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Abstract

Alvaro Ernesto Hoffer Garcés
Submersible Permanent-Magnet Synchronous Machine with a Stainless Core and
Unequal Teeth Widths

In recent years, permanent magnet synchronous machines (PMSM) have gained
popularity owing to their excellent performance compared with other kinds of electrical
machines in numerous applications. Furthermore, advances in power electronics, digital
signal processing, control schemes, and the development of electrical materials have
contributed to the rapid development of PMSMs. Nowadays, designers of electrical
machines investigate the PMSM to improve its performance and reliability by reducing
the amount of materials while minimizing its cost. In this doctoral dissertation, a study is
presented to improve the performance of a PMSM using asymmetric characteristics. The
study aims to employ unequal teeth widths without changing the size of the machine to
increase the winding factor and thus be able to increase the value of the induced voltage
and the electromagnetic torque. The exploitation of this asymmetry is possible because
of the tooth-coil winding (TCW), which has multiple advantages from both the
electromagnetic and the manufacturing point of view.

A submersible application consists of a scenario where the devices are operated in
underwater environments, such as harvesting marine energy or a water pumping
system. These applications require an electrical machine to be corrosion resistant, which
makes its design and manufacture challenging. Currently, there are various submersible
machines. The best known is the canned PMSM, whose stator and rotor are protected
with cans, and whose active parts are made of traditional electrical materials, enabling
water to flow through the air gap. However, a completely encapsulated traditional stator
is a complex structure and has low heat transfer characteristics. In this doctoral
dissertation, a stainless core submersible PMSM is presented as an alternative to the
conventional submersible machine. The machine under study consists of a fully stainless
stator, and a rotor-surface permanent magnet rotor, protected by a fiberglass
cover. Ferritic stainless steel is used as stator core material, and the winding is made of
polyvinyl chloride (PVC) insulated solid-conductor wire.

To test the asymmetric characteristic of the stator and verify the functionality of the
proposed submersible machine, a 1.7 kW, 80 r/min, 24-slot 20-pole fully submersible
PMSM was simulated, constructed, and verified in a water tank and in a lake with fresh
water. The analytical and the finite element method (FEM) results showed that it was
possible to improve the machine performance by employing unequal teeth. This
improvement was reflected in an 8% increase in the value of the induced voltage
compared with the symmetric machine. However, the use of ferritic stainless steel
showed that the stator core losses correspond to 40% of the total losses of the machine,
indicating that the efficiency was 74% at the rated load. Despite this, the machine turned
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out to be functional.

Keywords: Analytical analysis, asymmetrical stator, canned machine, finite element
analysis, hysteresis torque, permanent magnet, permanent magnet machine, submersible
machine, tooth-coil winding



Resumen

Alvaro Ernesto Hoffer Garcés
Maquina Sincrona de Iman Permanente Sumergible con Nicleo de Acero
Inoxidable y Anchos de Dientes Desiguales

En los ultimos afos, las maquinas sincronas de imanes permanentes (MSIP) han ganado
popularidad debido a su excelente rendimiento en comparacién con otros tipos de
maquinas eléctricas en numerosas aplicaciones. Ademads, los avances en la electronica de
potencia, el procesamiento de sefiales digitales, los esquemas de control y el desarrollo
de materiales eléctricos han contribuido al rapido desarrollo de las MSIP. Hoy en dia, los
disenadores de maquinas eléctricas investigan la MSIP para mejorar su rendimiento y
confiabilidad al reducir la cantidad de materiales y minimizar su costo. En esta tesis
doctoral se presenta un estudio para mejorar el desempefio de una MSIP utilizando
caracteristicas asimétricas. El estudio tiene como objetivo emplear anchos de dientes
desiguales sin cambiar el tamafio de la maquina para aumentar el factor de bobinado y
asi poder aumentar el valor de la tensién inducida y el torque electromagnético. La
explotaciéon de esta asimetria es posible gracias al devanado concentrado que tiene
multiples ventajas tanto desde el punto de vista electromagnético como de fabricacion.

Una aplicacion sumergible consiste en un escenario en el que los dispositivos funcionan
en entornos subacudticos, como la recoleccion de energia marina o un sistema de
bombeo de agua. Estas aplicaciones requieren que la maquina eléctrica sea resistente a la
corrosion, lo que dificulta su disefio y fabricacion. Actualmente, existen varias maquinas
sumergibles. La mds conocida es la MSIP encapsulada, cuyo estator y rotor estin
protegidos con cubiertas, y cuyas partes activas estin fabricadas con materiales
eléctricos tradicionales, lo que permite que el agua fluya a través del entrehierro. Sin
embargo, un estator tradicional completamente encapsulado es una estructura compleja y
tiene caracteristicas de baja transferencia de calor. En esta tesis doctoral se presenta una
MSIP sumergible de nicleo inoxidable como alternativa a la méquina sumergible
convencional. La maquina en estudio consta de un estator totalmente inoxidable y un
rotor con imanes permanentes montados en su superficie, protegido por una cubierta de
fibra de vidrio. El acero inoxidable ferritico se utiliza como material del nticleo del
estator y el devanado estd hecho de alambre conductor sélido aislado con cloruro de
polivinilo (PVC).

Para probar la caracteristica asimétrica del estator y verificar la funcionalidad de la
maquina sumergible propuesta, se simuld, construyd, y verific6 una MSIP
completamente sumergible de 1.7 kW, 80 r/min, 24 ranuras y 20 polos en un tanque de
agua y en un lago de agua dulce. Los resultados analiticos y del método de elementos
finitos (MEF) mostraron que era posible mejorar el rendimiento de la maquina
empleando dientes desiguales. Esta mejora se reflej6 en un aumento del 8% en el valor
de la tension inducida en comparacion con la maquina simétrica. Sin embargo, el uso de



acero inoxidable ferritico mostré que las pérdidas del nicleo del estator corresponden al
40% de las pérdidas totales de la maquina, lo que indica que la eficiencia fue del 74% a
carga nominal. A pesar de esto, la maquina result6 ser funcional.

Palabras clave: Andlisis analitico, estator asimétrico, maquina encapsulada, andlisis por
elementos finitos, torque de histéresis, imdn permanente, maquina de iman permanente,
maquina sumergible, devanado concentrado
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Nomenclature xvii
Kec classic eddy-current loss coefficient Ws/(T/s)*/m?
Eexe excess loss coefficient Ws/(T/s)'/m?
ke iron space factor -
K, hysteresis loss coefficient Ws/T?/m?
Ky pitch factor, proportionality constant of the pump —, Nm/(rad/s)?
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P stator winding losses \%%
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P rotor eddy-current losses W
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Qs number of stator slots -
q water flow m?/s
Rpn stator winding resistance Q
r radius m
S, rotor wetted area m?
St turbine sweep area m?
T torque Nm
T cogging torque Nm
Ty drag torque Nm
Tem electromagnetic torque Nm
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Texe excitation torque Nm
Thyst static hysteresis torque Nm
Trech mechanical torque Nm
N rated torque Nm
Toop peak-to-peak torque Nm
Trel reluctance torque Nm
t time S
) rotor surface linear speed, harmonic order m/s, —
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Greek alphabet
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) air gap length m
et effective air gap length m
Ophys physical air gap length m
Mg efficiency of the generator -
Nm efficiency of the motor -
Mp efficiency of the pump -
ol continuous skewing angle °, rad
A tip ratio, relative permeance -
Aa real part of the complex permeance distribution -
Ab imaginary part of the complex permeance distribution -
Ly relative permeability -
P dynamic viscosity of water Pa-s
Lo permeability of vacuum Vs/Am, H/m
p) mechanical angular speed rad/s
2, mechanical angular velocity of the pump rad/s
A mechanical angular velocity of the turbine rad/s
w electrical angular velocity rad/s
Dy permanent magnet flux Vs, Wb
Upm permanent magnet flux linkage Vs
p resistivity, density Qm, kg/m?
PCu copper resistivity Qm



Nomenclature Xix
Psw mass density of seawater kg/m?
o conductivity S/m
OFe stator core conductivity S/m
0% air gap harmonic leakage factor -
(] current linkage A
Tp pole pitch ° rad, m
Ty slot pitch ° rad, m
Abbreviations

2D two-dimensional

3D three-dimensional

420SS 420 stainless steel

430SS 430 stainless steel

AC alternating current

AR armature reaction

BLDC brushless DC

Cp complex permeance

Cw concentrated winding

DC direct current

EMF electromotive force

FEA finite element analysis

FEM finite element method

GCD greatest common divisor

GFRP glass-fiber-reinforced plastic

M induction machine

JA Jiles—Atherton

LCM least common multiple

NdBFe neodymium-—iron—boron

PM permanent magnet

PMSG permanent magnet synchronous generator

PMSM permanent magnet synchronous machine

PVC polyvinyl chloride

RMS root mean square

RP relative permeance

SL single-layer

SmCo samarium—cobalt

SynRM synchronous reluctance machine

TC tooth-coil

TCW tooth-coil winding

WPS water pumping system



1 Introduction

Electricity is the main commodity of future energy systems. A vast amount of electricity
generation will be needed to move away from the fossil energy system toward a totally
carbon neutral energy system. At the moment, a high share of electricity is both
produced and consumed by rotating electrical machines. In the late 2010s, electrical
machines accounted for 45% of the global electricity consumption [2]. Currently,
traditional electricity generation is mainly arranged in electric power plants that use
steam or gas turbines [3]. Therefore, it is evident that rotating electrical machines are a
fundamental part of development processes in countries around the world. In the future,
however, all reasonable carbon-neutral means of generation have to be employed. Hydro,
wind, and tidal power are means of power generation that use rotating machines. These
forms of electricity generation can have a significant share of increased production in the
future. Strong competition is, however, created by solar cells, which may surpass the
share of rotating machines in the future. Rotating machines will, in all cases, maintain
their position in the use of electricity as electrification is penetrating all areas of
societies. One of the most important fields is mobility, where a hundred million electric
propulsion motors will be needed annually if all vehicles are to be electrified.

Nowadays, there are various electrical machines, but alternating current (AC) machines
have a very strong foothold. The most common AC machine type is still the induction
machine (IM) [4]. It is a reliable and low-cost machine. Furthermore, its self-starting
property and ability to work directly connected to the grid explain its wide use in the
industrial sector in the 20th century [5], [6]. However, the advances in machine
manufacture, power electronics and drives, and digital signal processor technologies
have contributed to the development of alternative electrical machines, e.g., the
synchronous reluctance machine (SynRM) and the permanent magnet synchronous
machine (PMSM) [5], [7].

The operating principle of the PMSM is based on the use of permanent magnets (PMs)
in machine excitation [8]. Although PMSMs emerged already in the middle of the 20th
century, the poor characteristics of the early magnets limited their progress. However,
from the 1980s onward, the appearance of rare earth PMs promoted the development of
the PMSM [9]. This was due to the high energy density of neodymium—boron—iron
(NdBFe) magnets compared with existing magnets. Today, the market offers a variety of
permanent magnets. However, because of the price volatility and the long-term
availability of rare earth magnets, replacing them with other alternatives has been
investigated [10], or improved machine designs have been proposed that permit the use
of magnets that provide a low magnetic field strength [11]-[13]. PMSM are widely used
in various applications including, e.g., renewable energy devices as well as pumping and
transportation machinery [14]-[18]. The growing interest in the PMSM is due to its
following exceptional advantages [19]-[24]:
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* high efficiency;

* high torque density;

* low maintenance cost;

* compact structure;

* wide-speed-range operation;

» good potential for high-overload characteristics;
* high power factor;

* working in low-speed/frequency applications without a significant penalty in
efficiency (as in IMs);

* possibility to apply a high number of poles to reduce the machine size without an
efficiency penalty (as in IMs and SynRMs).

These advantages allow the PMSM to be an acceptable alternative for direct-drive
low-speed applications. The main idea about employing a direct-drive configuration is to
avoid mechanical transmission elements, such as a gearbox, thereby increasing the
system reliability and efficiency and reducing maintenance costs [21],
[25]-[27]. Therefore, the machine must have a large number of poles, which indicates
that the size of the machine will be larger, and also, a power converter is required. The
cost of the system would thus increase [28]. For this reason, the machine must be
properly designed to avoid a further increase in cost and poor performance.

1.1 Tidal energy

Tidal energy is an energy source caused by gravitational interaction between the Sun, the
Moon, and the Earth that generates water movement of the oceans, creating the rise and
fall in the sea level every 12.5 h. Therefore, tidal energy can be considered a sustainable
energy source even though it consumes kinetic energy of celestial bodies. There are two
ways to harvest the energy from tides: barrage and tidal stream systems [29]. The
barrage system depends on the potential energy based on the height difference between
high and low tides. The tidal stream system depends on the kinetic energy generated
from seawater current to drive the turbine propellers.

The main component of a tidal current system is a turbine coupled to a generator
converting mechanical energy into electrical energy. According to the turbine
hydrodynamic model, the mechanical power that can be extracted is expressed as [30]
1 3
Prech = §pswC’p (A, B) Swgy,, (1.1)
where ps, is the mass density of seawater, C,, is the turbine power coefficient, 3 is the
blade pitch angle, .S, is the turbine sweep area, vy, is the seawater speed, and A is the tip
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ratio given by

_Dt (2

2 Vg

A (1.2)

where D, is the turbine diameter, and (2 is the mechanical angular velocity of the
turbine. The turbine power coefficient C,, is the extractable power divided by the stream
kinetic power. It is determined by the geometric characteristics of the turbine and the
fluid properties [31]. The turbine power coefficient C}, ranges from 0.35 to 0.50 [32]. The
mass density of seawater py, is around 1000 kg/m?. Variations in salinity and
temperature influence the density of seawater on the surface [33]. The seawater
speed vy, on average at specific locations, varies between 1 and 3 m/s [34]. The
mechanical torque of the turbine is provided by

P, mech

o (1.3)

Tmech -
Based on the above, tidal energy has a high power density and a low speed, where the
average turbine speed is around 14 to 25 r/min [29], [32]. Therefore, the mechanical
torque Tiecn 18 €xpected to be high. The application scenario indicates that a high-torque
low-speed generator must be designed.

