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PREFACE

This dissertation is based on proposing a new electric machine in which the airgap reaches
the minimum value possible in order to maximize the electromagnetic torque, which is called
airgap-less electric motor. This machine which is already developed in the laboratory has
a torque density (torque per motor volume) which is comparable to hydraulic motors. It is
worth mentioning that the efficiency of this motor will have higher efficiency than hydraulic
machines due to a large number of energy conversion stages.

This dissertation is ultimately based on a journal paper, and two published conference

papers for the author Maryam Alibeik.
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ABSTRACT

This dissertation focuses mainly on the airgap-less electric machine. An extensive lit-
erature review has been presented along with a systematic study that included analytical
modeling, simulation with both steady-state and trasient analysis, prototype building, and
experimental validation. In this type of device, the rotor is allowed to touch the stator at a
contact point, which maximizes the internal flux and therefore the electromagnetic torque.
A higher torque density motor is proposed in this dissertation due to a reduced reluctance
caused by zero airgap situation. A comparison with other high torque density electric ma-
chines demonstrates the advantages of the proposed machine. Switched reluctance motor
for hybrid vehicle, integrated magnetic gear, induction machines, are some examples of the
machines with lower torque density than the airgap-less electric machine. This machine will
maximize the generated torque allowing these type of machines to be competitive in appli-
cations where hydraulic motors are prevalent, i.e., low-speed and high-torque requirements.
Hydraulic motor systems face two major problems with their braking system and with low
efficiency due to a large number of energy conversion stages (i.e., motor-pump, hydraulic
connections and the hydraulic motor itself). The proposed electric motor, unlike hydraulic
motors, converts electrical energy directly to mechanical energy with no extra braking system
necessary and with higher efficiency. The evolution of the airgap-less electric machine from
three poles to 9 bi-poles is discussed in this dissertation. The modeling of this machine with
a minimum number of poles is discussed before a generalization is presented. The simulation
and analysis of the airgap-less electric motor has been done using Euler integration method
as well as Runge Kutta 4th order integration method due to its higher precision. A proof-
of-concept electric machine with nine magnetic bipoles is built to validate the theoretical

assumptions.
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1. INTRODUCTION

Now a days climate change and its impacts on earth has been one of the main issues that
concerns every human being [1]. Infrastructures, such as buildings and industrial facilities
have been affected by the climate change [2]-[8]. It is also believed that the big percentage
of increased temperature is due to the greenhouse gas concentration [9]. Based on an article
from NASA, CO, is one of the most important greenhouse gases, which can be released
through the human activities such as burning fossil fuels [10]. Scientists have been trying for
a long time to reduce the radiation of CO, worldwide[9]. The energy consumption is one of
the main factors that results into the emission of C'O;. Recognizing the biggest consumers
of energy can help optimizing the energy consumption. In [11], it has been stated that
electric machines consume 70% of electrical energy globally. For example, induction machines
are consuming the major part of the energy worldwide [12]. One option for optimizing
the consumption of energy through electric machines is to increase the electric machine’s
efficiency [1].

There has been a survey done in [13] which has focused mainly on the efficiency improve-
ments of induction machines. Thermal management is one of the typical methods used for
increasing the efficiency of electrical machines. A predictive thermal management system is
presented in [14] for electric machines in more electric aircrafts. In this method, the system
monitors the efficiency at real-time temperature and adjust the cooling according to this
efficiency. This study claims that this method help the system to maintain its high efficiency
status. This method has been implemented using a PMSM machine and the results show
that the power consumption of the cooling system reduced by 30% and the total system’s loss
reduced by 9%. The [15] also focuses on the efficiency of the propulsion motor for aircraft.
In this study, a new iron less stator axial flux permanent magnet machine is proposed which
uses oil immersed forced cooling system, which has a high power density and efficiency and
a good candidate for use in aircraft. The prototype of this unit was developed and tested.
The results showed that the efficiency could reach 97.4% when the current density is about
10A/mm?. Other articles present different methods for increasing the efficiency of electric

machines and reducing their losses consequently. In [12], it has been shown the result of
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reducing temperature on increasing the efficiency by forced cooling of the coils of an induc-
tion machine. This study claims that reducing the coil temperature by 10°C' has an effect of
0.5% efficiency increase. In the same article, it has also been shown that the internal cooling
has more effect on the efficiency than the external cooling. The use of unidirectional fan,
reformation of fan blade and fan cover shape, and water or oil cooling are some examples of
the cooling methods used in this paper.

In [16], a maximum efficiency point tracker (MEPT) has been proposed to improve the
efficiency of an electric propeller for autonomous underwater vehicles (AUVs). The analysis
of this method has shown that the electric propeller was able to maintain the efficiency
regardless of the variable water flow. Reducing the power consumption in electric appliances
and electric vehicles will save the energy significantly. For example in machines, which
operate in variable speed, reducing the power consumption is very important. In [17], a
pole changing permanent magnet (PM) machine has been proposed which will change the
number of poles whenever the speed changes. It is worth mentioning that in this machine,
the winding connections will not change when the number of poles are changing and this
contributes in improving the efficiency. Based on the analysis in this study the induced
voltage changed from 79% to 100% while the iron losses reduced by 36% compare to the
conventional PM machine. In [18] a switched flux PM memory machine has been proposed
which contains a stator with changeable magnetized permanent magnets. The idea of this
proposal is to improve the efficiency by weakening the PM flux linkage at high speed. In this
situation, the iron loss will be reduced and the flux density in the lamination will decrease.
The flux weakening has also been studied [19] in which it shows that by using the field
excitation regulating without flux weakening the maximum power at high speed will not be
constant. However the constant maximum power at high speed can be obtained by employing
the flux weakening armature current control. There are studies in the literature such as [20]
in which the efficiency of an induction machine is compared to the efficiency of synchronous
reluctance machine. In this paper it has been shown that the performance of both machines
are similar and therefore the cheaper machine, i.e. SRM is a better option. In addition, it
has been shown that since the dominant power losses is the copper loss in these machines,

the overall efficiency depends on the speed in which these machines are operated. Another
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way to increase the efficiency of electric machines is using better magnetic materials. As
[21] states, conventional soft laminations can be replaced by new materials such as high
silicon non-oriented steel and partially cubic textured steel can increase the efficiency by
1.5 — 3%. Magnetic materials such as NdFeB, which is a part of the rare earth magnets,
allow a very strong magnetic field in a very small volume [22] and a high level of performance.
Nevertheless these magnets have two main disadvantages that are being expensive and the
extraction and refinement of rare earth oxides is a potentially environmentally damaging
process such as poisoning the farms and villages. According to [22] the effect of rare earth
magnets can be reduced by either reducing the amount of rare earth magnet used in the
electric machine, or by substituting them completely. There have been other researches
done on the topic of rare earth magnet free machines [23]-[25]. Another example which
presents a material simulation model for improving the accuracy of machine design is [26]. In
this study, the impact of magnetic materials under various dependencies such as mechanical
stress, and cut edge effect on electrical machines is presented. These impacts have been
shown by Finite Element simulation. The concept of energy efficiency has been studied in
the literature for hybrid electric vehicles (HEV) [27]-[31]. For example in [32], a multi-
island generic algorithm has been used for returning and characterizing the optimal design
for PMSM for a defined driving cycle. There has been a new approach proposed by [33] in
which the efficiency of the permanent magnet hybrid brushless machine has been optimized
by tuning the DC field current only. This paper presents that the machine achieves the
lowest input power regardless of the amount of load and speed, [34] proposed a mathematical
method to compute the field in an electric machine which is generated by fully magnetized
superconductors. Superconductors and the use of them in electric machines will increase the
power density and the efficiency of the machine. While this paper analyzed the magnetic
field using three different methods of Biot-Savart (BS), Fourier Transform Method (FT), and
Fast Fourier Transform Method (FFT), it concluded that using the FFT method will give
a fast and accurate result than other two methods. Electric machines can be categorized
based on their torque and torque density (torque per machine volume). Achieving high-
torque density has always been one of the targets while designing electric machines [35]-

[40], which has inspired new designs as presented in the technical literature [41]. One of
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the most important applications for high torque electric machines is the use of high torque
density electric machines in an electric vehicle. In other applications such as industrial and
commercial applications, hydraulic machines are selected over electrical machines due to
their compact size [42], [43]. For example, although the high torque generated by vernier
permanent magnet machines and machines with partitioned rotor are one of the highest
among electric machines, they still do not generate torque density that is comparable to
hydraulic machines. Other examples of non-conventional designs of electric machines and
control strategies proposed by industry and academia include: 1) a dual rotor structure along
with a dual excitation [44], 2) an outer rotor hybrid excitation [45], 3) new control strategies
proposed in order to enhance the mechanical torque [46], and 4) injection of third harmonic
current [47].

This introduction presented a unique classification of electric machines considering their
gap characteristics as well as a discussion on high torque electric machines. The existence
of the gap in electric machines is unavoidable. Gap is the physical space consisting of air or
fluids (such as oils or ferrofluids) which will separate the rotor and the stator of an electric
machine. This physical space will allow the rotor to move freely inside or outside of the
stator. Although the presence of a gap is fundamental in creating the rotational movements,
designers often try to minimize this space to maximize the internal flux and consequently

the electromagnetic torque. Fig. 1.1 shows the classification of electric machines based on

[ Electric Machines ]

Electric Machines Electric Machines Electric Machines
with Constant Gap with Variable Gap with Eccentric Gap

Figure 1.1. Flowchart showing the electric machines classifications

their gap structure.

The gap plays an important role in defining other parameters of electric machines. For

example, the reluctance of the gap in an electric machine is proportional to the length of the
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gap which is shown in (1.1). On the other hand, the flux of an electric machine is inversely

proportional to the reluctance as shown in (1.2), therefore less reluctance will result into

more flux.
g
R=— 1.1
oAl (1.1)
Ni
- 1.2
o= (1.2

Although the least amount of gap is always desirable, in theory it will result into a very
large flux, but the length of the gap will never reach zero due to the roughness of the material,
as well as the flux will be limited by the saturation of the magnetic material. Reducing the
gap has some negative effects such as cost, tight tolerances associated with reliability, heat
and dynamic performance which requires enough clearances.

The gap space between stator and rotor can also be filled with ferrofluids instead of air [48]
as the air may cause some limitations in the performance due to the very low permeability.
Ferrofluids are liquids made of nano-scale ferromagnetic or ferrimagnetic material. These
material have high permeability and consequently will improve the magnetic performance of
the machine.

Here I will present the electric machines’ classifications according to the structure of
their airgap, i.e. 1) constant airgap, 2) variable airgap, and 3) eccentric airgap. In electric
machines, the physical geometry of the rotor and stator defines the characteristics of the
airgap. In a typical electric machine, the rotor with either constant or variable airgap will
only have the rotational movement. While in machines with eccentric gap, the rotor will
have both rotational and translational movements. Both typical and eccentric gap machines

will be presented in this introduction.

1.1 Machines with Constant Airgap

Machines with constant airgap will have the same airgap length during one complete

cycle of the rotor either inside or outside of the stator. Fig. 1.2(a) shows an electric machine
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along with its airgap variation as a function of the position of the rotor, as shown in Fig.

1.2(b). Now I will review some popular electric machines with constant airgap.

Stator Rotor

Airgap

(a) An induction machine with a constant
airgap.

Airgap length

Rotor position
(b) constant gap vs. position.

Figure 1.2. Machine with constant airgap.

1.1.1 Induction Machines

Fig. 1.3(a) shows an induction machine with a squirrel cage rotor where the voltage
is induced in the rotor windings that will produce the rotor current and magnetic field.
Another type of induction machines is the wound rotor induction machine where the rotor
has a three phase winding inside as shown in Fig. 1.3(b). Both machines in Fig. 1.3 are
identical in terms of electrical characteristics. However, wound rotor induction machines are

in disuse due to maintenance issues.
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Airgap

Stator Rotor

Airgap

Figure 1.3. (a) Squirrel cage induction machine, and (b) wound rotor induction machine.

The torque in induction machines can be calculated using (1.3). Equation (1.3) is derived

assuming there is no saturation and using the reference frame theory.

Te - XM(iqsidr - idsiqr) (13)

An induction machine with an integrated magnetic gear is also an example of a machine
with constant airgap [49]. Magnetic gears will transmit torque with no contact at all. Mag-
netic gearing effect is used in [50] to propose a magnetically geared induction machine. This
machine is as shown in Fig. 1.4.

