bir acik devre arizasi
durumunda, geleneksel ii¢ fazli makinelerden farkli olarak, kalan saglikli fazlar ile
diisiik dalgali ¢ikis torku olusturmak miimkiindiir. Bes olan faz sayisi, ariza azaltma
isleminde faz akimlarinin minimum asimi ile genel sistem karmagiklig1 arasinda op-

timum bir nokta olarak segilir.
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Bu ¢aligsma kapsaminda bes fazli bir sargi yapisinin tasarimi, 1.4 kW, 26 Nm, 525 rpm
makinenin boyutlandirma analizi yapilmistir. Hem saglikli bes fazli hem de agik devre
arizal dort fazli makineler i¢in analitik modeller tiiretilmis ve bu siiriis sistemleri i¢in
simiilasyon modelleri gelistirilmistir. A¢ik devre ariza azaltma stratejileri arastirilmis
ve ligiincii dereceden harmonik enjeksiyon olmadan indirgenmis dereceli Clarke do-
niisiim matrisi yontemi benimsenmistir. Bunlara ek olarak, bu analitik modeller ve
simiilasyonlar, GaN tabanli bir evirici tarafindan siiriilen prototip iizerinde deneysel
olarak dogrulanmistir. Kapali ¢evrim hiz kontrolii, geleneksel PI kontrolciileri kulla-
nilarak standart alan yonlendirmeli kontrol ile normal ve hatali ¢caligma modlar icin
gerceklestirilmistir. Son olarak, makinenin saglam yapisi, diisiik elektriksel zaman
sabiti sebebiyle avantajli oldugu sonucuna varilmistir. Yine de, hava ¢ekirdekli maki-
nenin diisiik faz endiiktansi nedeniyle nig veri 6l¢timii ve toplama cihazlari ve yiiksek

kapasiteli siiriicii devresi ile motor kontrolii kolaylastirilabilir.

Anahtar Kelimeler: hata toleransi, cok fazli elektrik makinesi, sabit miknatish senk-
ron makine, eksenel aki, hava niiveli stator, bes fazli, alan yonlendirmeli kontrol, agik

devre hatasi, hata diizeltme stratejileri
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CHAPTER 1

INTRODUCTION

Electric machines have widely been used for electric power generation, industrial and
domestic applications since they were invented. Mainly for industrial applications,
with an increasing number of automated systems, pneumatic and hydraulic systems
are being replaced with electric drives, due to their better and faster controllability.
Consequently, the reliability of electric drive systems gains importance because of
their wide use of safety-critical industrial applications such as aviation, military sys-
tems, power generation and automotive. In a general sense, under fault occurrence,
such electric drive systems should be able to maintain near-proper operation and its
elements should be resistant to possible irreversible damages caused by system fail-
ures. This concept is called fault tolerance and such electric drives are named as fault

tolerant drives [6, 7].

Besides, the use of electric drives in a wide range of application domains requires the
design and adoption of machine topologies with various characteristics. For example,
traction drives are required to be compact, reliable and ef cient. They are designed
with high torque and torque density concerns and they are expected to operate in a
wide speed range. As another example, wind turbine generators operate at low speed
and high torque, where some other industrial applications require a drive operation at
high speed and lower torque production. Further examples may be cited.

For industrial systems that require higher torque and lower speed, axial ux machines
are a preferred choice over radial ux ones thanks to their large diameter and higher
torque densities. On top of that, adopting an air-cored structure for axial ux ma-
chines introduces further bene ts such as decreased structural mass and reduced cog-

ging torque for possible industrial systems. However, there are few studies on the



reliability and fault tolerance of air-cored axial ux machines that may be possibly
used in safety-critical applications. These studies usually tackle the more commonly
used radial ux machine and iron-cored topologies.

Considering the mentioned gap in the electrical machinery literature and with the
intent of lling this gap, this study investigates the fault tolerance of an air-cored
axial ux permanent magnet synchronous machine with a novel winding topology,

by means of both the design and the control of it.

