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Abstract

Alvaro Ernesto Hoffer Garcés
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



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
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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Máquina Sı́ncrona de Imán Permanente Sumergible con Núcleo de Acero
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En los últimos años, las máquinas sı́ncronas de imanes permanentes (MSIP) han ganado
popularidad debido a su excelente rendimiento en comparación con otros tipos de
máquinas eléctricas en numerosas aplicaciones. Además, los avances en la electrónica de
potencia, el procesamiento de señales digitales, los esquemas de control y el desarrollo
de materiales eléctricos han contribuido al rápido desarrollo de las MSIP. Hoy en dı́a, los
diseñadores de máquinas 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 desempeño de una MSIP utilizando
caracterı́sticas asimétricas. El estudio tiene como objetivo emplear anchos de dientes
desiguales sin cambiar el tamaño de la máquina para aumentar el factor de bobinado y
ası́ poder aumentar el valor de la tensión inducida y el torque electromagnético. La
explotación de esta asimetrı́a es posible gracias al devanado concentrado que tiene
múltiples ventajas tanto desde el punto de vista electromagnético como de fabricación.

Una aplicación sumergible consiste en un escenario en el que los dispositivos funcionan
en entornos subacuáticos, como la recolección de energı́a marina o un sistema de
bombeo de agua. Estas aplicaciones requieren que la máquina eléctrica sea resistente a la
corrosión, lo que dificulta su diseño y fabricación. Actualmente, existen varias máquinas
sumergibles. La más conocida es la MSIP encapsulada, cuyo estator y rotor están
protegidos con cubiertas, y cuyas partes activas están 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 caracterı́sticas de baja transferencia de calor. En esta tesis doctoral se presenta una
MSIP sumergible de núcleo inoxidable como alternativa a la máquina sumergible
convencional. La máquina 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 ferrı́tico se utiliza como material del núcleo del
estator y el devanado está hecho de alambre conductor sólido aislado con cloruro de
polivinilo (PVC).

Para probar la caracterı́stica asimétrica del estator y verificar la funcionalidad de la
máquina sumergible propuesta, se simuló, construyó, y verificó 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 analı́ticos y del método de elementos
finitos (MEF) mostraron que era posible mejorar el rendimiento de la máquina
empleando dientes desiguales. Esta mejora se reflejó en un aumento del 8% en el valor
de la tensión inducida en comparación con la máquina simétrica. Sin embargo, el uso de
acero inoxidable ferrı́tico mostró que las pérdidas del núcleo del estator corresponden al
40% de las pérdidas totales de la máquina, lo que indica que la eficiencia fue del 74% a
carga nominal. A pesar de esto, la máquina resultó ser funcional.

Palabras clave: Análisis analı́tico, estator asimétrico, máquina encapsulada, análisis por
elementos finitos, torque de histéresis, imán permanente, máquina de imán permanente,
máquina 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 –
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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



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
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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]:
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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 [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

2
ρswCp (λ, β)Stv

3
sw, (1.1)

where ρsw is the mass density of seawater, Cp is the turbine power coefficient, β is the
blade pitch angle, St is the turbine sweep area, vsw is the seawater speed, and λ is 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 coefficient Cp is 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 coefficient Cp ranges 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
torque Tmech is 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.

Seawater
Turbine

PMSG

Ωt 

Grid

vsw
Pmech

Pelec

St

Converter

Figure 1.1: Configuration of the direct-driven PMSG tidal energy conversion system. The
electrical power is defined by Pelec = ηgPmech, where ηg is the generator efficiency.
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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)

where ηp is the efficiency of the pump, ∆p is the total pressure difference of the pumping
system, and qv 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 pump Ωp by the following expression [40]

Tmech = kpΩp
2, (1.5)

where kp is the proportionality constant of the pump.

Pump

PmechPelec

Grid

PMSMConverter

Figure 1.2: Schematic diagram of a water pumping system. The mechanical power is defined
by Pmech = ηmPelec, where ηm 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 [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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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 [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-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.
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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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Table 1.1: Comparison of the magnetic properties of different stainless steels [50].

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 force Hc. The relative permeability µr

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.

Rotor
cover

Stator
covers Rotor
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Stator
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(a) (b) (c)

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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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 [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.

enameled
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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
and IV.

• 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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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.

(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 in Publication 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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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× 10-8 Ωm 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 power PN (W) 1700
Rated torque TN (Nm) 202
Rated frequency fN (Hz) 131⁄3
Rated stator current IsN (Arms) 9.4
Rated mechanical speed nN (r/min) 80
Number of stator slots Qs 24
Number of poles 2p 20
Stator stack length l (mm) 300
Stator outer diameter Dse (mm) 369.9
Stator inner diameter Ds (mm) 222.1
Stator yoke depth hys (mm) 19.9
Stator slot width bs (mm) 14.25
Stator tooth inner width that carries a coil bds (mm) 19.0
Stator tooth inner width that does not carry a coil bds1 (mm) 10.27
Physical air gap length δ (mm) 3.5
Rotor outer diameter Dr (mm) 197.1
Rotor yoke outer diameter Drye (mm) 179.1
Rotor yoke inner diameter Dryi (mm) 170.0
Rotor cover thickness hRC (mm) 2.0
Permanent magnet width wPM (mm) 27.9
Permanent magnet height hPM (mm) 9.0
Number of turns per phase Nph 232
Stator winding resistance Rph (Ω) 1.1
Resistance factor kR @ fsN ∼1.0
Synchronous inductance Ls (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.

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 IV.

• 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,
(ii) 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 =
3

2
p

ψPM (isd, isq) isq︸ ︷︷ ︸
Texc

+ (Lsd (isd, isq)− Lsq (isd, isq)) isdisq︸ ︷︷ ︸
Trel

 , (2.1)

where p is the number of pole pairs, ψPM is the PM flux linkage, isd, isq are the d- and
q-axis components of the stator currents, and Lsd, Lsq are the d- and q-axis components
of the synchronous inductance. As it can be seen in Equation (2.1), torque production is
divided into the excitation torque Texc and the reluctance torque Trel. In the case of the
rotor surface PMSM, Lsd ≈ Lsq ≈ Ls; thus, Trel ≈ 0. It indicates that the electromagnetic
torque depends on the q-axis component of the stator current isq and the PM flux
linkage ψPM. Another way of writing (2.1) is given in [91]

Tem =
eph,Uis,U + eph,Vis,V + eph,Wis,W

Ω
, (2.2)

where eph,U, eph,V, eph,W are the instantaneous back-EMF, is,U, is,V, is,W are the stator
currents in phases U, V, and W, respectively, and Ω is the mechanical angular
speed. The effective value of the back-EMF phase voltage can be calculated as [16]

Eph =
kwωNphΦPM√

2
, (2.3)

where kw is the winding factor, Nph is the number of turns in series of the stator
phase, ΦPM is the PM flux, and ω 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 ΦPM 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 Nph and the winding factor kw 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
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added within the limited slot area. In the case of the winding factor kw, 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 EphIs. 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.
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∑
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(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 bds and the stator
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Figure 2.2: Flux density distributions under no-load condition when using (a) trapezoidal and
(b) rectangular slot.

slot width bs as indicated in Figure 2.3. Therefore, by increasing the stator tooth width bds

that carries a coil (the stator slot width bs is kept constant), increases the coil pitch W .

Coil-carrying 
stator tooth width

bds+Δ

 bs
bds1−Δ

W = bds+bs+Δ

W

−U +U

−V +W

bds

 bs
bds1

W = bds+bs 

W

−U +U

−V +W

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

The winding factor in the SL TCW for the vth harmonic is defined as [7]

kwv = kpvkdvksqv, (2.4)

where kpv is the vth harmonic pitch factor, kdv is the vth harmonic distribution factor, and
ksqv is the vth harmonic skewing factor. The harmonic pitch factor kpv and the harmonic
skewing factor ksqv are expressed as [7]

kpv = sin

(
v
W

τp

π

2

)
, (2.5)
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ksqv =
sin
(
vp
γ

2

)
vp
γ

2

, (2.6)

where τp is the pole pitch and γ is the continuous skewing angle. The harmonic
distribution factor kdv for q ≤ 0.5 is 1 if v is odd, and if v is even, kdv = 0.

Equation (2.5) reveals that if the coil pitch W is increased (up to W = τp), the working
harmonic pitch factor kpp can be optimized. Consequently, the winding factor kwv 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 kpp, the number of slots
must be equal to the number of poles so that W = τp; however, this is not
possible [7]. Therefore, it is advisable to choose a slot–pole combination
where 2p ≈ Qs. 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.

Qs

2p
4 6 8 10 12 14 16 18 20

6
q
kwp

1/2
0.866

1/4
0.866

1/5
0.5

1/7
0.5

1/8
0.866

1/10
0.866

9
q
kwp

12
q
kwp

1/2
0.866

2/5
0.966

2/7
0.966

1/4
0.866

1/5
0.5

15
q
kwp

18
q
kwp

1/2
0.866

3/7
0.902

3/8
0.945

3/10
0.945

21
q
kwp

24
q
kwp

1/2
0.866

2/5
0.966

27
q
kwp

Invalid configuration.
Unbalanced magnetic pull.
SL is not feasible.
Slot–pole combinations that satisfy 2p = Qs ± 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.

b0

PM

Rotor

Stator

bds

bds1

α
d

Dryi

Ds

Drye
Dr

μr→∞

μr→∞

hs

Slot

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

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

λ (d, α) =

{
1− β (d)− β (d) cos

(
π

0.8β0
α
)

0 ≤ α < 0.8β0

1 0.8α0 ≤ α ≤ τs
2

, (2.7)

where d is an arbitrary diameter between the rotor yoke outer diameter Drye and the stator
inner diameter Ds, α is the mechanical position, β0 is the slot opening angle, τs is the slot
pitch, and β is a function defined as

β (d) =
1

2

1− 1√
1 +

(
b0

2δef

)2

(1 + u2)

 , (2.8)

where b0 is the slot opening width, δef is the effective air gap length expressed as

δef = δ +
hPM

µr,PM
, (2.9)

where µr,PM is the relative permeability of the PM, hPM is the PM height, δ is the air gap
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length, and u is a solution of the implicit equation

d

2

π

b0
=

1

2
ln

(√
a2 + u2 + u√
a2 + u2 − u

)
+

2δef

b0
tan−1

(
2δef

b0

u√
a2 + u2

)
, (2.10)

a2 = 1 +

(
2δef

b0

)2

. (2.11)

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

λ (d, α, α0) =

Nλ∑
v=0

λv (d) cos (vQs (α− α0)) , (2.12)

where α0 is the reference angle, Nλ is the maximum order of the Fourier coefficients, and
λv is the Fourier coefficients of the permeance function in the air gap.