This machine consists of four different armatures from which two are stationary and two

are rotating. The innermost armature is the stator of the induction machine. This stator
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Figure 1.4. Magnetically Geared Induction Machine

will be excited by a balanced three-phase voltage which will result in creating the magnetic
field. This magnetic field will produce an electromagnetic torque in the high speed rotor.
High speed rotor consists of magnetic gears which are mounted on its outer surface. These
magnetic gears will then transmit the torque to the low-speed rotor. As shown in Fig.
1.4, the diode rectifier links the machines rotor with dc boost windings to guarantee a 15%
increase in the torque. Integrating the magnetic gear in induction machines has been done

in other studies such as [49], [51]-[53].

1.1.2 Synchronous Machines

Another type of electric machines with constant airgap is synchronous machine. It is
worth mentioning that synchronous machines fit in both categories, constant airgap and
variable airgap. Synchronous machines are also called constant-speed machines since they

run at a precise synchronous speed [54]. They have higher torque density among other electric
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machines [55]. These machines can be employed in low-speed and high-speed applications.

Fig. 1.5 shows a two-pole three phase synchronous machine with a constant gap.

Stator
Rotor

Airgap

Figure 1.5. Synchronous Machine with Constant Airgap

The torque equation in synchronous machines is as shown in (1.4).

T, = () rign — Ages) (1.4)

Eqn. (1.4) has been obtained using (1.5) in which K7 is as shown in (1.6) which is called

the transformation matrix.

P r —1i7" T li r —1ir
Te - (5)[([(5) qus] {2 (89)1" [LS];KS) qdOs (15)
+a_&[Lsr]iZdr}
cos(0, —0) —sin(6, —60) 0
K; = |sin(0, —0) cos(f,—0) 0 (1.6)

0 0 1
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Note that in all equations shown above, L is representing the inductance, which is directly

dependent on the reluctance and consequently proportional to the airgap.

1.2 Machines with Variable Airgap

Machines with variable airgap will have different airgap lengths during one complete cycle
of the rotor. These machines normally have salient stator, rotor, or both. Fig. 1.6 shows
a switch reluctance machine with variable airgap which has been studied in [56]-[58]. As
it is shown in Fig. 1.6(b), the gap in this machine is changing between the minimum and

maximum while the rotor is changing position.

Airgap length

Emin

Rotor position

Figure 1.6. (a) switched reluctance machine with variable gap, (b) variable
gap vs. position.

As it is shown in Fig. 1.6(b), when the tooth of the rotor is aligned with the tooth of

the stator, there will be a smaller airgap than when these teeth are unaligned. In this case,
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the gap is defined as variable gap. There exist studies in literature on electric machines with
variable gaps [59], [60]. Below are several examples of high torque electric machines with

variable airgaps.

1.2.1 Synchronous Machines

As mentioned in the constant airgap section, synchronous machines fit into variable
airgap group as well as constant airgap group. In the case that the rotor, stator, or both are
salient, the airgap will be variable in these machines. Fig. 1.7 shows a simple synchronous

machine with a salient rotor.

Stator

Figure 1.7. Synchronous Machine with Variable Airgap

In [61] the number of slot/pole combinations are studied to find the best combinations for
low-speed high-torque applications of synchronous machines. Synchronous machines operate
either as a machine or a generator. In synchronous generators the rotor winding is excited
by dc voltage and will induce voltage to the stator. This magnetic field in the rotor winding
will rotate the rotor with a constant speed inside the stator. In synchronous machines in
turn, the AC power source will power up the stator, which will generate a magnetic field.
This magnetic field inside the stator rotates the rotor. Synchronous machines along with

induction machines are the most widely used type of AC machines.
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1.2.2 Permanent Magnet Machines

Permanent magnet AC machines are the same type of machines as synchronous machines
with the difference that the field windings in the synchronous machines are now replaced with
permanent magnets [62]. Permanent magnet machines have advantages such as fast dynamic
performance and high torque or torque per machine volume (torque density), and ease of
control relative to alternative machines. [63]-[64]. Interior Permanent Magnet Synchronous
Machines (IPMSM) are desirable for electric vehicle (EV) applications due to their high
power and torque density. In [65] the shape of the rotor slots, which contain the magnet
bars, has been optimized to reduce the cogging torque and increase the torque. PM machines
conventionally are classified into two different types, i.e. permanent magnet material on the
rotor and permanent magnet material on the stator. In [66] it has been proposed a permanent
magnet machine with pm materials on both rotor and the stator. This paper claimed that
having the dual excitation would result into a higher torque per volume. Using an extra set
of permanent magnets on the ferromagnetic segments of the stator in a magnetic gear has
been studied in [53]. This study presents that by adding an extra set of permanent magnets
on the stationary part, the torque density will increase by 20 %. Fig. 1.8 shows this high

torque density triple permanent magnet excited magnetic gear.

Outer stator

‘ . . PMs on outer rotor
&

PMs on ferromagnctic’
segments

Stationary /
ferromagnetic ‘

segments '

PMs on
inner rotor

¥y g v

Inner rotor

Figure 1.8. Triple PM excited Magnetic Gear
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One of the possibilities to get a higher torque is to maximize the radius of the rotor.
An outer rotor claw pole stator has been proposed in [67] in which the torque density is
higher than the conventional machines due to the radius of the rotor and also the claw pole
structure of the stator. However, there are also drawbacks for these designs such as higher
stator leakage when the flux is traveling from one pole to the other pole. [68] proposed a
new magnetic-planetary-geared permanent magnet brushless machine for HEVs, which can
achieve mixing flexibility as well as power split. It also shows that a small size and light
weight as well as reliability can be obtained in this machine by incorporating the concept of
no-contact mechanisms of magnetic gear. It is evident that by reaching a smaller size in a

machine the torque density will be higher.

1.2.3 Interior Permanent Magnet Synchronous Machines

Interior permanent magnet synchronous machines are among the most popular electric
machines used in electric vehicles [23]. These machines contain rare-earth magnetic material
which is costly and at the same time have negative impacts on earth. Therefore, one of
the high demand in electric vehicle (EV) industry is to decrease the amount of rare earth
magnetic material or electric machines that are rare earth free machines. In [23] it has been
proposed a switched reluctance machine, which does not contain any rare earth material
and also is competitive with IPMSM in terms of torque density and efficiency. Although
switched reluctance machines (SRMs) are low cost and simple in design, they have lower
torque density compared to other AC machines. This means that this machine produces low
torque with respect to its volume. In [56] it has been proposed to employ low cost magnets
on the SRM in order to increase its torque density and efficiency. It is worth mentioning
that a none-rare earth magnet has been used in this research. The low cost magnets are

located in stator yoke to avoid losing the capability of wide speed operation.

1.2.4 Synchronous Reluctance Machine

A comparison study between permanent magnet synchronous machine and synchronous

reluctance machine has been done in [69]. In this study, it is evident that in the low power
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machines use of permanent magnets does not change the dimensions of the machine. Also,
in cases that weight and size does not matter the synchronous reluctance machine can be
more desirable than the permanent magnet synchronous machine due to its reliability and
low cost. In this paper, it was also mentioned that in machines with high power having rare

earth magnets is more effective.

1.2.5 Permanent Magnet Flux Switching Machines

Recently the permanent magnet flux switching machines has gained interest in the past
decades [70]-[71]. Although these machines have been proposed in different applications
such as wind generation and aerospace, they are known to have high torque ripples because
of the salient stator and rotor. Flux switching permanent magnet machines have stator
being equipped by both magnets and armature windings. In this case, the rotor will have
a robust and simple structure which will make the FSPM machines suitable for high-speed

applications [72]. Fig. 1.9 shows the machine that has been studied in [72].

Stator

PM

Armature
winding

Figure 1.9. Flux switching permanent magnet

In [73] a 36/34 pole nine phase permanent magnet flux switching machine has been pre-
sented which will generate higher levels of torque density with lower torque ripples. Changing
the rotor configuration to a partitioned rotor in flux switching PM machines, the stator flux

leakage will decrease as well as the utilization of the PM magnets, which becomes efficient
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[74]. Due to the high price of rare earth magnetic material, one of the main goals in develop-
ing permanent magnet machines is to reduce the magnets volume, which has been the main

purpose in [75].

Figure 1.10. Permanent Magnet Vernier Machine

1.2.6 Permanent Magnet Vernier Machines

One type of permanent magnet electric machines that has gained attention in the liter-
ature recently is permanent magnet vernier machine. These machines are normally used in
low-speed, high torque applications. [76]-[79]. Vernier machines are one type of permanent
magnet machines with the difference in number of stator and rotor poles. It has been claimed
in [80] that this type of machine will generate high torque density in compare to regular PM
machines due to their special operation principle that is the magnetic gear effect. Fig. 1.10
shows a typical permanent magnet vernier machine.

One of the disadvantages of permanent magnet vernier machines is their higher cost due
to the permanent magnets used in stator and rotor poles. Due to this fact there are studies
presented in the literature, which have focused on decreasing the cost of the permanent

magnet vernier machine. In [59] a permanent magnet vernier machine has been proposed
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which adopts surface-mounted uni-polar rare-earth PM in rotor, which in turn will reduce

the amount of PM used in the machine by half and also reduces the flux leakage.

1.3 Machines with Eccentric Airgap

Machines with eccentric airgaps can reach the airgap of almost zero at the point of contact
between the stator and the rotor. In these machines, the rotor will have both the rotational
and the transnational movement at the same time. While having these movements, when
the rotor touches the stator, the airgap will be almost equal to zero. Although, due to the
roughness of the material the airgap will never be absolute zero but it has a very small
length. It is worth mentioning that even in the simulation of the machines with eccentric
gap, it is not possible to have an airgap of zero as it will result into an infinite force, as

shown in (1.7).

f= (1.7)

Fig. 1.11(a) shows an electric machine with eccentric gap that has been studied in [81].
As it is evident in Fig. 1.11(b) the airgap will reach almost zero at the points of contact
between the stator and the rotor. Reaching the minimal airgap in these machines lead to a
higher force and consequently a higher electromagnetic torque. These machines are called
rolling rotor electric machines in the literature. An airgapless electric machine with both
external and internal rotor has been studied by the authors in [82]-[83]. Another example
of rolling rotor machines is rolling rotor switched reluctance machine that has been modeled
and simulated in [81]. The difference between the modeling and simulation of the rolling
rotor machines in [81] and [82] is the method of excitation of the stator poles as well as the
type of the rotor. In [81], internal rotor has been used while in [82] external rotor has been
used. Airgap-less Electric machine is an eccentric gap type of machine which is discussed in
the third chapter of this dissertation.

One of the main advantages and characteristics of electric machines is their ability to

produce high torque. Although due to their size, they cannot be used in many applications.
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Figure 1.11. (a) switched reluctance machine with a rolling rotor, and (b)
eccentric gap vs. position

In this case, the torque density will be the main subject of interest, i.e. torque per machine
volume. In addition, the high torque density and high efficiency are the two main requirement
for electric machines as saving energy has been of the main focuses in the world [84]. The
cross sectional area of a basic electric machine is as shown in Fig. 1.12. Based on the type
of the machine, the stator can have different number/types of poles as well as the rotor.
In conventional electric machines, the rotor will be connected to a shaft inside the electric

machine and will only have the rotational movement.