The outline of this thesis can be summarized as follows:

Chapter 2: This chapter covers the previous work related to this study in the
literature. The main subjects which will be discussed in the literature review
are fault tolerance in electric drives, redundant and/or multiphase drive sys-
tems, axial ux machines and air-cored machines. Also, their advantages and

disadvantages will be stated whenever applicable.

Chapter 3: This chapter will present an axial ux machine design with a novel
winding topology. This winding, which is composed of at aluminum wires,
has prominent characteristics such as short circuit protection, high current car-
rying capability and easy manufacturing process. Another feature of the ma-
chine is its multiphase structure. The design procedure of the machine will
also be explained in this chapter. The proposed design is simulated and val-
idated using nite element modeling. Finally, the experimental results of the
manufactured machine prototype will be presented and compared with the an-
alytically and numerically found results.

Chapter 4: This chapter will summarize the analytical modelling procedure
of a ve-phase electric drive. Initially, the variables and equations of the ve-
phase drive will be introduced. After that, the simulation results of a ve-phase
drive model that is built based on the analytical model will be given. Finally,
the experimental results of the ve-phase machine that operates in motoring
mode under different operating conditions will be shown and both results will

be discussed.
Chapter 5:This chapter will mainly focus on open circuit fault of one phase

2



in the ve-phase machine. As an introduction, the currents drawn by healthy
phase windings when the machine is under an open circuit fault will be ana-
Iytically obtained. Following that, fault mitigation strategies will be discussed.
Conventional methodologies that had been proposed for open circuit fault re-
covery will be given and an alternative and easier method to determine the
remedial phase currents will be presented. Also, the modi cations that should
be made on the control loop will be discussed. Similar to the Chapter 4, these
control strategies will be applied on the drive simulation model and the machine
prototype. Both results will be compared and the incompatible results will be
discussed.

Chapter 6: This chapter will summarize the ndings of this study, will present
the conclusions of the research. Also, further possible improvements on the

study, experimental setup and the control approach will be presented.






CHAPTER 2

LITERATURE REVIEW

This chapter provides information about recent studies in electrical machinery. The
selected topics in this chapter are mainly focused on fault tolerant drives and fault
tolerance concept of electrical machines, axial ux electrical machines and ironless
topologies. Throughout the chapter, the research topics have been mainly described,
some previous work in the area have been summarized and the compared topologies/-

concepts have been discussed.

2.1 Fault Tolerant Electric Drives

Faults may arise from different sources in electric drive systems, some of which are
bearing faults, demagnetization of PMs, inverter faults and stator-related open cir-
cuit and short circuit faults. Possible faults in an electric drive are presented in the
schematic given in Figure 2.1. Considering that an electric drive is a whole of nu-
merous components, each component of the drive introduces its own failure risk that
could violate the functional reliability of the system. To eliminate the effect of sensor
failures, observer design [8,9] and to eliminate the effect of inverter leg faults, adding
redundant legs or parallel switches to the system [10] are adopted methodologies for

the sake of a reliable electric drive.

Looking from the electrical machine perspective, the failure types According to [11],
stator-related faults in electrical machines has the second largest perc&@#ge,
among all failure types. This ratio increases uB&% as the rated voltage of the
machine increases. Stator-related faults can mainly be classi ed as open and short-

circuit faults, as given in Figure 2.1. In [12-14], it is stated that most of the short
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Figure 2.1: Fault Types in an Electric Drive System (retrieved from [1])

circuit faults start with a turn-to-turn (interturn) short circuit (ITSC) fault and then
propagate to the whole winding [2]. The main reason for this fault is the thermal and
electrical stress on the winding isolation. Continuous inverter switching, poor cooling
and resultant high temperature operation are harmful for the winding. Some example

short-circuit types are shown in Figure 2.2.

Aging of the isolation leads to ITSC fault especially in stranded windings. An alter-
native topology for this issue is hairpin winding. It is invented with the motivation

of increasing the ll-factor and automatizing the manufacturing process [15-17]. Its
basic structure and the difference between the conventional stranded winding and pre-
formed hairpin winding are given in Figure 2.3. On top of its design motivation, its
solid structure also less prone to generate an ITSC, when the isolation between the

coils are thick enough [18].