The complex permeance (CP) function is given by [99]

λ (d, α) =
k

s

w − 1

(w − a)
1
2 (w − b)

1
2

= λa (r, α) + jλb (r, α) , (2.13)

where λa and λb are the real and imaginary parts of the permeance distribution,
respectively,

k =
Ds

2
exp

[
j
(
δ′

π
lnw +

τs

2

)]
, (2.14)

δ′ = ln

(
Ds

Drye

)
, (2.15)

and

s =
d

2
exp (jα) . (2.16)

The value of w is determined from

z = ln (s) = j
δ′

π

(
ln

∣∣∣∣1 + c

1− c

∣∣∣∣− ln

∣∣∣∣b+ c

b− c

∣∣∣∣− 2
b− 1√
b

tan−1
(
c√
b

))
+ C, (2.17)

where

c =

√
w − b
w − a

, (2.18)
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b =

√
a

2δ′
+

√( a

2δ′

)2
+ 1, (2.19)

a =
1

b
, (2.20)

and

C = ln

(
Ds

2
+ j
(τs

2
+
α0

2

))
. (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 α. The complex relative permeance distribution in the air gap of a
symmetric machine with a number of slots Qs obtained from Equation (2.13) can be
expressed in the form of a Fourier series as

λa (d, α, α0) =

Nλ∑
v=0

λav (d) cos (vQs (α− α0)) , (2.22)

λb (d, α, α0) =

Nλ∑
v=0

λbv (d) sin (vQs (α− α0)) . (2.23)

Figure 2.5 shows a comparison of the permeance distributions in the air
gap (d = Ds − δ) calculated analytically and by the FEA at different slot opening
widths b0 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 b0

increases. Furthermore, as the value of b0 decreases, the permeance of the real part λa

will tend to one, and the imaginary part λb will approach zero. This means that the
RP model can be used when applied in machines with small slot opening widths b0.

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) b0 = 4 mm, (b) b0 = 8 mm, and (c) b0 = 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 Qs/2 shown in Figure 2.6a.

2) Calculate the Fourier coefficients of the permeance distribution in the air gap (λav

and λbv) obtained for the case of Figure 2.6a.

3) With the calculated coefficients, obtain the complex permeance distribution
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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 ι = 2π/ (Qs/2)−W corresponds to the angular
displacement between two neighboring slots that carry different phase coils.

waveforms with reference angles equal to α0 = −ι/2 and α0 = ι/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.

4) 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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0α = ± ι/2 

Eqs. (2.24) 
and (2.25)

Eqs. (2.26) 
and (2.27)

FFT
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(Qs, Ds, Drye,
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distribution

for Figure 2.6a
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for permeance

distribution - Figure 2.6a

Permeance
distribution for

Figures 2.6b and c

Permeance
distribution

for Figure 2.6d

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

λnew,a (d, α) = λa

(
d, α,− ι

2

)
× λa

(
d, α,

ι

2

)
(2.24)

λnew,b (d, α) = λb

(
d, α,− ι

2

)
+ λb

(
d, α,

ι

2

)
(2.25)

5) Equation (2.24) corresponds to the multiplication of the real components of the
permeance distributions derived from Figures 2.6b and c, which are shifted by ι
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 (λnew,av and λnew,bv) 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

λnew,a (d, α) =

Nλ∑
v=0

λnew,av (d) cos

(
v
Qs

4
α

)
, (2.26)

λnew,b (d, α) =

Nλ∑
v=0

λnew,bv (d) sin

(
v
Qs

4
α

)
, (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 bds 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 bds 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]

Bn,PM (d, α) =
∞∑

v=1,3,5...

Kv (d)fBn,PM (d) cos (vpα) , (2.28)

Bt,PM (d, α) =
∞∑

v=1,3,5...

Kv (d)fBt,PM (d) sin (vpα) , (2.29)

where

Kv (d) =


µ0MPMv
µr,PM

vp
(vp)2 − 1

X1

Y vp 6= 1

µ0MPMv
2µr,PM

X2

Y vp = 1
, (2.30)

X1 =

[(
vp− 1

vp

)
Mn,PMv
MPMv

+ 1
vp − 1

]
+ 2

(
Drye
Dr

)vp+1

−[(
vp− 1

vp

)
Mn,PMv
MPMv

+ 1
vp + 1

](
Drye
Dr

)2vp

,

(2.31)

X2 =

(
2
Mn,PM1
MPM1

− 1

)(
Dr
Ds

)2
−(

2
Mn,PM1
MPM1

− 1

)(
Drye
Ds

)2

+

(
Drye
Ds

)2

ln

(
Dr
Drye

)2

,

(2.32)
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Figure 2.8: Permeance distribution in the air gap at different stator tooth inner widths:
(a) bds = bds1, (b) bds = 19 mm, (c) bds = 23 mm, (d) bds = 28 mm, and (e) their spectra.



50 2 Tooth-coil winding with unequal teeth widths

0 5 10 15 20 25 30
, (º)

0.5
0.6
0.7
0.8
0.9

1
1.1
1.2
1.3
1.4

6
ne

w
, 6

ne
w

,a

RP CP FEA

0 5 10 15 20 25 30
, (º)

-0.5
-0.4
-0.3
-0.2
-0.1

0
0.1
0.2
0.3
0.4
0.5

6
ne

w
,b

CP FEA

(d)

RP

0 2 4 6 8 10 12 14 16 18 20
Harmonic order

0

0.2

0.4

0.6

0.8

1

6
ne

w
v

bds = bds1
bds = 19 mm
bds = 23 mm
bds = 28 mm

CP

0 2 4 6 8 10 12 14 16 18 20
Harmonic order

0

0.2

0.4

0.6

0.8

1

6
ne

w
,a
v

bds = bds1
bds = 19 mm
bds = 23 mm
bds = 28 mm

CP

2 4 6 8 10 12 14 16 18 20
Harmonic order

0

0.05

0.1

0.15

0.2

0.25

0.3

6
ne

w
,b
v

bds = bds1
bds = 19 mm
bds = 23 mm
bds = 28 mm

(e)

Figure 2.8: Permeance distribution in the air gap at different stator tooth inner widths:
(a) bds = bds1, (b) bds = 19 mm, (c) bds = 23 mm, (d) bds = 28 mm, and (e) their spectra. (cont.)
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Y =
µr,PM + 1

µr,PM

[
1−

(
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)2vp
]
− µr,PM − 1

µr,PM

[(
Dr

Ds

)2vp

−
(
Drye

Dr

)2vp
]
, (2.33)
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and the parallel magnetization of the PM is expressed as

MPMv = MPM,nv + vpMPM,tv (2.36)

MPM,nv =
Br,PM

µ0

αPM
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[
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π

2p

]
(vp+ 1)αPM

π

2p

+
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 , (2.37)

MPM,tv =
Br,PM

µ0
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sin
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π
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(vp+ 1)αPM

π

2p

−
sin

[
(vp− 1)αPM

π
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]
(vp− 1)αPM

π

2p

 , (2.38)

where Br,PM is the remanence of the magnet, αPM 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 (d, α, t) = Bn,PM (d, α, t)λnew,a (d, α) +Bt,PM (d, α, t)λnew,b (d, α) , (2.39)

Bst,PM (d, α, t) = Bt,PM (d, α, t)λnew,a (d, α)−Bn,PM (d, α, t)λnew,b (d, α) . (2.40)

Figure 2.9 presents the waveforms of the no-load normal air gap flux density for different
stator tooth inner widths bds. 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]

ψph (t) = ψph (t) = Nphl
Ds − δ

2

W/2∫
−W/2

Bsn,PM (d = Ds − δ, α, t) dα

=
∞∑

v1=1,3,5,...

Nphl
Ds − δ

2
ksqv1ksov1 (X + Y1 + Y2) cos (v1pΩt) , (2.41)

where

X = 2λnew,a0Bsn,PMv1
kpv1

v1p
, (2.42)

Y1 =

Nλ∑
v2=1

(Bsn,PMv1λnew,av2 −Bst,PMv1λnew,bv2) ·
sin

[(
v1p+ v2

Qs

4

)
W

2

]
v1p+ v2

Qs

4

, (2.43)

Y2 =

Nλ∑
v2=1

(Bsn,PMv1λnew,av2 +Bst,PMv1λnew,bv2) ·
sin

[(
v1p− v2

Qs

4

)
W

2

]
v1p− v2

Qs

4

, (2.44)

when v1p = v2Qs/4, the term (sin [(v1p− v2Qs/4)W/2] / (v1p− v2Qs/4)) should be
replaced with W/2, and ksov is the slot opening factor, which is expressed as [105]

ksov =

sin

(
v
π

2

b0
τp

)
(
v
π

2

b0
τp

) . (2.45)

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) bds = bds1, (b) bds = 19 mm, (c) bds = 23 mm, and (d) bds = 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) bds = bds1, (b) bds = 19 mm, (c) bds = 23 mm, (d) bds = 28 mm, and (e) their spectra. (cont.)
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linkage per pole as [99], [105]

eph (t) = −
dψph (t)

dt

=
∞∑

v1=1,3,5,...

Nphl
Ds − δ

2
ksqv1ksov1 (Xv1p+ Y1 + Y2) sin (v1pΩt− θ) , (2.46)

where θ is zero for phase U, −2π/3 is for phase V, and 2π/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 bds when the permanent magnet faces the stator tooth is presented
in Figure 2.10. Note that when the value of bds 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 τp, 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 = τp, which implies bds = 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 bds are restricted to [106]

πDs

Qs/2
≈ bds + 2bs + bds1, (2.47)

where bds1 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.

The RMS back-EMF value as a function of the stator tooth inner width bds at the rated
speed (nN = 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) bds = bds1, (b) bds = 19 mm, (c) bds = 23 mm, and (d) bds = 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 (bds = 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 bds with respect to the symmetric stator (bds = bds1).

The back-EMF waveforms for different values of bds at the rated speed (nN = 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 bds = bds1 and bds > bds1

are shown in Figure 2.13. When bds = bds1 (see Figure 2.13a), the angle between the
phasors of two adjacent slots is the electrical angle βs, which is equal to the mechanical
angle multiplied by the number of pole pairs αsp. In this case, the mechanical angle αs

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 βs1 is different
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Figure 2.12: (a) Induced voltage waveforms at the rated speed for different stator tooth inner
widths bds and (b) their spectra.

from the angle between the phasors of different coils βs2. The sum of the angles βs1 and
βs2 is constant and corresponds to 2π/ (Qs/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 bds = bds1 and bds > bds1 are
depicted in Figure 2.14, respectively, where the angles between the phases are 2π/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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Figure 2.13: Stars of slots of a three-phase 24-slot 20-pole machine for (a) bds = bds1 and
(b) bds > bds1.
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Figure 2.14: Three-phase induced voltage phasor diagram for (a) bds = bds1 and (b) bds > bds1.