1.4 Scientific Outcomes

This dissertation mainly focused on the research and development of airgap-less electric
machine with internal and external rotor. The first outcome of this dissertation was a paper
published in 2017 IEEE International Electric Machines and Drives (IEMDC) conference. In

this conference the design, operation, control and system integration of electrical machines
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Stator

Figure 1.12. Electric machine Diagram

and the power electronic drives that implement their applications are addressed. The paper
that was published in this conference (Airgap-less electric motor: A solution for high-torque
low-speed applications) presented the proposed airgap-less electric machine with an external
rotor that is described in detail in chapter 111 of this dissertation. The second outcome of this
dissertation was a paper published in 2017 IEEE Energy Conversion Congress and Expo-
sition (ECCE). This conference brings professionals together to discuss the latest advances
in energy conversion technologies. The paper published in this conference (Internal rotor
airgap-less electric motors) presented the airgap-less electric machine with an internal rotor
and six phases that is presented in the second chapter of this dissertation. The third outcome
of this research was a journal paper published in 2018 IEEE Transactions on Industrial Elec-
tronics. This transaction enfold the applications of electronics, controls, and computational
intelligence for the improvement of industrial and manufacturing systems. This transaction
is among the high impact factor transactions in IEEE with the impact factor of 7.515. The
journal paper published in this transaction presented the airgap-less electric machine along
with the experimental results that were obtained through the development of this machine.
Apart from airgap-less electric machine, there has been a research on a solar microinverter
which will be described briefly in this section but is not included in this dissertation. This

project was primarily on a grid-tie inverter for solar applications which was funded by NSF-
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[-Corps program and it is worth mentioning that it acted as a part of the PhD tuition and
stipend. I-corps program is a course provided by NSF in which it gives academic people the
opportunity to commercialize their product which has been developed in the school labora-
tory. During this program, which is around 6 months, there are weekly reports and meetings
with I-Corps instructors. At this time, groups will have the opportunity to present their
research and developed product to the other participants and get some feedback from them.
After every presentation, there will be some suggestions from the instructors as well as other
groups. But the most important part of this course is that it is teaching academic people
to get out of the academia environment, go to industry and talk to real customers. One of
the main assignments of this program was interviewing as much customers as possible and
decide whether the developed product needs a pivot or is good enough for commercializing.
The project of grid-tie solar inverter was presented to more than hundred customers. The
outcome of these interviews lead to a pivot in this project which was proposing a unique
solar microinverter that was patented for it’s shape. This solar microinverter is in the shape
of a triangle and can be fixed at the back of the solar panel with only one screw and this will
reduce the labor time (boots on the roofs) and costs of installing a solar panel. This program
was an opportunity to learn and involve in the industry and business side of developing a
product. There has also been a journal paper submitted for the simulation and analysis of
the airgap-less electric motor using different integration methods to Multidisciplinary Digital
Publishing Institute (MDPI) journal, which was not accepted. This scientific journal is an
open access publisher.

In addition to the above publications in airgap-less electric machines, the mechanical
and geometric approach for these machines with internal rotor has been done in [85]. In this
study the author proposed that the rough geometric calculations proposed will result into

the maximum electromagnetic torque along with the lowest possible ripple.
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2. AIRGAP-LESS ELECTRIC MACHINE WITH AN
INTERNAL ROTOR

This chapter presents the proposed airgap-less electric machine with an internal rotor. This
chapter presents the main reasons that the eighteen teeth /nine-phase electric machine is stud-
ied mainly in this dissertation. Although electric machines have significant torque density
(i.e., torque per machine volume), there are specific applications (e.g., cranes and winches)
where electric machines are not considered a competitive technology as compared to hy-
draulic machines due to torque density limitations.

Hydraulic machines are commonly used in industrial and commercial applications for
their compact size, high power-to-weight ratio, and reliability. In many cases, these charac-
teristics make it preferable over electric machines, especially when high torque density is a
critical requirement [86]-[87]. Although hydraulic systems are widely employed in industrial
applications (e.g., cranes and winches), they face two major problems, i.e., (1) remarkably
inefficient with efficiencies ranging from 6% to 40% and (2) present a complex braking system
38].

Achieving high-torque density has always been one of the targets while designing electric
machines [35], which has inspired new designs as presented in the technical literature [41].
For example, the torque generated by switched reluctance machines and machines with
partitioned rotor are one of the highest among electric machines. However, they still do
not generate torque density that is comparable to hydraulic machines. Other examples of
non-conventional designs of electric machines and control strategies proposed by industry
and academia include: 1) a dual rotor structure along with a dual excitation [44], 2) an
outer rotor hybrid excitation [45], 3) new control strategies proposed in order to enhance the
mechanical torque [46], and 4) injection of third harmonic current [47].

Traditional electric machines are characterized by the presence of an airgap (either con-
stant or variable), which allows the movable part (rotor) to spin freely. Although the airgap
presence is fundamental in creating rotational movement, designers try to minimize its size

to maximize internal flux and consequently torque.
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This new family of machines is based on the principle behind magnetic devices that
produce linear force, such as relays. Note that the expression for force in this type of device
indicates that the attraction observed by the movable part is directly proportional to the
current squared (i), number of turns (INV), and inversely proportional to the airgap squared
(¢%), i.e., f = ki2N/g? ; where k is a function of the permeability of the material and its
dimensions. Hence, the force is maximized if the gap is minimal (i.e., airgap-less), which
happens when the movable part touches the fixed one. It is worth mentioning that even
using the term airgap-less, g is not zero due to the roughness of the contact between both
parts (movable and fixed). The proposed machines are therefore driven by the concept of

airgap-less and maximum attraction force.

2.1 Machine With Three Poles and Three Phases

Traditional electric machines are characterized by a presence of an airgap (either constant
or variable), which allows the movable part (rotor) to spin freely. Although the airgap
presence is fundamental in creating rotational movement, designers try to minimize its size
to maximize internal flux and consequently torque. This new family of machines is based on
the principle behind magnetic devices that produce linear force, such as relays with C-core

as shown in Fig. 2.1.
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N
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Figure 2.1. C-core magnetic device (relay).
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Note that the expression of force in this type of device indicates that the attraction
observed by the movable part is directly proportional to the current square (i?), number
of turns (INV), and inversely proportional to the airgap square (g?), i.e., fki*N/g* where k
is a function of the permeability of the material, and its dimensions. Therefore, the force
is maximized if the gap is minimal (i.e., airgap-less), which happens when the movable
part touches the fixed one. Notice that even using the term airgap-less, g is not zero due
to the roughness of the contact between both parts (movable and fixed). The proposed
machines therefore are driven by the concept of airgap-less and maximum linear force. The
proposed machines use physical contact between the stator and rotor to maximize force and
its rotational torque. Fig. 2.2 shows a 3D sketch of the proposed concept, which shows its
stator and rotor pieces. Both stator and rotor are made of ferromagnetic material. While
Fig. 2.2(a) shows each component of this machine as a single unit, Fig. 2.2(b) highlights
each component separately, i.e., front and end caps along with the main stator body. The
stator main part is comprised of three poles, as seen in Fig. 2.2(c), where a synchronized
magnetic flux will be generated in order to guarantee continuous movement. Each stator

pole will be wrapped by windings for magneto-motive-force (MMF) generation, as shown in

Fig. 2.3(a).

(a) (b) (c)

Figure 2.2. 3D views of the proposed concept.

Note that when the current i; is applied to the stator pole s, its flux will attract the
rotor. When i; reduces while iy increases, the rotor will roll over the stator towards s,.
The profile of the currents presented in Fig. 2.3(b) will guarantee continuous movement of
the rotor. Fig. 2.3(c), in turn, shows a sequence of snap shots that demonstrates how the

proposed machine operates. From the left to the right, Fig. 2.3(c) shows a specific situation
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Figure 2.3. (a) Location where the winding is placed for MMF creation.
(b) Profile of stator current for continuous generation. (c) Sequence of shots
showing a continuous rotor movement..
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where the rotor movement goes clock wise. It is noteworthy to mention, the rotation created
by this machine is similar to the one created by hydraulic machines [89], as seen in Fig. 2.4.
Both types of machines (i.e., the proposed airgap-less electric machine and the hydraulic

machine) have a rigid body rotor with combined translational and rotational movements.

Outlet

Figure 2.4. Hydraulic machine.

Fig. 2.5(a) presents the trajectory of the rotor center of the proposed machine and
how the rotor movement can be obtained by a combination of rotational and translational
movements. A mechanical gear can be used to convert this combined translational and
rotational movement into rotational only movement if necessary for a specific application [see
Fig. 2.5(b)]. This type of gear box is also used in hydraulic machines. As previously stated,
although the presence of the airgap is necessary for creating rotational movement, designers
try to minimize its size to maximize internal flux and consequently torque. However, the
gap size in a traditional design should be big enough to guarantee that there is no physical
contact between stator and rotor, which may cause damage to the machine and consequently

cease its operation.
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Figure 2.5. (a) Combined rotor translational and rotational movements. (b) Gear box.

2.1.1 Machine Modeling

in Fig. 2.5(a).

As the rotor spins following the stator pole excitation, its center spans a circle as described

function of the angular position of the rotor (6). The flux travels in a path that is normal
to both the stator and the rotor, and in this geometrical configuration is expected to fringe
slightly. To simplify the initial derivation for an expression of the gap, only a path normal
to the stator was considered, which is reasonable if the rotor radius is close to the stator
radius. Notice from Fig. 2.6 that the air gap expression [g(f)] can be written as a function

of angular position #. The expression for the gap can be therefore derived as shown below:

g (8) = T9 — T'21COS (0) — \/ % — 7”212 Sin2 (9)
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where rq, ro, and r9; are the radius of the rotor, stator, and the difference between both radii
(i.e., 791 = 19 — 1), respectively. The magnetic equivalent circuit of this machine, when only
one pole is supplied with current can be modeled as shown in Fig. 2.7, in which R, and R3
are the reluctances associated with the gaps at the front and back caps of this machine and

R, is the gap associated with the pole of the stator.

; b e
% *

(b)

(a)

Figure 2.6. Geometry approach used for air gap derivation.

If the reluctance of the magnetic core is neglected and only the reluctance of the air gap
is considered, the self- inductance of the device can be expressed as a function of the angle

as well, which leads to:

L= N?/Ry (2.2)

in which N is the number of turns for the stator pole and R is the total reluctance seen
by the flux (¢) in the circuit shown in Fig. 2.7. This reluctance can be calculated as shown

below:

Ry = (Ri] [R3) + Ro (2.3)

where: Ry = g/poAg, Re = g/ oAy, and Ry = g/p10Ag3. Also, Ay, Ags, and Ay are the

areas associated with front cap, back cap, and the stator pole respectively. Fig. 2.8. shows
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Figure 2.7. Magnetic equivalent circuit of the machine shown in Fig. 2.2
when only one pole is supplied with current.

the developed diagram of the proposed electric machine. In this figure is shown a sequence of
shots as the rotor spins to highlight two different scenarios in terms of rotor positioning and
stator current values. For instance, Fig. 2.8(a) shows a rotor position when the currents are
in sector 1 as presented in Fig. 2.8(b). In this sector, the currents in poles 2 and 3 are zero
(iy = i3 = 0), which eliminates the mutual inductances with respect to pole 1. Therefore,
the self-inductance Ly, is defined using 2.2. Note that flux lines created at pole 1 go to the
front-cap and back-cap completing a C-core as seen in Fig. 2.1. In sector 2 as shown in
Fig. 2.8, current i; decreases while iy increases, which lead the rotor to rotate to the right
[see Fig 2.8(c)]. During this interval of time, in addition to the flux lines presented in Fig.
2.8(a), there are also flux lines that cross both poles 1 and 2 through the rotor. As the rotor
moves further right, the same flux behavior is observed for poles 2 and 3 in a cyclic way. As
it is shown in 2.2, the inductance depends on the number of turns and the reluctance of the
path. Reluctance of the gap is calculated in 2.3. The area of the front-cap (A,) is the same
as the area of the back-cap (Ay3) and it is considered as A,. Substituting 2.3 into 2.2, the

self-inductances for each pole will be as shown below:

Ly = QN%NOAQQAg/g(G) (Agz + 24y) (2.4)

Loy = 2N3110A A,/ g(0 — 21/3)(Age + 24,) (2.5)
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Figure 2.8. Developed diagram of the proposed electric machine.