Figure 1.1 shows the tidal power energy conversion scheme for a direct-drive low-speed
permanent magnet synchronous generator (PMSG); the machine is directly coupled to the
turbine and entirely submerged. The generator is connected to a power converter, which
is required because of the variability of the tidal current speed.

Converter

1
)
\S Seawater

Turbine

Figure 1.1: Configuration of the direct-driven PMSG tidal energy conversion system. The
electrical power is defined by Fejec = 7 Pnech, Where 7, is the generator efficiency.



1.2 Water pumping system 4

1.2 Water pumping system

A water pumping system (WPS) consists of several fundamental elements: a power
source, a power converter, a motor, and a pump [35]. The components of the system are
selected and built according to the scenario application. The primary function of the
system is to transport water from one point to another by employing the pump driven by
a motor.

The widely preferred electrical machines in this type of application are IMs. This is due
to their robustness and ease of speed control [36]. However, PMSMs have gained
popularity in this application because of their high performance characteristics [37],
[38]. Furthermore, the PMSM offers a better performance in the low-speed region than
the IM [39], [40]; thus, it is more suitable for low-speed water pumping systems.

The schematic diagram of a typical WPS is presented in Figure 1.2; the motor is directly
coupled to the pump. Therefore, the input power of the pump is theoretically equal to the
mechanical power of the motor and can be determined as

P = 22 % (1.4)

Tlp

where 7, is the efficiency of the pump, Ap is the total pressure difference of the pumping
system, and ¢, is the water flow. Therefore, the mechanical torque can be expressed in
the same way as Equation (1.3). Assuming that both the impeller diameter and the pump
efficiency are kept constant, the affinity law can be employed in such a way to simplify
the calculations [36]. Therefore, the pump torque can be modeled as a function of the
rotational speed of the pump (2, by the following expression [41]

Tmech = kp9p27 (15)

where £, is the proportionality constant of the pump.

O

Pump

Figure 1.2: Schematic diagram of a water pumping system. The mechanical power is defined
by Prech = MmFPelec, Where )y, is the motor efficiency.
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1.3 Brief discussion of applications

The brief overview of the applications presented in Sections 1.1 and 1.2 shows a
similarity: the electrical machine under study is submerged in water. Therefore, the
machine must meet a particular specification directly related to its design and
manufacture, which must be waterproof. This indicates that the machine must be
resistant to corrosion to avoid degradation of its components. There are several ways to
achieve this, and they will be discussed in more detail in the next section.

1.4 Submersible machines

Numerous studies have investigated submersible machines [42]-[44]. They are
characterized by operating submerged in a fluid (preferably water) and used in
application scenarios such as tidal energy or a water pumping system. It is possible to
find at least three types of submersible machines: fully enclosed, canned, and wet.

The completely enclosed machine is hermetically sealed, meaning that water cannot fill
the air gap. For example, in [42], a ferrite magnet spoke-type submersible brushless DC
(BLDC) motor with 15 slots and 10 poles is proposed. It has a large axial length and a
small diameter. The motor is insulated from water by a nonmagnetic stainless steel
flanges and frame.

In the second type, the stator and rotor parts are protected by covers or cans so that water
can penetrate into the air gap. Examples of canned machines are presented in [43],
[44]. In [43], it was studied a canned rotor surface magnet PMSM with 12 slots and 10
poles. In this motor both rotor and stator are canned by a nonmagnetic steel can
(Hastelloy C material). The fluid flows within the air gap between the cans, and
therefore, the liquid does not have contact with the sensitive parts of the
machine. However, the eddy currents induced in the cans increase the machine losses
and reduce the air gap flux density. Despite this, the can eddy currents also suppress
higher order harmonics of the air gap flux density, which reduces the PM eddy current
losses. In [44], it was investigated a flooded surface magnet PMSG. In their study, it was
shown how large extra losses the electrically conductive cans create and how the
temperature of the motor active parts is increased. However, with nonconductive
materials, e.g., glass-fiber-reinforced plastic (GFRP), the inside temperature of the stator
slots and the PMs was lower than in the case with nonmagnetic metallic cans.

The wet machine is entirely filled with water, which means that the machine components
must be protected by waterproof insulation materials. In contrast to the other types of
submersible machines, some parts of the machine are exposed to water even when
adequately protected. For example, a submersible water pump was presented
in [45]. This device consists of a wet stator winding in permanent contact with water,
which acts as a cooling medium. Therefore, in this type of machine the water flow
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influences heat transfer.

1.5 Device materials for a submersible machine

The main problem in an underwater environment is that water is a corrosive
medium. Therefore, traditional materials used in the manufacture of machines can be
affected by corrosive environments that deteriorate their properties over time. In the case
of electrical steels, iron (Fe) alloys are the most commonly used materials in electrical
machines [46], but iron is susceptible to corrosion if it is not combined with suitable
elements or it is not in a stable state. Rare-earth-based magnets, in turn, are prone to
rapid  disintegration in  corrosive  environments if not  adequately
protected [10]. Moreover, the winding of the machine can be exposed to early
interruptions caused by corrosion [47]. Hence, it is necessary to investigate materials
suitable for submersible applications, e.g., corrosion resistant magnetic materials or
protective coatings to ensure high durability and corrosion resistance. The materials of
the device can be grouped into four categories: stainless steel materials, cover materials,
permanent magnet materials, and winding materials. Each category will be discussed in
a section of its own below.

1.5.1 Stainless steel materials

Stainless steel materials are typically iron-based alloys that are characterized by being
resistant to corrosion. In addition to iron (Fe), their composition includes chromium (Cr)
and carbon (C). Other alloy elements can also be incorporated to improve specific
characteristics (machineability, low-and high-temperature resistance, electrical
resistivity). Because of their particular properties, stainless steels are widely used in
various applications, ranging from medicine and engineering to domestic uses [48], [49].

There are three types of stainless steels: austenitic, martensitic, and ferritic [50]. There
are also other stainless steel types (duplex and precipitation hardened), which are
combinations of the basic stainless steel types [49]. The selection of stainless steel for an
electrical machine depends on the use: the manufacture of machine cores or
coatings. However, there is always some uncertainty related to the selection of stainless
steel. The reason for this is that detailed magnetic properties of stainless steel are not
generally available, and therefore, measurements are required. As reported by [1],
martensitic steel exhibits a higher corrosion resistance than austenitic and ferritic
steels. However, ferritic steels have lower coercive force values than martensitic steels,
and austenitic steels are nonmagnetic materials. Therefore, when choosing a stainless
steel material for magnetic core manufacture, the following items should be taken into
account [51]:
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1. High magnetic saturation;
2. Low coercivity;
3. High relative permeability;

4. Low magnetic losses:

(a) small-area BH loop;
(b) high electrical resistivity.

Figure 1.3 shows BH curves of electrical steels used in the manufacture of electrical
machines and stainless steels. The BH curve of stainless steel was obtained by
measurements with a hysteresisgraph. The 420 stainless steel (420SS) corresponds to
martensitic steel and the 430 stainless steel (430SS) to ferritic steel. As can be seen, their
saturation flux densities are higher than those of traditional magnetic materials except for
cobalt—iron (Co-Fe) material. It should be noted that martensitic steel (420SS) has a
higher saturation flux density than ferritic steel (430SS). Considering magnetic
saturation, 420SS is better than 430SS. However, a more detailed analysis of their
magnetic characteristics is needed along with their chemical composition to investigate
their applicability to electrical machine cores.

2.5
e
Q
> Vs
Z’ — Typical Co-Fe alloy
S 1 ]/ — Typical Carbon steel |
X M400-65A
= | ——420SS |
=05 430SS
Typical Ni-Fe
0- ‘ : :
0 10 20 30 40
Field strength H (kA/m)

Figure 1.3: Magnetization curves of traditional electrical steels used in the manufacture of
electrical machines and stainless steels.

Table 1.1 shows the magnetic properties of various stainless steels. It is evident that the
type of steel and the chemical composition relates to the magnetic properties. The
corrosion resistance of the stainless steel is provided by its Cr content. This is because
Cr bonded with oxygen (O) forms a tight transparent layer over the steel surface that
does not allow oxidation [52].
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Table 1.1: Comparison of the magnetic properties of different stainless steels [1].

Content Maximum Coercive  Saturation Residual
Steel Type (% weight)  permeability force flux density flux density
&t C fmax  He(A/m) By (T) B: (T)

410  Martensitic 11.7  0.13 360 770 1.50 0.61
416  Martensitic 12.2  0.12 490 900 1.42 0.82
420"  Martensitic 11.7 0.34 257 1200 1.73 0.72
430" Ferritic 164 0.017 250 708 1.66 0.40
430F Ferritic 17.5 0.027 530 560 1.41 0.75
430FR Ferritic 17.6 0.029 960 270 1.35 0.50
446 Ferritic 25.8 0.063 450 670 1.20 0.62

“Measurements of magnetic properties carried out with a hysteresisgraph.

According to [1], there is an approximately linear dependence (directly proportional)
between the carbon (C) content and the coercive force H.. The relative permeability i,
decreases with an increasing C content. The saturation flux density B is inversely
proportional to the Cr content. The residual flux density 5, remains unchanged as the
C content varies.

Ferritic and martensitic stainless steels have a high electrical resistivity, which indicates
a potential for low eddy current losses. It is explained by incorporation of elements that
decrease electrical conductivity, e.g., silicon (Si) [1]. The lamination thickness is a
characteristic to consider when choosing the stainless steel material. The eddy current
losses can be effectively reduced by decreasing the sheet thickness. Typical thicknesses
of electrical steels are between 0.65 to 1 mm [53]. Therefore, the lamination thickness of
stainless steel must be within that range.

1.5.2 Cover materials

Some of the traditional materials used in electrical machines are not resistant to
corrosion, but they can be protected against water penetration, e.g., by using a can or
cover. Different cover arrangement alternatives in a PMSM are shown in Figure 1.4. As
mentioned in [44], [54], [55], the covers can be made of metallic or nonconductive
materials. Considering metallic materials there are austenitic stainless steels or
Hastelloy C (based on nickel and alloys of other elements). They are characterized by
being nonmagnetic and resistant to corrosion. However, they are conductive, which can
produce additional losses in the machine. In the case of nonconductive materials, there
is, e.g., GFRP (also known as fiberglass). It is resistant to corrosion and nonmagnetic,
and it has an ultrahigh electrical resistivity. The thickness of the GFRP should, however,
be larger than the thickness of stainless steel to achieve similar mechanical
stiffness. In [54], it is reported that the thickness of the fiberglass should be three times
the thickness of stainless steel. This means that when using plastic covers the length of
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the effective air gap will be greater than when using metallic cans.

Figure 1.4: Cover arrangement alternatives in a rotor surface PMSM: (a) canned machine,
(b) canned rotor, and (c) canned stator.

1.5.3 Permanent magnet materials

The magnets mostly used for the design and manufacture of electrical machines are
alnico, ferrite, samarium—cobalt (SmCo), and NdFeB [10], [11], [56].

At present, the most powerful PMs used in electrical machines are NdFeB
magnets. However, they are vulnerable to corrosion, which can manifest itself in two
ways [57]-[59]:

* Oxygen (O,) diffuses into the surface layer of the magnet causing a metallurgical
change in the layer, and as a result, the coercive force will decrease, increasing the
risk of demagnetization.

* Hydrogen (H) in the environment reacts with neodymium (Nd), which destroys the
original grain structure leading to porosity in the material and causing a loss of the
PM magnetic properties.

Therefore, to prevent corrosion from moisture in the atmosphere, a thin protective layer
is added to the magnet surface.

Ferrite, alnico, and SmCo magnets are resistant to corrosion, but they do not provide the
same magnetic properties as NdFeB magnets. However, SmCo magnets can strongly
compete with the NdFeB magnet properties, especially at higher temperatures, but they
are usually much more expensive. Ferrite and alnico magnets contain iron that can be
oxidized by a reaction with water and oxygen. However, in ferrite magnets, the iron
content is in a stable oxidized state, which means that it cannot be oxidized. In alnico
magnets, there is iron, and the magnets can thus be susceptible to oxidation by
humidity. They can be provided with a protective layer to avoid oxidation. SmCo
magnets do not contain iron; therefore, they are resistant to corrosion [60]—[63].
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1.5.4 Winding materials

In submersible machines, the winding requires a high waterproof insulation
quality. Different types of wires, depending on their type of insulation, can be classified
as [47]:

1) Standard enameled wire (no extra protection);

2) Enameled wire encapsulated with a protective material;

3) Wire with proper protection.

Figure 1.5 shows the different alternatives of wires for submersible applications.

encapsulation
- :T

main main
. . L ) . .
insulation insulation

enan{eled enameled
wire wire
(a) (b)
protection
main
insulation

Figure 1.5: Possible wires for use in submersible environments: (a) standard enameled wire,
(b) enameled wire encapsulated with a protective material, and (c) wire with proper protection.

The enameled copper wire is the most commonly used material for the manufacture of
electrical machines. It is characterized by low resistivity, good ductility, high strength,
and corrosion resistance. If water is circulated in the stator (as in a wet machine), there
can be an advantage in the heat transfer between the winding and the fluid. However, to
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avoid early interruptions caused by a winding contact with water, it is advisable to use
enameled with extra insulation protection wire (case 2 and 3). However, any insulation
reduces the thermal conductivity. For case 2, there are suitable materials for
encapsulation (standard enameled wire can be used), such as epoxy resin and silicone
encapsulant. They offer acceptable thermal conductivity and good protection against
water [64], [65]; however, convection heat dissipation could be ineffective because of
encapsulation blocks [47].