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]

Bn,AR (d, α, t) = i (t)
∞∑
v1=1

Kn,ARv1 (d) cos (v1α) , (2.48)

Bt,AR (d, α, t) = i (t)
∞∑
v1=1

Kt,ARv1 (d) sin (v1α) , (2.49)
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where

Kn,ARv1 (d) = −µ04zQ

πad

(
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Kt,ARv1 (d) =
µ04zQ

πad
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(
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)
, (2.51)

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

zQi
b0

α

A

b0
Ds

b0
Ds

−

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

Bn,ARX (d, α, t) =
∞∑
v1=1

is,X (t)Kn,ARv1


NsX∑
v2=1

sXv2 cos v2

[
α− 2π

Qs
(αXv2 − 1)− α0

] ,

(2.52)

Bt,ARX (d, α, t) =
∞∑
v1=1

is,X (t)Kt,ARv1


NsX∑
v2=1

sXv2 sin v2

[
α− 2π

Qs
(αXv2 − 1)− α0

] ,

(2.53)

where the subscript X is phase U, V, or W, sXv2 and αXv2 are the sign and position of the
phasor per coil v2 of phase X based on the star of slots theory, respectively, NsX is the
number of elements of sX and αX, and α0 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, α, t) = Bn,ARU (d, α, t) +Bn,ARV (d, α, t) +Bn,ARW (d, α, t) , (2.54)

Bt,AR (d, α, t) = Bt,ARU (d, α, t) +Bt,ARV (d, α, t) +Bt,ARW (d, α, t) . (2.55)

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 sU,
sV, sW and αU, αV, αW are found from Figure 2.13; thus, they are defined by

sU =


+1
−1
+1
−1

 sV =


−1
+1
−1
+1

 sW =


+1
−1
+1
−1

 , (2.56)

αU =


1
7
13
19

 αV =


3
9
15
21

 αW =


5
11
17
23

 . (2.57)

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) bds = bds1, (b) bds = 19 mm, (c) bds = 23 mm, (d) bds = 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) bds = bds1, (b) bds = 19 mm, (c) bds = 23 mm, (d) bds = 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]

Θ (α) =

2π∫
0

A (α)dα, (2.58)

where A is the linear current density, and α 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 bds. 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.
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Figure 2.17: (a) Winding function (b0 ≈ 0 mm) at the rated speed for different stator tooth inner
widths bds and (b) their spectra.
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The mutual coupling factor mc is calculated as [76]

mc =

2π∫
0

ΘUΘVdα

2π∫
0

ΘUΘUdα

, (2.59)

where ΘU and ΘV are the winding functions of phase U and V, respectively. For a
symmetric machine with 24 slots and 20 poles, the mutual coupling factor mc is equal
to 0. When using unequal teeth widths (asymmetric stator), mc 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 bds 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 bds. 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 bds. The working harmonic amplitude increases with a higher tooth width
carrying a coil until bds = 20 mm and then starts to decrease. This is explained by the
fundamental pitch factor as its maximum value is reached when W = τp as mentioned in
the previous section. The subharmonic amplitude increases almost linearly with a
higher bds 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

kwv =
hv
wv
, (2.60)

where hv is the vth harmonic amplitude of the winding function, and wv is the weight of
the vth harmonic that is given by

wv =
Qs

vmπ
, (2.61)
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(a) (b)

(c) (d)

Figure 2.18: Flux plot when only phase U is supplied at different stator inner teeth widths:
(a) bds = bds1, (b) bds = 19 mm, (c) bds = 23 mm, and (d) bds = 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 bds. As illustrated in the figure, there are nonuniform winding factor distributions
when bds 6= bds1 or W 6= τp = 20 mm.

A quality index used in various studies is the air gap harmonic leakage σδ. 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 [7]

σδ =
+∞∑
v=0

v 6=3,6,9,...
v 6=p

(
kwv

vkwp

)2

. (2.62)

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 (b0 ≈ 0 mm) at different stator tooth inner widths bds
and (b) their spectra.
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Figure 2.20: Current linkage working harmonic (v = 5) and subharmonic (v = 1) amplitude
(b0 ≈ 0 mm) as a function of the stator tooth inner width bds.

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 σδ as a function of the
stator tooth inner width bds. As can be seen in the figure, the air gap harmonic leakage σδ
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

Ls = Lm + Lσv, (2.63)

where Lm is the magnetizing inductance, and Lσv 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) bds = bds1,
(b) bds = 19 mm, (c) bds = 20 mm, (d) bds = 23 mm, and (e) bds = 28 mm.
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Figure 2.22: Air gap harmonic leakage (b0 ≈ 0 mm) as a function of the stator tooth inner width
bds.

expressed as

Lσv = Lh + Lu + Ltt + Lew + Lsq, (2.64)

where Lh is the air gap harmonic leakage inductance, Lu is the slot leakage inductance,
Ltt is the tooth tip leakage inductance, Lew is the end winding leakage inductance, and
Lsq is the skew leakage inductance. Equation (2.63) shows that the synchronous
inductance is divided into two components. The first term is the magnetizing
inductance Lm related to the torque production, and the second term is the leakage
inductance Lσv 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

Lm = µ0

2mτp

π2p

l

δef
(kwpNph)

2, (2.65)

and the air gap harmonic leakage inductance as

Lh = σδLm. (2.66)

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 Lm 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 σδ 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 (b0 6= 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 Tem and the cogging torque Tc [91]. The first
component can be written as (neglecting the effect of variation of inductance)

Tem (α) =
dWf (α)

dα
= is

dψPM (α)

dα
, (2.67)

where Wf is the field energy with respect to the mechanical position α. 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

Tc (α) = −dWc (α)

dα
, (2.68)

where Wc is the coenergy stored in the air gap with respect to the mechanical
position α. The cogging torque Tc 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]

T (t) =
d2l

4µ0

2π∫
0

Bsn,PM AR (d, α, t)Bst,PM AR (d, α, t) dα, (2.69)

where Bsn,PM AR and Bst,PM AR are the normal and tangential components of the flux
density produced by the PMs and the armature fields at diameter d, and l 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 bds and
the RMS stator current Is. The results show that by increasing the tooth width, the
electromagnetic torque increases slightly until bds = 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 bds, 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 bds.

The torque ripple and cogging torque were evaluated as a function of the stator tooth
inner width bds 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 bds and its spectra. As Figure 2.24b illustrates,
the 6th-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 12th-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 bds 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]

γ =
2π

LCM
(
Qs

2
, 2p

) . (2.70)

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 6th-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., 12th) 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 W . 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 bds 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 bds = 20 mm when b0 ≈ 0 mm and up to bds = 23 mm when b0 6= 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 [7]. 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 [7]. 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

Td = µw
rSrv

δ
= µw

r2πrlΩr

δ
, (3.1)

where r is the mean radius of the air gap, Sr is the rotor wetted area, v is the rotor surface
linear speed, Ω is the rotor angular velocity, δ is the gap length, and µw is the dynamic
viscosity of water 8.90 × 10-4 Pa · s. With the PMSM dimensions Dr = 0.1971 m,
l = 0.3 m, δ = 0.0035 m, and Ω = 8.36 rad/s, Td = 0.004 Nm and drag losses of
Pd = 0.0336 W are obtained; therefore, the drag losses are neglected.

3.1 Winding Joule losses

The winding Joule losses are calculated by [7], [71]

PCu = kRQsz
2
QρCu

(
l + lw
SslotkCu

)
I2

s , (3.2)

where kR is the resistance factor, Qs is the number of slots, zQ is the number of
conductors in one slot, l is the stator stack length, ρCu is the copper resistivity at the
operating temperature, kCu is the copper space factor, and lw is the end winding length,
provided by [120]

lw ≈
bds +W + bs

2
, (3.3)

where bs 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 bds, the winding Joule losses are increased. This
is easy to verify by dividing the copper losses at bds,new and the copper losses at bds,in
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where bds,new > bds,in, and thus

PCu,new

PCu,in
≈ l + lew,in + 2∆

l + lew,in
⇒ PCu,new ≈ PCu,in +

2∆

l + lew,in
PCu,in, (3.4)

where ∆ is the increment of the tooth width (bds,new − bds,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 (fsN = 131⁄3 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 [11], [122]

PFe =
N∑
n=1

kFe

 khB̂
2
nfAnl + kec

1
T

T∫
0

(
dBn
dt

)2
Anldt+

kexc
1
T

T∫
0

(
dBn
dt

)1.5
Anldt

, (3.5)

where kFe is the iron space factor, kh is the hysteresis loss coefficient, kec is the
eddy-current loss coefficient, kexc is the excess loss coefficient, f is the electrical
frequency, An is the area of the nth stator element, B̂n is the maximum flux density in the
nth stator element, Bn is the instantaneous flux density in the nth 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]

kec =
d2

12σFe
, (3.6)

where d is the lamination thickness, and σFe 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

Start

Save information
about the elements 
of the stator region

Transient FEA
simulation

(one electrical 
cycle)

Extract 
Bx, By, Hx and Hy 
for each element 

of the stator region

Calculate 
hysteresis energy 

density Ehyst

End

Calculate 
hysteresis torque

Thyst and losses Physt

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]

En =

∮
HxndBxn +

∮
HyndByn, (3.7)

where Hxn and Hyn are the x and y components of the magnetic field strength on the nth
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stator element, and Bxn and Byn are the x and y components of flux density on the nth

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

Thyst =
p

2π
kFe

N∑
n=1

EnAnl, (3.8)

and the static hysteresis loss is given by

Physt = ThystΩ. (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.

(a) (b)

Figure 3.2: Mesh of the 24-slot 20-pole TCW PMSM for (a) bds = bds1 and (b) bds = 19 mm. The
stator mesh adjusts for each value of bds.

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 Hc 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 [12], 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]

Prot =

∫
V

J2

σ
dV , (3.10)

where J is the current density induced in the solid material, and σ 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 bds. 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 bds are presented in Figure 3.4. As can be seen in
the figure, the RMS back-EMF increases until bds = 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 EphIs.

Figure 3.5 shows the machine loss distribution and efficiency in the rated load condition
as a function of the value of bds. 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 bds 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 bds increases. This is explained by the harmful harmonic current linkage
(v = 1), which increases as the value of bds 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 (nN = 80 r/min) and RMS stator current value at
the rated load (TN = 202 Nm, nN = 80 r/min) as a function of the stator tooth inner width bds.

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.

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

ds
(mm)

0
100
200
300
400
500
600
700
800

L
os

se
s 

(W
)

b
ds

= b
ds1

602 W

b
ds

= 19 mm

561 W

P
Cu

P
Fe

P
rot

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

0.5

0.6

0.7

0.8

0.9

1

2
 (-

)

bds = bds1
2 = 0.74

bds = 19 mm
2 = 0.75

(a) (b)

Figure 3.5: (a) Losses and (b) efficiency at the rated load as a function of the stator tooth inner
width bds, where PCu are the copper losses, PFe are the laminated stator iron losses, and Prot are
the eddy-current losses in the solid rotor.

Table 3.2 shows the electromagnetic losses of the machine for bds = bds1

and bds = 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 Hc (A/m) 708 50
Electrical resistivity ρ (µΩm) 60 42
Lamination thickness d (mm) 1.0 0.5
Density ρ (kg/m3) 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 bds = bds1

and bds = 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 bds = bds1 and bds = 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 bds = bds1 and bds = 19 mm.

Parameter bds = bds1 bds = 19 mm
Stator hysteresis loss1 (W) 234.1 235.3
Stator eddy-current loss1 (W) 3.6 3.5
Rotor losses1 (W) 1.9 2.6
PM eddy-current loss1 (W) 0.54 0.55
Stator winding losses2 (W) 342.0 291.0
Stator hysteresis loss2 (W) 247.9 249.2
Stator eddy-current loss2 (W) 3.8 3.7
Rotor losses2 (W) 13.0 16.0
PM eddy-current loss2 (W) 0.59 0.59
1Is = 0 Arms, 80 r/min
2Is = IsN, 80 r/min

Table 3.3: Stator hysteresis torque for bds = bds1 and bds = 19 mm.

Condition bds = bds1 bds = 19 mm
Is = 0 Arms, n = 80 r/min 27.9 Nm 28.1 Nm
Is = IsN, 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) bds = bds1 and (b) bds = 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 6th-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 1-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 mm2). 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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PVC Insulated
Wire
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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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(a) (b)

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 r/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 id = 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 4.9: (a) Simulated and (b) measured efficiency maps.

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
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
(∼ 1.7 T).

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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[126] D. Kowal, P. Sergeant, L. Dupré, and L. Vandenbossche, “Comparison of Iron
Loss Models for Electrical Machines With Different Frequency Domain and Time
Domain Methods for Excess Loss Prediction,” IEEE Transactions on Magnetics,
vol. 51, no. 1, pp. 1–10, 2015.