When a short circuit occurs in a coil, large amount of inrush currents ow through it
[14]. This is the main reason of the spread of one-turn ITSC to a whole phase winding

as exponential growth. Therefore, the most common strategy in these studies is:

The detection of the ITSC fault,



Figure 2.2: Short Circuit Fault Types in the Stator of a Machine (retrieved from [2])

Figure 2.3: The Structure of Hairpin Winding (retrieved from [3])

Deactivating the phase on which the fault occurs,

(Optional) Short-time operation of the drive by following one of the various

open circuit fault mitigation strategies.

Consequently, to be able to act upon this, the design of the machine should satisfy
several conditions. In other words, a machine can be called as "fault tolerant" if it has

the following features [19, 20]:



Electric isolation between phasesElectrical isolation of the phase windings
ensures the ability to control each phase separately and eliminates the ow of
fault currents through healthy phases. Removal of the star connection and a

driver composed of separate bridges are example solutions for this condition.

Magnetic isolation between phasesTo decrease the effect of the fault current

on healthy phases, magnetic coupling between them should be low.

Mechanical isolation between phasesThe coils should be physically apart
from each other, in order to prevent the spread of a fault to the other phases.
The term "mechanical isolation" includes both physical and thermal constraints.

Tooth wound coil is a good example that satis es this criterion.

Limiting the Fault Current: To prevent the large currents that could give

damage to the system, phase inductance of the machine should be high.

Redundancy: This is the main concept between modular and multiphase topolo-
gies. Stator modularity and number of phases larger than three introduces re-
dundancy to the system. Thus, the machine can pursue its near-proper operation
under fault conditions.

(a) Five-Phase (retrieved from (b) Four-Phase (retrieved from [22])

[21])

Figure 2.4: Examples of Fault Tolerant Stator Winding Structure

Two example stator topologies that hold the abovementioned criteria are given in

Figure 2.4. Both of these stators are composed of tooth windings. That is, the span of

the coils are one tooth and they do not touch each other. The winding design for both

are made to make sure that the magnetic coupling between phases are minimized.

8



Furthermore, phase numbers are chosen as four (in Figure 2.4a) and ve (in Figure

2.4b) to provide the redundancy to the system.

2.2 Multiphase Electrical Machines and Modularity Concept

As a result of the redundancy concern in electrical machines, multiphase (which is

a term that covers the phase numbers larger than 3) and modular electric machines
have gained wide research interest recently. Many studies have been conducted on
various machine types, such as induction machine, PMSM, synchronous reluctance
and switched reluctance machines. The previous research on multiphase drive sys-
tems have been extensively reviewed in [23, 24] by means of general advantages,
modeling methods, control methods, fault tolerance and suitable application areas.
Major asset of the multiphase structure is the ability to carry less power per phase

for the same total amount compared to a three-phase machine. Also, fault tolerance
capability and torque enhancement capability using higher-order harmonics are some

other bene ts of these structures.

The multiphase machine studies on different phase numbers, as well as their advan-

tages and drawbacks can be summarized as follows:

Even phase number:Even phase number is usually not preferred in fault tol-
erance perspective. The main reason for that is as an open circuit fault occurs
or a phase is deactivated after a short circuit fault, the system becomes asym-
metrical for an even-phase-numbered system [25]. That is why, in most of the
studies, phase numbers are selected as odd numbers. However, there are also

several advantages of even-numbered systems.

— Four-phase[21]: Four-phase machines are considered to have an extra
phase leg for failure conditions. This selection brings the redundancy, as
well as its drive complexity is less compared to its higher-phase-numbered
alternatives.

— Six-phas€[26-28]: Six-phase machines have symmetrical and asymmet-
rical versions. The major advantage of the six-phase machines is the abil-

ity to use conventional three-phase inverters to drive the motor. Usually,
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they are con gured as two set of three-phase windings. Fault remedial
strategies are applied by utilizing this modular structure on these topolo-

gies.

Odd phase number: When the phase number is selected as an odd and prime
number, the machine can be driven in fault remedial modes, as well as its output

torque can be enhanced with higher order ux linkage and current harmonics.