For case 3, there is a low-cost alternative, PVC-insulated solid-conductor wire. PVC
insulation reduces the risk of both phase-to-phase and turn-to-turn short-circuits (this is
also an advantage for case 2). However, PVC is characterized by a low thermal
conductivity [66]. Furthermore, because of the significant PVC jacket thickness required,
the space factor in the machine slot is reduced, contrary to the other cases, where it is
possible to employ standard enameled wire. Despite this, the PVC-insulated wire being
surrounded by water, its heat dissipation is typically better compared with a total
encapsulation with epoxy resin. Moreover, its simple assembly and versatility make it a
suitable candidate for submersible applications.

1.6 Tooth-coil winding

The concentrated non-overlapping winding is also known as the tooth-coil winding
(TCW). It is a configuration that has been investigated for several years [25], [67],
[68]. The main characteristic of the TCW is that each coil is wound around a single
stator tooth, which means that the coils are non-overlapping.

TCW technology provides numerous advantages over other winding configurations, such
as

* Easy manufacture and assembly [25]. By selecting open slots, the machine
assembly process can be significantly simplified as shown in Publications II
and IV.

* A high slot space factor, which could improve the thermal conductivity of the
winding and reduce winding Joule losses [69].

e Short end turns, which mean cost savings and mass reduction of the winding
material and also reduction in the winding Joule losses [70].

* Possibility of using the technology in modular and segmented stator structures,
thereby achieving physical decoupling [13], [71]-[73].

 Fault tolerance (reduction or even elimination of the contact between conductors of
different phases) [67], [68].

* Low cogging torque and torque ripple. These characteristics increase the service
life of the mechanical machine parts and potential reduction of the noise level [74].
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Despite these advantages, one of the main problems of the TCW is the wide spectrum of
space harmonics in the current linkage waveform [75], [76]. In addition, the slotting
effect influences the current linkage waveform [72]. These aspects affect the rotor losses,
typically generating more rotor losses in the slot—pole combinations of TCWs, which
contain more low-order current linkage harmonics. Moreover, harmonics have been
reported to cause additional saturation and high torque ripple. However, it is possible to
limit them by selecting a proper slot—pole combination or applying a multilayer
structure [77], [78]. There are other alternatives to exclusively limit rotor losses, such as
rotor lamination and magnet segmentation, among others [79].

1.7 Asymmetric features in the PMSM

Asymmetric features have been the interest of researchers in recent years. The main
objective here is to improve the performance of the machine by changing its structure
without modifying its size compared with its symmetrical version. The machine
performance improvements include: an increase in induced voltage and electromagnetic
torque and minimization of torque ripple and cogging torque.

A novel procedure to maximize the machine performance by deploying unequal teeth
widths in nonoverlapping concentrated winding (CW) PM brushless machines was
investigated in [80]. In the procedure, the width of the tooth tips of the teeth that carry
coils is increased while keeping the slot area constant. Therefore, by increasing the tooth
tip width, the magnetic flux per tooth is increased, and thus, the electromagnetic torque
can be improved and the torque ripple reduced.

In [81], a new method to reduce the torque ripple in PMSMs was presented. It was
shown that low-order torque ripple harmonics are produced because of the asymmetrical
flux density distribution of the stator teeth. It was also found out that is is possible to
minimize these harmonics by using unequal teeth widths. The method is, however,
restricted to a particular working point.

In [82], it was shown that in TCW PMSMs strong armature reaction and PM flux
together saturate the magnetic circuit, which causes a nonsymmetric flux distribution and
significantly reduces torque quality. Therefore, to limit these problems, asymmetries in
the stator and rotor were studied.

A method for minimizing the cogging torque with a quasi-skew asymmetric rotor
structure was introduced in Publication III. The main idea of the method is to build a
rotor geometry based on the relative positions of the poles per layer of a conventional
skewed rotor. For example, by applying a three-step skewed rotor to a 72-slot 12-pole
PMSM (see Figure 1.6a), each layer is offset by 1.67° from the next layer (to reduce the
lowest harmonic order component of the cogging torque). Then, by applying a
quasi-skewed rotor, the rotor of the machine is divided into four groups (12 poles divided
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by three layers), where each group is made of three poles, where the first pole is
positioned according to the pole position of the first layer of the three-step skewed rotor,
and then, the second pole is positioned according to the pole position of the second layer,
and so on, as shown in Figure 1.6b. This method makes it possible to avoid rotor
skewing, which facilitates its manufacture. Moreover, it was found that the performance
of the machine is similar to that of the machine with conventional rotor skewing, and
with the proposed configuration, it was possible to minimize the cogging torque.

() (b)

Figure 1.6: Examples of the step skewing: (a) three-step skewing of the 12 pole rotor with the
skew angle of 1.67° between the layers and (b) quasi-three-step skewing of the 12 pole rotor with
the quasi-skew angle of 1.67°.

In [83], an asymmetrical rotor hybrid TCW PMSM with improved torque performance
was exhibited. The proposed approach was to modify the rotor structure of a
conventional symmetrical rotor hybrid spoke-type PM machine by asymmetric
positioning of the upper part of the PMs to enhance torque generation. The idea was to
adjust the reluctance torque component to reach the maximum value at the same current
phase angle at which the excitation torque is at the maximum.

A four-layer PMSM with 12 slots and 10 poles having coils with different numbers of
turns was presented in [84]. The total number of conductors per slot was kept constant to
have an invariant slot space factor. In this case, the asymmetry allows canceling
lowest-order subharmonics of the air gap flux density waveform, which could improve
the machine performance.

A modular PMSM with unequal teeth widths was introduced in [85]. Such a machine
employs TCW, and it consists of independent modules with a single-layer (SL) winding. It
was shown that the air gaps between the modules (also known as stator gap) and unequal
teeth widths enhance the winding factor. However, the average torque can be improved or
degraded according to the slot—pole combination by applying different stator gap widths.
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1.8 Discussion

Based on the research, it was found that for the PMSM to operate underwater, its parts
must be resistant to corrosion. Therefore, it is necessary to use protective elements to
seal the active part of the machine from direct contact with water. However, these
protective elements are prone to failure over time, reducing the machine lifetime. Hence,
it is necessary to search for alternative materials to manufacture electrical machines
resistant to permanent water contact. One way to enhance the reliability of the machine
is to use ferritic stainless steels, which are corrosion resistant and have good magnetic
properties. They also make it possible to avoid the use of protective covers, e.g., in the
stator, where a complete encapsulation is a complex structure as it includes waterproof
protection on both inner and outer sides. However, it is essential to use extra winding
protection to prevent early interruptions caused by winding contact with water. From a
thermal point of view, it is advisable to avoid enameled wire encapsulated with a
protective material because the heat transfer in that case is low. For example, the
PVC-insulated wire is a good alternative because of its low cost and availability in the
market and because it offers appropriate heat transfer. In the case of the rotor part, it is
also possible to make the rotor core of stainless steel, but some kind of encapsulation of
the PMs is required to avoid their corrosion caused by permanent contact with water
unless more expensive samarium cobalt magnets are applied. Therefore, the rotor core
can be made of traditional electric steel.

It is well known that PMs can be demagnetized mainly as a result of faults or the effect
of temperature [86]. However, if the machine is submerged in water, the maximum rotor
temperature will remain low, which means that the risk of demagnetization will be low
even for low-grade magnets.

The use of the TCW is a good alternative owing to its significant advantages, such as easy
manufacture and assembly and good fault tolerance. The problems of the TCW related
to the high harmonic content of the current linkage waveform and its effects on the rotor
losses can be addressed in several ways. Furthermore, the use of the TCW technology
allows enhancing the machine performance by using asymmetries in the stator.

1.9 Overview of the submersible PMSM under study

The machine studied in this doctoral dissertation is a radial flux PMSM designed to
operate underwater. The application for which it was designed was to operate as a pump
motor. However, it can also be used as a generator to harvest tidal energy.

An interior PMSM has certain advantages such as a low cogging torque and a good
torque capacity over a wide speed range—especially in field weakening—compared with
a rotor surface magnet PMSM [87]. Such a rotor configuration exhibits magnetic
saliency, which makes it possible to generate some reluctance torque. However, a TCW
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arrangement has been shown to reduce the magnetic saliency of any interior PMSM [87],
[88]. Therefore, in the case of a TCW machine, the advantage of using embedded
magnets to achieve some additional torque is, to a large extent, lost. In addition, when
using this rotor configuration, it is necessary to use laminations in the rotor. In this very
case, the high losses in the stator-side steel material should not encourage the use of the
same material on the rotor side but some electrical steel material should be used
instead. Using a laminated rotor in this case would also make it difficult to
manufacture. Instead, it is possible to employ a solid rotor core by selecting rotor surface
magnets. Because of all these reasons, a rotor surface magnet PMSM is chosen.

The geometry of the machine is shown in Figure 1.7. The main parameters of the PMSM
are given in Table 1.2. The geometric parameters are determined from the design
algorithm provided in [8]. More details on the design guidelines of the machine under
study can be found in Publication IV. The value of the stator inner tooth width by is
chosen to increase the induced voltage and electromagnetic torque over the symmetric
machine without adjusting the external dimensions of the machine and keeping the
machine losses at a fair value. This will be studied in the following chapters.

hs

Figure 1.7: Cross-sectional view of the submersible core PMSM.

The structure consists of an outer stator and an inner rotor. The PMs are mounted on the
rotor core surface as such a construction can be used with a rotor yoke made of a simple
solid core tube. PMs have a curved shape to align the PM surface with the rotor
surface. To simplify the assembly with the reduced risk of PM cracking, each magnet
block is divided into four segments. The rotor is protected against the water environment
by a cover to avoid direct contact of the water with the magnets.
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The PM material selected is N45SH Neodymium Magnet. It has a remanent flux density
of 1.35 T, coercive force of 1015 kA/m, and a relative permeability of 1.05. The isotropic
resistivity of the PM is 180 x 10® Qm at 20 °C.

The rotor core is made of S355 structural steel (also known as Fe52) as it presents fair
mechanical and magnetic properties [89]. Its isotropic resistivity of 25.7 x 10® Qm at
20 °C is acceptable to limit the rotor losses caused by the winding configuration
used. The material selected for the rotor cover is GFRP because it has a low electrical
conductivity and it is nonmagnetic.

There is no cover to protect the stator because the chosen stator materials are corrosion
resistant. The stator core is made of 430SS, which is a ferritic stainless steel with
exceptional corrosion resistance and favorable magnetic properties, and it is available in
the market. The isotropic resistivity of 430SS is 60 x 10® Om at room
temperature. PVC-insulated solid-conductor wires are chosen as the winding material,
because they are entirely water-resistant and a low-cost alternative and provide
high-quality insulation.
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Table 1.2: Parameters of the PMSM.

Parameter Value
Rated power Py (W) 1700
Rated torque Ty (Nm) 202
Rated frequency fn (Hz) 13Y5
Rated stator current g (Apms) 94
Rated mechanical speed nn (r/min) 80
Number of stator slots () 24
Number of poles 2p 20
Stator stack length [ (mm) 300
Stator outer diameter D, (mm) 369.9
Stator inner diameter Dy (mm) 222.1
Stator yoke depth /iys (mm) 19.9
Stator slot width by (mm) 14.25
Stator tooth inner width that carries a coil bgg (mm) 19.0
Stator tooth inner width that does not carry a coil bgs; (mm) 10.27
Physical air gap length § (mm) 3.5
Rotor outer diameter D, (mm) 197.1
Rotor yoke outer diameter Dyye (mm) 179.1
Rotor yoke inner diameter D,y; (mm) 170.0
Rotor cover thickness hgrc (mm) 2.0
Permanent magnet width wpy; (mm) 279
Permanent magnet height Apy (mm) 9.0
Number of turns per phase Npp, 232
Stator winding resistance Ry, (£2) 1.1
Resistance factor kg @ fiN ~1.0
Synchronous inductance Ly (H) 0.027
Winding connection star

*Symmetric stator: bgs = bgs; = 14.68 mm
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1.10 Outline of the doctoral dissertation

This doctoral dissertation focuses on the modeling and analysis of a TCW PMSM with
unequal teeth widths for submersible environments. The dissertation is based on four
scientific publications, and it is divided into five chapters.

In Publication I, a straightforward design of the PMSG for harvesting tidal current
energy is presented. The paper provides a review of the application scenario and
electromagnetic design guidelines of the PMSG based on the application. The
performance analysis of the machine is carried out by the finite element analysis
(FEA). The use of stator asymmetries to improve the machine performance and
hysteresis torque are investigated in brief.

In Publication II, an analysis of the stator asymmetry (unequal teeth widths) of the
machine under study is presented. In this paper, an analytical method that incorporates
the stator asymmetry to calculate the induced voltage is proposed. The method is
validated with the finite element method (FEM). The performance of the machine
(torque and losses) is carried out by the FEA.

In Publication III, an alternative method to minimize the cogging torque in a PMSM is
exhibited. The method is based on the traditional skewed rotor, and it avoids the step
skew, thereby facilitating its manufacture. From an electromagnetic point of view, the
performance of the machine is similar to that of using the traditional skewing method,
and it reduces the cogging torque.

In Publication IV, a loss analysis of the machine under study is presented. The stator
iron losses are computed by employing the proposed nonconventional method. It is
found that the stator core losses are dominant (45% of the total losses at the rated point)
because of the magnetic properties of the chosen core material. This also results in the
fact that there is a strong torque contrary to the movement of the machine (detent torque).

The structure of the doctoral dissertation is the following:

» Chapter 1 presents a literature review of the principal issues related to submersible
machines. The chapter begins by presenting the role and importance of electrical
machines worldwide. Next, the advantages of PMSMs are studied in brief, and
their potential as candidates for direct-drive applications is discussed. Then,
possible application scenarios in which submersible machines are used are
introduced. Furthermore, submersible machines are investigated according to their
sealing arrangement. After that, device materials resistant to corrosion for wet and
canned machines are described. TCW technology and asymmetrical geometries in
electrical machines are introduced in brief. Finally, an overview of the submersible
TCW PMSM studied in this doctoral dissertation is given. This chapter is based
on Publications I-IV.
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* Chapter 2 provides an in-depth study of the TCW PMSM through an analytical
approach and the FEM, focusing on the asymmetric stator structure of the
machine, that is, the deployment of unequal teeth widths. The chapter begins by
studying the PMSM modeling equations, illustrating how it is possible to improve
the performance of the machine (induced voltage and electromagnetic torque) by
varying the tooth width. It is then explained how the induced voltage and the air
gap flux density are calculated by using an analytical method. To determine these
characteristics of the machine, it is necessary to calculate the air gap permeance
distribution. In this doctoral dissertation, the permeance distribution models most
commonly used in the field of electrical machine design are deployed and
compared. The analytical results are compared with the finite element analysis
results. The main parameters of the machine (e.g., air gap flux density, induced
voltage, electromagnetic torque, and current linkage) and the effect of unequal
teeth widths on them are discussed. This chapter is based on Publication II.