[127] R. Du and P. Robertson, “Dynamic Jiles–Atherton Model for Determining the
Magnetic Power Loss at High Frequency in Permanent Magnet Machines,” IEEE
Transactions on Magnetics, vol. 51, no. 6, pp. 1–10, 2015.

[128] S. Hussain and D. A. Lowther, “The Modified Jiles–Atherton Model for the
Accurate Prediction of Iron Losses,” IEEE Transactions on Magnetics, vol. 53,
no. 6, pp. 1–4, 2017.

[129] J. Lee, Y. Kim, S. Rhyu, I. Jung, S. Chai, and J. Hong, “Hysteresis Torque
Analysis of Permanent Magnet Motors Using Preisach Model,” IEEE Transactions
on Magnetics, vol. 48, no. 2, pp. 935–938, 2012.

[130] S. Hwang, M. Lim, and J. Hong, “Hysteresis Torque Estimation Method
Based on Iron-Loss Analysis for Permanent Magnet Synchronous Motor,” IEEE
Transactions on Magnetics, vol. 52, no. 7, pp. 1–4, 2016.

[131] H. V. Xuan, D. Lahaye, H. Polinder, and J. A. Ferreira, “Influence of Stator
Slotting on the Performance of Permanent-Magnet Machines With Concentrated
Windings,” IEEE Transactions on Magnetics, vol. 49, no. 2, pp. 929–938, 2013.

[132] A. Masmoudi and A. Masmoudi, “3-D Analytical Model With the End Effect
Dedicated to the Prediction of PM Eddy-Current Loss in FSPMMs,” IEEE
Transactions on Magnetics, vol. 51, no. 4, pp. 1–11, 2015.

[133] Modelica Association, “M400 50a,” Accessed Apr. 13, 2021. [Online]. Available:
https://doc.modelica.org/Modelica3.2.3/Resources/helpWSM/Modelica/Modelica.
Magnetic.FluxTubes.Material.HysteresisTableData.M400 50A.html



References 103

[134] Norddeutsche Seekabelwerke GmbH & Co. KG. ”Plastic-Insulated Winding
Wires”, Nov, 2001. [Online]. Available: http://stenbacka.swg.kotisivustot.fi/
wp-content/uploads/sites/3/2016/07/muovieristetyt kaamilangat.pdf





Publication I

Hoffer A. E., Tapia J. A., Petrov I., and Pyrhönen J.

Design of a Stainless Core Submersible Permanent Magnet Generator for 
Tidal Energy

Reprinted with permission from
IECON 2019 - 45th Annual Conference of the IEEE Industrial Electronics 

Society,
pp. 1010-1015, 2019

© 2019, IEEE.





Design of a Stainless Core Submersible Permanent
Magnet Generator for Tidal Energy

Alvaro E. Hoffer, Juan A. Tapia
Department of Electrical Engineering

University of Concepción
Concepción, Chile

ahoffer@udec.cl, juan.tapia@udec.cl

Ilya Petrov, Juha Pyrhönen
Electrical Engineering Department

LUT University
Lappeenranta, Finland

ilya.petrov@lut.fi, juha.pyrhonen@lut.fi

Abstract—A novel stainless core and submersible permanent
magnet synchronous generator (PMSG) for tidal energy is inves-
tigated in this paper. The materials to be used must be resistant
to marine environments. Therefore, there are two alternatives:
using stainless magnetic materials and non-corrosion resistant
materials can be used by protecting them by coating. The two
alternatives are studied. Non-isotropic stator teeth width are
investigated. This type of asymmetry consists of varying the
distance of the slots of the same phase, keeping the slot width
constant. This is achieved since each group of slots of the same
phase are in parallel. Therefore, by modifying the arrangement
of the stator slots, the magnetic circuit is modified, which allows
adjusting the electrical parameters of the generator without
changing its size. A hysteresis torque analysis is presented due
to the magnetic materials used. A 1.7 kW, 80 rpm, prototype
machine with 24 slots and 20 poles is proposed. Simulations by
FEA are presented.

Index Terms—electric machines, finite element analysis, per-
manent magnet generators, rotating machines.

I. INTRODUCTION

Over recent years, researchers and companies have devel-
oped and researched marine energy converters (MEC) [1].
This is due, in part, to the great potential of marine energy.
Marine energy includes different forms of energy, such as tidal
energy, which is coming from the movement of seawater due
to marine currents. Tidal energy is highly predictable energy,
due to the joint actions of the Sun, the Moon, and the Earth,
causing the sea to move regularly in vertical and horizontal
directions. Being the seawater a much denser than air, the fluid
movement contains much energy stored. On the other hand,
the seawater speed is generally low (about 2 m/s or less) [2].
As a result, tidal energy is characterized by high power density
and low speed. However, despite having a high-energy density
involved, it means a challenge for the design of the electric
generator.

The way to capture the tidal energy is by using a turbine,
converting the kinetic energy of the tidal current into me-
chanical energy, in the same way as a wind turbine that uses
the movement of air [3]. However, the generation system is
immersed in seawater during operation, which means that its

This work was supported in part by LUT University, Finland, in part by
the Comisión Nacional de Investigación Cientı́fica y Tecnológica (CONICYT),
Chile through Project Fondecyt 1171508, and in part by CONICYT, Chile by
CONICYT/National scholarship/2016–21161485.

Stator core

Rotor core

Single-layer coil

Permanent
magnets

Rotor cover

Fig. 1. Permanent magnet synchronous generator.

parts must be resistant to the marine environment. This implies
that the materials to be used must be corrosion resistant. Iron
(Fe) alloys are the most widely used magnetic materials in
electrical machines [4], but Fe is strongly corrosive in marine
environments. Thus, it is necessary to look for alternatives to
solve the problem. There are basically two alternatives: 1) how
to use stainless magnetic materials in electrical machinery, or
2) how to use protected non-stainless magnetic materials.

Permanent magnet synchronous machines (PMSM) are ex-
tensively used in various applications, because of their ad-
vantages such as high efficiency, high power density, and
low maintenance cost [5]. Also, PMSM can operate a wide
speed range of constant power [6]. The mentioned advantages
make the PMSM a highly attractive candidate for direct-
drive applications, increases the reliability and efficiency of
the system. For these reasons, the PMSM is becoming the
most robust option to use as a generator for tidal energy
applications.

The objective of this study is to design a stainless steel based
core submersible permanent magnet synchronous generator
(PMSG) for harvesting the tidal energy. The designed PMSG is
shown in Fig. 1. The paper is organized as follows: Section II
presents the hydrokinetic turbine model. Section III shows the
design process of a tidal energy generator. Section IV presents
the methodology of generator design (rotor and stator design,
and consideration). Sections V and VI describe the proposed
generator, and the use of finite element analysis (FEA) to
evaluate the performance of the proposed generator. Non-
Isotropic stator teeth are performed. This allows an analysis
fine of the generator’s electrical parameters without changing
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Fig. 2. Illustration of the optimal design point for an ideal coupling between
the electric generator and the hydrokinetic turbine. a) Power transferred by
the turbine as a function of the mechanical speed, and b) mechanical torque
developed by the turbine.

its size. A hysteresis torque analysis is presented due to the
magnetic materials used. Finally, the conclusions are given in
Section VII.

II. HYDROKINECTIC TURBINE MODEL

Current energy conversion systems mainly have a turbine
rotating around a horizontal or vertical shaft by the effects of
the hydrodynamic forces generated by the free stream. Hence,
the generator operates with a power source (turbine rotor) that
supplies a fluctuating mechanical power (variable load cycle).
According to the aerodynamic model of a hydrokinetic turbine,
the mechanical power that can be captured from the tides with
a turbine is expressed as [3],

Pm =
1

2
ρwaterCp (λ, β)Sdvwater

3 (1)

where, ρwater: water mass density, Cp: turbine power coeffi-
cient, Sd: turbine sweep area and vwater: water speed. Turbine
power coefficient Cp is defined as the ratio of the extractable
power to the kinetic power available in the stream and is
determined by the turbine geometry and the characteristics of
the fluid. Note that Cp depends on the tip speed ratio λ and
the blade pitch angle β. The tip speed ratio is given by (2).

λ =
Rωm

Vwater
(2)

where, R: turbine radius and ωm: turbine mechanical speed.
Equation (1) exposes that the power coefficient Cp and turbine
sweep area affect the power generated and depend exclusively
on the mechanical converter (turbine). For hydrokinetic tur-
bines, Cp reaches a range of 0.35 to 0.5 [7]. The water density
is 1000 times the air density. However, the water speed can be
5 times lower than wind speed and, it depends on the location
[2]. As a result, the generator to be designed must operate at
high torque and low speed.

To estimate the turbine size, it is necessary to identify the
average marine currents speed where it will be installed. Also,
it is required to know the average power to extract. Therefore,
the MECs should not be projected without making assessments
based on the location (speeds, water density, availability fac-
tor). Then, the electric generator must be matching with the
turbine, according to the torque and power as a function of

speed (optimal design point) as shown in Fig. 2. The proper
matching of the turbine and the generator characteristics is
needed for proper sizing of the elements (avoiding oversized
or undersized system), and thus achieve high efficiency and
reliability of the system.

III. DESIGN PROCESS OF A TIDAL ENERGY GENERATOR

Direct drive technology is considered for the design process.
The mechanical power captured from the water is transmitted
directly to the hydraulic turbine, which determines the dimen-
sions of the machine. The force acting per unit of surface area
in the air gap, or also known as tangential stress, is given by
the expression,

σtan =
1

2
ÂB̂g cos (γ) (3)

where, Â: amplitude of the fundamental component of the
linear current density, B̂g: amplitude of the fundamental
component of the air gap flux density, and γ: angle between
the distribution of B̂g and Â. Note that the skewing reduces
the tangential stress value that was originally estimated by
skewing winding factor.

In principle, the same tangential stress value can be reached
using different variation of the flux density and linear current
density values. Therefore, there is a wide range of machines
possible to design. However, the maximum achievable tan-
gential stress depends mainly on the cooling condition, where
saturation limits the air gap flux density, and heat dissipation
limits the linear current density. The average temperature of
the ocean surface waters is about 17 °C, but the seawater
temperature decreases as the depth increases [8]. Thus, con-
sidering the low seawater temperature and, the fact that the
generator is submerged in the sea, the operating temperature
of the machine will be probably lower than the normal
operating temperature of standard industrial motor. Therefore,
the current density can be increased because water flowing
through the air gap will have a positive influence on the
thermal behavior of the machine. The electromagnetic torque
of the rotor volume may be solved as [9],

Te = 2σtanVr ≈ σtanπ

(
Dr

2
+ hPM

)2

l′ (4)

where, Dr: outer rotor diameter, hPM: permanent magnet
height, Vr: rotor volume and, l′: rotor equivalent length.
Equation (4) defines the size of the rotor.

IV. METHODOLOGY OF DESIGN

In this section, the design methodology of the electric
generator for tidal energy is described. On one side, the
characteristics of the generator must be: 1) easy manufacture;
2) corrosion-resistant and; 3) fault-tolerant. On the other hand,
the imposed restrictions of the problem are the stator outer
diameter and stator equivalent length. Besides, the machine
must be radial flux topology.

The general design methodology is shown below,
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Fig. 3. Proposed rotor cover.

• First, the available materials are investigated. In addition,
the materials that are used must be tolerant to marine
environments. If this condition is not satisfied with the
materials investigated, they must be protected by a coat-
ing.