Lyz = 2N3p0 A0 Ay /9(0 + 2/3)(Agz + 24,)

Assuming r; = 79 in 2.1, this equation can be written as:

g (0) = roy [1 — cos ()]

Substituting 2.7 into 2.4, 2.5, and 2.6, the self-inductances can be defined as:

L11 = 2N%H0Ag2Ag/T21<1 — COS(G))(AQQ + 2Ag)

L22 = 2N§/.L01492Ag/7"21(1 — COS(@ — 275/3))(Ag2 + 2Ag)

L33 = 2N§M0A92Ag/7"21(1 — COS(O + 27'C/3))(Ag2 + 2Ag)
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Considering a case in which the rotor is touching a point between two poles is shown in Fig.
2.8(c). This region is also shown in Fig. 2.8(d) as sector 2, with respects to the currents in
the machine. It is obvious that both currents i; and iy exist in this region so the rotor will
be attracted to a point between poles 1 and 2. The same procedure happens when current
i and i3 exist at the same time or currents i; and i3 exist at the same time, in which the
rotor will be attracted to a point in between poles 2 and 3 or poles 1 and 3 respectively. In
this case, there will exist mutual inductances between poles. These mutual inductances can

be calculated using 2.2:

Lip = 2N1N2#0A9A92/(91(9) + 92(9))(2Ag + Ag?) (2.11)
Lz = 2N 1N3poAgAg/(9,(0) + g3(0)) (24, + Aga) (2.12)
Log = 2N N3poAgAga/(95(0) + g3(0)) (24, + Aga) (2.13)

in which: gy (0) = ro1 [1 — cos (0)], g2 (0) = r21[1 — cos(d — 2m/3)], and g3 (0) = roi[l —
cos(f + 2m/3)].

Now that the self- and mutual-inductances have been calculated, the flux linkages will
be as shown below. It is worth mentioning that in the equations shown below the mutual

inductances Lqo, Log, and Li3 are the same as Loy, L3o, and Lsj.

)\1 — Lllil + L12i2 —I— ngig (214)
Ay = Lotiy + Laois + Losis (2.15)
)\3 = LSlil + L3212 + L3313 (216)
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Using the expressions for flux linkages, the co-energy can be calculated as shown below:

J
we= [ 3 Ay (2.17)
=1

Using 2.8 - 2.16 in 2.17, the co-energy will be:
1
we = <2> (L + Lot + Lugi3) + 2Lusisia + 2Lugisis + 2Lagisiy (2.18)

The torque can be calculated as:

T, = 8 w./d0 (2.19)

Using expressions 2.18 and 2.19, the expression of the torque will be as shown below:

7o T sin(@)kl ™ sin ( - 2%)/{;2 T sin (9 + 2%)]{:3
C o amrmeos(0)” (ry —rycos (0 2))° (ra —rmcos (64 2))
47’21 sin (9 + %)kll n 47’21 sin ( — %)]{75 47=21 sin (9)k6

(27"21 — 91 COS (9 + %"))2 (2r21 — T'91 COS (9 — 2—”))2 (2791 — 791 COS (9))2

(2.20)

3
2.1.2 Experimental Setup

A proof-of-concept laboratory prototype was built to validate the theoretical assumptions.
The material selected for this first prototype is low carbon steel 1020, which has magnetic
flux density saturation around 2 Tesla. Both stator poles and rotor will be built with low
carbon steel 1020. Fig. 2.9(a) shows a photo of the proposed machine in perspective and
assembled as a single unit. Fig. 2.9(b), in turn, depicts such a machine with the front cap
removed from the stator body. Details about the internal pole structure and stator winding
are presented in Fig. 2.9(c). Finally, Fig. 2.9(d) shows an upper view of the proposed
machine connected to the drive system, which is show schematically in Fig. 2.10.

Fig. 2.11 shows experimental results collected for the proposed airgap-less electric ma-

chine. The profile of the current was implemented with a PWM control strategy operating
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Figure 2.9. Photos of the proposed electric machine with its drive system.
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Motor Drive System

Figure 2.10. Machine drive system.
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Figure 2.11. Experimental results: currents in poles 1 and 2.

in open loop. The top waveform presented in Fig. 2.11 is the current of pole 1, while the

bottom one is the current of pole 2.

Although it was expected to have a smooth movement of the rotor inside the stator,
movement was more like a stepper machine. For example when current is applied to pole
1, the rotor touches pole 1 until the point that current in pole 1 is zero. At this moment
the current is already applied to pole 2 and as a result rotor (that is now released from

pole 1) jumps and touches pole 2 and is not rolling smoothly. Based on this observation it
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was decided to increase the number of poles in order to have smoother and more continuous
movement. Next section presents a twelve pole six phase airgap-less electric machine with

an internal rotor.
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2.2 Airgap-less Electric Machine with Six Bipoles and Six Phases

As mentioned in the previous section, airgap-less electric machine uses physical contact
between the stator and rotor to maximize force and rotational torque. Fig. 2.12 presents
different views of a 3D sketch for the proposed machine. Fig. 2.12(a) shows the stator with
six bipoles (twelve teeth), Fig. 2.12(b) presents the rotor. Fig. 2.12(c) and Fig. 2.12(d)
highlight both the stator and rotor and how the rotor is allowed to touch the stator. The

former shows a view in perspective while the latter depicts a top view.

(a) (b)

(c) (d)
Figure 2.12. 3D views of the proposed 3 bipole machine.
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This machine will be excited with a magnetic bipole configuration as shown in Fig.
2.13(a). Two teeth form a pair pole where one of the teeth is north while the other one
is south emulating a C-core configuration. The continuous rotor movement is obtained by
exciting these poles with a machine drive system as presented in Fig. 2.13(b). Fig. 2.14, in
turn, shows a sequence of snap shots (top view) that demonstrate how the proposed machine
operates, i.e., the rotor touches different positions of the stator as the excitation goes from

bipole 1 to bipole 6 with a counter clock wise movement.

Motor Drive System

Air-gap Less
Motor

Flux path
(a)

Figure 2.13. (a) Bipole configuration. (b) machine drive system.
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Figure 2.14. Sequence of shots showing a continuous rotor movement.

It is noteworthy to mention, the rotation created by this machine is similar to that of
hydraulic machines, as seen in Fig. 2.4 in the previous section. Both types of machines (the
proposed airgap-less electric machine and the hydraulic machine) have a rigid body rotor
with a combined translational and rotational movements. A mechanical gear can be used

to convert this combined translational and rotational movement into a rotational movement
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only if necessary for a specific application. This type of gear box has been used in hydraulic
machines and it is a firmly established technology which has also been shown in Fig. 2.5(b)

in the preceding section.

2.2.1 Machine Modeling

As the rotor spins following the stator pole excitation, its center spans a circle. Due to
this movement, the gap between the stator and rotor changes as a function of the angular
position of the rotor (). @ is the angle of the touching point between rotor and stator,
as shown in Fig. 2.15. Notice from this figure that ro (radius of the rotor) and r (radius
of the stator) were made large and small (respectively) to facilitate the visualization. Fig.
2.15(b) shows how the gap at position 1 (i.e., seen by the center of pole 1) can be written as

a function of the angle 6.

Stator

(a) (b)

Figure 2.15. Geometric approach used for airgap derivation.

The expression of the gap can therefore be derived as shown below:

g(0) = ry — roy cos(f) — \/r% — 13, sin?(0) (2.21)
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where 791 is the difference between both radii (i.e., r9; = ro — r1). In this design, the radius
of the rotor and stator are close to each other, i.e. r; = ry. Therefore, the gap expression

can be simplified as done in (2.22).

9(0) = o1 [1 — cos(0)] (2.22)

Figure 2.16. Points of interest for airgap derivation.

Fig. 2.16 shows the gaps for a single position, which are six points of interest in terms
of gap measurements. The center of each tooth represents those points of interest as seen
in Fig. 2.16 for two different rotor positions. Fig. 2.16(a) shows a position where go, = 0,
while Fig. 2.16(b) shows a position where g5, = 0. In both cases presented in Fig. 2.16 all
the other gaps are not zero.

The general equation for the gaps can be then defined as:
T2 — 3
92(6) = ran[1 — cos( - "5y (2.23)

where n = la, 1b, 2a, ..., 6b, and i goes from 1 to 12 correspondingly.

23



2.2.2 Magnetic Circuit

The magnetic flux enters the stator and rotor in a path that is normal to them, and with
this geometric configuration, it is expected to fringe slightly. To simplify the modeling, only
a path normal to the stator was considered, which is reasonable if the radius of the rotor is
close to the radius of the stator (r; ~ r3).

Fig. 2.17(a) shows the equivalent circuit of the magnetic device shown in Fig. 2.13, where
R, and R, are the reluctance of the stator and rotor, respectively; R, is the reluctance of
the gap n (with n = la, 1b, 2a, ..., 6b); and F, is the magneto-motive-force created at tooth

n. The reluctance are given by:

R, = lr/(:U’TAr) (224)
m.a - ls/(:usAs) (225)
Ry = gn(0)/ (10 As) (2.26)

Figure 2.17. (a) Equivalent circuit of the magnetic device. (b) Equivalent
circuit used for mesh analysis.
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where p, is the permeability of the rotor, u, is the permeability of the stator, [, is the
length of the flux path in the rotor as shown in Fig. 2.13(a), A, is the cross-sectional area
of the rotor (as seen by the flux lines), A, is the cross-sectional area of the stator (as seen
by the flux lines), [ is the length of the flux path in the stator, ug is the permeability of air.
Fig. 2.17(b) shows the equivalent circuit of Fig. 2.17(a) with virtual fluxes ¢11, ¢a1, P22,

$32, $33, Pa3, Paa, Psa, P55, P65, Y6, and ¢g1 used for the mesh analysis, with:

P1a 1000000O00O0GO0O0-1\ [/én
P11 1-10000000O0O0O P21
P24 0-1100000O0O0O0O0 b2
bab 001-1000000O00 b32
?3a 000-1100000TO00 b33
P3p 00001-10000T00 ba3
¢4a:00000—1100000 o
Pap 0000O0O0T1-10000 b54
P50 0000O0O0O0-11000 b55
Psp 0000O0O0O00O0T1-100 bes
P6a 00000O0DO0O0O0-110 be6
Db 0000O0O0OO0O0OO0O0T1-1 P61

The magneto-motive-force (MMF) for the first mesh can be described as:

Fi1 = Ri1apd11 — Rupp21 — RiaPer (2.27)

where Ry14p = Riq + Rip + Rs + R,.. The rest of the MMFs can be derived in a similar way.

2.2.3 Inductance, Energy and Torque

For simplification purposes, both self and mutual inductance can be derived assuming
that the reluctance across magnetic cores are negligible with respect to the reluctance of

the gaps. Therefore, Fig. 2.18(a) can be employed to calculate the self-inductance of the
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Figure 2.18. Equivalent circuits used to calculate self-inductance

winding at the tooth la. Fig. 2.18(b) is a simplification of Fig. 2.18(a) with Ren =
Raa||Rap||Rsal .|| Rep. By definition Ly, 1, is given by:

N¢1a N2

(2.28)

The flux linkage at tooth 1, due to a current flowing at tooth 1, constitutes a mutual
flux, which happens to be the same as the self-inductance, i.e., L1, 15 = L1414 All the others
mutual inductance related to tooth 1, (L1g16s L1a2as L1a2e, - L1aep) can be calculated
similarly. For instance, the mutual inductance L, o, is calculated with the equivalent circuit
shown in Fig. 2.19 with Rep2 = Rip||Raal|Rap)|--.||Rep- In this case Lig 9, is the linkage flux
at the tooth in 1la due to current is.

The linkage fluxes are then given by:
A= (Lnga + Lnjp)i (2.29)

where n = 1a, 1b, 2a, ..., 6b.
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Figure 2.19. Equivalent circuits used to calculate mutual-inductance

A
A

Once the inductance are defined as mentioned, the voltage across each circuit is defined

as:
Do, Dy

o= Rty g

(2.30)

with j = 1,2,...,6, and R; is the coil resistance of bipoles 1 through 6. Since the machine
voltages are furnished by the drive system, the currents can be obtained from 2.30. Once
the currents, fluxes, and inductance are defined, the derivative of energy can be employed
to define torque.

There can be two types of voltages applied to the machine, with or without overlap of
the phase voltages as shown in Fig. 2.20. The mutual inductance can be neglected when
there is no overlap, as shown in Fig. 2.20(a). For further simplification, lets assume that the
reluctance away from the touching point is considerably high compared to the ones close to
the contact point. Therefore, the self-inductance can be simplified as following:

2
Luso = Ly = 5 o
N?poAs

ron[2 — 02D cos(9 — 2(—1)]

(2.31)

Ljajo = Ljp,jb =

with j = 1,2, ..., 6.
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Figure 2.20. Voltage applied to the machine poles: (a) no overlap among
poles, and (b) overlap among poles.