* Chapter 3 investigates the calculation of the losses of the submersible TCW
PMSM. The calculation is focused on employing unequal teeth widths. The
calculation of the stator iron losses is carried out in a nonconventional way. The
reason for this is that the iron loss coefficients are not available because the core
material used is not traditional in the manufacture of machines. The winding
losses, eddy-current losses, and mechanical losses are calculated using
well-known conventional methods. This chapter is based on Publication I'V.

e Chapter 4 describes the manufacture of the submersible TCW
PMSM. A comparison between the experimental and FEA results of the machine
is made. This chapter is based on Publications II and IV.

» Chapter 5 presents the conclusions and future work of this doctoral dissertation.
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1.11 Scientific contributions

The main objective of this doctoral dissertation is to develop and experimentally validate
a stainless-core submersible PMSM with unequal teeth widths. The research hypothesis
is to verify whether it is possible to develop a submersible PMSM that is (i) functional,
(i1) resistant to underwater environments, and (iii) easy to manufacture.

This doctoral dissertation presents the following scientific contributions:

* Development of a 2D analytical model to determine the air gap flux density
distribution of a TCW PMSM with unequal teeth widths.

* Comparison of permeance distribution models most commonly used in the field of
electrical machine design in the air gap of a TCW PMSM with unequal teeth widths.

» Extensive research on the influence of the unequal teeth widths in the TCW PMSM.
* Development of a nonconventional method to estimate the stator iron losses.

* Analysis and verification of the behavior of the manufactured submersible TCW
PMSM.

1.12 Engineering contribution

A functional submersible PMSM was manufactured. The process provided important
details (a practical approach) about its assembly. The machine was tested in a water tank
to verify its operation and behavior when it is in contact with water at room
temperature. The machine has also been operating in a pump system for water quality
enhancement in a Finnish lake for three years, and it has so far proven reliable and
capable of operating satisfactorily.
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2 Tooth-coil winding with unequal teeth widths

2.1 Introduction

Based on the classical dq theory, the electromagnetic torque when considering saturation
produced by the three-phase PMSM is given by [90]

Tem = §p EpPM (sta qu) Zsci_._\(Lsd (st7 qu) - qu (stv qu)) stzsq 5 (21)

where p is the number of pole pairs, 1py is the PM flux linkage, iy, 7sq are the d- and
q-axis components of the stator currents, and Ly, L, are the d- and g-axis components
of the synchronous inductance. As it can be seen in Equation (2.1), torque production is
divided into the excitation torque 7. and the reluctance torque 7. In the case of the
rotor surface PMSM, Ly ~ Ly =~ Lg; thus, T =~ 0. It indicates that the electromagnetic
torque depends on the g-axis component of the stator current iy, and the PM flux
linkage 1)py;. Another way of writing (2.1) is given in [91]

eph,Uis,U + 6ph,Vis,V - eph,Wis,W

Q Y

Tem = (2.2)
where epnu, €pnyv, €pnw are the instantaneous back-EMF, iy, iy, isw are the stator
currents in phases U, V, and W, respectively, and (2 is the mechanical angular
speed. The effective value of the back-EMF phase voltage can be calculated as [17]

kaNph@PM
\/§ ’

where £y, is the winding factor, N, is the number of turns in series of the stator
phase, @py is the PM flux, and w is the electrical angular velocity. At first glance,
Equation (2.2) provides more information than Equation (2.1) on the parameters
involved in the calculation of electromagnetic torque. As can be seen in Equation (2.2), it
is possible to increase the machine torque capability by adjusting the stator current or the
back-EMF. The stator current adjustment has certain limitations because its significant
rise would increase machine losses, while the back-EMF adjustment may be an
alternative within a reasonable range (keeping a constant peak flux density value in the
stator core and a constant number of turns in the slot). The PM flux ®py is constant
(neglecting the temperature effect) when a certain PM grade is used in the rotor surface
PM structure. Therefore, to increase the back-EMF and torque it is possible to adjust the
number of turns NV, and the winding factor k, as indicated in Equation (2.3). However,
ideally, these modifications should not reduce the single conductor cross section to avoid
extra winding Joule losses. In this case, the first option can make the machine more
expensive, in addition to increasing its mass. Additionally, it can be challenging to
implement as the conductor space factor needs to be increased when extra turns are

Jo (2.3)
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added within the limited slot area. In the case of the winding factor k,, it is possible to
increase the back-EMF in tooth-coil (TC) SL winding machines and improve the
machine performance by adopting asymmetric features in the machine [80],
[81]. Furthermore, if the winding factor increases, it is possible to reduce the RMS stator
supply current to achieve the same electromagnetic torque because the torque is
proportional to the product Eyp/s. This can bring considerable savings in the winding
material, especially when the machine is large. Finally, this method does not
dramatically change the magnetizing inductance of the machine, which helps to keep the
same load and overload characteristics of the machine, which is not the case when the
number of turns is increased.

2.2 Unequal teeth widths in the TCW

The machine under study consists of a stator with open slots. It enables easier
manufacture and assembly of preformed coils. Figure 2.1 shows the slot type alternatives
(trapezoidal and rectangular geometries) to employ unequal teeth widths and the
equivalent magnetic reluctance in the stator core. The rectangular slot arises from the
trapezoidal slot, where the empty triangle-shaped space (in yellow, next to the coil in
Figure 2.1) is filled with iron core. When the stator slot is trapezoidal, the magnetic
reluctance of the rectangular tooth is higher than the magnetic reluctance of the
trapezoidal tooth. Figure 2.2 shows a decrease in the magnetic saturation on the stator
teeth when a rectangular slot is selected compared with the trapezoidal slot. Therefore, to
avoid a large cogging torque and to reduce core losses, the rectangular slot is chosen.

(a) (b)

Figure 2.1: Stator slot geometry and teeth reluctances: (a) trapezoidal and (b) rectangular slot.

The coil pitch W in the SL TCW is the distance between the two sides of a coil that
coincides with the distance of the stator tooth width that carries a coil bys and the stator



2.2 Unequal teeth widths in the TCW 23
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(b)

Figure 2.2: Flux density distributions under no-load condition when using (a) trapezoidal and
(b) rectangular slot.

slot width b5 as indicated in Figure 2.3. Therefore, by increasing the stator tooth width by
that carries a coil (the stator slot width by is kept constant), increases the coil pitch V.

o« W i« W

> e
byt

W= bdsM by bt

Coil-carrying
stator tooth width

Figure 2.3: Adjustment procedure of the stator tooth inner width bg;.

The winding factor in the SL TCW for the v™ harmonic is defined as [8]
kwv = kpvkdvksqm (24)

where ky, is the v™ harmonic pitch factor, kg, is the '™ harmonic distribution factor, and
Fsqo 1s the v™ harmonic skewing factor. The harmonic pitch factor kp, and the harmonic

skewing factor kg, are expressed as [8]

kpy = sin (vﬂg) , 2.5)

Tp
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Fsqo = M, (2.6)

vpz
2

where 7, is the pole pitch and v is the continuous skewing angle. The harmonic

distribution factor kg, for ¢ < 0.51s 1 if v is odd, and if v is even, kg, = 0.

Equation (2.5) reveals that if the coil pitch I is increased (up to W = 7)), the working
harmonic pitch factor k,, can be optimized. Consequently, the winding factor £, is also
improved (keeping the other factors constant). Therefore, by employing this asymmetry
it is possible to increase the flux linkage and, thus, improve the torque capability and the
induced voltage. To maximize the working harmonic pitch factor £, the number of slots
must be equal to the number of poles so that W = 7,; however, this is not
possible [8]. Therefore, it is advisable to choose a slot-pole combination
where 2p ~ ();. To avoid unbalanced magnetic pull, the greatest common
divisor GCD (Qs, 2p) should have a high and even value. To reduce the cogging torque,
the least common multiple LCM (Qs, 2p) should have a high value [92], [93]. The
slot—pole combinations that avoid unbalanced magnetic pull and achieve a low cogging
torque are those that satisfy 2p = Qs = 2 [80], [94]. The slot—pole combinations for
TCWs where unequal teeth widths can be employed are presented in Table 2.1. This
asymmetric feature can also be used in machines with closed or semiclosed slots.

2.3 Permeance distribution in the air gap

The permeance distribution in the air gap is required to calculate important parameters of
the PMSM, such as the induced voltage, the cogging torque, and the electromagnetic
torque. Furthermore, when employing unequal teeth widths with semiclosed and open
slots, the permeance distribution is affected by the slotting effect, and this significantly
influences the calculation of the PMSM parameters.

There are several methods to obtain an analytic expression for the permeance. The
best-known method is proposed in [95]. This method is relatively simple and easy to
implement, and thus, it is widely used in various investigations [96]-[98]. However, this
method does not accurately model the slotting effect. Another improved method is also
proposed in [99]. This method is more complex to implement but more accurate. These
methods involve the use of conformal transformation and numerical analysis and require
knowledge of the following parameters of the machine: the stator inner and rotor outer
diameters, the slot opening width, and the number of slots. A toolbox software package
is available for MATLAB (or OCTAVE), which performs the conformal transformation
providing the stator geometry vertices to obtain the complex relative
permeance [100]. The key functions used are described in [101], [102]. The latter allows
obtaining the permeance distribution quickly with high precision.
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Table 2.1: Possible slot—pole combinations to employ unequal teeth widths in the TCW.

0 1y 6 8 10 12 14 16 18 | 20
6 q 12 /4 | 1/5 177 | 18 1/10
kwp | 0.866 0.866| 0.5 0.5 |0.866 0.866
9 kq
wWp
b | 12 | 2/5 27 | 1/4 1/5
Ky 0.866 | 0.966 0.966 | 0.866 0.5
15 kq
wp
s | ¢ 12 | 3/7 | 3/8 3/10
Fp 0.866 | 0.902 | 0.945 0.945
21 kq
wp
| 4 12 2/5
Ky 0.866 0.966
q
27 -

Invalid configuration.
Unbalanced magnetic pull.
>< SL is not feasible.
Slot—pole combinations that satisfy 2p = Q) £ 2.

In this doctoral dissertation, the methods presented in [95] and [99] are studied because
they are the most commonly used ones in the electrical machine design [103]. The
assumptions applied are the following:

* The permeability of the core is infinite.

* The stator slots have an infinite depth.

¢ The outer diameter of the stator is infinite.
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Figure 2.4 shows the 24-slot 20-pole geometry machine used to obtain the permeance
distribution with both the methods.

jL/ Stator
D
by
D,y
D,
)

Rotor

[0 Slot

%

ﬁ

Figure 2.4: Simplified geometry of the machine used to obtain the permeance distribution.

The relative permeance (RP) function is given by [95]

Ad.a) = {1 — B (d) — 5 (d) cos (ﬁa) 0 <a<0.85 | 27

1 0.8ap << %
where d is an arbitrary diameter between the rotor yoke outer diameter D,y and the stator

inner diameter Ds, « is the mechanical position, 3, is the slot opening angle, 75 is the slot
pitch, and f3 is a function defined as

1

1
Bld)=5|1- ; (2.8)
2 by \ 2
1 1 2
+ ( 5 5ef> (14 u?)
where by is the slot opening width, . is the effective air gap length expressed as
h
b =0+, (2.9)
Hr,pM

where 1, py is the relative permeability of the PM, hpy is the PM height, ¢ is the air gap
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length, and w is a solution of the implicit equation

dm 1 vaz+u?+u 2068 | 4 [ 20ef u
— === g (2 ) (2.10)
20y 2 Va2 +u? —u bo bo va? + u?
2.6\
f:1+<‘”). (2.11)
by

The relative permeance distribution in the air gap of the symmetric machine with a number
of slots () obtained from Equation (2.7) can be written in the form of a Fourier series as

A(d, o, ap) Z Ay (d) cos (vQs (o — ay)) (2.12)

where « is the reference angle, V) is the maximum order of the Fourier coefficients, and
A, 1s the Fourier coefficients of the permeance function in the air gap.
The complex permeance (CP) function is given by [99]
k -1
ANdya)=—— Y

1 = )\a (Ta Oé) +J)\b (Ta Oé) ) (213)
S (w—a)}(w—b)

N

where A\, and )\, are the real and imaginary parts of the permeance distribution,

respectively,
Dy [0 S
k=—exp|j —lnw—l—1 , (2.14)
2 T 2
D
§=1 : 2.15
2(5). @.15)
and
d .
5 = 5 exp (jov) . (2.16)

The value of w is determined from

o 1+c b+ c b—1 c
=1 =j— (1 —1 -2 = 2.17
z=1In(s) i (n T o \/[_)tan <\/B))+C, (2.17)
where
e =0 (2.18)
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b= \/25, (%)2 ¥1, (2.19)

1
= — 2.20
=7, (2.20)

and
C=n (&+j<5+@)). 2.21)

Equation (2.17) is a nonlinear function, whose solution requires numerical
methods. Therefore, it is necessary to find the value of w for a given z for each
mechanical position «. The complex relative permeance distribution in the air gap of a
symmetric machine with a number of slots () obtained from Equation (2.13) can be
expressed in the form of a Fourier series as

a(d, o, ap) Z A (d) cos (vVQs (o — ay)) (2.22)

b (d, o, ) Z by (d) sin (vQs (o — ) - (2.23)

v=0

Figure 2.5 shows a comparison of the permeance distributions in the air
gap (d = Dy — §) calculated analytically and by the FEA at different slot opening
widths by in a symmetric stator. As can be seen from the figure, there is a good
agreement between the FEA and the CP model. However, the RP model neglects the slot
edge effect and the imaginary part. On the other hand, it can be seen that the
peak-to-peak value of the air gap permeances increases as the value of by
increases. Furthermore, as the value of 0, decreases, the permeance of the real part \,
will tend to one, and the imaginary part A\, will approach zero. This means that the
RP model can be used when applied in machines with small slot opening widths by.