• Later, the hydrokinetic turbine is chosen or designed
according to a specific mechanical power (input-generator
power) and seawater speed.

• After that, preliminary electrical parameters are obtained,
and boundary conditions are imposed.

• Next, the initial geometric parameters are obtained
through the magnetic and electrical loading of the ma-
chine [9], from the preliminary electrical parameters. It
is necessary to give a tangential stress value depending
on the generator cooling system and the materials that
will be used. The rotor and stator design are considered.
The magnetic characteristics of the materials involved are
required.

• Finally, the main geometric parameters obtained are ver-
ified by FEA.

The rotor and stator design are deepened in the following
paragraphs.

A. Rotor Design

The rotor design consists of choosing the number of poles
pairs, the permanent magnets, and the rotor core materials.
By the application, a high number of poles must be chosen.
However, a high number of poles increase PM leakage through
the relatively large air gap. Then, this must be present in the
slot/pole combination to obtain the lowest leakage flux.

To maximize the specific power of the generator,
Neodymium-iron-boron (Nd-Fe-B) magnets are chosen. Its
magnetic characteristics are shown in [10]. However, due to
their high iron content, they tend to be vulnerable to corrosion
[11]. The risk of being exposed to seawater is that its magnetic
properties vanish. Therefore, it is chosen to protect the Nd-
Fe-B magnets using a cover. The resin-impregnated fiberglass
material is used as a cover. The rotor cover is part of the air
gap, as seen in Fig. 3. The material used is characterized by
having a high electrical resistivity, good mechanical strength,
and non-magnetic properties. Thus, the rotor cover does not
affect the magnetic circuit. Therefore, the fiberglass plastic can
be a good material to protect the parts of the machine that may
be affected when they come into contact with water. Since the

yh
seD

db
sh

PMh
d1b

rD

sD

PMw

riD

sb

Fig. 4. Geometric structure of surface mounted PMSG proposed.

rotor can be protected by a cover, there is flexibility in using
traditional materials in the rotor core.

B. Stator Design

The stator design consists of choosing the number of slots,
the stator winding type, the stator core material, and the
wire type. A single-layer tooth-coil (TC) winding with open
slots structure is selected. This type of winding is considered
easy to manufacture. However, the slot/pole combination must
be chosen carefully, considering the feasibility, the winding
factor, the harmonic air-gap leakage factor, and the mutual
coupling factor [12].

To enable easy single-layer winding applying pre-wound
winding coils, the stator geometry will be not symmetrical
as shown in Fig. 4. The stator non-isotropic (unequal teeth
width) can vary the electrical generator parameters without
changing its size, i.e., adjust the induced back-EMF and
the electromagnetic torque. This is checked in the following
sections.

As the generator will be submerged in seawater, the stator
core and the wire type must be corrosion resistant. Then,
the stator core material to be chosen must be stainless steel.
On one side, to select the magnetic core for an electric
machine, the following characteristics should be considered:
high magnetic saturation, high permeability, and low magnetic
losses. According to [13], ferritic stainless steels have the
most suitable properties for magnetic core in electric machines
among other stainless steels. However, the magnetization curve
of the ferritic stainless steels is still somehow worse than the
one in the traditional electric steels. Therefore, it is necessary
to obtain and apply the actual magnetization curve of the
selected material in the following estimations of the motor
properties. In according with [14], the material lamination of
the ferritic stainless steels can be realized.

On the other hand, the wire type requires high-quality
insulation that is entirely impermeable to the environment.
Enameled wire with special protection, i.e., polyvinyl chloride
coating (PVC) wire could be an option. However, the PVC
wire offers a low fill factor in the stator slot, affecting the
linear current density A.

C. Other Considerations

The cogging torque in the PMSM is mainly due to the
interaction between the permanent magnets of the rotor and the
stator teeth [15]. This effect is not present when the stator teeth
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Fig. 5. Stepped skewing (2 steps) of the permanent magnets layers in the
rotor along axial length.

TABLE I
GENERATOR PARAMETERS

Symbol Parameter Value Unit
nN Rated speed 80 rpm
PN Rated mechanical power 1700 W
TN Rated torque 202 Nm
EPM Rated phase back-EMF (at no load) 75 Vrms
IsN Rated stator phase supply current 9.4 Arms
Qs Number of stator slots 24 -
p Number of pole-pairs 10 -
Nph Stator coil-turns per phase 60 -
Br Permanent magnet remanence 1.3 T
l′ Stator stack iron length 300 mm
Dse Stator stack iron outer diameter 369.9 mm
Ds Stator stack iron inner diameter 222.1 mm
hs Slot height 54 mm
bd Inner stator tooth width 19 mm
bs Inner stator slot width 14 mm
Dr Rotor yoke outer diameter 197.1 mm
Dri Rotor yoke inner diameter 170 mm
hPM Permanent magnet height 9 mm
wPM Permanent magnet width 27.4 mm

are closed. However, according to the stator design mentioned,
this is not the case (stator with open slots). Therefore, the
cogging torque component will appear. Stepped PM skew in
the rotor can be chosen for its simplicity. Since the model of
the machine becomes more complex, it is necessary to use
FEA to predict the performance of the generator.

V. PROPOSED GENERATOR

A PMSG single-layer tooth-coil winding with 24 slots and
20 poles is investigated. The machine was designed for low
power and speed (1.7 kW, 80 rpm). Since a large number
of poles, a higher winding factor and a lower harmonic
air-gap leakage factor are required, the mentioned slot/pole
combination is chosen. Also, this combination presents a low
mutual coupling factor value, which is attractive from the
point of view of fault tolerance of a machine [12]. The main
parameters of the generator are listed in Table I.

Stepped skewing in the rotor was considered with 2 steps
(see Fig. 5). The selection of 2-step-skewing by the aim
to eliminate only one cogging torque harmonic component,
because there are no other significant cogging torque harmonic
components in the original cogging torque waveform. In the
case of 2-step-skewing one rotor part generates this cogging
torque component and another part generates the same cogging

Fig. 6. Magnetization curve of Stainless Steel grade 430; Coercive force Hc

= 708 A/m, magnetic saturation Bs = 1.66 T, maximum permeability µr,max

= 250.

torque component but shifted by 180 degrees. In this case, they
eliminate each other.

The stator core material chosen is Stainless steel grade 430
(SS 430), and the rotor core material is High-permeability
construction steel Fe52. SS 430 is chosen for being ferritic
steel, resistant to corrosion and market availability. The mag-
netization curve for SS 430 is obtained from the experimental
test and is shown in Fig. 6. The sheet laminations considered
for both materials is 1 mm.

As mentioned in the previous section, the PM material cho-
sen is Nd-Fe-B, due to its magnetic characteristics. The magnet
is divided into 4 pieces per pole to reduce eddy currents losses.
The material chosen to protect the rotor materials (rotor core
and PM) is resin-impregnated fiberglass. The wire used is PVC
cable with a solid conductor, the external diameter of 3.1 mm,
the copper diameter of 2.0 mm, and the copper cross-section
area of 3.14 mm2.

The inner stator width tooth bd was adjusted, in such a way
as to obtain the induced voltage and load torque desired at
rated speed. This is discussed in the next section.

VI. FINITE ELEMENT ANALYSIS

To verify the behavior of the generator, a 2-D/Skew FEA
was carried out using the commercial package FLUX by Altair.

A. Non-isotropic stator teeth analysis

In order to vary the electrical generator parameters, the inner
stator width tooth is adjusted as seen in Fig. 7. Since a group
of slots are in parallel, it is possible to vary the inner stator
width tooth bd, and the neighboring tooth is modified keeping
the slot width constant.

Dynamic and static simulations were performed to obtain
the induced voltage (no load) and the nominal torque as a
function of bd. The induced voltage for different values of bd
were obtained, as shown in Fig. 8. Note that by increasing
the value of bd, the fundamental harmonic voltage as the third
harmonic increase.

The induced voltage (rated speed nN) as a function of bd
is seen in Fig. 9. Note that there is only a single bd value to
achieve the desired rms induced voltage value. However, due
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Fig. 7. Inner stator width tooth bd adjustment. The slot width bs is kept
constant.

Fig. 8. Induced voltage computed and harmonic spectrum for bd equals 10,
15, 17 and 24 mm.

Fig. 9. Induced voltage as a function of bd.

to the restrictions imposed, it is not possible to make modifi-
cations to the machine size. The load torque (for different rms
sinusoidal current values) as a function of bd is seen in Fig. 10.
Note that it is possible to adjust the current of the machine to
achieve the desired torque value. Then, as mentioned earlier, it

Fig. 10. Load torque as a function of bd.

a) b)

c)

Fig. 11. Flux density distribution at maximum value back- EMF no-load
when a) bd equal 10 mm, b) bd equal 17 mm and c) bd equal 24 mm.

is possible to fine-tune the desired electrical parameters. The
bd value chosen is 19 mm, reaching an induced voltage of 75
Vrms at 80 rpm and a load torque of 205 Nm at 9.4 Arms.

Flux density distribution at maximum value back-EMF (no
load) for different values of bd is seen in Fig. 11. As can
be seen, the saturation levels of the stator core are increased
in some areas. Further, by increasing the bd value, more flux
lines are crossing the air-gap. This would explain the increase
in induced voltage and load torque, as shown in Fig. 9 and
Fig. 10.

B. Hysteresis Torque and Efficiency

Hysteresis losses produce an opposite torque against rota-
tion direction and is called hysteresis torque. This phenomenon
depends on the loop area SBH or coercive force Hc of the
magnetic material [16]. Generally, the hysteresis torque does
not have much relevance because the traditional soft magnetic
materials that are used in electrical machines have a coercive
force of 10 - 100 A/m [17]. However, magnetic stainless steels
are characterized by high coercive force [13]. This can be
observed in the hysteresis loop, as seen in Fig. 6.

On the other hand, if only the B-H curve of the material
is used in FEA (neglecting the hysteresis loop), the hysteresis
torque does not appear in the simulations. One of the ways
to include this effect in FEA is to use the Jiles–Atherton
model. This model of magnetic hysteresis is used to calculate
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TABLE II
GENERATOR LOSSES AT RATED POINT

Parameter Value Unit
Copper Losses 300 W

Stator Iron Losses 285 W
Rotor Iron Losses 47 W

PM Losses 7 W
Extra Losses 34 W
Total Losses 673 W

Efficiency 0.72 -

minor and major hysteresis loops from physical parameters of
isotropic magnetic materials [18].

Dynamic simulations were performed to obtain the hys-
teresis torque at any speed (no-load). It was found that the
hysteresis torque is constant and has a value of approximately
28 Nm. Furthermore, the hysteresis torque does not depend on
the current in the generator [19]. On the other hand, being a
resistive torque, it tends to slow down the machine. Therefore,
the nominal load torque must compensate for this effect, that
is, increase the desired load torque value. Also, the generator
efficiency is diminished if the detent torque is considered,
since the power due to the phenomenon, depends on the speed.

Table II shows the loss distribution computed at the rated
point (TN, nN). As a result, the generator efficiency is approx-
imately 72%. The efficiency value is relatively low; however,
the designed machine complies with the restrictions and the
imposed characteristics. Then, the designed generator can be
considered functional for the desired application.

VII. CONCLUSION

This paper has presented a novel submersible permanent
magnet generator for tidal energy. It has been shown that it
is possible to design a generator for marine energies, taking
into consideration the model of the turbine and the restrictions
that are imposed. On the other hand, since the generator is
immersed in seawater, the search for materials that provide
good electrical and magnetic behavior is a challenge.