— Five-phasdg29-32]: Five is an optimum number for phase number selec-
tion. Hence there are numerous studies that investigate the properties of
ve-phase machines. In addition to its two redundant phases, ability to
produce torque with third-harmonic ux linkage is a major asset of ve-
phase machines. Furthermore, compared to seven-phase topologies, its

driver and control structure are less complex and contain fewer switches.

— Seven-phas¢33]: Seven-phase machines hold similar advantages to that
of ve-phase machines. However, increased number of switches in the
seven-phase inverter and complex control structure are the drawbacks of

this phase number selection.

Other than multiphase machines, modular machine types are also a good alternative to
provide the redundancy to the system. Especially for safety-critical applications such
as transportation, modular machines and motor drives have been a popular research
area. Some of these studies also propose combining the drive and the machine in the
same package to obtain a more compact form that is suitable for mobile applications
(this structure is called "integrated modular motor drive (IMMD)") [34—36]. Thanks

to the partitioned topology of the machine and its partitioned inverter structure, it is
possible to turn a module off completely in case of a fault occurrence and maintain

derated operation with the remaining modules.

2.3 Comparison of Radial and Axial Flux Machines

The history of axial ux machine is older than the radial ux machine. In 1821,

Faraday invented a disc-shaped machine which can be considered as the rst axial
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ux machine. 15 years later, Davenport obtained a patent for a radial ux topology.
Since then, radial ux has become the conventional structure for electrical machines
[37].

Axial ux is named after its ux passing direction. Figure 2.5 shows the basic struc-

ture and ux passing directions of the radial and axial ux machines.

Figure 2.5: Comparison of Radial and Axial Flux Machines (retrieved from [4])

The prominent features of axial ux machines compared to radial ux machines based
on the research in [5, 38—40] can be summarized as follows (The sigtands for

an advantage, where"'stands for a disadvantage) :

+ Axial ux machines are more suitable for high torque low-speed applications
thanks to their large diameter and capability to accommodate large pole num-
bers.

+ Axial ux machines have higher torque densities compared to their radial ux

equivalents.

+ Axial ux machines can be stacked in axial direction. This introduces modu-
larity and redundancy to the overall system and is favorable in the sense of fault
tolerance.

- Because of its shape with large diameter, the machine can de ect due to the

electromagnetic forces and rotation speed. This de ection may cause an uneven
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air gap, which would result in a high torque ripple. Over time, the torque ripple
may increase the mechanical stress on the bearings and may cause mechanical

failure of the machine.

Axial ux machines have several different con gurations based on their rotor/stator
numbers and their placement order in axial direction. The stator of a machine that is
composed of a single rotor and a single stator would get de ected over time because
of the non-zero net force in the axial direction [5]. However, this would not be the
case for the structures that are symmetrical in axial direction (such as double rotor or
double stator topologies). Therefore these types of axial ux machine topologies are

more preferred in the related studies.

2.4 Air-Cored Machines

In electric machines the stator material is conventionally chosen as steel to provide a
smaller air gap and hence a magnetically less reluctant system. However, there are
several disadvantages of iron-cored machines such as stator core loss, high total mass
and cogging torgue due to the slotting effect of the stator. These drawbacks of iron-
cored topologies prompted to study on a different alternative, which is air-cored (also

known as "coreless") machine [40-43].

The comparison between iron and air-cored machines by speaking of their major
assets and drawbacks can be summarized as follows (The+Sigtahds for an ad-

vantage, where-" stands for a disadvantage):

+ Air-cored machines produce less (and generally no) cogging torque since the

stator is slotless and magnetically insalient.

+ Air-cored machines have less magnetic loading in the air-gap. Therefore, they
almost never saturate. Resultantly, the machine parameters can be considered

and modeled as linear parameters [40].

+ As the stator of the machine is not a ferromagnetic material, there will be no

core losses in the stator of the machine.
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+ Low magnetic loading also causes less de ection of the rotor core for axial ux
machines. Therefore the mechanical structure elements of the machine that are
supposed to keep the air gap at a constant value are less. This also decreases

the overall mass of the machine.