In this case the total energy and electromagnetic torque are given respectively by the

following equations:

=1
aw,

T, ¢ =N"AT:i? 2.32
dQ J:ZI Jlj ( 3 )

where

—2v2N? 1o As(V3 + 1) sin(f — 2(j — 1))
r[2v2 = (V3 + 1) cos(0 — 5(j — 1))

AT, =

2.2.4 Mechanical Position and Speed

The physical dimensions of the stator and rotor (i.e., r; and r5) will play an important
role on how the mechanical speed (w,,) is related to the electrical angular frequency (w.)
defined by the inverter. To define how much the rotor spins in degrees when the stator
excitation completes an entire cycle, consider that position 1 shown in Fig. 2.21(a) is the
initial position of the rotor. After one complete electrical cycle, the rotor will be at position
2 shown in Fig. 2.21(b). From the stator point-of-view the rotor traveled an angle equal to

J.
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Figure 2.21. (a) Initial position of the rotor. (b) Position of the rotor after
0 electrical degrees from stator point of view.

b

(b)

Stator /

center center

(a)

Figure 2.22. (a) Position of the rotor after an electrical cycle. (b) Geomet-
rical approach to find angle .

In order to calculate this angle (d), which can be defined as shown in Fig. 2.22(a), points
c and o are defined as stator and rotor center, respectively.

In Fig. 2.22(a) the angle o can be defined as:

a = 2mre; /Ty (2.33)
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To find angle §, on the other hand, it is necessary to find the unknown X, which is the
length ob. Therefore, the angle d can be defined as:

a1y _ g
) 2 (2.34)

1

r9c08
§=cos '] 2c03(

If the electrical frequency is defined as f. = 1/7., the electrical speed is defined by
we = 2nf.. Note that it will take the same period of time for the rotor to travel ¢ radians,

as it takes for one electrical cycle (7.), so the mechanical speed can be derived from:

W = 0 fe (2.35)
J
Wi = 5 e (2.36)
rocos(2H2) — y
W = cos | zc03( :”21 ) 21](;—; (2.37)

The mechanical speed can be changed by either modifying the physical dimensions of the
stator and rotor or by increasing the electrical frequency (we). From (2.37) it is clear that

w,, increases if the radius of the rotor increases for a given stator radius.

2.2.5 Simulation and Experimental Results

MATLAB and C++ codes have been used to simulate the proposed machines with six
bipoles. The parameters used in these codes are shown in Table I.

Figs. 2.23(a)-2.23(c) show simulation results for a machine with six bipoles. Those results
were collected with the electrical frequency equal to 2 Hz. A proof-of-concept laboratory
prototype with six magnetic bipoles was built to validate the theoretical assumptions, see
Fig. 2.24. The stator in this prototype was obtained from Robbins & Myers” KP-L421BOT
electric machine shown in Fig. 2.24(a), and the rotor is made of low silicon steel M4-011
which is shown in Fig. 2.24(b). The entire experimental setup for this prototype including

the drive system is presented in Fig. 2.25(a). In this experimental setup, the inverter used
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Table 2.1. Parameters used in the simulation

Parameter Description Value
B, Coefficient of friction 0.1
Im Moment of inertia 0.01 (Kg.m?)
Ve DC link voltage 15 (V)
Lo Permeability of air 41 x 1077(H/m)
[Ls Relative Permeability of the stator 3000
. Relative Permeability of the rotor 1000
ls Length of the flux path in the stator 0.0869 (m)
L Length of the flux path in the rotor 0.0283 (m)
A, Cross sectional area of the stator 216 x 107%(m?)
A, Cross sectional area of the rotor 15 x 107°(m?)
N Number of turns in each tooth 160
r Series resistance in each winding 3 ()
R Stator radius 0.04 (m)
R, Rotor radius 0.026 (m)
fe Electrical frequency 2 (Hz)

to generate the machine voltages is IRAMX20UPG60A. This inverter is a 3-leg inverter, and

since the proposed machine needs 6 voltages, two of these inverters have been used.

1
L
)
il

5
~0
15 16 1.7 1.8 1.9 15 L6 L7 1.8 19
IZOF 1 25" “
=0 ~ /
0 0
15 16 1.7 1.8 1.9 15 L6 L7 1.8 19
;ZUF 1 §S’> “
10 s / |
=0 0
15 16 L7 18 1.9 2 15 16 17 1.8 19 2
z 2 zs
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e
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Figure 2.23. Simulation results (3 pole machine): (a) voltage, (b) current,
and (c) torque.
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Figure 2.24. Six pole machine: (a) stator and (b) rotor.

A DC voltage of 15 V was supplied to the system through a power supply. Fig. 2.25(b)
shows a phase voltage (green) with the same phase current (purple) along with an adjacent

phase current (red). The proposed machine was running on an electrical frequency of 2 Hz.

£z Agilent Technologies FRIJUN 30 052150 2017

Figure 2.25. (a) Experimental setup. (b) Phase voltage of a single bipole
(green), current of the same phase voltage (purple), and an adjacent current
(red).
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3. AIRGAP-LESS ELECTRIC MACHINE WITH AN
EXTERNAL ROTOR

As it has been studied in previous chapter, the more the number of poles in the airgap-less
electric machine, the smoother the movement of the rotor. In this section the analysis and
development of an airgap-less electric machine with eighteen teeth and nine phases has been
studied. This machine has the highest torque among the previous versions of it that was
presented in chapter 2 of this dissertation. Another difference that this machine has with
its previous versions is that the rotor is external instead of internal and below is the reason
for this selection. Electric machine designers have two options in terms of the position of
the rotor and stator (internal or external). When the rotor is around the stator (external
rotor), there will be larger area available for stator slots which will result in decreasing flux
leakage and consequently decreasing the losses of the machine [90]. Other benefits of the
external rotor include: (1) a more constant speed profile while the machine is operating
under various load conditions [91]; (2) lighter in weight and less manufacturing complexity
[92]-[93]; (3) desirable for in-wheel automotive applications due to their high-torque density,
low rotating inertia and drive stiffness [94]-[95]. Furthermore, it has been shown that the
torque is influenced by the split ratio (ratio of airgap diameter to the outer diameter) which

can be increased by having an external rotor instead of the internal rotor [96]-[97].

3.1 Airgap-less Machine Operating Principle

As it has been presented below, this machine has eighteen teeth with nine phases with an
external rotor. For simplicity of the analysis for the reader, I have presented mathematical
analysis of the bipole configuration along with external rotor for three bipole machine and
four bipole machine. The simulation of these machines are compared to those of the nine
phase airgap-less electric machine. The complete analysis of the eighteen teeth nine phase

airgap-less electric machine has been shown in the ¢ code in appendix A.
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3.2 Three Bipole Machine

As mentioned before, the proposed family of machines use physical contact between the
stator and rotor to maximize force and rotational torque. Since the rotor will roll over the
stator surface, the minimum number of magnetic bipoles to implement the proposed airgap-
less machine is three. Notice that with two bipoles, the machine will not be able to startup

following a desirable direction.

3.2.1 Conception and Operation

Fig. 3.1 presents different views of a 3D sketch of the proposed machine. Fig. 3.1(a)
shows the stator with 3 bipoles (six teeth), Fig. 3.1(b) presents the rotor. Fig. 3.1(c) and
Fig. 3.1(d) highlight both stator and rotor and how the rotor is allowed to touch the stator.
The former shows a view in perspective while the latter depicts a top view.

This machine will be excited with a magnetic bipole configuration as shown in Fig.
3.2(a). Two teeth form a pole pair, where one of the teeth is north while the other one
is south emulating a C-core configuration. The continuous rotor movement is obtained by
exciting these poles with a machine drive system as presented in Fig. 3.2(b). Fig. 3.3, in
turn, shows a sequence of snap shots (top view) that demonstrate how the proposed machine
operates, i.e., the rotor touches different positions of the stator as the excitation goes from
pole 1 to pole 3 in a counter-clockwise direction.

It is noteworthy to mention that the rotation created by this machine is similar to that of
hydraulic machines [98], as seen in Fig. 3.4. Both types of machines (the proposed airgap-less
electric machine and the hydraulic machine) have a rigid body rotor with combined transla-
tional and rotational movements. A mechanical gear can be used to convert this combined
translational and rotational movement into a rotational movement only, if necessary for a
specific application. This type of gear box has been used in hydraulic machines and it is a

firmly established technology.
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(a) (b)
() (d)

Figure 3.1. Three-dimensional views of the proposed three-bipole machine.
(a) Stator, (b) rotor, (c) stator-rotor in perspective, and (d) stator-rotor top
view.
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Figure 3.2. (a) Bipole configuration. (b) machine drive system.

3.2.2 Airgap Modeling

As the rotor spins following the stator pole excitation, its center spans a circle. Due to
this movement, the gap between the stator and rotor changes as a function of the angular
position of the rotor (). 6 is the angle of the touching point between rotor and stator, as
shown in Fig. 3.5. Notice from this figure that r; (radius of the stator) and ry (radius of the

rotor) were made small and large (respectively) to facilitate the visualization.

66



Position 1 Position 2 Position 3

=

Figure 3.3. Sequence of shots showing a continuous rotor movement.

Outlet

Figure 3.4. Hydraulic machine.

Fig. 3.5(b) shows how the gap at position 1 (i.e., seen by the center of the bipole 1) can
be written as a function of the angle 6. The expression for the gap can therefore be derived

as shown below:

g(0) = ry — ro1c08(0) — \/ 2 — r3,sin?(0) (3.1)

where rg; is the difference between both radii (i.e., 791 = 79—71). In this design the radius
of the rotor and stator are close to each other, i.e. r; & ry. Therefore, the gap expression

can be simplified as:

g(0) = ro1[1 — cos(0)] (3.2)

Although Fig. 3.6 shows the gap for a single position, there are six points of interest in terms

of gap measurements. The center of each tooth represents those points of interest as seen in

67



A
1) ,/1/
L
Stator
(@

Figure 3.5. Geometric approach used for airgap derivation.
Fig. 3.6 for two different rotor positions. Fig. 6(a) shows a position where g;, = 0, while

Fig. 3.6(b) shows a position where go, = 0. In both cases presented in Fig. 3.6, all the other

gaps are different from zero. The gaps at the interest points can be derived as following:

91a(0) = ro1[1 — cos(6 — w/6)] (3.3)

g16(0) = ro1[1 — cos(0 + 1/6)] (3.4)
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Figure 3.6. Points of interest for airgap derivation.

924(0) = ro1][1 — cos(0 + 3m/6)]

g20(0) = ro1[1 — cos(0 + 51 /6)]

934(0) = ro1[1 — cos(0 + Tm/6)]

93p(0) = ro1[1 — cos(0 + 91 /6)]
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3.2.3 Magnetic Circuit

The magnetic flux travels in a path that is normal to both the stator and the rotor, and

with this geometric configuration, it is expected to fringe slightly. To simplify the modeling,

only a path normal to the stator was considered, which is reasonable if the radius of the

rotor is close to the radius of the stator (r; ~ r3).

Fig. 3.7(a) shows the equivalent circuit of the magnetic device shown in Fig. 3.1, where

R and R, are the reluctances of the stator and rotor, respectively; JR, is the reluctance

of the gap y (with y = 1a, 1b, 2a, 2b, 3a, 3b); and §, is the magneto-motive-force created at

tooth y. The reluctances are given by:

9{r = lr/(ﬂrAr)

9%s - ls/(:usAs)

ERla = gla(e)/(NOAS)

Ry = g16(0)/ (1o As)

mQa = gZa(e)/(/J’OAs)

Rop = go(0)/ (1o As)

%Ba = g3a(6>/(/L0As)

Rap = g3(0)/ (10 As)
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where p, is the permeability of the rotor, u, is the permeability of the stator, [, is the length
of the flux path in the rotor as shown in Fig. 3.2(a), A, is the surface area of the rotor (seen
by the flux lines), I, is the length of the flux path in the stator, yq is the permeability of air.
Fig. 3.7(b) shows the equivalent circuit of Fig. 7(a) with virtual fluxes ¢11, ¢22, P33, d31, o1,

and ¢32 used for the mesh analysis, with:

ol 100 =1 0 o] [sn]
) 100 0 =1 0] |¢2
®2q _ 010 0 =1 0] |¢s3 (3.17)
Gab 010 0 0 =1 ¢z
®3a 001 0 0 —1|/|¢xn
d] [0 01 =1 0 0] [¢s]

The relationship between magneto-motive-forces and fluxes can be derived as following:

Fu|  [Ruw 0 0 % Ry 0 | 6]
F12 Ry Ao 0 0 Rpw 0 P22
Fn| | 0 Rug 0 0 —Raw —NRop| ¢33
Fa3 1o Ray Rz, 0 0 Rozpa | |P31
F33 0 0 Razaw —Rayy 0 —Rau| [P
Tz | R 0 Rap  Rswee 0 0 | |#s2]

where: Riiap = Ria +R AR+ R Rizse = — (R + R AR +Rs); Razay = (Roo + R A-Rop+
Rs); Razpa = —(Rap + R, +NRaa +NRs); Razar = (Rza + Ry + Rz + R,) Raipe = —(Rap + R, +
Ria +Ro); Fii = Fra + Frp = 2Niy; Fra = Fip + Fou = N(11 + 2); Faz = Fau + Fopy = 2Niy;
Foz = Fap + Fza = N(ia +13); Fs3 = Fsa + Fap = 2Niz; Fa1 = Fap + Fra = N(iz +11);

with NV being the number of turns in each tooth.

