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Abstract


Alvaro Ernesto Hoffer Garc´es


Submersible Permanent-Magnet Synchronous Machine with a Stainless Core and
 Unequal Teeth Widths


Lappeenranta 2021
 104 pages


Acta Universitatis Lappeenrantaensis 970


Diss. Lappeenranta–Lahti University of Technology LUT


ISBN 978-952-335-680-1, ISBN 978-952-335-681-8 (PDF), ISSN-L 1456-4491, ISSN
 1456-4491


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



(5)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
 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
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Resumen


Alvaro Ernesto Hoffer Garc´es


M´aquina S´ıncrona de Im´an Permanente Sumergible con N ´ucleo de Acero
 Inoxidable y Anchos de Dientes Desiguales


Lappeenranta 2021
 104 p´aginas


Acta Universitatis Lappeenrantaensis 970


Diss. Lappeenranta–Lahti University of Technology LUT


ISBN 978-952-335-680-1, ISBN 978-952-335-681-8 (PDF), ISSN-L 1456-4491, ISSN
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En los ´ultimos a˜nos, las m´aquinas s´ıncronas de imanes permanentes (MSIP) han ganado
 popularidad debido a su excelente rendimiento en comparaci´on con otros tipos de
 m´aquinas el´ectricas en numerosas aplicaciones. Adem´as, los avances en la electr´onica de
 potencia, el procesamiento de se˜nales digitales, los esquemas de control y el desarrollo
 de materiales el´ectricos han contribuido al r´apido desarrollo de las MSIP. Hoy en d´ıa, los
 dise˜nadores de m´aquinas el´ectricas 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 desempe˜no de una MSIP utilizando
 caracter´ısticas asim´etricas. El estudio tiene como objetivo emplear anchos de dientes
 desiguales sin cambiar el tama˜no de la m´aquina para aumentar el factor de bobinado y
 as´ı poder aumentar el valor de la tensi´on inducida y el torque electromagn´etico. La
 explotaci´on de esta asimetr´ıa es posible gracias al devanado concentrado que tiene
 m´ultiples ventajas tanto desde el punto de vista electromagn´etico como de fabricaci´on.


Una aplicaci´on sumergible consiste en un escenario en el que los dispositivos funcionan
 en entornos subacu´aticos, como la recolecci´on de energ´ıa marina o un sistema de
 bombeo de agua. Estas aplicaciones requieren que la m´aquina el´ectrica sea resistente a la
 corrosi´on, lo que dificulta su dise˜no y fabricaci´on. Actualmente, existen varias m´aquinas
 sumergibles. La m´as conocida es la MSIP encapsulada, cuyo estator y rotor est´an
 protegidos con cubiertas, y cuyas partes activas est´an fabricadas con materiales
 el´ectricos tradicionales, lo que permite que el agua fluya a trav´es del entrehierro. Sin
 embargo, un estator tradicional completamente encapsulado es una estructura compleja y
 tiene caracter´ısticas de baja transferencia de calor. En esta tesis doctoral se presenta una
 MSIP sumergible de n´ucleo inoxidable como alternativa a la m´aquina sumergible
 convencional. La m´aquina 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 ferr´ıtico se utiliza como material del n´ucleo del
 estator y el devanado est´a hecho de alambre conductor s´olido aislado con cloruro de
 polivinilo (PVC).


Para probar la caracter´ıstica asim´etrica del estator y verificar la funcionalidad de la
m´aquina sumergible propuesta, se simul´o, construy´o, y verific´o una MSIP



(7)agua y en un lago de agua dulce. Los resultados anal´ıticos y del m´etodo de elementos
 finitos (MEF) mostraron que era posible mejorar el rendimiento de la m´aquina
 empleando dientes desiguales. Esta mejora se reflej´o en un aumento del 8% en el valor
 de la tensi´on inducida en comparaci´on con la m´aquina sim´etrica. Sin embargo, el uso de
 acero inoxidable ferr´ıtico mostr´o que las p´erdidas del n´ucleo del estator corresponden al
 40% de las p´erdidas totales de la m´aquina, lo que indica que la eficiencia fue del 74% a
 carga nominal. A pesar de esto, la m´aquina result´o ser funcional.