+/- Air-cored machines have large effective air gap, high magnetic reluctance,
hence; low inductance. Low inductance is an advantage by means of higher

power factor, but also makes the control of the machine dif cult.
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CHAPTER 3

PROPOSED TOPOLOGY: DESCRIPTION AND THE CONSTRUCTION OF
THE MACHINE AND THE MOTOR DRIVER

This chapter presents the proposed motor drive topology. Initially, the main moti-
vation of adopting this air-cored axial- ux PMSM topology will be explained. The
structure's assets and drawbacks will be discussed. The physical structure of the mo-
tor, and the novel at winding design will be introduced and explained in detail. Also,
the GaN-based inverter will be presented. The motor driver is built speci cally for

this ve-phase machine.

After explaining the general structure of the ve-phase motor drive of proposal, the
design steps of the electrical machine will be revisited and its magnetic design will be
veri ed, analytically. On top of that, these analytical calculations will be validated us-

ing nite element analysis. The matching and incompatible results will be discussed

and compared.

Finally, the experimental results for the electric machine operating in generator mode
and the inverter feeding an RL-load will be presented. The main purpose of these
experiments are to show that the manufactured prototypes operate properly. That is,
the design of the ve-phase motor drive components have been successful, and the

drive system is suitable for integration.

3.1 Motor Topology

In Section 2, the advantages of axial ux machines over radial ux machines have

been extensively discussed. Also, considering the safety critical applications of the
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axial ux machines such as (low power) traction applications needs investigation of
these machines by means of fault tolerance. For that reason, by combining the re-
guirements of a fault tolerant machine and the advantages of axial ux machines, the
machine of for this study is selected as a ve-phase axial ux PMSM. Also, consider-
ing the need for torque ripple elimination and current over-rating of fault mitigation

applications, an air-cored stator with a novel winding design is adopted.

3.1.1 Prominent Characteristics of the Topology

In this study, an air-cored axial- ux permanent magnet synchronous machine (AF-
PMSM) is selected The stator is placed between two identical rotor discs. Rotor discs
are made of steel, and they are magnetically insalient: Permanent magnets are directly
attached on the smooth surface of the rotor yoke. Considering that the stator core has
also no magnetic saliency, it can be said that the motor has no capability to produce
reluctance torque. Also, the air-cored structure of the machine will prevent the satu-
ration in the rotor yoke, as the effective air-gap of the machine becomes quite large
with two air-gaps and the air-cored stator between steel rotor discs. The explained

topology is shown in Figure 3.1.

Figure 3.1: Double Rotor Air-Cored AFPMSM Topology (retrieved from [5])

The most innovative aspect of this machine topology is the structure of the stator,
which is made of a novel coil topology, at winding. Flat winding is a novel winding

topology and is inspired by hairpin winding [44]. The production process and the
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structure of a at wire is shown in Figure 3.2.

Figure 3.2: Making of a Flat Wire (retrieved from [5])

The motivation behind adopting this new type of winding structure can be summa-

rized as follows:

Large current carrying capability: One single at wire has a large cross
sectional area compared to conventional stranded winding cables. As an exam-
ple, considering the skin effect limitation, one single aluminum at wire with

a cross-sectional area 6imm? is capable of safely carryin@5A of current

at a maximum o270Hz. Due to this advantage, large amount of current can
be carried in a single-strand at winding, without the need of using paralleled

winding structure.

Shorter end windings: Flat wires are connected to each other using soldering
and welding techniques [5]. This will result in shorter end-windings, lower

phase resistance; hence higher ef ciency.

Cooling performance: The study in [5] shows that at wires are capable of
reaching a current density @A=mm?, where this value is onl¢ A=mm? for

conventional stranded-wound electrical machines.

Complete electrical isolation between the coilsThis is the most important

aspect of the at winding topology by means of fault tolerance. The most com-
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mon faults in PMSMs are inter-turn short circuit faults, with a rati@0df 40%
among all other failure types [12]. In this topology, as shown in Figures 3.3b
and 3.5b, high-temperature insulation papers are placed between two neighbor-
ing at wires. Finally, the assembly of coils are covered with the insulating
epoxy resin. This manufacturing process ensures the electrical isolation be-
tween each at wire andompletely eliminates the inter-turn short circuit risk

for a wide range of load current and operating temperature.