In addition, depending on the location, the characteristics of
seawater vary. Therefore, choosing the appropriate materials is
a challenge and depends on several factors. Generator design
requirements, operating conditions, availability of materials,
and costs are some of the factors to be taken into consideration.
Ferritic stainless steels are a good choice because they are
resistant to corrosion, good magnetic properties in comparison
to those of other groups of stainless steels and their market
availability. However, due to its high coercive force, it presents
a non-negligible hysteresis torque. In the case of not using
corrosion-resistant materials for different reasons such as
limitations of stainless materials due to their low magnetic
characteristics, it is possible to protect them with a coating
but with a penalty of less reliable overall stator construction
always having a risk of cover failure over the time.

Non-isotropic stator teeth were investigated. This type of
asymmetry consists of varying the distance of the slots of the
same phase, keeping the slot width constant. This is achieved
since each group of slots of the same phase are in parallel.

Therefore, by modifying the arrangement of the stator slots,
the magnetic circuit is modified, which allows adjusting the
electrical parameters of the generator without changing its size.
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Electrical Machines. Wiley.

[10] Sekerak, P., Hrabovcova, V., Pyrhönen, J., Kalamen, L., Rafajdus, P.,
and Onufer, M. (2013). Comparison of Synchronous Motors With
Different Permanent Magnet and Winding Types. IEEE Transactions on
Magnetics, 49(3), 1256–1263.

[11] Drak, M., and Dobrzanski, L. A. (2007). Corrosion of Nd-Fe-B perma-
nent magnets. Journal of Achievements in Materials and Manufacturing
Engineering, 20(1–2), 239–242.

[12] Ponomarev, P., Alexandrova, Y., Petrov, I., Lindh, P., Lomonova, E., and
Pyrhonen, J. (2014). Inductance Calculation of Tooth-Coil Permanent-
Magnet Synchronous Machines. IEEE Transactions on Industrial Elec-
tronics, 61(11), 5966–5973.

[13] Oxley, P., Goodell, J., and Molt, R. (2009). Magnetic properties of stain-
less steels at room and cryogenic temperatures. Journal of Magnetism
and Magnetic Materials, 321(14), 2107–2114.

[14] Atlas Steel (2013). Stainless Steel Grade Datasheets.
[15] Islam, R., Husain, I., Fardoun, A., and McLaughlin, K. (2009).

Permanent-Magnet Synchronous Motor Magnet Designs With Skewing
for Torque Ripple and Cogging Torque Reduction. IEEE Transactions
on Industry Applications, 45(1), 152–160.

[16] Li, Y. B., Niu, S., Ho, S. L., Li, Y., and Fu, W. N. (2011). Hysteresis
Effects of Laminated Steel Materials on Detent Torque in Permanent
Magnet Motors. IEEE Transactions on Magnetics, 47(10), 3594–3597.

[17] Krings, A., Boglietti, A., Cavagnino, A., and Sprague, S. (2017).
Soft Magnetic Material Status and Trends in Electric Machines. IEEE
Transactions on Industrial Electronics, 64(3), 2405–2414.

[18] Jiles, D. C., and Atherton, D. L. (1986). Theory of ferromagnetic
hysteresis. Journal of Magnetism and Magnetic Materials, 61(1–2),
48–60.

[19] Jeong-Jong Lee, Baik-Kee Song, Sung-Il Kim, and Jung-Pyo Hong.
(2010). A method to estimate hysteresis torque using core loss. Digests
of the 2010 14th Biennial IEEE Conference on Electromagnetic Field
Computation, 1–1.

1015



Publication II

Hoffer A. E., Tapia J. A., Petrov I., Pyrhönen J. J., and Bramerdorfer G. 

Analysis of a Tooth-Coil Winding Permanent-Magnet Synchronous Machine 
With an Unequal Teeth Width

Reprinted with permission from
IEEE Access,

Vol. 8, pp. 71512-71524, 2020
© 2020, IEEE.





Received April 1, 2020, accepted April 11, 2020, date of publication April 14, 2020, date of current version April 29, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.2987872

Analysis of a Tooth-Coil Winding
Permanent-Magnet Synchronous Machine With
an Unequal Teeth Width
ALVARO E. HOFFER 1,2, (Student Member, IEEE), ILYA PETROV 2,
JUHA J. PYRHÖNEN 2, (Senior Member, IEEE), JUAN A. TAPIA 1, (Senior Member, IEEE),
AND GERD BRAMERDORFER 3, (Senior Member, IEEE)
1Department of Electrical Engineering, University of Concepción, Concepción 4070386, Chile
2Department of Electrical Engineering, LUT University, 53851 Lappeenranta, Finland
3Department of Electrical Drives and Power Electronics, Johannes Kepler University Linz, 4040 Linz, Austria

Corresponding author: Alvaro E. Hoffer (ahoffer@udec.cl)

This work was supported in part by the LUT University, Finland, and in part by the Comisión Nacional de Investigación Cientifíca y
Tecnológica (CONICYT), Chile through Project Fondecyt, under Grant 1171508.

ABSTRACT This paper presents an analysis of a permanent magnet synchronous machine (PMSM) with
an unequal teeth width. The use of the concentrated nonoverlapping winding, also known as tooth-coil
winding, has certain advantages. In addition, asymmetric features can be exploited by adopting this winding
configuration to improve the machine performance. The procedure involves increasing the stator tooth
width and, to the same extent, reducing the adjacent stator tooth width. In this paper, an analytical method
was employed to predict and understand the back-EMF behavior, and a finite element analysis (FEA)
was performed to verify the analytical method. Furthermore, a detailed study of the machine performance
(electromagnetic torque, flux density, and losses) was carried out by the FEA. The machine was built and
tested to validate the performance of the machine.

INDEX TERMS Analytical analysis, asymmetrical stator, finite element analysis, permanent magnet,
permanent magnet machine, tooth-coil winding.

NOMENCLATURE
α Mechanical position.
β Electrical position.
� Mechanical angular speed.
2p Number of poles.
Qs Number of slots.
v, v1, v2 -th harmonic number.
q Number of slots per pole and phase.
CT Goodness factor (related to cogging torque).
GCD Greatest common divisor.
LCM Least common multiple.

I. INTRODUCTION
Permanent magnet synchronous machines provide certain
advantages over other traditional machines because of their

The associate editor coordinating the review of this manuscript and

approving it for publication was Su Yan .

high torque/volume ratio, high power factor, and high
efficiency [1], [2]. Depending on the type of winding,
PMSMs exhibit different characteristics. Themost commonly
used winding types in PMSMs are nonoverlapping concen-
trated windings (CW) and distributed windings (DW) [3].
Distributed windings are characterized by producing a close
to sinusoidal current linkage (or magnetomotive force) wave-
form yet avoiding significant current linkage low-order har-
monic components because of the consequent distribution
of the coils along the stator periphery (q ≥ 1). In contrast,
concentrated windings, also known as tooth-coil windings
(TCW), have high contents of space harmonics (often includ-
ing significant subharmonics) in the current linkage wave-
form, with a highly nonsinusoidal shape [4], [5]. However,
the TCW presents various advantages such as a higher power
density, excellent fault tolerance (the contact between con-
ductors of different phases is reduced or even eliminated) and
easier manufacture [3], [6]. Moreover, the amount of copper
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used in the end winding is reduced because of its short length,
which means a reduction in the winding Joule losses and
the machine weight [7]. Therefore, the TCW has significant
advantages, which makes it suitable for various applications,
particularly in power generators, owing to the great benefits
in electrical insulation [8].
Asymmetric features can be exploited by adopting the

TCW configuration to improve the machine performance.
In [9], it is shown that the back-EMF and the electromag-
netic torque can be maximized by employing an unequal
teeth width in nonoverlapping CW permanent magnet (PM)
brushless machines. According to [9], by increasing the width
of the stator teeth that carry a coil, the flux linkage can be
maximized. The maximum value of flux linkage is achieved
when the coil pitch is equal to the pole pitch. In addition,
it is possible to reduce the torque ripple. However, the anal-
ysis is limited to machines with small tooth-tips or closed
slots.
A novel technique to minimize the torque ripple in a rotor

surface PMSM and interior PMSM was investigated in [10].
In the paper, it was stated that the unbalanced flux density
of the teeth results in some high-order harmonics of the
torque ripple. It was proposed that these harmonics can be
minimized by employing an unequal teeth width. However,
the method is limited to a single operating point. In [11],
it was reported that TCW PMSMs have a strong magnetic
saturation as a result of the interaction of the armature and
PM reaction fluxes, which has a significant impact on the
torque quality and leads to a nonsymmetric flux distribu-
tion. Asymmetries in the rotor pole (slit implementation) and
asymmetries in the stator teeth were investigated in order to
decrease the local magnetic saturation and enhance the torque
characteristics.
A new asymmetrical rotor hybrid CW PMSM with

enhanced torque performance was presented in [12]. It was
proposed to modify the rotor structure of a conventional sym-
metrical rotor hybrid spoke-type PM motor by asymmetric
positioning of the upper part of the PMs to improve torque
production. The main idea of the study 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. The machine was investigated
by the finite element analysis (FEA), achieving satisfactory
results.
In [13], a 12-slot 10-pole PMSM 4-layer winding having

coils with different numbers of turns was introduced. The
total number of conductors per slot was kept constant to have
an invariant slot space factor. Asymmetry allows improving
the air gap flux density waveform, canceling lowest-order
subharmonics, which could lead to an improvement in the
machine performance.
In [14], a modular machine with an unequal teeth width

was proposed. A machine of this kind employs CW, and it
consists of independent modules with single-layer winding.
It was found that flux gaps (air gaps between modules) and
an unequal teeth width improve the air gap flux density.

Furthermore, the applied flux gaps between the segments can
improve the winding similarly to machines with an unequal
teeth width, as mentioned in [9]. However, the machine
performance can be degraded or improved according to the
slot/pole number combination by applying different flux gap
widths.
Numerous studies on the asymmetries in TCW PMSMs

suggest that there is a wide range of options to enhance
the machine performance. Furthermore, the asymmetries not
only aim to improve typical motor characteristics (such
as torque/power or back-EMF), but they can, for instance,
minimize the pulsating torque. However, to the authors’
knowledge, only a few studies have been reported in which
the effect of asymmetries has been analyzed by analyti-
cal methods. This is possibly due to the complexity of
the machine geometry that applies an asymmetric structure,
which complicates analytical approaches. However, under
certain assumptions, it is possible to predict and under-
stand the actual phenomena with analytical methods. Nev-
ertheless, the FEA is essential in the study, as it considers
the effects that are neglected in the simplified analytical
analysis.
This article proposes a comprehensive study about the

influence of the unequal teeth width on the air gap flux
density, the flux linkage, the back-EMF, the electromag-
netic torque, and the losses of the TCW PMSM. A different
approach to calculate the back-EMF in a TCW PMSM with
an unequal teeth width is presented. The proposed method
makes use of existing methods found in the literature such
as in [15]. The existing methods are focused on symmetric
machines. However, the proposed method takes into account
the effect of the unequal teeth width. Furthermore, the pro-
posed method incorporates the influence of the slotting effect
and the skewing, in contrast with the investigated in [9].
Finally, with the use of the proposed method it was possible
to discover in detail the base phenomena, which affected the
performance variation of the studied machine when going
to asymmetric stator structure. This helps in understanding
the extra optimization rules applied to TCW PMSM that
can further improve specific characteristics of the designed
machines.
The paper is organized as follows: First, the topology of the

proposed asymmetry is delineated along with its advantages,
and some characteristics to be taken into account to achieve a
better machine performance are presented. Next, the machine
under study is described. Then, the permeance distribution of
the machine is analyzed. The proposed method to obtain the
complex permeance distribution is verified by the FEA. After
that, the back-EMF is studied using the modified analytical
method and the FEA. The explanation of the variation in the
back-EMF when using an unequal teeth width is based on the
analytical results. An accurate study of the machine perfor-
mance (electromagnetic torque, flux density, and losses) is
carried out by the FEA. Finally, the machine is built, and an
experimental test is carried out to validate the performance of
the machine.
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FIGURE 1. Adjustment of the stator inner tooth width bds. The stator slot
width bs is kept constant.