3.2.4 Inductances, Energy, and Torque

For simplification purposes both self and mutual inductances can be derived assuming

that the reluctances across magnetic cores are negligible with respect to the reluctances
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Figure 3.7. (a) Equivalent circuit of the magnetic device. (b) Equivalent
circuit used for mesh analysis.
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Figure 3.8. Equivalent circuits used to calculate self-inductance.

of the gaps. Therefore, Fig. 3.8(a) can be employed to calculate the self-inductance of
the winding at the tooth la. Fig. 3.8(b) is a simplification of Fig. 3.8(a) with R, =
Rou//Rap/ [Rsa//Rsp. By definition Ly,1, is given by:

N &, N?
Ligia = — = 3.18
tod 1 R, + Riv// (Req1) ( )
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The flux linkage at tooth la due to a current flowing at tooth 1b constitutes a mutual
flux, which happens to be the same as the self-inductance, i.e.,L1415 = Lig14. All the others
mutual inductances related to tooth 1a (Lia1p,L102a;L1a26sL1a3q, and L1g3) can be calculated
similarly. For instance, the mutual inductance L1,9, is calculated with the equivalent circuit

shown in Fig. 3.9 with Repe = Rip//NRsa//Rsp. In this case Lygo, is the linkage flux at the

tooth in la due to current is.

The linkage fluxes are given by:
AMa = (Llala + Llalb)il + (LlaZa + L1a25>i2 + <L1a3a + L1a3b)i3

A = (L + Lavio)in + (Lyyg, + Livas)iz + (Lyyg, + Livss)is
Mg = (Loy1, + Loaip)it + (Loyoy + Loas)ia + (Loys, + Loass)is
Aop = (Loyy, + Loviv)in + (Lopg, + Lavow)iz + (Loys, + Lavss)is
Asa = (Lggr + Lsatv)it + (Lagg, + Laaze)iz + (L, + Laass)is
Asp = (Lgpia + Lavio)in + (Lo, + Lavan)iz + (Lyyg, + Lavas)is

Once the inductances are defined, the voltage across each circuit is defined as:

. dAg  dA
v =rii; + d; + —dt“’ (3.19)
. dhyg  dA
Vg = Tolp + d; + W% (320)
_, dAsa | dAs
= — + — 3.21
V3 T3l3 —+ dt + dt ( )

where r1, 79, and r3 are the coil resistances of poles 1, 2, and 3, respectively. Since the
machine voltages are furnished by the drive system, the currents can be obtained from
(3.19)-(3.21). Once the currents, fluxes, and inductance are defined, the derivative of energy

can be employed to define torque.
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Figure 3.9. Equivalent circuits used to calculate mutual-inductance.

If there are two types of voltages applied to the machine, i.e., with and without overlap
as shown in Fig. 3.10, the mutual inductance can be neglected when there is no overlap
[see Fig. 3.10(a)]. For further simplification, lets assume that the reluctance away from
the touching point is considerably high compared to the ones close to the contact point.

Therefore, the self-inductances can be simplified as following:

N2 NZ/JJOAS
Liate = Lipy = _ 3.99
tat PR, + R T91[2—/3cos (6) ] (3:22)
Al VoA, (3.23)

Laaza = Lopap = B
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N? N2H’0As

Riq + R3p 791[2—+/3cos (6 + 21/3) ] (3.24)

L3a3a = L3b3b =

In this case, the total energy and electromagnetic torque are given respectively by the

following equations:

We = (Lyg1q + Liew)it + (Louse + Loyoe)is + (Lgas, + Lavss)i3

dw,
T, = C;“; = ATV + ATyi2 + AT;2 (3.25)

where

2\/§7’2181n9N2,LL0A5
(27”21 — 721 \/§COS(0>)2

24/3r98in (9 — %") N2ppA,

Ale—

ATQ = — 3
(27’21 — T21\/§COS ( — %) )
ATy = — 24/3r918in (6’ + %) N2 oA,
(2r21 — r911/3c0s <6 + %’t) )2
Vl Vl E/,Ove@rlap\\
e I |
¢ : : | V) A U
(a) (b)

Figure 3.10. Voltage applied to the machine poles: (a) no overlap among
poles, and (b) overlap among poles.
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3.2.5 Mechanical Analysis

Position and Speed

The physical dimensions of the stator and rotor (i.e., r; and r3) will play an important
role on how the mechanical speed (w,,) is related to the electrical angular frequency (w,)
defined by the inverter. To define how much the rotor spins in degrees when the stator
excitation completes an entire cycle, consider that position 1 shown in Fig. 3.11(a) is the
initial position of the rotor. After one complete electrical cycle, the rotor will be at position
2 shown in Fig. 3.11(b). From the stator point-of-view the rotor traveled an angle equal to
J.

In order to calculate this angle (d), shown in Fig. 3.11(b), points ¢ and o are defined as
rotor center and stator center, respectively.

In Fig. 12(a) the angle « can be defined as:
o = 2757’21/7"2 (326)

To find angle d, on the other hand, it is necessary to find the unkown X, which is the length
ob. Therefore, the angle ¢ can be defined as:

27ra;

=)~ ] (3.27)

r

7'9COS (

§ = cos [

If the electrical frequency is defined as f, = 1/7., the electrical speed is defined by
we = 2mf,. Note that it will take the same period of time for the rotor to travel ¢ radians,

as it takes for one electrical cycle (7.), so the mechanical speed can be derived from:

W =0f, (3.28)
)
= — 2
W = e (3.29)
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Figure 3.11. (a) Initial position of the rotor. (b) Position of the rotor after
0 electrical degrees from stator point of view.
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We

2757‘21) _
T2COS (7@ 21 }

1
[ T 27

(3.30)

Wy, = COS

The mechanical speed can be changed by either modifying the physical dimensions of the
stator and rotor or by increasing the electrical frequency (f,). From (3.30), it is clear that

w,, increases if the radius of the rotor increases for a given stator radius.

Static Force Vector Analysis

Fig. 3.12 shows the static forces acting on stator and rotor when the contact point is
some degrees apart from the excitation. When that stator pole is excited, the rotor will be
attracted to that point with the electromagnetic force Fj, which has two components, the
tangential component Fj, and the normal component F},. Notice that F}; is a rotor force
acting on the stator, so the stator will react with equal and opposite force. Since Fj, is
acting in the rotor, it applies the same force (force of friction) on the stator at the point of
contact. Assuming that there is no slip, the stator applies an equal and opposite force on
the rotor, which is the tangential force on the rotor as shown in Fig. 3.12. This tangential
force causes the rotational torque on the rotor.

Tangential

force
on rotor

Point of
contact

Force of
friction
on stator

Figure 3.12. Static force vector analysis.
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Tribology Phenomena

As it has been mentioned in section II, in this family of machines, the rotor will touch
the stator at different contact points according to the excitation of the stator poles. The fact
that the rotor is touching the stator, opens the door into having surfaces in contact while
the machine is in operation (the asperities of both surfaces will be touching as shown in Fig.
3.13) Surfaces in contact will cause friction and wear to happen. Friction, lubrication, and
wear are fundamentals of tribology phenomena[99]. When assessing a system’s tribology

need, one should consider if the contact between surfaces are continuous or intermittent.

Surface 2

Surface 1

Figure 3.13. Asperities of two surfaces in contact.

Lubricant is normally used to reduce wear and has direct effect on the coefficient of
friction. The thickness of the lubricant will be assessed using A ratio, which is the ratio of

fluid film thickness to the composite surface roughness as shown in (3.31).

Composite surface roughness = (r2; + r§2)1/ 2 (3.31)

in which r, and rgp are root-mean-square roughness of surface 1 and surface 2, respec-
tively[99].
According to [100] -[101],lubricants can be categorized according to the A ratio as shown

in Table. 3.1.

Table 3.1. Lubrication types with respect to lambda ratio

Hydrodynamic Lubrication (HD) 5 < A< 100
Elastohydrodynamic Lubrication (EHL or EHD) | 3 < A < 10
Partial or mixed Lubrication 1<A<5h
Boundary Lubrication A<
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In order to choose the proper lubricant, the type of the motion between two surfaces
should be identified. If the motion is sliding then the hydrodynamic lubricant should be
used and if the motion is rolling the elastohydrodynamic lubricant should be used [100]. In
the case of airgap-less machine, the motion is considered as rolling so the elastohydrodynamic
lubricant will be used to reduce wearing and consequently the lifetime of the machine.

For assessing the amount of wear, the wear coefficient factor (k) can be used. k depicts
the volume of material removed per unit load. The wear coefficient can be calculated us-
ing(3.32)in which V', H, W, and d are the relative wear volume, the indentation hardness of

the wearing material, normal load, and the sliding distance, respectively[102].

_VH

E— ——
w.d

(3.32)

Wear Rate Proportional Factor

The life of an interface is inversely proportional to the wear rate proportional factor

(puVs) [103], in which pg is the Hertzian contact stress calculated as shown in (3.33) and Vj

[ RE
b= 2nH R* (3:33)

In (3.33), F; is the contact force, E* is the reduced modulus of elasticity, H is the thickness

is the sliding velocity.

of the machine, and R* is the composite radius of the curvature, respectively. Notice that,
py is proportional to the reduced modulus of elasticity. Hence, a material with a smaller £*
is desirable for obtaining a smaller wear rate factor.

As an example, two different magnetic materials (Cobalt and Metglas) can be compared in
terms of lifespan, using their modulus of elasticity: Efo = 209 Gpa and E}; .5 = 100 Gpa.

As shown above, the modulus of elasticity for Cobalt is almost two times higher than
that of Metglas. While keeping the same operating condition, the wear rate factor of Cobalt
will be 41% times higher than Metglas.
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3.3 Four Bipole Machine and Generalization

Although the minimum number of bipoles to implement the concept of an airgap-less
machine is three, the maximum number is a function of manufacturing capability. Indeed,
the torque ripple reduces with an increase in the number of poles. Fig. 3.14 presents a 3D
sketch of the proposed machine with four bipoles. Notice that although the number of poles
increased, the operation principle is the same and so is the modeling approach.

The total energy and electromagnetic torque for the four bipole machine are presented

below:
We = (Lyg10 + Luoan)iT + (Lggoq + Laten)is
+(Lagse + Lavsn)i3 + (Lyguq + Laban)is
dwc .2 .2 .2 .2
T. = = ATViT+ATi5 + ATsi5 + ATy (3.34)
where:
AT, = — 3.92r2131n«9N2u0A52
(2r91 — 1.96751cos0)
3.92roisin (0 + Z) N2ugA,
AT2 _ 21 ( 2) 0 ;
(2r21 — 1.967r5;cos (0 + g) )
3.92rg;sin (0 + 1) N?pgA,
ATy = — 5
(27"21 — 1.967"21008 (9 + TC) )
ATy — — 3.9279;sin (9 + %‘) N2ppA,

2
(2r21 — 1.9675;cos («9 + 37“) )
Despite the complexity of the drive system and machining the machine, a higher number

of poles is beneficial to reduce the torque ripple.
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(b)

Figure 3.14. 3D views of the proposed 4 bipole machine. (a) stator-rotor in
perspective, and (b) stator-rotor top-view.