In the case of an asymmetric stator structure (see Figure 2.3), the permeance distribution
in the air gap can be determined from the methods presented above. However, it is not
possible to directly calculate the permeance distribution, including unequal teeth widths
with Equations (2.12) and (2.22)—(2.23). Therefore, a way to estimate the new
permeance is proposed. The sequence of the estimation and a diagram to obtain the new
permeance in the air gap are depicted in Figures 2.6 and 2.7, respectively.
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Figure 2.5: Permeance distribution in the air gap of the symmetric stator at different slot opening

widths: (a) by = 4 mm, (b) by = 8 mm, and (c) by = 12 mm.

The algorithm to obtain the new permeance distribution is arranged as follows:

1) First, obtain the permeance distribution waveforms for a symmetric stator with half

of the slots ()5/2 shown in Figure 2.6a.

2) Calculate the Fourier coefficients of the permeance distribution in the air gap (A,
and \yp,) obtained for the case of Figure 2.6a.

3) With the calculated coefficients, obtain the complex permeance distribution



2.3 Permeance distribution in the air gap

Reference
axis

Stator with
02

1

Stator with
b o

Stator with
0J2

Z1/2

an

Z1/2

bsd

/4

Stator with

Os

A (D0, a, 0= 0)

)’b(Ds_éa O, Op= O)

VU

OF

i

(a)

Ao(Dg—0, a, 0g=—1/2) 1 (D=0, a, ay=—1/2)

VT

OF

¥

(b)
A (Ds—0, o, ay=1/2)

A(Ds—0, a, ay=1/2)

TV

OF

:

(©)
lnew, a(Ds_éa OC)

/lnew,b(D s_5a a)

VUV

OF

E

(d)

Figure 2.6: Sequence of the estimation of the permeance distribution in the air gap of a TCW
PMSM with unequal teeth widths. The angle ¢« = 21/ (Qs/2) — W corresponds to the angular
displacement between two neighboring slots that carry different phase coils.

4)

waveforms with reference angles equal to oy = —¢/2 and « = ¢/2, which refer to
the slot positions of Figures 2.6b and c, respectively. The new permeance
distribution waveforms have an offset from the initial symmetric stator, determined
by the new reference angle that coincides with the axis of the tooth that carries a
coil around itself. In this way, the asymmetrical position of adjacent slots can be
considered.

By combining the Fourier coefficients of the waveforms derived from Figures 2.6b
and c, we can find the overall real and imaginary components of the new permeance
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Figure 2.7: Diagram to obtain the permeance distribution in the air gap of a TCW PMSM with
unequal teeth widths.

distribution in the air gap of the machine, which can be expressed as

Anewa (d; @) = Aq (d, a, —%) % o (d, a, %) (2.24)

Anews (s @) = Ay <d, a, —%) W (d, a, é) (2.25)

5) Equation (2.24) corresponds to the multiplication of the real components of the
permeance distributions derived from Figures 2.6b and ¢, which are shifted by ¢
from each other, and Equation (2.25) corresponds to the sum of the imaginary
components of the same permeance distributions.

6) Calculate new Fourier coefficients (Apew ap and Apewpy) from the results obtained
in the previous step by using a discrete Fourier transform. The waveforms can be
expressed in the form of a Fourier series as

Anew.a (4, @) Z Anew.av (d) COS (U%a) , (2.26)

Anewb (d, @) Z Anew.bu (d) sin (v%a) , (2.27)

where the 1/4 factor that multiplies the number of slots results from the new
waveform period that considers the asymmetry (unequal teeth widths and two
stator slots).

To obtain the new permeance with the RP model, the algorithm presented above is valid
(not considering the imaginary part of the complex permeance).
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The permeance distributions in the air gap obtained by the permeance models and the
FEA at different stator tooth inner widths bgs are shown in Figure 2.8. There is a good
agreement between the CP model and the FEA results. In contrast, the RP model does
not agree well with the CP model and the FEA. This is because the RP model does not
accurately model the effect of slots.

As can be seen in Figure 2.8, the permeance distribution in the air gap of TCW PMSMs
with unequal teeth widths can be obtained with the proposed method. The results indicate
that adjusting the value of bys changes the spectrum of permeances (see Figure 2.8e), in
which new harmonics occur and the values of the existing harmonics are modified.

2.4 Permanent magnet magnetic field

The normal and tangential components of the flux distribution in the air gap produced by
PMs mounted on the surface of an inner rotor are given by [104]

Bypm (d, @) Z K, (d) fB,py (d) cos (vpar) , (2.28)
v=1,3,5..

Bipum (d, ) = K, (d) fB,py (d) sin (vpa) , (2.29)
v=135...

where

: (2.30)

HOMPMv XQ —
2/ Py wp =1
vp+1
1 MH,PM’U 1 Dr e P
2up (231)
( o 1) n,PMv l 1 Drye
YP—up ) M, Mo . vp * D, ’
M, pvi D, \?
X2 a (2 MPMI B 1) (Fs - (2 32)
2 2 2 .
2Mn PM1 _ 1 % + Drye ln Dr
MPMI Ds DS Dr}’e ’
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Figure 2.8: Permeance distribution in the air gap at different stator tooth inner widths:
(@) bgs = bgs1, (b) bgs = 19 mm, (c) bgs = 23 mm, (d) bgs = 28 mm, and (e) their spectra.
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Figure 2.8: Permeance distribution in the air gap at different stator tooth inner widths:
(a) bgs = basi, (b) bgs = 19 mm, (c) bgs = 23 mm, (d) bgs = 28 mm, and (e) their spectra. (cont.)
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Y = :ur,PMTLl 1— (Dr}’e>2vp _ ;ur,PM_1 (&)21}2)_ (Dr}’e>2vp (233)
ﬁLr,PM Ds ,ur,PM Ds Dr ’
d vp—1 Dr vp+1 Dr vp+1
A ) () () e 2.34
an,PM ( ) - D 2 ) ( . )
() =
d vp—1 Dr vp+1 Dr vp+1
o -(5) (m) +(F)  w# )35
th,PM ( ) - D 2 , (2. )
and the parallel magnetization of the PM is expressed as
Mpmy = Mpmno + 00 Mpm 1o (2.360)
( T T )
sin [(vp +1) apM—] sin [(Up —1) Osz—]
~ Bipm 2p 2p
Mprny = Qpm T + T ) (2.37)
Ho (vp+1) army (vp—1) apm=—
\ P 2 )
(. - ] ]
sin [(vp +1) osz—} sin [(vp - 1) osz—}
_ Bipm 2p 2p
MPM,tv = 7 apMm ) T - ) T ) (2.38)
0 — _ i
\ (vp +1) apm % (vp — 1) apm »

where B, py is the remanence of the magnet, apy is the relative PM width, and
when vp = 1, the second term of Equations (2.37) and (2.38) is replaced by 1.

Therefore, the normal and tangential no-load flux density components in a machine
considering the slotting effect are calculated by [99]

Bsn,PM (d7 a, t) - Bn,PM (d7 «, t) /\new,a (d, Oé) + Bt,PM (d7 «, t) )\new,b (d7 Oé) ) (239)

Bst,PM (d; «, t) = Bt,PM (d, «, t) )\new,a (d7 Oé) - Bn,PM (d7 «, t) >\new,b (d, Oé) . (240)

Figure 2.9 presents the waveforms of the no-load normal air gap flux density for different
stator tooth inner widths bgs. As shown in the figure, there are discrepancies between the
air gap flux density obtained with the RP and CP distributions. However, the normal air
gap flux densities obtained with the CP model and the FEA show a good agreement. This
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is expected because the permeance results showed that the CP has a good match with the
FEA and correctly models the slotting effect.

2.5 Induced voltage

The induced voltage or back-EMF is an important parameter of the PMSM. This
parameter provides significant information on the performance of the machine and
depends on the distribution shape and amplitude of the normal air gap magnetic field.

The flux linkage in the phase winding can be calculated as [99], [105]

W /2
Ds—9
Vo (1) = o (1) = Nyl / Basw (d = Dy — 6,0, ) da
W2
- Dy—§
= Z Npthksqvl ksov, (X + Y1 + Y5) cos (v1pf2t) (2.41)
v1=1,3,5,...
where
kpvl
X = 2)\new,aolgsn,PMful_7 (242)
1
. s\ W
, a[foeo)3
Yi = Z (Bsn,PMful)\new,aw - Bst,Ple/\new,bw) ' Q 5 (243)
o=t vip + sz
. s\ W
N sin || vip — vgz 5
Yé = Z (Bsn,Ple)\new,aw + Bst,Ple )\new,bv2) : 5 (244)
v2=t vip — Uzzs

when v;p = v,Qs/4, the term (sin [(v1p — v2Qs/4) W/2] / (v1p — v2Q/4)) should be
replaced with 17/2, and ki, is the slot opening factor, which is expressed as [105]

. ( TEb())
Sin 1)5—
T
koo = ————22. (2.45)
T b()
/l}__
27

Therefore, the induced voltage per phase can be calculated from the derivative of the flux
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Figure 2.9: Air gap flux density distribution caused by PMs at different stator tooth inner widths:
(a) bgs = bygs1, (b) bgs = 19 mm, (c) bgs = 23 mm, and (d) bgs = 28 mm, and (e) their spectra.
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Figure 2.9: Air gap flux density distribution caused by PMs at different stator tooth inner widths:
(a) bgs = bgs1, (b) bgs = 19 mm, (c) bgs = 23 mm, (d) bgs = 28 mm, and (e) their spectra. (cont.)
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linkage per pole as [99], [105]

dtpn (¢)
) =-S5
—6
Z Nphz Ko Fsow, (X01p + Y1 4 Ya) sin (0,p02t — 0),  (2.46)
v1=1,3,5,.

where 6 is zero for phase U, —21/3 is for phase V, and 21/3 is for phase W.

Note that by analyzing Equation (2.46) it is possible to deduce that there are two
magnetic fluxes: the base magnetic flux (the first term) and the additional magnetic flux
resulting from the interaction between the permeance distribution and the air gap flux
density produced by the PMs (the second term). When using closed slots, the additional
magnetic flux is neglected, and the air gap flux density distribution is dependent on the
flux density caused by the PM field. Therefore, the flux linkage per pole can be
optimized based on the pitch factor. When using open slots, the magnetic flux is reduced
by the effect of the slots. However, it is possible to increase the value of the flux linkage
from the base and additional magnetic fluxes.

The no-load air gap flux density over the 24 slots and 20 poles PMSM with a scaled air
gap flux density distribution over the stator tooth containing the coil at different stator
tooth inner widths bg; when the permanent magnet faces the stator tooth is presented
in Figure 2.10. Note that when the value of by is increased, the integration area of the
magnetic flux increases (in yellow), including a greater amount of magnetic flux within
the tooth region. However, when the coil pitch W is greater than the pole pitch 7, the
base magnetic flux is reduced because of the opposite flux of the adjacent PM as shown in
Figure 2.10d. Despite this, the additional magnetic flux could mitigate the opposite flux
and translate the maximum value of the magnetic flux by a single tooth predicted by the
pitch factor W = 7, which implies by = 20 mm. Therefore, it is possible to increase the
flux linkage per phase and the induced voltage by adjusting the width of the teeth that
carry a coil. The feasible values of by are restricted to [106]

D,
Qs/2

where by, is the width of the tooth that does not carry a coil. However, the performance
and manufacturability of the machine has to be verified for each case individually.

~ bds —f- 2bs + bdsla (247)

The RMS back-EMF value as a function of the stator tooth inner width by at the rated
speed (ny = 80 r/min) is illustrated in Figure 2.11. The results show a good agreement
between the CP model and the FEA when the core permeability is assumed infinite. The
RP model presents the same trend as the previous results, but its RMS values are lower
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Figure 2.10: No-load normal air gap flux density waveform over the base machine with a scaled
air gap flux density distribution over the stator tooth containing the coil at different teeth widths:
(a) bgs = bys1, (b) bgs = 19 mm, (¢) bgs = 23 mm, and (d) bgs = 28 mm.

than the FEA results. When the magnetic saturation is considered in the FEA, the
RMS back-EMF decays faster once it reaches the maximum value (bgs = 23 mm). This
can be explained by the nonlinear behavior of the magnetic core material. The back-EMF
can be adjusted at a higher value of by with respect to the symmetric stator (bgs = bgs1).

The back-EMF waveforms for different values of by at the rated speed (ny = 80 r/min)
computed by the FEM are depicted in Figure 2.12. It is pointed out that the waveforms
are symmetrical, even though the arrangement of the slots is asymmetric. This can be
explained by the use of the theory of the star of slots [107], [108].

The stars of slots for the combination of 24 slots and 20 poles for bgs = bgs; and bgs > by
are shown in Figure 2.13. When by, = by (see Figure 2.13a), the angle between the
phasors of two adjacent slots is the electrical angle (5, which is equal to the mechanical
angle multiplied by the number of pole pairs ayp. In this case, the mechanical angle oy
coincides with the coil pitch W as a result of the slot—pole combination. In the second
case (see Figure 2.13b), the angle between the phasors of the same coil f; is different



2.5 Induced voltage

41

—o—Calculated analitycally - RP, B, 00
——<— Cal. analitycally - CP, p — o0

FEA, p,— 00
—6—FEA, Magnetic saturation

-~ 100 & w
>§ 90 i bds T bdsl
= |

o 80 |

.

S 70

Kl |

% 60 !