II. TCW PMSM WITH AN UNEQUAL TEETH WIDTH
A. FEATURES OF TCW PMSM WITH AN UNEQUAL TEETH
WIDTH
The aim of using an unequal teeth width is to increase the
flux linkage and thus, enhance the torque capability and the
back-EMF. The procedure involves increasing the stator tooth
width and, to the same extent, reducing the adjacent stator
tooth width, as shown in Fig. 1. Because of the nonuniform
stator teeth, it is possible to use only a single-layer (SL)
winding. The advantage of employing the SL winding is
that the distribution factor is the maximum possible for that
number of slots per pole and phase, which means that the
winding factor is higher compared with a greater number
of winding layers if a three-phase system is applied [16].
According to Fig. 1, the coil pitch W depends on the stator
inner tooth width bds and the stator slot width bs (which is
kept constant). Therefore, the performance of the machine
is evaluated based on the width of the tooth that carries a
coil.

FIGURE 2. Geometric structure of the PMSM under study.

TABLE 1. Parameters of the PMSM.

Previous studies have investigated feasible pole/slot
number combinations for the TCW with q ≤ 0.5 [4].
In addition, the pole/slot combination should satisfy
GCD (Qs, p) > 1 to avoid unbalanced magnetic pull [3],
and CT =2 pQs/LCM (Qs, 2 p) must be low enough in
order to achieve a low inherent cogging torque [17]. Other
features to be considered are the mutual coupling factor and
the air gap harmonic leakage factor. The factors must be
small or negligible to ensure a fault-tolerant machine with
magnetically decoupled phases and a high performance [5].

B. MACHINE DESCRIPTION
The machine under study is a radial flux PMSM, which is
designed to be submersible in water. Themachine can operate
for instance as a pump motor or a generator for tidal energy
harvesting. The machine geometry is presented in Fig. 2.
The parameters and geometric dimensions of the submersible
PMSMdesign are listed in Table 1. The geometric parameters
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FIGURE 3. Stator slot geometry and teeth reluctances: (a) trapezoidal slot
and (b) rectangular slot. The trapezoidal teeth reluctance (b) is smaller
than the rectangular teeth reluctance (a).

are chosen based on the magnetic and the electric loading
of the machine. The value of the stator inner tooth width
bds is chosen to increase the back-EMF over the symmetric
machine without changing the external dimensions of the
machine and, keeping the machine losses at fair value. How-
ever, it is beyond the scope of this paper.
The structure comprises an inner rotor and an outer stator.

The PMs are mounted on the rotor surface, because 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 core surface. In order to reduce
the eddy-current losses in the PMs, each magnet block is
separated into four segments. The rotor is protected from the
water environment by a cover, as the PMs are vulnerable to
corrosion.
The PM material used in the construction is N45SH

NeodymiumMagnet with the remanent flux density of 1.36 T
at 20 ◦C, the relative permeability of 1.05, and the isotropic
resistivity of 180 × 10-8 � ·m at 20 ◦C. The rotor core is
made of construction steel S355 (also known as Fe52) as
it exhibits acceptable magnetic and mechanical properties.
Moreover, it has a relatively high electrical resistivity to
reduce the eddy-current losses in the rotor as a result of
the current linkage of the low-order harmonics when the
TCW with a single-layer approach is used [18]. The mate-
rial selected for the rotor cover is glass fibre composite
(GFC), because it has a high electrical resistivity and it is
nonmagnetic.
The stator is not protected by any cover because the

selected active materials in the stator are resistant to corro-
sion. The stator core is made of 430 stainless steel grade
(430SS). The 430SS is a ferritic stainless steel that has excel-
lent corrosion resistance and good magnetic properties (com-
pared with other stainless steel materials), along with accept-
able market availability. The isotropic resistivity of 430SS
is 60 × 10-8 � ·m at room temperature. Polyvinyl chlo-
ride (PVC) insulated wires with solid conductors are selected
as the winding material, because they provide high-quality
insulation and are entirely water-resistant.
The stator contains a three-phase winding held in place

in rectangular slots. The rectangular slot was chosen in

FIGURE 4. (a) Phase back-EMF and (b) cogging torque when using
trapezoidal and rectangular slots. FEA.

FIGURE 5. Flux density distribution under no-load when using
(a) trapezoidal slot and (b) rectangular slot. FEA.

comparison with the trapezoidal slot because it improves
the machine performance and enables easier manufacture
and assembly of the prewound coils. Fig. 3 shows the rect-
angular and trapezoidal slots and the equivalent magnetic
reluctance in the stator core. When the stator slot is rect-
angular, the magnetic reluctance of the trapezoidal tooth
is smaller than the magnetic reluctance of the rectangular
tooth. Therefore, the magnetic flux is slightly increased when
using rectangular slots, which indicates an increase in the
back-EMF, as shown in Fig. 4(a). Moreover, the cogging
torque is reduced by 40%, as it can be seen in Fig. 4(b).
The decrease in the magnetic saturation in the stator teeth
explains the reduction in the cogging torque, as seen in Fig. 5.
Despite the improvements in the rectangular slot, the peak-
to-peak value of the cogging torque still reaches 18% of
the rated torque, which supports the use of skewing for fur-
ther cogging torque reduction. The highest cogging torque
harmonic component of the nonskewed machine is of the
sixth order. Hence, to eliminate this particular harmonic,
a two-step rotor skewing with a shift of 30 electrical
degrees (3 mechanical degrees) between the magnet layers is
applied.

III. THE PERMEANCE DISTRIBUTION IN THE AIR GAP
The permeance distribution in the air gap of a TCW PMSM
with an unequal teeth width can be calculated to investigate
the behavior of the back-EMF and the electromagnetic torque
by varying the coil-carrying stator tooth width. The approach
to obtain the permeance distribution in the air gap for a
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FIGURE 6. Sequence of the estimation of the permeance distribution in
the air gap of a TCW PMSM with an unequal teeth width. The angle
ι = 360◦/

(
Qs/2

)
−W corresponds to the angular displacement between

two neighboring slots that carry different phase coils.

symmetric stator is described in [15]. The model is con-
structed by using a Schwarz-Christoffel transformation.
The assumptions applied in this method are the following:
(i) the permeability of iron is infinite, (ii) the stator slots
have an infinite depth, and (iii) the height of the core is
infinite.
The complex relative permeance distribution in the air gap

of a machine with a number of slots Qs can be expressed in
the form of a Fourier series as

λa (Dδ, α, α0) =

Nλ∑
v=0

λav (Dδ) cos (vQs (α − α0)) (1)

λb (Dδ, α, α0) =

Nλ∑
v=1

λbv (Dδ) sin (vQs (α − α0)) , (2)

whereDδ is the air gap diameter, α0 is the reference angle,Nλ
is the maximum order of the Fourier coefficients, and λav and
λbv are the real and imaginary parts of the Fourier coefficients
of the permeance function in the air gap with an equal teeth
width representing the amplitudes of the permeance harmon-
ics in the air gap. The coefficients are calculated from the
air gap permeance waveforms as described in [15] using a
discrete Fourier transform.
Sequence of the estimation of the permeance distribution

in the air gap of a TCWPMSMwith an unequal teeth width is
shown in Fig. 6. Diagram to obtain the permeance distribution
in the air gap of a TCWPMSMwith an unequal teeth width is
depicted in Fig. 7. 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 (Qs/2) shown
in Fig. 6(a) according to [15].

FIGURE 7. Diagram to obtain the permeance distribution in the air gap of
a TCW PMSM with an unequal teeth width.

2) Calculate the Fourier coefficients of the permeance
distribution in the air gap (λav and λbv) obtained for the
case Fig. 6(a).

3) With the calculated coefficients, obtain the com-
plex permeance distribution waveforms with reference
angles equal to α0 = −ι/2 and α0 = ι/2, which
refer to slot positions of Fig. 6(b) and (c), respectively.
The new permeance distribution waveforms have an
offset from the initial symmetric stator, specified 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.

4) Combining the Fourier coefficients of the waveforms
derived from Fig. 6(b, c), it is possible to find the
overall real and imaginary components of the new per-
meance distribution in the air gap of the machine under
study, which can be expressed as

λnew_a (Dδ, α) = λa
(
Dδ, α, α0 = −ι

/
2
)

×λa
(
Dδ, α, α0 = ι

/
2
)

(3)

λnew_b (Dδ, α) = λb
(
Dδ, α, α0 = −ι

/
2
)

+λb
(
Dδ, α, α0 = ι

/
2
)
. (4)

Equation (3) corresponds to the multiplication of
the real components of the permeance distributions
derived from Fig. 6(b, c), which are shifted by ι

from each other and (4) corresponds to the sum of
the imaginary components of the same permeance
distributions.

5) Calculate new Fourier coefficients (λnew_av and
λnew_bv) from the results obtained in the previous step
using a discrete Fourier transform. The waveforms can
be expressed in the form of a Fourier series as

λnew_a (Dδ, α) =

Nλ∑
v=0

λnew_av (Dδ) cos
(
v
Qs

4
α

)
(5)

λnew_b (Dδ, α) =

Nλ∑
v=1

λnew_bv (Dδ) cos
(
v
Qs

4
α

)
, (6)

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

The permeance distributions in the air gap calculated by
the analytical model and the FEA for bds = bds1 (symmetric
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FIGURE 8. Complex permeance distribution in the air gap of the
symmetric stator bds = bds1 and the asymmetric stator with
bds = 19 mm: (a) real part, (b) imaginary part, and (c) spectra.

stator) and the asymmetric stator (having bds = 19 mm)
are shown in Fig. 8(a) and Fig. 8(b), respectively. There is
a good agreement between both the analytical models and
the FEA results. The results show that the proposed method
allows obtaining the permeance distribution in the air gap
of TCW PMSMs with an unequal teeth width. It is pointed
out that adjusting the value of bds changes the spectrum of
permeances in which new harmonics appear or the value
of existing harmonics are modified, as shown in Fig. 8(c).
It influences the machine performance, as it will be shown in
the next sections.
The proposed method to obtain the permeance distribution

of a TCW PMSM with an unequal teeth width can be used
to calculate the back-EMF, the cogging torque, the electro-
magnetic torque, and related variables using the appropriate
analytical models available in the literature [9], [19]–[21].

IV. BACK-EMF CALCULATION
The normal component of the flux density distribution in the
slotted air gap induced only by PMs is given by

Bn (Dδ, α, t) = Bn_sl (Dδ, α, t) λnew_a (Dδ, α)

+Btan_sl (Dδ, α, t) λnew_b (Dδ, α) , (7)

where Bn_sl and Btan_sl are the radial and tangential compo-
nents of the flux density in the slotless air gap induced only
by PMs, calculated according to [15], respectively.
The flux linkage in the phase winding can be calculated as

ψph (t)

= Nphl ′
Dδ

2

W
2∫

−
W
2

Bn (Dδ, α, t) dα

=

∞∑
v1=1,3,5,...