Palabras clave: An´alisis anal´ıtico, estator asim´etrico, m´aquina encapsulada, an´alisis por
elementos finitos, torque de hist´eresis, im´an permanente, m´aquina de im´an permanente,
m´aquina sumergible, devanado concentrado
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Nomenclature


Latin alphabet


A area m2


a number of parallel paths –


B flux density T


Bn normal component of the flux distribution T


Br remanent flux density T


Bs saturation flux density T


Bt tangential component of the flux distribution T


bds stator tooth inner width that carries a coil m


bds1 stator tooth inner width that does not carry a coil m


bs stator slot width m


b0 slot opening width m


Cp turbine power coefficient –


Dr rotor outer diameter m


Drye rotor yoke outer diameter m


Dryi rotor yoke inner diameter m


Ds stator inner diameter m


Dse stator outer diameter m


Dt turbine diameter m


d diameter, lamination thickness m


E energy density J/m3


Eph RMS induced voltage Vrms


eph instantaneous induced voltage V


f frequency Hz


fN rated frequency Hz


H field strength A/m


Hc coercive force A/m


hPM permanent magnet height m


hRC rotor cover thickness m


hys stator yoke depth m


Is RMS stator current Arms


IsN rated stator current Arms


i instantaneous current A


is instantaneous stator current A


isd direct-axis stator current A


isq quadrature-axis stator current A


J current density, magnetic polarization A/m2, T


j imaginary unit –


kCu copper space factor –


kd distribution factor –



(15)kec classic eddy-current loss coefficient Ws/(T/s)2/m3


kexc excess loss coefficient Ws/(T/s)1.5/m3


kFe iron space factor –


kh hysteresis loss coefficient Ws/T2/m3


kp pitch factor, proportionality constant of the pump –, Nm/(rad/s)2


kR resistance factor –


ksq skewing factor –


kw winding factor –


Lh air gap harmonic leakage inductance H


Lm magnetizing inductance H


Ls synchronous inductance H


Lsq skew leakage inductance H


Ltt tooth tip leakage inductance H


Lu slot leakage inductance H


Lw end winding leakage inductance H


Lσv leakage inductance H


l stator stack length m


lw end winding length m


MPM magnetization of the permanent magnet A/m


m number of phases –


mc mutual coupling factor –


Nph number of turns per phase –


n mechanical speed r/min


nN rated mechanical speed r/min


PCu stator winding losses W


Pd drag losses W


Pelec electrical power W


PFe stator core losses W


Physt static hysteresis loss W


Pmech mechanical power W


PN rated power W


Prot rotor eddy-current losses W


p number of pole pairs –


Qs number of stator slots –


qv water flow m3/s


Rph stator winding resistance Ω


r radius m


Sr rotor wetted area m2


St turbine sweep area m2


T torque Nm


Tc cogging torque Nm


Td drag torque Nm


Tem electromagnetic torque Nm



(16)Nomenclature 15


Texc excitation torque Nm


Thyst static hysteresis torque Nm


Tmech mechanical torque Nm


TN rated torque Nm


Tp2p peak-to-peak torque Nm


Trel reluctance torque Nm


t time s


v rotor surface linear speed, harmonic order m/s, –


vsw seawater speed m/s


W coil pitch °, rad, m


Wc coenergy stored in the air gap J


Wf field energy J


wPM permanent magnet width m


zq number of conductors in one slot –


Greek alphabet


α mechanical position °, rad


αPM relative permanent magnet width –


β blade pitch angle, electrical position °, rad


β0 slot opening angle °, rad


∆p total pressure difference of the pumping system Pa


δ air gap length m


δef effective air gap length m


δphys physical air gap length m


ηg efficiency of the generator –


ηm efficiency of the motor –


ηp efficiency of the pump –


γ continuous skewing angle °, rad


λ tip ratio, relative permeance –


λa real part of the complex permeance distribution –


λb imaginary part of the complex permeance distribution –


µr relative permeability –


µw dynamic viscosity of water Pa·s


µ0 permeability of vacuum Vs/Am, H/m


Ω mechanical angular speed rad/s


Ωp mechanical angular velocity of the pump rad/s


Ωt mechanical angular velocity of the turbine rad/s


ω electrical angular velocity rad/s


ΦPM permanent magnet flux Vs, Wb


ψPM permanent magnet flux linkage Vs


ρ resistivity, density Ωm, kg/m3


ρCu copper resistivity Ωm



(17)ρsw mass density of seawater kg/m3


σ conductivity S/m


σFe stator core conductivity S/m


σδ air gap harmonic leakage factor –


Θ current linkage A


τp pole pitch °, rad, m


τs 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
 IM 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
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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 [1]. Currently,
 traditional electricity generation is mainly arranged in electric power plants that use
 steam or gas turbines [2]. 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) [3]. 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 [4], [5]. 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) [4], [6].