3 |

»vn 50

2 I

e i 1

0 I I I I
14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
Stator tooth inner width b ds (mm)

Figure 2.11: RMS back-EMF value at the rated speed calculated by the analytical and FEA models

as a function of the stator tooth inner width bys.

120

ph

Back-EMF E__ (V)

0 40 80 120 160 200 240 280 320 360
Electrical position (3 (degrees)

(a)

Ephv ™)

120

100 |

801

60 1

40

20+

Y - by
-bds =19 mm| |
|:|de =23 mm| |
-bds =28 mm

1 3 5 7 9 11 13
Harmonic order

(b)

Figure 2.12: (a) Induced voltage waveforms at the rated speed for different stator tooth inner

widths bgs and (b) their spectra.

from the angle between the phasors of different coils S,. The sum of the angles ;; and
Ps» is constant and corresponds to 21/ (()s/2), which is equivalent to the angular
displacement of the unequal teeth widths and two stator slot widths.

The induced voltage of each coil is represented by a phasor in the star of slots. The
resulting three-phase induced voltage phasor diagrams for by, = bys; and bgs > bys; are
depicted in Figure 2.14, respectively, where the angles between the phases are 2m/3
electrical degrees. It can be seen that the angle between the phasors of the different
phases remains unchanged in both cases, which explains the symmetric induced voltage

waveforms.
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(a)

Figure 2.13: Stars of slots of a three-phase 24-slot 20-pole machine for (a) bgs = bgs; and
(b) bds > bdsl~

4,-10, Mo 4,-10,
16, -22 16, -22

Figure 2.14: Three-phase induced voltage phasor diagram for (a) bgs = bgs; and (b) bgs > bgs1 -

2.6 Armature reaction field

The normal and tangential components of the magnetic flux density caused by the linear
current density of the coil according to Figure 2.15 are expressed as [109], [110]

Buar (d, o, 1) = i ( Z Ky ARy, (d) cos (v,0) (2.48)
v1=1
Boar (d,a,t) =i ( Z K ARy, (d)sin (vi0) (2.49)

v1=1
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where

. by
1 sin | v;—
ey (e (05)
Ky are, (d) = 7 ( y ) (Df”l — sin { v | (2.50)

. b
Kiary, (d) = fo72Q <—> < - > D sin <U1%> . (2,51

nad \ d D2t — D2 y ﬁ
D,

i is the current flowing through the coil, 2 is the number of conductors in a slot, and a
is the number of parallel paths. Therefore, the normal and tangential components of the

A

A

A
v
K

Figure 2.15: Linear current density model of a single conductor in a slot.

flux distribution produced by each phase X can be expressed as

Nsy

=, 27
Bn,ARX (d7 «, t) = Z 15X (t>Kn,ARv1 Z SXuvy COS Vg {CY - a (CYXU2 - 1) - 040} )
1)1:1 ’U2:1 §
(2.52)
00 Nsy 92
. . T
Bt,ARX (d7 «, t) = Z (294 (t)Kt,Ava Z SXvy S111 Vg {Oé - 6 (@ng - 1) - ao} )
v1=1 vo=1 s
(2.53)

where the subscript X is phase U, V, or W, sx,,, and ax,, are the sign and position of the
phasor per coil v, of phase X based on the star of slots theory, respectively, Ny, is the
number of elements of sx and ayx, and «y is the reference angle. Therefore, the normal

and tangential components of the flux distributions produced by the three-phase winding
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can be obtained by linear superposition; thus

Bn,AR (d, «, t) = Bn,ARU <d7 «, t) + Bn,ARV (d7 «, t) + Bn,ARW (da «, t) 9 (254)

Bt,AR (da a, t) = Bt,ARU (da «, t) + B[,ARV (da «, t) + Bt,ARW (da «, t) . (255)

and considering the slotting effect, these can be written in a similar way as
Equation (2.39) and (2.40) by replacing the PM flux densities by the armature reaction
flux densities.

In the case for the SL PMSM with the combination of 24 slots and 20 poles, the vectors sy,
sy, sw and ay, awy, ayw are found from Figure 2.13; thus, they are defined by

+1 -1 +1
—1 +1 -1

Sy = +1 Sy = _1 Sw — +1 s (256)
-1 +1 -1
1 3 o
7 9 11

ay = 13 Qy = 15 Qw — 17 . (257)
19 21 23

Figure 2.16 shows the air gap flux densities caused by the armature reaction at the rated
current. As can be seen from the figure, there is a good agreement between the analytical
results and the FEA. However, it is possible to notice discrepancies between the analytical
results with the RP model and the FEA because the permeance model does not correctly
model the slot edge effect.
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Figure 2.16: Air gap flux density distribution caused by the armature reaction at different stator
tooth inner widths: (a) bgs = bgs1, (b) bgs = 19 mm, (c) bgs = 23 mm, (d) bygs = 28 mm, and
(e) their spectra.
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Figure 2.16: Air gap flux density distribution caused by the armature reaction at different stator
tooth inner widths: (a) bgs = bgs1, (b) bgs = 19 mm, (c) bgs = 23 mm, (d) bys = 28 mm, and

(e) their spectra. (cont.)
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2.7 Current linkage and inductance analysis

Current linkage corresponds to the flux-producing ability of the linear current density
produced by current in the slots, and this parameter is relevant in the TCW technology
because TCWs have high contents of space harmonics in the current linkage
waveform. Numerous studies have shown that the current linkage harmonics have an
effect on the machine performance [67], [75]-[79], [111]. In this doctoral dissertation,
current linkage analysis and the inductance of the machine are introduced in brief,
focusing on the stator asymmetric structure.

Current linkage waveform is defined as [75]

O (a) = / A(a)da, (2.58)

where A is the linear current density, and « is the mechanical position.

The winding function is obtained in a similar way to the current linkage, with the
difference that only one of the phases is active (by convention, phase U). It is a useful
instrument to predict certain performance characteristics of the machine, e.g., mutual
coupling between phases [76].

Figure 2.17 shows the winding functions for different stator tooth inner widths bg. As
can be seen, there are slight differences that are not very noticeable. However, if the
Fourier decomposition of the winding functions is applied, differences in the spectra can
be observed. This first approach suggests that this asymmetric feature could negatively
affect the performance of the machine.

155 —bgTheg | Yy = by
! 7de:19mmi -bds:19mm
- by =23 mm )by, =23 mm||
$0.5M 7de:28mm’ -bds=28mm
) 0 |
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a(®) Harmonic order
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Figure 2.17: (a) Winding function (by ~ 0 mm) at the rated speed for different stator tooth inner
widths bgs and (b) their spectra.
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The mutual coupling factor m, is calculated as [76]

me=2— (2.59)

where Oy and Oy are the winding functions of phase U and V, respectively. For a
symmetric machine with 24 slots and 20 poles, the mutual coupling factor m,. is equal
to 0. When using unequal teeth widths (asymmetric stator), m. is always zero. This can
also be verified by the FEA. Figure 2.18 indicates the magnetic flux line when only
phase U is supplied for the symmetric stator and having various bgs values. As can be
seen in the figure, the magnetic flux is linked only by the coils carrying
current. Therefore, it is verified that the asymmetric does not affect the mutual coupling
between phases.

Figure 2.19 shows the current linkage for different stator inner teeth widths by. It is
observed in their spectra that the harmonics amplitude (specifically the working
harmonic and subharmonic) varies as a function of the teeth widths that carry coils; this
is the reason why it is convenient to examine these harmonics in more detail. Figure 2.20
illustrates the behavior of the working harmonic v = 5 and the subharmonic v =1 as a
function of by. The working harmonic amplitude increases with a higher tooth width
carrying a coil until b, = 20 mm and then starts to decrease. This is explained by the
fundamental pitch factor as its maximum value is reached when W = 7, as mentioned in
the previous section. The subharmonic amplitude increases almost linearly with a
higher by, value, which might lead to extra eddy-current losses induced in the
rotor. Despite this, it is possible to improve certain characteristics of the machine by
using unequal teeth widths as investigated in previous sections. However, it should be
considered that there could be an increase in rotor losses (e.g., rotor core and PM).

Another method of winding factor estimation is presented in [112]. It is shown that the
harmonic winding factors can be calculated from the winding function by using Fourier
decomposition. The harmonic winding factor can be computed as

kwy = —, (2.60)

where h,, is the v™ harmonic amplitude of the winding function, and w, is the weight of
the v™ harmonic that is given by

Qs
Wy =

vmn’

(2.61)
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() (d)

Figure 2.18: Flux plot when only phase U is supplied at different stator inner teeth widths:
(a) bgs = bys1, (b) bgs = 19 mm, (c) bgs = 23 mm, and (d) bgs = 28 mm.

where m is the number of phases.

Figure 2.21 shows the spectra of the winding factors for different stator tooth inner
widths bg,. As illustrated in the figure, there are nonuniform winding factor distributions
when bys # bgs1 or W # 7, = 20 mm.

A quality index used in various studies is the air gap harmonic leakage o;. This factor is
related to the inductance of the machine and varies according to the slot—pole
combination. The air gap harmonic leakage for the three-phase TCW is calculated by [8]

+o00 k? 2
= L 2.62
7 ZO (Ukwp) ( )
v;ég,g,f),...
vF#p

As previously discussed, the use of unequal teeth widths has an impact on the winding
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Figure 2.19: (a) Current linkage waveforms (by ~ 0 mm) at different stator tooth inner widths by
and (b) their spectra.

o
~

6 (A)

|
e e}e
|
|
|
|
|
|
|

0

14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
Stator tooth inner width b ds (mm)

Figure 2.20: Current linkage working harmonic (v = 5) and subharmonic (v = 1) amplitude
(bg =~ 0 mm) as a function of the stator tooth inner width bgs.

factor, and thus, the air gap harmonic leakage is affected as shown by
Equation (2.62). Figure 2.22 shows the air gap harmonic leakage o5 as a function of the
stator tooth inner width bg,. As can be seen in the figure, the air gap harmonic leakage o
is not constant. This is explained by the behavior of the amplitude of the winding
function harmonics when the value of the tooth width varies.

On the other hand, the synchronous inductance is a significant parameter of the PMSM
because it is strongly related to the performance of the machine [76], [113], [114]. This
parameter is given by

L= Ly+ Lo, (2.63)

where L., is the magnetizing inductance, and L, is the leakage inductance that is
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Figure 2.21: Spectra of the winding factors at different stator inner teeth widths: (a) bgs = bgs1,
(b) bgs = 19 mm, (c) bgs = 20 mm, (d) bgs = 23 mm, and (e) bgs = 28 mm.
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Figure 2.22: Air gap harmonic leakage (by ~ 0 mm) as a function of the stator tooth inner width
bys.

expressed as
Lc = Lh + Lu + Ltt + Lew + qua (264)

where L, is the air gap harmonic leakage inductance, L, is the slot leakage inductance,
Ly is the tooth tip leakage inductance, L., 1s the end winding leakage inductance, and
Ly 1s the skew leakage inductance. Equation (2.63) shows that the synchronous
inductance is divided into two components. The first term is the magnetizing
inductance L, related to the torque production, and the second term is the leakage
inductance L, that depends on several components that are not involved in the
production of torque but that can affect the performance of the machine.

The magnetizing inductance can be written as

2m, 1

Lun = jto (wp Npn)?, (2.65)

D et
and the air gap harmonic leakage inductance as
Lh = Ung. (266)

What Equations (2.65) and (2.66) have in common is that they are affected by the
unequal teeth widths employed in a TCW PMSM. On the other hand, the magnetization
inductance L,, depends on the fundamental winding factor that is modified by the
asymmetric stator structure. The air gap harmonic leakage inductance, in turn, depends
on the air gap harmonic leakage o that is altered by increasing the teeth widths that
carry a coil, as shown in Figure 2.22. However, when taking into account the slot
opening width (by # 0), the air gap harmonic leakage will be reduced as investigated
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in [115].

2.8 Torque analysis

The electromagnetic torque is an important parameter of a rotating electrical machine. In
the case of the rotor surface PMSM, the shaft torque is generally divided into two
components: the electromagnetic torque 7, and the cogging torque 7; [91]. The first
component can be written as (neglecting the effect of variation of inductance)

_ de (Oé) — deM (Oé)

Tem )
() da da

(2.67)

where Wt is the field energy with respect to the mechanical position «.. As can be seen in
Equation (2.67), this is produced by the interaction of the PMs and the current that flows
in the stator winding. The second component is a pulsating torque that is produced by the
interaction of the PMs and the stator slots, and it can be calculated as

dW, («)

T.(a) = do (2.68)

where . is the coenergy stored in the air gap with respect to the mechanical
position «. The cogging torque 7. causes vibrations, noise, and braking torque [116],
[117]. Therefore, it is an undesirable characteristic that can affect the normal operation
of the machine and reduce its useful life.

The instantaneous torque (includes all torque components) can be calculated by
integrating Maxwell’s stress tensor along a circle with a constant diameter d within the
air gap region as [118]

2n

/ By pm_ar (d7 «, t) By pmar (d7 «, t) da, (2.69)

0

2
T(h)=
4110
where By, pmar and Bgpyar are the normal and tangential components of the flux
density produced by the PMs and the armature fields at diameter d, and [ is the stator
stack length. As can be seen in Equation (2.69), the interaction of flux densities affects
the torque produced. In the previous sections, it was investigated that the variation of the
tooth width carried by a coil affects the flux density distributions. Thus, it is expected
that the torque will also be affected by unequal teeth widths.

Figure 2.23a presents the torque map as a function of the stator tooth inner width bgs and
the RMS stator current I;. The results show that by increasing the tooth width, the
electromagnetic torque increases slightly until by = 23 mm and after that decreases
because of the lower magnetic flux. After that, the stator current has to be increased to
reach similar electromagnetic torque values. Thus, it is not advisable to choose values
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higher than 23 mm for by, as it reduces the torque capability and could increase the
losses of the machine.
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Figure 2.23: Torque performance of the nonskewed PMSM: (a) electromagnetic torque map
and (b) cogging torque and torque ripple (peak-to-peak) as a function of the stator tooth inner
width bgs.