All above-mentioned assets make the at winding topology favorable for the selection
of the stator topology of a fault tolerant PMSM. On the other hand, there are some

drawbacks of adopting this topology:

Low inductance: As the machine is air-cored, effective air-gap is quite high
compared to the conventional machines. A large air-gap means large reluc-
tance, which results in low inductance. Lower inductance is a major challenge
for the control of the machine, since low electrical time constant due to low
inductance will require faster control loops. Also, low inductance coils are
not very good at ltering the current uctuations due to PWM of the inverter,

current loop controllers and sensor noise.

High mutual coupling: Due to the design of the at winding, the axial area
covered by the phase windings have large overlaps. This causes relatively high
mutual inductance between phases. High mutual inductance is an unwanted
property for a fault tolerant machine topology since it contradicts with the
"complete isolation between phases" principle [6]. Especially for short circuit
faults, large fault currents may affect the healthy phases too, when the mutual
inductance between phases is high. However, for this structure, complete phys-
ical isolation between each coil eliminates the short circuit risk. Therefore, it
can be concluded that this disadvantage hardly matters thanks to the general

structure of the machine.

The need of a custom-designed driver circuit: As an explicit version of
the previous item, faster control and low electrical time constant require high

switching frequency for the inverter of the machine. In order to achieve higher
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Table 3.1: Evaluation of the Proposed Topology

Property Advantage Disadvantage Why?

+) No cogging torque
Air-cored X X ) gging forq
(-) Low inductance

(+) High torque density
(+) Stackable
(+) Large cross-section,

Axial- ux X

high current rating
Flat winding X (+) More ef cient
(+) No need for extra

isolation coating

(+) No short-circuit risk
Epoxy-covered stator X

(+) Thermal performance

(-) Challenging control
Low inductance X (-) Almost no ltering

(-) Custom inverter design

. . (-) Not favorable for fault
High mutual coupling X

tolerant topologies

switching frequencies, the use of Si-based conventional switches may not be
possible and the use of wide band gap semiconductor devices becomes inevi-
dent.

Low number of turns: As the diameter of the stator decreases, the number of
at wires that can be stacked becomes limited. This will result in lower number
of turns for each phase; hence, lower phase induced voltage. For the same
power rating, lower induced voltage would require higher phase current rating.
For that reason, the custom-designed driver circuit should have the capability

to carry high amount of currents.

To summarize, the assets and disadvantages of using this structure can be summarized
asin Table 3.1.
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3.1.2 Manufacturing Steps of the Machine Prototype

Another advantage of the at winding is the ease of manufacturing. With the use of
modern industrial manufacturing tools, mass production of this type of stator can be
achieved in a quite short amount time, since the winding production would include
only cutting and bending processes. For hand-craft manufacturing, bending and as-
sembly of the stator is rather easier than a conventional stranded winding topology,

albeit it is a time-consuming process without automation.

In Figure 3.2, the production steps of a at wire are shown. Unbent U-shaped at
wires are laser-cut from a thin aluminum conductor sheet, and then are bent with
some certain angles. These angles are determined by the rotor pole number, in order

to cover the pole area at a maximum level.

The at wires then are placed alongside each other, forming a full circle as in Figure
3.5a. In the proposed design, a maximum of 240 wires with a thickness of 1 mm
can be assembled. The end points of each conductor are connected using electrical
connectors and the connections are reinforced with solder, as given in Figure 3.3a.

Using welding techniques can be another possible method for this purpose.

(a) Connection (retrieved from [5]) (b) Isolation Papers

Figure 3.3: Assembly Details of the Flat Winding

4 series-connected at wires form a conductor loop, shown in Figure 3.4a; and for a
ve-phase machine, 12 of these loops are connected in series. The stator has a ten-
phase structure. With external series connection, it becomes a ve-phase one as given

in Figure 3.4c. For the isolation between the conductors, insulation papers are placed
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