The operating principle of the PMSM is based on the use of permanent magnets (PMs)
in machine excitation [7]. 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 [8]. 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 [9], or improved machine designs have been proposed that permit the use of
magnets that provide a low magnetic field strength [10]–[12]. PMSM are widely used in
various applications including, e.g., renewable energy devices as well as pumping and
transportation machinery [13]–[17]. The growing interest in the PMSM is due to its
following exceptional advantages [18]–[23]:



(19)• 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 [20],
 [24]–[26]. 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 [27]. 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 [28]. 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 [29]


Pmech= 1


2ρswCp(λ, β)Stvsw3 , (1.1)
where ρsw is the mass density of seawater,Cp is the turbine power coefficient, β is the
blade pitch angle,Stis the turbine sweep area,vswis the seawater speed, andλis the tip
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ratio given by


λ= Dt
 2


Ωt


vsw, (1.2)


where Dt is the turbine diameter, and Ωt is the mechanical angular velocity of the
 turbine. The turbine power coefficientCpis the extractable power divided by the stream
 kinetic power. It is determined by the geometric characteristics of the turbine and the
 fluid properties [30]. The turbine power coefficientCpranges from 0.35 to 0.50 [31]. The
 mass density of seawater ρsw is around 1000 kg/m3. Variations in salinity and
 temperature influence the density of seawater on the surface [32]. The seawater
 speed vsw, on average at specific locations, varies between 1 and 3 m/s [33]. The
 mechanical torque of the turbine is provided by


Tmech = Pmech


Ωt . (1.3)


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 [28], [31]. Therefore, the mechanical
 torqueTmechis expected 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.
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Figure 1.1: Configuration of the direct-driven PMSG tidal energy conversion system. The
electrical power is defined byPelec=ηgPmech, whereηgis the generator efficiency.



(21)
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 [34]. 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 [35]. However, PMSMs have gained
 popularity in this application because of their high performance characteristics [36],
 [37]. Furthermore, the PMSM offers a better performance in the low-speed region than
 the IM [38], [39]; 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


Pmech= ∆p·qv


ηp , (1.4)


whereηpis the efficiency of the pump,∆pis the total pressure difference of the pumping
 system, andqv 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 [35]. Therefore, the pump torque can be modeled as a function of the
 rotational speed of the pumpΩpby the following expression [40]


Tmech =kpΩp2, (1.5)


wherekpis the proportionality constant of the pump.
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Figure 1.2: Schematic diagram of a water pumping system. The mechanical power is defined
byPmech=ηmPelec, whereηmis 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 [41]–[43]. 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 [41], 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 [42],
 [43]. In [42], 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 [43], 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 [44]. 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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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 [45], 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 [9]. Moreover,
 the winding of the machine can be exposed to early interruptions caused by
 corrosion [46]. 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 [47], [48].


There are three types of stainless steels: austenitic, martensitic, and ferritic [49]. There
are also other stainless steel types (duplex and precipitation hardened), which are
combinations of the basic stainless steel types [48]. 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 [50],
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-areaBHloop;


(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.
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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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Steel Type


Content
 (% weight)


Maximum
 permeability


Coercive
 force


Saturation
 flux density


Residual
 flux density


Cr C µmax Hc(A/m) Bs(T) Br(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 16.4 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 [50], there is an approximately linear dependence (directly proportional)
 between the carbon (C) content and the coercive forceHc. The relative permeabilityµr
 decreases with an increasing C content. The saturation flux density Bs is inversely
 proportional to the Cr content. The residual flux density Br 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) [50]. 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 [43], [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.
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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 [9], [10], [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 (O2) 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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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 [46]:


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.
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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 [46].


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 [24], [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 [24]. By selecting open slots, the machine
 assembly process can be significantly simplified as shown in Publications II
 andIV.


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


• 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 [12], [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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 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 inPublication 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.


(a) (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 [7]. More details on the design guidelines of the machine under
 study can be found inPublication IV. The value of the stator inner tooth width bds 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.
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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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 of 1.35 T, coercive force of 1015 kA/m, and a relative permeability of 1.05. The isotropic
 resistivity of the PM is 180×10-8Ωm 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 25.7×10-8 Ωm 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 60×10-8 Ωm 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 powerPN(W) 1700


Rated torqueTN(Nm) 202


Rated frequencyfN(Hz) 131⁄3


Rated stator currentIsN(Arms) 9.4


Rated mechanical speednN(r/min) 80


Number of stator slotsQs 24


Number of poles2p 20


Stator stack lengthl(mm) 300


Stator outer diameterDse(mm) 369.9


Stator inner diameterDs(mm) 222.1


Stator yoke depthhys(mm) 19.9


Stator slot widthbs(mm) 14.25


Stator tooth inner width that carries a coilbds(mm) 19.0
 Stator tooth inner width that does not carry a coilbds1(mm) 10.27


Physical air gap lengthδ(mm) 3.5


Rotor outer diameterDr(mm) 197.1


Rotor yoke outer diameterDrye(mm) 179.1


Rotor yoke inner diameterDryi(mm) 170.0


Rotor cover thicknesshRC(mm) 2.0


Permanent magnet widthwPM(mm) 27.9


Permanent magnet heighthPM(mm) 9.0


Number of turns per phaseNph 232


Stator winding resistanceRph(Ω) 1.1


Resistance factorkR@fsN ∼1.0


Synchronous inductanceLs(H) 0.027


Winding connection star


*Symmetric stator:bds=bds1=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.


InPublication 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
onPublications I–IV.
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