The torque ripple and cogging torque were evaluated as a function of the stator tooth
inner width by, as shown in Figure 2.23b. The results indicate that the primary source of
the torque ripple is the cogging torque. Figure 2.24 shows the cogging torque variation as
a function of the stator tooth inner width bys and its spectra. As Figure 2.24b illustrates,
the 6"-order cogging torque harmonic is the strongest harmonic component. However, the
fundamental harmonic of the cogging torque in a 24-slot 20-pole PMSM is the 12"-order
harmonic, which does not match. This is explained by the asymmetric stator shape.
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Figure 2.24: (a) Cogging torque variation over one electrical period at different stator tooth inner
widths bgs and (b) their spectra (nonskewed rotor).
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To eliminate the particular harmonic caused by the asymmetric geometry of the stator, the
continuous skew angle to be applied in the rotor or stator is provided by [119]

27

v = . (2.70)
LCM <%, Zp)

2

The continuous skew angle to be applied in the 24 slots and 20 poles PMSM with
unequal teeth widths is 6 mechanical degrees, which equals to 60 electrical
degrees. Figure 2.25 shows the behavior of the torque performance of the skewed
machine. It is observed that the electromagnetic torque is reduced in comparison with
the nonskewed machine. The cogging torque and torque ripple are decreased because of
the 6™-order harmonic reduction as shown in Figure 2.25b and Figure 2.26. However, as
seen in Figure 2.26b, the higher order torque ripple harmonics (e.g., 12™) are not
eliminated.
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Figure 2.25: Torque performance of the skewed PMSM: (a) electromagnetic torque map and
(b) cogging torque and torque ripple (peak-to-peak) as a function of the stator tooth inner width

bds-

2.9 Summary

This chapter has presented an analytical model for a TCW PMSM with unequal teeth
widths. The procedure is based on increasing the tooth width that carries coils, keeping
the slot width and the machine size constant. The main idea of this asymmetry is to
improve the electromagnetic characteristics of the machine by adjusting the coil
pitch . The stator geometry design uses open slots to facilitate manufacture and
assembly of the preformed coils; therefore, the slotting effect was considered in the
analytical calculations.

The analytical models based on permeance functions most commonly used in the field of
electrical machine design were compared. It was found that the CP model has a good
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Figure 2.26: (a) Cogging torque variation over one electrical period at a different stator tooth inner
width bys and (b) its spectra (skewed rotor).

agreement with the FEA results compared with the RP model when varying the tooth
width. The air gap magnetic field distribution caused by the PMs and the armature
reaction obtained with the CP model showed a good agreement with the FEA compared
with the RP model. These results were to be expected because the CP model accurately
models the effect of the slot in contrast to the RP model. However, the RP model is
numerically easier to implement, while the CP model involves solving of more complex
expressions. In calculating the induced voltage, the CP model showed a good match with
the FEA results.

From the electromagnetic point of view, when increasing the tooth width compared with
the original value (symmetric stator), there is an increase in the RMS back-EMF, which
was expected. Furthermore, there is a noticeable influence on the calculation of the
current linkage distribution and torque when unequal teeth widths are used. From the
current linkage results, it was observed that there is an increase in the amplitude of the
fundamental harmonic when the same slot current is applied, which is predicted as it is
demonstrated by the increase in the induced voltage when increasing the teeth widths
that carry a coil. However, the harmful subharmonic is also increased, which would
negatively affect the rotor losses and the synchronous inductance. In the torque
calculation, the useful torque is increased but the cogging torque and the torque ripple
are dramatically affected, requiring the use of minimization techniques for these
components. It should be noted that an increase in torque and induced voltage is
observed up to by = 20 mm when by ~ 0 mm and up to by, = 23 mm when by # 0 mm
because of the slot opening factor. Therefore, the use of unequal teeth widths in the
TCW PMSM is limited to a specific range of values.
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3 Loss analysis

Correct computation of machine losses is important in the design and manufacture of
an electrical machine. One of the main objectives in the electrical machine design is to
minimize the losses of the machine over the whole working region of the machine so
that the power consumed is as close to the output power as possible. However, losses are
unavoidable. The losses of a PMSM can be divided into two components according to
their origin: electromagnetic losses and mechanical losses [8]. The first mainly include
winding Joule losses, core losses, and magnet losses, and the second cover the bearing
losses, windage losses, and ventilator losses. In this doctoral dissertation, the focus is on
electromagnetic losses. The rotational losses are calculated for the machine under study
as presented in [8]. According to the results, they are too low (< 1 W), which is due
to the low machine speed (< 80 r/min), even though the fluid in which the machine is
surrounded is water. The resistive torque caused by the water shear drag (or drag torque)
can be calculated by

rSw r2nrlflr
Ty = pw—— = MWT’

3 3.1

where 7 is the mean radius of the air gap, S; is the rotor wetted area, v is the rotor surface
linear speed, {2 is the rotor angular velocity, ¢ is the gap length, and i, is the dynamic
viscosity of water 8.90 x 10* Pa - s. With the PMSM dimensions D, = 0.1971 m,
[=03m, 6=0.0035m, and (2 =8.36rad/s, Ty =0.004 Nm and drag losses of
Py = 0.0336 W are obtained; therefore, the drag losses are neglected.

3.1 Winding Joule losses
The winding Joule losses are calculated by [8], [71]

I+ 1y
FPey = /fRQsZéPCu (m) 1527 (3.2)
slot u

where kg is the resistance factor, ()s is the number of slots, zy is the number of
conductors in one slot, [ is the stator stack length, pc, is the copper resistivity at the
operating temperature, k¢, is the copper space factor, and [, is the end winding length,
provided by [120]

Nbds+W+bs

b ;
2

3.3)
where by is the slot width and W is the coil pitch. As observed in Equation (3.3), the end
winding length depends on the width of the stator teeth that carry a coil. Therefore, by
increasing the stator tooth inner width by, the winding Joule losses are increased. This
is easy to verify by dividing the copper losses at bysnew and the copper losses at byq in



3.2 Stator core losses 58

where bgs new > bds,in, and thus

PCu new l + lewin + 2A ZA
: ~ - = P unew ~ P u,in ——F u,in; 34
PCu,in l + lew,in e . * l + lew,in cw ( )

where A is the increment of the tooth width (bgs new — Das,in)-

Additional AC winding losses caused by the proximity effect are investigated
in [121]. They can be incorporated into the calculation of the winding Joule losses;
however, in this work, the fundamental stator frequency is low (f,n = 13% Hz), and thus,
they can be neglected in this case.

3.2 Stator core losses

A typical method for calculating the laminated stator iron losses over an electric period is
applied by using the following expression [12], [122]

T 2
N B B2F A + ket [ () Anldt+
Pre =Y Fkre ] 0 , (3.5)
e b ( dt") A, ldt

where kg, is the iron space factor, ky is the hysteresis loss coefficient, k.. is the
eddy-current loss coefficient, ke is the excess loss coefficient, f is the electrical
frequency, A,, is the area of the n'" stator element, En is the maximum flux density in the
n' stator element, B, is the instantaneous flux density in the n'" stator element, and N is
the number of elements in the stator core. The first term of Equation (3.5) corresponds to
the static hysteresis losses of the laminated steel, the second term to the dynamic
eddy-current losses, and the third term to the excess losses.

The procedure for calculating iron losses requires knowledge of the core loss
coefficients. These coefficients can be estimated by fitting the material curves of the core
loss density as a function of flux density at various frequencies [123], [124]. However,
the 430SS core loss curves were not available during the development of this
work. Therefore, a nonconventional method to compute the iron losses was used. To
simplify the stator core loss calculation, the excess losses are neglected, and the
eddy-current loss coefficient is calculated as [125], [126]

d2

T 1200

Kec (3.6)
where d is the lamination thickness, and op. is the conductivity of the stator core
material. The hysteresis losses can be estimated from the energy density of the stator
elements. This can be accomplished by applying the Jiles—Atherton (JA) hysteresis
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model [127], [128]. It is used to calculate minor and major hysteresis loops from the
material tensor parameters based on the measured hysteresis loops. This approach is
incorporated in the simulation software used in this study (Flux by Altair). Figure 3.1
depicts a flowchart that outlines the main steps to calculate the hysteresis losses in the

stator.

Mesh generation

|

Save information
about the elements
of the stator region

!

Transient FEA
simulation
(one electrical
cycle)

.

Extract
B,, By, Hy and H,
for each element
of the stator region

|

Calculate
hysteresis energy
density Ejq

!

Calculate
hysteresis torque
Tys and losses Py

End

Figure 3.1: Flowchart of the procedure for calculating hysteresis torque and losses.

The hysteresis energy density for each element of the stator magnetic domain over one
electrical cycle can be expressed as [125]

E, = medBm + ?{HyndByn, (3.7

where H,,, and H,, are the x and y components of the magnetic field strength on the n™
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stator element, and B,, and B,, are the = and y components of flux density on the n™
stator element. The flux density, magnetic field strength, and position information of the
stator nodes are extracted for each time step. The static hysteresis torque can be calculated
as

N
p
Ty = 5_hre ; E Al (3.8)

and the static hysteresis loss is given by
Physt = ThystQ- (3.9

The eddy-current losses can be computed with the second term of Equation (3.5) and
Equation (3.6) based on the information that was extracted during the calculation of the
hysteresis losses. The parameters related to the calculation of the eddy-current losses are
provided by the steel manufacturer. The accuracy of the iron loss calculation depends on
the mesh quality, which is presented in Figure 3.2 for the machine under study.
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Figure 3.2: Mesh of the 24-slot 20-pole TCW PMSM for (a) bgs = bgs1 and (b) bgs = 19 mm. The
stator mesh adjusts for each value of bgs.

The hysteresis torque is resistive torque that tries to retard the movement of the
machine [129], [130]. To explain the origin of the hysteresis torque in a PMSM, a stator
tooth and two magnets are considered, as illustrated in Figure 3.3. Initially, it is assumed
that the magnetization of the stator tooth is opposite to that of the magnet facing it (see
Figure 3.3a). When the rotor starts to rotate, the magnets begin to change their position
and move away from the observed stator tooth (see Figure 3.3b). Then, the flux density
in the tooth starts to decrease because of the away-moving first magnet and the
closer-moving second magnet, but the direction of magnetization of the tooth is
maintained because of the BH curve of the material. As a result, an attractive force
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between the stator tooth and the first magnet is sustained, but there is also a repulsive
force between the stator tooth and the second magnet, see Figure 3.3c. This phenomenon
is repeated along the stator, generating as a result an opposite force with respect to the
movement. This produces the hysteresis torque in a PMSM. As shown in Figure 3.3, the
process of magnetization and demagnetization of the material depends on the hysteresis
loop. Therefore, the energy dissipated as a result of this phenomenon will depend on the
size of the area of the hysteresis loop. This means that if the coercive force of the
hysteresis loop H. is high, a significant hysteresis torque is expected.
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Figure 3.3: Hysteresis phenomenon. The flux density of the PM is fixed and the flux density in
the tooth changes as the PMs rotate.

It should be kept in mind that if the hysteresis torque is large, it affects the overall output
torque. In the previous chapter, the electromagnetic torque was calculated neglecting the
hysteresis torque, the torques caused by eddy-currents, and the friction. Therefore, in this
chapter, the performance analysis of the machine will take into account these resistive
torques.

3.3 Rotor losses

The rotor losses in the TCW PMSM are mainly affected by the high spatial harmonic
content of the current linkage waveform caused by the winding configuration and the
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slotting effect. The current linkage harmonics move asynchronously with respect to the
rotor, inducing currents in the conductive parts of the rotor [77], [131].

There are several ways to calculate rotor losses. In [13], a method to estimate the solid
rotor core losses was presented. As shown, the rotor core losses depend mainly on the
flux density caused by the armature reaction. Furthermore, it was mentioned that by
applying a high number of poles, it is possible to reduce the rotor eddy-current losses
compared with a smaller number of poles because of the reduced peak values of the flux
density harmonics. In [132], an analytical model to predict the PM eddy-current losses
was introduced. Similar to the study of rotor losses, PM eddy-current losses depend on
the flux density distribution. In this doctoral dissertation, the rotor eddy-current losses
were calculated in the FEA as [79]

J2
Prot:/_dV7 (3.10)
o
v

where J is the current density induced in the solid material, and o is the material
conductivity. In the case of the FEA software used in this work (Flux by Altair), the rotor
losses can be calculated by selecting the rotor parts (PMs and rotor solid tube) as solid
conductor regions with their corresponding conductivities with the possibility of
including the effect of temperature. However, in the 2D FEM, the end effect is not
directly included, which usually leads to higher estimated losses caused by the eddy
currents [132].

3.4 Machine performance

The 24-slot 20-pole TCW PMSM is analyzed at different stator tooth inner widths bys. The
RMS back-EMF at the rated speed and the RMS stator current in the rated load condition
as a function of stator tooth inner width by are presented in Figure 3.4. As can be seen in
the figure, the RMS back-EMF increases until by = 23 mm and then begins to decrease,
whereas the behavior of the RMS stator current is the opposite. This behavior makes sense
because the torque is kept constant and therefore, it is proportional to the product £y /.