83



3.4 Finite-Element Analysis

In order to find the magnetic saturation levels across the ferromagnetic material, a fi-
nite element analysis is performed using the Finite Elements Method Magnetics (FEMM®)
software.

Fig. 3.15(a) shows four key points where the stator and rotor materials could saturate
when phase one is active. The first three points are static points on the stator, whereas
the fourth point moves along with the touching point of the rotor. The machine model is
simulated in the FEMM® software by varying the touching point of the rotor from —30° to
30° at a constant current of 2.5 A through phase one. The magnetic flux density at the four
key points is plotted against the rotor angle in Fig. 3.15(b).

It is evident from the graph that the magnetic flux density at points 1 and 3 are higher
than the other points for all the rotor angles. This indicates that if the machine is going
to saturate then the saturation will begin at Points 1 and 3. For a current of 2.5 A, the
maximum flux density reached in the stator material is around 1.85 T (at Points 1 and 3).
The saturation point for the stator material is 2 T. Magnetic flux lines for rotor angles 0

and 30 are highlighted in Fig. 3.15(b).
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Figure 3.15. (a) Four key points for saturation analysis. (b) Flux density
versus rotor angle for the key points.
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3.5 Simulation and Experimental Results

MATLAB® and C++ codes have been used to simulate the proposed machines with
three, four, and nine bipoles. The parameters used in this code are shown in Table 4.1. Figs.
3.16(a)-3.16(c) show simulation results for a machine with three bipoles. The same set of
results are presented in Figs. 3.17(a)-3.17(c) and Figs. 3.18(a)-3.18(c) for machines with
four and nine bipoles, respectively. The results were collected with the electrical frequency

equal to 10 Hz. As expected, the torque ripple reduces by increasing the number of magnetic

bipoles.
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Figure 3.16. (a) Simulation results (3 bipole machine): (a) voltage, (b)
current, (¢) torque.
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Figure 3.17. Simulation results (4 bipole machine): (a) voltage, (b) current, (c) torque.

A proof-of-concept laboratory prototype with nine magnetic bipoles (eighteen teeth) was
built to validate the theoretical assumptions, see Fig. 4.10. The rotor in this prototype is
made of low carbon steel 1018 which is shown in Fig. 4.10(a) and the stator is made of steel
M19 shown in Fig. 4.10(b). Notice that in Fig. 4.10(b), the stator is not yet wrapped with
windings.

The entire experimental setup for this prototype including the drive system is presented
in Fig. 3.20. In this experimental setup, the inverter used to generate the machine voltages
is IRAMX20UPG60A. This inverter is a 3-leg inverter and since the proposed machine needs
nine voltages, three of these inverters have been used.

A DC voltage of 20 V' has been supplied to the system through a power supply shown in
Fig. 3.20(a). Fig. 3.20(b) shows the setup including the scale that has been used to measure
the tangential force. This force has been multiplied by the radius of the rotor in order to

obtain the torque.
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Figure 3.18. Simulation results (9 bipole machine): (a) voltage, (b) current,
and (c) torque.

Fig. 3.21(a) shows the input DC voltage (top waveform) and the input DC current
(bottom waveform) of the inverter. Control over direction and frequency of the machine
was also tested experimentally. Fig. 3.21(b) shows the results obtained for direction control
where the channel 1 of the scope shows the direction signal (0 meaning clockwise and 1
counter clockwise). The other signals show: voltage across phase 1, current through phase

1, and the current through phase 2, respectively. By observing the two currents, after the
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Figure 3.20. (a) experimental setup, (b) torque measurement setup.
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Figure 3.21. Signals showing change of: (a) input voltage (top waveform)
and DC link current (bottom waveform), (b) direction, and (c) frequency.



Table 3.2. Parameters used in the simulation

Parameter Description Value
B, Coefficient of friction 0.1
I Moment of inertia 0.01 (Kg.m?)
Ve DC link voltage 20 (V)
o Permeability of air 41 x 107" (H/m)
Lhs Relative Permeability of the stator 2000
L Relative Permeability of the rotor 700
ls Length of the flux path in the stator 0.1 (m)
L Length of the flux path in the rotor 0.07 (m)
A Cross sectional area of the stator 140 x 107%(m?)
A, Cross sectional area of the rotor 25 x 107°(m?)
N Number of turns in each tooth 160
r Series resistance in each winding 3 ()
R Stator radius 0.0953 (m)
R, Rotor radius 0.096 (m)
feo Electrical frequency 2 (Hz)

direction signal has changed, it is evident that the sequence of current signals have changed
causing the machine to rotate in the other direction. A frequency ramp from 2 Hz to 10 Hz
was implemented as shown in Fig. 3.21(c). This ramp starts when the top signal changes
from 1 to 0 and ends when it returns to 1. The bottom two scope signals show the gating
signal and the phase current, respectively.

The proposed machine has been operated using two different electrical frequencies, 5
and 10 Hz as shown in Fig. 3.22(a) and 3.22(b) respectively. These figures show how the
measured zero-speed torque relates to input electrical power.

When the speed is increased, the torque will decrease for the given power. For instance,
the torque for the power of 35 W is around 3 N -m, as shown in Fig. 3.22(a) with frequency
of 5 Hz. The same amount of power provides 2.6 N - m in Fig. 3.22(b) when the frequency
is 10 Hz.

Fig. 3.23 shows the experimental results collected for vibrations of the Airgap-less ma-
chine (top), and an induction machine (bottom). It is worth mentioning that the reference
for the induction machine is IWY WPT-202 with the following specifications: 220/260 W,
50/60 Hz, and 2760/3300 rpm. An Arduino, communicating with Matlab, was connected to

an ADXL335 accelerometer sensor from Adafruit. The sensor was placed at the base of both
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Figure 3.22. Torque vs. power for different operating frequencies: (a) 5 Hz
and (b) 10 Hz.

machines during the tests for a fair comparison. It is evident that the Airgap-less machine
has higher peaks of vibration, as expected.

Fig. 3.24 shows the vibration signal for Airgap-less machine in frequency domain (FFT).
This vibration test has been done while the machine was operating at the electrical frequency
of 10 Hz. The fundamental component of this signal at 10 Hz and some harmonics are
evident in Fig. 3.24. The FFT of the induction machine is not presented as it did not
show any clear frequency component except the DC component, which was coming from the
accelerometer.

As it has been shown in section IV-A the mechanical speed of the machine can be cal-
culated as shown in (3.28). Fig. 3.25 shows the mechanical speed for 3 different excitation
(electrical) frequencies (5, 7, and 10 Hz). Fig. 3.25 (top) and Fig.3.25 (bottom) show the

simulation and experimental results, respectively.
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Figure 3.23. Vibration signals for: (a) airgap-less machine and (b) induction machine.
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Figure 3.24. Fast Fourier Transform of airgap-less machine operating at 10 Hz.

3.6 Comparison and Conclusion

A new family of electric machines characterized by zero gap at the touching point have
been proposed in this paper. Such machines are designed to generate higher level of torque

as compared to other electric machines. The level of torque in the proposed machine allows

93



o

=

2
T

Mechanical speed
(Simulation) (rad/s)
2
T
e

(=]

=3

S

\S]
T

=3

S

—_
T

Mechanical speed
(Experimental) (rad/s)
e

L L
5 7 10
Frequency(Hz)

(=]

Figure 3.25. Mechanical speed versus electrical frequency: (top) simulation,
and (bottom) experimental results.

it to be comparable to hydraulic machines in low speed high torque applications such as
cranes and winches.

Fig. 5.1(a) shows the comparison between torque/mass of three different machines: (1)
internal permanent magnet machine with R = 80 mm, L = 30 mm, g = 0.6 mm, output
torque T, = 36.5 N.om (Mass M = 12 kg), and speed range w = 0 — 2200 rpm. [104],
(2) inner rotor modulated PMSM with R = 215 mm, L = 36 mm, g = 2 mm, output
torque T, = 100 N.m (Mass M = 57.8 kg), and speed w = 600 rpm [105], and (3) airgap-
less machine. As shown in this figure, the torque density of the airgap-less machine (the
proposed machine) is approximately 5.6 N-m/kg. Notice that this torque has been obtained
experimentally from the proposed machine with nine bipoles but without any optimization
in terms of magnetic material and lamination. Even though there is room for improvement,
the proof-of-concept prototype presented almost twice the torque density capability than the
other electric machines proposed in the technical literature. The structures of the machines
mentioned in Fig. 5.1(a) are as shown in Fig. 5.1(b).

Below are several electric machines have been compared in terms of their torque density

and their torque producing ability.
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Figure 3.26. (a) Torque density comparison. (b) Structure of the compared machines.

Although achieving high torque is important in designing electric machines, nowadays
torque density has become one of the most important topics among the electric machine
designers. Since the space issue plays an important role in designing the machine, designers
often try to minimize the space and maximize the torque which will result into a high torque
density (torque per machine volume Nm/L).

Fig. 3.27 presents torque densities for seven high torque electric machines available in
the literature. Among these machines, the airgap-less electric machine (proposed by the
authors) is also presented. Except airgap-less electric machine, all other machines in this
figure consist of permanent magnets, which will result into high torque and at the same time
will add to the cost of the overall machine. Clearly, in this figure airgap-less electric machine
does not win in terms of torque density but as mentioned there is no permanent magnet in

the airgap-less electric machine.
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Figure 3.27. Torque Density Comparison Chart for Electric machines with PM

Fig. 3.28 in turn compares five high torque electric machines without permanent magnets
with the airgap-less electric machine.

In the next chapter of this dissertation, the simulation of airgap-less electric machine has
been done using Runge-Kutta 4th order algorithm instead of Fuler’s algorithm. The reason

for this study is to obtain the most optimized results for this machine.
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Figure 3.28. Torque Density Comparison Chart for Electric machines without PM
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4. MODELING AND SIMULATION OF AN AIRGAP-LESS
ELECTRIC MACHINE IN C+4+4 USING RUNGE KUTTA
INTEGRATION METHOD

In this chapter, the state space representation has been employed for the analytical modeling
of the airgap-less electric machine. As mentioned in previous chapters, airgap-less electric
machine [83], [106], [107] is comparable to hydraulic machines according to its high torque
density and high efficiency. Therefore, it is crucial to employ optimized algorithms in devel-
oping its analytical modeling and simulation. This paper presents the analytical modeling
and simulation of airgap-less electric machine using C++ programming language along side
with 4" Runge-Kutta (RK) algorithm as integration method.

This chapter is organized with the following sections: Section I presents the concept and
modeling of an airgap-less machine including airgap modelling and magnetic circuit using
RK integration method which is followed by Section II where inductance, energy, and torque
modeling using RK integration method has been discussed. Using RK integration method,
Section III presents the mechanical analysis of the machine, which is followed by section V,

in which simulation and experimental results have been presented.

4.1 Inductance, Energy, and Torque Modeling using Runge-Kutta Integration
Method

In this study, the simulation of the airgap-less electric machine has been done considering
no overlap in exciting voltages; hence the mutual inductances have been neglected in the
calculation of co-energy and torque. The self-inductance at each pole will be calculated as
the sum of inductance at both teeth of that pole. For example the inductance at pole 1 (L)
is equal to Ly, + Lyp. By definition, the self-inductance at each tooth is given by (4.1).

No, N?

L, = = 4.1
Yy 1n %eq ( )

in which y = 1a, 1b,2a,2b, .....,9a,9b, n = 1,2, 3, ...,9, and R, is the equivalent reluctance

of the circuit shown in Fig. 3.8.
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After finding the inductances, the voltages across each pole can be calculated as shown
in (4.2):
i, + L din (4.2)
Un = Tnlp n .
dt

in which r, is the series resistance in each inductor. Therefore the current through each
phase can be calculated from (4.2) using an integration method. The RK algorithm has
been used in this chapter as an integration method toward solving the differential equations.
The functions defining the current using RK algorithm are as shown in Fig. 4.1. Each of
these functions will return the derivative of the phase current with respect to time. As it is
shown in (4.2), the derivative of the current will be as shown in (4.3).

di, vy, T
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phase will be calculated as shown in (4.4).
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double t,
L1y* il;

V2, doukle
L2y* i2;
V3, doukle
L3}y* 13;
V4, doukle
L4y+* id;
V5, doukle
LEy* i5;
Ve, doukle
LEy* i6;
V7T, double
L7y* i7;
Vg, double
LEy* ig;
Vo, doukle

Loj* ig;

Figure 4.1. Differential equations for calculating the currents

double L1}

double
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double

L3)

double
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double L9}

While using the RK algorithm 4% order, there will be 4 coefficients for each function to
be calculated. Fig. 4.2 shows an example of calculating these coefficients for the current in

phase 1. In this example K11, K12, K13, and K14 are the slopes of the RK algorithm.