Figure 3.5 shows the machine loss distribution and efficiency in the rated load condition
as a function of the value of by. When analyzing Figures 3.4 and 3.5, it is possible to
conclude that it is not advisable to choose values higher than 23 mm for by, because
machine losses begin to increase. However, there is no drastic efficiency drop caused by
the low value of rotor losses as shown in Figure 3.5. Note that the rotor losses increase as
the value of by increases. This is explained by the harmful harmonic current linkage
(v = 1), which increases as the value of by, increases. The copper losses and the stator
core losses have a significant impact on the total machine losses. Winding losses are
unavoidable because of the characteristics of the copper conductor used, and the stator
iron losses depend on the magnetic properties of the core material. Table 3.1 shows a
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Figure 3.4: RMS back-EMF at the rated speed (nnx = 80 r/min) and RMS stator current value at
the rated load (T = 202 Nm, nn = 80 r/min) as a function of the stator tooth inner width by;.

comparison of the characteristics between the 430SS material (applied as 1 mm sheets)
and traditional electrical steel, e.g, M400-50A, and Figure 3.6 shows their magnetization
curves [133]. As it can be observed in Figure 3.6, the coercive force of the 430SS is 14
times that of electrical steel, leading to a large hysteresis loop area. As mentioned in the
introduction of this doctoral dissertation, this is explained by the chemical composition
of the 430SS. Unfortunately, this leads to the fact that the most important source of stator
core losses is the hysteresis loss. The resistivity of the 430SS is higher than that of
electrical steel, which does not allow significant eddy-current losses.
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Figure 3.5: (a) Losses and (b) efficiency at the rated load as a function of the stator tooth inner
width by, where Pc, are the copper losses, Pg. are the laminated stator iron losses, and P, are
the eddy-current losses in the solid rotor.

Table 3.2 shows the electromagnetic losses of the machine for by = byg
and by, = 19 mm. As shown in the table, the hysteresis losses in the no-load condition
are high, and when compared in the load condition, an increase of approximately 5 to
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Figure 3.6: Magnetization curves of (a) 430SS and (b) M400-50A.

Table 3.1: Manufacturer data of the stator core materials.

Parameter 430SS M400-50A
Flux density at 20 kA/m field strength (T)  1.58 2.00
Coercivity H. (A/m) 708 50
Electrical resistivity p (u{2m) 60 42
Lamination thickness d (mm) 1.0 0.5
Density p (kg/m?) 7750 7700

6% can be seen. This means that the magnetic field produced by the PMs mainly affects
the hysteresis losses. Table 3.3 presents the hysteresis torque values for by = by
and b4 = 19 mm. As can be deduced, this corresponds to approximately 15% of the
rated torque in all cases, which is high. The stator eddy-current losses, instead, are
low. The PM eddy-current losses are too low because of the high electrical resistivity of
the magnet and the extra low speed of the machine, which have little impact on the
machine performance. It should be noted that there is a significant difference between
the rotor losses in the no-load and load conditions. This is mainly explained by the
armature reaction effect.

Figure 3.7 presents the core loss density for by, = bgs; and bgs = 19 mm. As illustrated
in the figure, the losses are highest in the wound teeth, but this area corresponds only
to 1/4 of the stator region. Despite this, the core losses will remain high owing to the
magnetic characteristics of the chosen material as shown in Table 3.2.
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Table 3.2: No-load and rated load electromagnetic losses for bgs = bgs1 and bgs = 19 mm.

Parameter bas = bas1  bgs = 19 mm
Stator hysteresis loss! (W) 234.1 235.3
Stator eddy-current loss' (W) 3.6 3.5
Rotor losses! (W) 1.9 2.6

PM eddy-current loss' (W) 0.54 0.55
Stator winding losses? (W) 342.0 291.0
Stator hysteresis loss> (W) 2479 249.2
Stator eddy-current loss? (W) 3.8 3.7
Rotor losses? (W) 13.0 16.0

PM eddy-current loss> (W) 0.59 0.59

I7. =0 A, 80 t/min
2T, = I, 80 r/min

Table 3.3: Stator hysteresis torque for bgs = bgs; and bgs = 19 mm.

Condition bas = bast  bgs = 19 mm
I, =0Ams,n =80r/min 27.9 Nm 28.1 Nm
I, = Iy, n = 80 r/min 29.6 Nm 29.7 Nm
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Figure 3.7: Core loss density distribution at the rated load for (a) bgs = bqs; and (b) bgs = 19 mm.
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3.5 Summary

This chapter has presented an analysis of the performance when using unequal teeth
widths. As described, the primary sources of machine losses are copper losses and stator
core losses. The latter are due to the magnetic properties of the material used. The rotor
losses, instead, are low compared with the stator losses and the copper and iron
losses. They are mainly affected by the winding configuration used. This can be verified
by the current linkage harmonics by varying the width of the tooth as discussed in
Chapter II. Note that by varying the tooth width, the stator core losses are not
significantly affected. However, the winding Joule losses are reduced because of the
increase in the winding factor.
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4 Prototype and measurements

4.1 Prototype manufacture description

The submersible PMSM was manufactured according to the application requirements
specified in the introduction.

Figure 4.1 presents a view of the rotor parts of the machine. The rotor core was
constructed from a solid S355 tube, and each magnet block per pole was axially divided
into four segments. To eliminate the 6"-order harmonic of the cogging torque caused by
the stator asymmetry, a two-step rotor skewing with a shift of 3° between the magnets
was adopted. Therefore, by combining the rotor core structure and the division of the
PMs, the rotor was easy to manufacture. The PMs were fixed in the rotor core surface,
and then, the preformed fiberglass cover and the flanges were installed. The voids were
filled with epoxy resin. Figure 4.2 shows the rotor assembled.

Figure 4.1: Exploded view of the rotor assembly: (1) tube, (2) PM, (3) cover, (4) drive end ring,
(5) non-drive rotor end ring, (6) ring attachment screw bolts, and (7) wedge to center the fiberglass
tube.

The stator core was made of I-mm-thick 430SS sheets, as shown in
Figure 4.3. Insulation between sheets was provided by a layer of epoxy glue between the
sheets when the stack was formed. As shown in Figure 4.3, the stator slots are open,
facilitating easy mounting of preformed coils. The insulated conductor material (cable)
used in the coils was PVC-coated solid copper wire. The external diameter of the cable
is 3.1 mm, and the diameter of the round copper wire is 2.0 mm (the copper
cross-sectional area is 3.14 mm?). The rated operating voltage of the cable is 690 V at
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Figure 4.2: Canned rotor of the prototype.

the maximum temperature of 60 °C [134]. The cable arrangement in the stator slot is
shown in Figure 4.4a. The PVC insulation layer of the cable is relatively soft and can be
easily deformed or cut when contacting with sharp objects. Thus, the use of preformed
coils is advisable to guarantee the integrity of the coil insulation during its assembly in
the stator slots. To ensure that there is enough space in the stator slot for the preformed
coil, a 3D printed plastic model of the machine part was built, as presented in
Figure 4.4b. The stator assembled is shown in Figure 4.5.

Figure 4.3: Stator stack laminations of the prototype.
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Figure 4.4: (a) Cable positions of one complete coil in the stator slots and (b) 3D printed model
of part of the stator core with the coil inserted.

Figure 4.5: Prototype stator assembled. Glass-fibre slot keys guarantee the fixing of the coils. No
impregnation was used for the winding.

4.2 Description of the test bench

The schematic and a photograph of the test bench are displayed in Figure 4.6. The
prototype is coupled to an IM, which acts as a dynamometer. The IM and prototype are
supplied by ABB ACS611 and ACS355 drives, respectively. An ACS355 converter is
connected to an ACC611 converter through the DC link, and the grid feeds the
latter. With this configuration, the grid only supplies the system losses to keep it
operating. The layout of the test bench is vertical according to the requirements of the
application. The measurement of torque and speed was performed with a Magtrol torque
transducer coupled between the two machines. The current and voltage measurements in
the prototype were carried out with a power analyzer (Yokogawa PZ4000).
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Figure 4.6: (a) Schematic and (b) photograph of the experimental setup. The numbers shown in
the photograph denote the component indicated in the schematic.

The prototype was immersed in a container with water flowing at room temperature to
observe the behavior of the machine in operation.

4.3 Prototype measurements

Initially, the prototype was driven by the IM at no load. Because of the unorthodox stator
material, there is a constant resistive torque caused by hysteresis losses at any speed. The
value of this obtained constant no-load torque was approximately 30 Nm, corresponding
well to the sum of the stator static hysteresis torque and the friction torque. Therefore,
the no-load loss of the machine as generator at the rated speed is approximately 251 W.

Furthermore, the line-to-line back-EMF was measured at the rated speed
(nn = 80 1/min), and it was compared with the simulated waveform, as depicted in
Figure 4.7. The results show that the error (peak-to-peak voltage) between the FEA and
the experimental test is around 4%, which is tolerable.

The machine prototype was tested at different levels of load and speed with
the 74 = 0 control. A comparison between the computed and measured mechanical
torque at the rated speed for different RMS stator currents is presented in Figure 4.8. As
can be seen, there is a good agreement between the experimental and the FEA
results. The efficiency map (constant-torque region) was obtained and compared with the
simulation results, as presented in Figure 4.9. Note that the behavior of both maps is
similar. The maximum value of efficiency is reached when the machine operates at its
rated point. Table 4.1 exhibits the distribution of machine losses in this condition. The
efficiency can be considered somewhat low, resulting from the very low operating speed,
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high hysteresis loss, and copper loss. These losses comprise a significant proportion of
the total losses.
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Figure 4.7: Comparison of the simulated and measured line-to-line back-EMF waveforms at the
rated speed.
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Figure 4.8: Simulated and measured mechanical torque at the rated speed as a function of RMS
stator current.
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Figure 4.9: (a) Simulated and (b) measured efficiency maps.
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Table 4.1: Machine losses at the rated point.

Parameter Calculated Measured
Copper losses (W) 291.0 291.0
Stator hysteresis losses (W) 252.9 -
Stator eddy-current losses (W) 3.7 -
Rotor losses (W) 16.0 -

PM losses (W) 0.59 -
Friction + additional losses (W) 34.0 -
Total losses (W) 594.4 592.0
Efficiency (-) 0.74 0.74

4.4 Summary
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This chapter has presented some details of the manufacture of the submersible PMSM
and the verification of the FEA results with experimental results. The machine was
manufactured with the proposed materials, and contributions to its manufacture from the
engineering point of view were presented.

The prototype was tested on a test bench inside a water tank to test its functionality, and
measurements were carried out. It was found that its maximum efficiency in the operating
range was 74%, with a good agreement with the FEA results. The back-EMF and losses
computed with the FEA have a good agreement with the experimental tests; therefore, the
asymmetry of the stator used and the method to calculate the iron losses proposed in this
doctoral dissertation are validated.
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5 Conclusion

The objective of this doctoral dissertation was to analyze the most important parameters
that influence a submersible TCW PMSM manufactured of unorthodox stainless stator
materials and with unequal stator teeth widths.

This work shows that the TCW PMSM with unequal teeth widths provides useful
performance advantages in the case of a single-layer winding. The first advantage of this
stator asymmetry is the increase in the back-EMF and the electromagnetic torque
obtained by varying the width of the stator teeth that carry a coil. It is achieved by
increasing the winding factor that depends on the coil pitch. The obtained back-EMF
waveform is symmetrical, and the mutual coupling between phases remains
unchanged. Therefore, the asymmetries in the single-layer-winding stator can be used
without a significant effect on other machine characteristics. However, depending on the
slot geometry, the torque quality can be affected by the appearance of undesirable torque
harmonics that require the use of cogging torque minimization techniques, which,
however, typically have to be used also in symmetrical teeth arrangements. Furthermore,
this asymmetry is subject to limitations: the slot—pole combination, the number of
winding layers, and dimensions. The most feasible case to achieve the maximum
winding factor is a single-layer winding with a number of poles close to the number of
slots, e.g., 2p = Qs £ 2. Moreover, to achieve a higher back-EMF value and a higher
electromagnetic torque and to avoid cogging torque, the slot opening width should be
typically semi-closed with an optimized width. Naturally, the semi-closed slot
arrangement complicates the manufacture of the machine and the use of preformed coils.

The use of unequal teeth widths in the machine under study increases the
back-EMF—and the torque—by approximately 8% compared with the symmetrical
stator; thus, at the rated torque, the copper losses are reduced by 15% as a result of the
reduction in the stator current. Moreover, these improvements were achieved without
altering the size of the machine.

The development of a 2D analytical model of the TCW PMSM with unequal teeth
widths was presented in this work. It was compared with the 2D FEM, and a good
agreement was reached. Furthermore, this model can be used for a fast TCW PMSM
design with unequal tooth widths.

This work presented a stainless-core submersible PMSM. The stator core made of
ferritic stainless steel proved to be functional in the submersible application and can be
considered an alternative to traditional electrical steels in special cases. However, the
high coercivity of the stainless steel material produces significant hysteresis torque and
losses. A potential ferritic stainless steel with an acceptably low coercivity can resolve
this drawback, having the area of the hysteresis loop as small as possible (less energy
loss). This type of material would be very attractive for electrical machines operated in
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harsh environments. From the analysis of the chemical composition of stainless steels
carried out in this doctoral dissertation, 409 and 410 stainless steels can be potential

materials with a low coercive force (~ 500 A/m) and high flux density saturation
(~ 1.77).

A nonconventional method to calculate the hysteresis loss in a rotating electrical
machine was implemented. According to the experimental results, there is a good
agreement with the obtained results. The hysteresis model used in this doctoral
dissertation is the Jiles—Atherton method. The model enables the calculation of minor
and major hysteresis loops based on five parameters calculated from the hysteresis
curves of the material. The main problem with this method is the accuracy of numerical
integration and solving of the ordinary differential equations. The next step is to use a
reliable equation-free hysteresis model.

The immersion of the wet machine in water where the water penetrates even into the
electromagnetic active elements can improve the thermal characteristics of the machine,
which can increase its load capacity and useful lifetime. In this machine, the water flows
through the air gap; thus, the fluid is confined between the rotor and the stator. This
means that turbulent Taylor vortices could occur. Therefore, friction losses caused by the
water and the rotor will be produced. In this work, these losses were neglected because
of the low speed of the machine. However, it is recommended to study this phenomenon
in medium- to high-speed machines, and also its impacts on the thermal characteristics
of the machine should be investigated.

The submersible machine under study was manufactured and tested in a water tank. The
water was flowing in the tank, and its temperature was kept constant at about the ambient
temperature. The test bench was designed according to the requirements of the
application, and the measurements show a good agreement with the FEA
results. Furthermore, the machine has been operating since 2018 in a submersible
application for which it was designed, thus proving it to be functional.
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