After calculating the current and self-inductance of each phase, the co-energy for that

in each phase.



k11[]] £(11(31, ¥1[31, €031, L1[30):

K12[3] = £(i1[3] + (h / 2), V1[3], t[3] + (h / 2)*kll[3j], L1[3D):
E13[3] = £(i1[3] + (n / 2), V1[3], t[3] + (n / Z2)*kl2[3j], L1[30):
kl4[3] = £(11[3] + &, V1[3], ©[3] + (R)*k13[3], L1[3]):

rkl[j] = kK11[]] + * kl2[3] + * k13[3] + k14[j]:

RK1[3] = zkl1[3] /

il[3 + 1] = il[j] + RE1[§] * h;

Figure 4.2. Calculation of RK coefficients for the current in phase 1.

The total co-energy will be the sum of co-energies at each phase as shown in (4.5)

9
We =Y Wen (4.5)
n=1

The electromagnetic torque then will be calculated by taking the derivative of co-energy

with respect to the angle 6 as shown in (4.6)

oW,

T, =
06

(4.6)

4.2 Mechanical Analysis

The physical dimensions of the stator and rotor (i.e., rl and r2) will play an important
role on how the mechanical speed (w,,) is related to the electrical angular frequency (w,)
defined by the inverter. To define how much the rotor rotates in degrees when the stator is
being excited, consider position 1" where the stator and rotor are initially in contact (point
'a’) as shown in Fig. 4.3(a). After 0, electrical degrees from the stator’s point of view, the
rotor will touch position 'p’ and point 'a’ will travel for 6, degrees as shown in Fig. 4.3 (b).

The mechanical speed (w,,) has been calculated using equation (4.7). This equation has

been employed in C++ using Runge-Kutta integration method as shown in Fig. 4.4.

dwm o (Telec - TLoad - Bmwm>
dt I

(4.7)

in which Tyee, Troad, Bm, and J,, are electromagnetic torque, load torque, coefficient of

friction, and moment of inertia respectively.
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Figure 4.3. (a) Initial position of the rotor. (b) Position of the rotor after 6,
electrical degrees from stator point of view.
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doukble fS(doukle wm, doukle t, doukle Telec)

{
Tteturn wm = (Telec - Tload - Bm %*wm) / Jm;
;
k91[3]1 = £9(wm[3], t[i], Telec[il):
k92[3] = £9(wm[3] + (h / 2}, tli] + (h / 2)*kS1[j], Telec[i]):
k93[3] = £8(wm[3]1 + (r / 2}, ©li] + (h / 2)*k92[j], Telec[il):
k84[3]1 = £3(wm[3] + h, t[3] + (h)*kS3[]3], Telec[il):
rk3[j] = k51[3] + * k92[j]1 + * E93[3]1 + ES4[3]:
RES[3] = rks[]] /

wm[j + 1] = wm[j] + RES[3] * h;

Figure 4.4. Calculation mechanical speed using RK integration method.

The mechanical speed of the machine can also be calculated using the mechanical dis-
placement of the rotor (6,,). Using the geometric approach shown in Fig. 4.3(b), the
mechanical displacement of the rotor and the electrical angle can be related as shown in

(4.8)

6, = 2o, (4.8)

1
According to (4.8), the relationship between electrical and mechanical angular speed can

be shown as:

W = @we (4.9)

The mechanical speed can be changed by either modifying the physical dimensions of the
stator and rotor or by increasing the electrical frequency (fe).

Using the mechanical speed shown in (4.9), the angle 6, can be calculated as shown in
(4.10) which has been implemented in C++ using RK shown in Fig. 4.5.

~db,,

= m 4.1
w pn (4.10)

4.3 Simulation and Experimental Results

MATLAB® and C++ codes have been used to model and simulate the nine phase airgap-

less machine using the Runge-Kutta integration method. The parameters used in this code
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doukle f10 (doukle th, doukle t, doukle wm)

}

{
Treturn th = wm;

k101[3j]1 = flo0{ch[il, t[3]1, wm[il):

kl02[3] = f10(ch[3] + (h / Z), €[3] + (R / 2)*k101[3]1, wm[3])/
k¥103[3] = f10{ch[3] + (h / 2}, €[3] + (R / 2)*k102[3], wm[3])}:
k104[3]1 = £f10(th[j] + R, t[j]l + (R)*k103[j]1, wm[il):

rklo[3] = k101[3] + 2

th[j + 1] = th[j] + REK10[3] * h;

o % k102[3]1 + 2 % k103[3] + k104[3];:
RK10[3] = rk10[3] / &

Figure 4.5. Calculation of the position of the rotor using RK integration method.

are shown in Table 4.1.

As it has been shown in sections III and IV the Runge-Kutta

integration method has been used in this code due to its high precision degree [108].

Table 4.1. Parameters used in the simulation

Parameter Description Value
B,, Coefficient of friction 0.1295
Im Moment of inertia 0.1 (Kg.m?)
Ve DC link voltage 10 (V)
Lo Permeability of air 4 x 1077 (H/m)
Lhs Relative Permeability of the stator 2000
L Relative Permeability of the rotor 700
L Length of the flux path in the stator 0.1 (m)
L Length of the flux path in the rotor 0.07 (m)
Ay Cross sectional area of the stator 140 x 107%(m?)
A, Cross sectional area of the rotor 25 x 107°(m?)
N Number of turns in each tooth 160
r Series resistance in each winding 3(Q)
R, Stator radius 0.0953 (m)
R, Rotor radius 0.096 (m)
fe Electrical frequency 10 (Hz2)

Figs. 4.6(a)-4.6(c) show simulation results for a machine with nine bipoles. The re-
sults were collected with the electrical frequency equal to 10 Hz. This figure shows nine

phase voltages applied to the machine, nine phase currents and the electromagnetic torque,

respectively.
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Figure 4.6. Simulation results (9 bipole machine): (a)
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Figure 4.7. Simulation results (9 bipole machine): (a) mechanical speed
using T, and (b) mechanical speed using we.

Fig. 4.7(a) shows the mechanical speed obtained from the electromagnetic torque (4.7)
and the mechanical speed obtained directly from the electrical angular frequency (4.9). As
it is evident in this figure, in the steady state operation the mechanical speed obtained from
the electromagnetic torque will match the expected mechanical speed. Fig. 4.7(b) in turns
shows the mechanical speed obtained experimentally at the electrical frequency of 10 Hz. As
it is evident in Figs. 4.7(a) and (b) the simulation and experimental results are both around
0.25 rad/sec with f, = 10 Hz.

According to (4.9), the mechanical frequency (f,,) and the electrical frequency (f.) have
the relationship shown in (4.11).

_
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The mechanical frequency has been calculated for 10 different electrical frequencies using
(4.11) and the results have been validated using the experimental setup. Fig. 4.8 shows

the comparison between mechanical frequency obtained theoretically and experimentally for

different electrical frequencies.
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Figure 4.8. Comparison between theoretical and experimental mechanical frequency.
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Figure 4.9. Comparison between mechanical speeds obtained using Euler
and Runge-kutta integration method.

It is worth mentioning that the simulation for this machine has been done using Euler
integration method as well as Runge-kutta methos. The main reason for choosing Runge-
kutta integration method instead of Euler was that the Euler method has more error in

comparison with Runge-kutta. Fig. 4.9 shows the comparison between mechanical speed
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Figure 4.10. Nine bipole machine: (a) rotor and (b) stator.

obtained from Runge-kutta and Euler integration method respectively. As it is evident in
this figurem the mechanical speed obtained using Runge-kutta method matched the expected
mechanical speed with less error compare to Euler method. A proof-of-concept laboratory
prototype with nine magnetic bipoles (eighteen teeth) was built to validate the theoretical
assumptions, see Fig. 4.10. The rotor in this prototype is made of low carbon steel 1018
which is shown in Fig. 4.10(a) and the stator is made of steel M19 shown in Fig. 4.10(b).
Notice that in Fig. 4.10(b), the stator is not yet wrapped with windings.

In this section, the RK integration method has been used to simulate the nine-phase
airgap-less machine. The reason for choosing RK method over the other integration methods
was its high precision. For comparison purpose, the simulation of this nine-phase machine
has been done using Euler integration method. The results clearly show that the Euler
integration method matched the expected results (experimental results) with higher error
in comparison with RK method. Fig. 4.9 demonstrate this comparison for the mechanical

speed of the machine.
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5. SUMMARY AND FUTURE WORKS

In this dissertation, a family of electric machines characterized by zero gap at the touching
point have been proposed. Such machines are designed to generate higher level of torque as
compared to other electric machines. The level of torque in the proposed machine (Airgap-
less machine) allows it to be comparable to hydraulic motors in low speed high torque
applications such as cranes and winches.

Fig. 5.1(a) shows the comparison between torque/mass of three different machines: (1)
internal permanent magnet machines with R = 80 mm, L = 30 mm, g = 0.6 mm, output
torque T, = 36.5 N.m (Mass M = 12 kg), and speed range w = 0 — 2200 rpm.[104], (2) inner
rotor modulated PMSM with R = 215 mm, L = 36 mm, g = 2 mm, output torque T, = 100
N.m (Mass M = 57.8 kg), and speed w = 600 rpm [105], and (3) airgap-less machine.
As shown in this figure, the torque density of the airgap-less motor (the proposed motor)
is approximately 5.6 N-m/kg. Since the main goal was to compare the simulation results
with experimental results, there have been no optimization in terms of magnetic material
and lamination in the simulation. This way it was guaranteed that the simulation is done
in the same condition as the experimental setup to have a fair comparison. Notice that
even though there is room for improvement, this machine presented almost twice the torque
density capability than the other electric machines proposed in the technical literature. The

structures of the motors mentioned in Fig. 5.1(a) are as shown in Fig. 5.1(b).

Internal Permanent Inner Rotor Airgap-less Motor
Magnet Motor Modulated PMSM
Design for EV drive
(a)

Figure 5.1. (a) torque density comparison. (b) structure of the compared
motors (in scale).
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This dissertation has the potential to expand in several areas such as: 1- Optimization of
the airgap-less electric machine in terms of magnetic material and lamination, 2- Designing a
PID controller for this machine to guarantee the lowest torque ripple possible, and 3- Analyze
this motor with overlapped voltages. After achieving the above goals, and obtained the most
optimized airgap-less electric machine, the following steps will be done as an extension to this
research: 1- As mentioned in the introduction of this dissertation and shown in Fig. 2.5(b) a
mechanical gear can be used to convert the combined translational and rotational movement
of this machine into rotational only movement. 2- The airgap-less electric machines will then
be compared to the J-Series hydraulic machine and among themselves (airgap-less electric
motor with different number of poles as well as internal and external rotor). It is expected
that the proposed machine drive systems with higher number of stator poles will be able to
generate a better torque resolution. 3- Measuring the torque capability of each machine with
a torque sensor (dynamometer) that is capable of measuring the torque and the rotational
speed simultaneously. 4- When the torque and speed of this machine are measured, the
braking capability advantage of this motor will be demonstrated. The hydraulic motors
need to activate their braking system after turning the power off, while the proposed one
will be able to stop their operation faster since it is driven directly by a controlled power
supply. It is worth mentioning that the hydraulic motors have an extra locking system that
is activated when the power supply is off, which delays the stopping process. 5- For finding
the efficiency of the proposed machines, both voltage and current from the dc-link of the
drive system will be measured and compared to the output mechanical load for calculation of
the efficiency. The same methodology will be employed for the hydraulic machine, i.e., both
input electric power and output mechanical power will be used for efficiency calculation. It is
expected that the proposed machines will have higher efficiency due to their reduced number
of energy conversion stages. Instead of using electric machine, pump, hydraulic connections,
braking system, and the hydraulic machine itself, the proposed devices are constituted of
only the electric machine and its drive system. The drive system is a power electronics based

device and can be designed to have an efficiency close to 98%.
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