Nphl ′
Dδ

2
ksqv1ksov1

{
2λnew_a0Bn_slv1

kpv1
v1p

+

Nλ∑
v2=1

(
Bn_slv1λnew_av2
−Bt_slv1λnew_bv2

)
·

sin
[(
v1p+ v2

Qs
4

)
W
2

]
v1p+ v2

Qs
4

+

Nλ∑
v2=1

(
Bn_slv1λnew_av2
+Bt_slv1λnew_bv2

)
·

sin
[(
v1p− v2

Qs
4

)
W
2

]
v1p− v2

Qs
4


· cos (v1p�t) , (8)

where λnew_a0 is the average of the complex permeance dis-
tribution, Nph is the number of turns per phase, l ′ is the stator
stack length, kpv is the pitch factor, ksqv is the skewing factor,
and ksov is the slot opening factor. The factor expressions are
described in Appendix A.
The back-EMF can be calculated from the derivative of the

flux linkage per pole as

eph (t)

= −
dψph (t)

dt

=

∞∑
v1=1,3,5,...

Nphl ′
Dδ

2
ksqv1ksov1�

{
2λnew_a0Bn_slv1kpv1

+

Nλ∑
v2=1

(
Bn_slv1λnew_av2
−Bt_slv1λnew_bv2

)
·

sin
[(
v1p+ v2

Qs
4

)
W
2

]
v1p+ v2

Qs
4

+

Nλ∑
v2=1

(
Bn_slv1λnew_av2
+Bt_slv1λnew_bv2

)
·

sin
[(
v1p− v2

Qs
4

)
W
2

]
v1p− v2

Qs
4


· sin (v1p�t) , (9)

Equation (8) can be divided into two parts. The first term
corresponds to the base magnetic flux and the second term to
an additional magnetic flux caused by the interaction between
the permeance distribution and the air gap flux density—the
sum of both magnetic flux components results in the main
magnetic flux.When the stator slots are closed, the imaginary
part of the complex permeance is neglected. As a result,
the normal component of the air gap flux density depends
only on the flux density induced by the PMs, and the flux
linkage per pole can be optimized based on the pitch factor.
When the stator slots are open, the average magnetic flux
is reduced because of the slotting effect. Despite this, it is
possible to enhance the flux linkage per pole owing to the
base magnetic flux and the additional magnetic flux.
Fig. 9 shows the waveforms of the air gap flux density for

different stator inner tooth widths bds (tooth containing the
coil). By increasing the value of bds, the integration area of the
magnetic flux increases, including a greater amount of mag-
netic flux. However, when the coil pitch is greater than the
pole pitch, the base magnetic flux is reduced because of the
opposite flux of the adjacent PM. Nevertheless, the additional
magnetic flux could mitigate the opposite flux, translating
the maximum value of the magnetic flux by a single tooth
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FIGURE 9. No-load 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 tooth widths: (a) bds = bds1,
(b) bds = 19 mm, (c) bds = 23 mm, (d) bds = 28 mm, and (e) spectra.
Calculated analytically.

predicted by the pitch factor (W = τp = 34 mm ⇒ bds =
20 mm).
Based on the above discussion, it is possible to enhance

the flux linkage per phase and the back-EMF by adjusting
the stator inner tooth width bds. The minimum and maximum
values of bds depend on the stator inner diameter, the stator
slot width, and the number of slots. However, it is necessary
to verify the performance of the machine for each case indi-
vidually.
The RMS back-EMF value as a function of the stator inner

tooth width bds at the rated speed is depicted in Fig. 10.
Based on the results, there is a good agreement between the
analytical model and the FEA when the core permeability
is assumed infinite. When the magnetic saturation is con-
sidered, the RMS back-EMF decays faster once it reaches
the maximum value (bds = 23 mm). It can be explained by
the nonlinear behavior of the magnetic core material. The
back-EMF can be adjusted at a higher value with respect
to the symmetric stator (bds = bds1). For bds = 19 mm,

FIGURE 10. RMS back-EMF value at the nominal speed calculated by
analytical and FEA models as a function of stator inner tooth width bds.

FIGURE 11. (a) Back-EMF waveforms at the nominal speed for different
stator inner tooth widths bds values and (b) their spectra. FEA.

the back-EMF increases approximately by 8% with respect
to the symmetric stator.
The back-EMF waveforms for different values of the sta-

tor inner tooth width bds at the rated speed computed by
the FEA are shown in Fig. 11. It should be noted that the
waveforms are symmetrical, even though the arrangement of
the slots is asymmetric. This could be explained by the use
of the theory of the star of slots [22]. The star of slots for
the combination of 24 slots and 20 poles for the symmetric
machine is shown in Fig. 12(a). In this case, the angle between
the phasors of two adjacent slots is the mechanical angle
αs (the electrical angle is denoted by αes = p · αs), and it
coincides with the coil pitch W as a result of the pole/slot
number combination. However, when choosing a value of bds
greater than the original value, the angle between the phasors
of the same coil αs1 is different from the angle between the
phasors of different coils αs2. Nevertheless, the sum of the αs1
and αs2 angles is constant and corresponds to 360◦/ (Qs/2),
which is equivalent to the angular displacement of two sta-
tor slot widths and the unequal teeth width. The resulting
star of slots for a value of bds greater than the original
value is shown in Fig. 12(b). The back-EMF of each coil
is represented by a phasor in the star of slots. The resulting
three-phase back-EMF phasor diagrams for bds = bds1 and
bds > bds1 are depicted in Fig. 12(c) and Fig. 12(d), respec-
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FIGURE 12. Star of slots of a three-phase 24-slot 20-pole machine for
(a) bds = bds1 and (b) bds > bds1. The resulting three-phase back-EMF
phasor diagram for (c) bds = bds1 and (d) bds > bds1.

tively, where the angles between the phases are 120 elec-
trical degrees. It can be seen that the angle between the
phasors of the different phases remains invariant in both
cases, which explains the symmetric back-EMF induced
waveforms.

V. TORQUE ANALYSIS
The influence of the unequal teeth width on the electromag-
netic torque (EM) of the machine under study is investi-
gated. In order to compare the electromagnetic torque for
the nonskewed and the two-step skewed rotor, stator current
maps were computed by the FEA as a function of the stator
inner tooth width bds and electromagnetic torque Tem as
shown in Fig. 13. The machine was driven with an id = 0
control. Based on the results, with the nonskewed machine,
it is possible to achieve higher values of electromagnetic
torque than with the skewed machine when applying the
same supply current. In both cases, by increasing the value
of bds for the same stator current, the electromagnetic torque
increases slightly until bds = 23 mm and then begins to
decrease because of the lower magnetic flux. Thereafter, it is
necessary to increase the stator current to reach similar torque
values. Thus, it is not advisable to choose values higher than
23 mm for bds, as it could reduce the torque capability and
the machine efficiency.
The cogging torque and the torque ripple for the

nonskewed and two-step skewing machines were evaluated
as a function of the stator inner tooth width bds as shown
in Fig. 14. In addition, the electromagnetic torque variation
for the symmetric stator (bds = bds1) and bds = 19 mm at
the rated current is shown in Fig. 15. The results in Fig. 14
indicate that the primary source of torque ripple is the cogging
torque. For the nonskewed machine, the high peak-to-peak

FIGURE 13. Stator current maps for (a) nonskewed rotor and (b) two-step
skewed rotor. FEA.

FIGURE 14. Cogging torque and torque ripple as a function of the stator
inner tooth width bds for: (a) nonskewed rotor and (b) two-step skewed
rotor. FEA.

values of the pulsating torque are explained by the asym-
metric stator structure, which makes it necessary to consider
the application of skew. The geometrical periodicity of the
asymmetric stator core is half that of the symmetrical stator
core. When two-step skewing is applied, the 6th harmonic
is reduced, as shown in Fig. 15. However, the higher order
torque ripple harmonics (e.g. 12th) are not eliminated. There-
fore, to eliminate higher order harmonics, it is necessary
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FIGURE 15. Electromagnetic torque variation over one electrical period:
(a) nonskewed rotor and (b) two-step skewed rotor. FEA.

FIGURE 16. Maximum flux density of the stator teeth as a function of the
stator inner tooth width bds. FEA.

to apply more skewing steps (which would make the rotor
assembly more difficult) or another skew angle, which would
not eliminate the strongest harmonic component (6th).

VI. ANALYSIS OF THE FLUX DENSITY AND MUTUAL
COUPLING BETWEEN PHASES
Fig. 16 shows the maximum flux density of the tooth that
carries a coil and a tooth that does not carry a coil as a function
of the stator inner tooth width bds when the machine operates
at the rated current and speed. It is pointed out that the flux
density values in the tooth that does not carry a coil are lower
than the flux density values in the tooth that carries a coil.
This is explained by the fact that the magnetic flux flows
through the tooth that carries a coil, after which it divides,
passing a part of the magnetic flux in the tooth that does not
carry a coil. It means that with an unequal teeth width in a
machine it is possible to achieve a better performance than
with a symmetric machine because of the lower magnetic
saturation. However, it is necessary to verify the flux density
variation of the stator teeth over one electrical period. Fig. 17
shows the waveforms of the flux density of the teeth and their
harmonic spectra for the symmetric stator (bds = bds1) and
bds = 19 mm. Furthermore, their flux density distributions
are shown in Fig. 18. The results show that the harmonic
content is low for both cases. The presence of high har-
monic content can be a restriction when choosing the value
of bds.

FIGURE 17. (a) Flux density variation of the stator teeth over one
electrical period and (b) their spectra. FEA.

FIGURE 18. Flux density distribution under load for (a) symmetric stator
(bds = bds1) and (b) asymmetric stator with bds = 19 mm. FEA.

FIGURE 19. Flux plot when only phase U is supplied for (a) symmetric
stator (bds = bds1) and (b) asymmetric stator with bds = 19 mm. FEA.

The mutual coupling between phases was verified for the
symmetric stator (bds = bds1) and bds = 19 mm. Because
of the slot/pole combination chosen, the mutual coupling
factor is zero [5], [22]. Fig. 19 shows the magnetic flux lines
when only phase U is supplied. Note that the magnetic flux
is linked only by the coils carrying current. Therefore, it is
found that the asymmetry does not affect the fault tolerance
of the machine.
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FIGURE 20. (a) Mesh quality and (b) current density distribution of the
stator core. FEA.

TABLE 2. PMSM losses at the rated point. FEA.

VII. MACHINE LOSSES
In order to analyze the machine performance, the losses were
calculated. The winding Joule losses are determined by [23],

PCu = Qsz2QρCu

(
l ′ + lw
SslotkCu

)
I2s , (10)

where zQ is the number of conductors in one slot, ρCu is
the copper resistivity, kCu is the copper space factor, l ′ is
the stator stack length, lW is the end-winding length, and Is
is the RMS stator current. The end-winding length depends
on the stator inner tooth width bds. However, because of the
machine size, the stator resistance is considered constant for
the cases discussed here.
The PM Joule losses, the rotor eddy current losses, and

the stator eddy current losses were computed by the FEA.
In particular, the stator eddy current losses were calculated
by the 3D FEA model (core sheet) with a fine mesh (see
Fig. 20(a) to obtain accurate results. Fig. 20(b) shows the
current density distribution in a single stator sheet at the rated
current. A comparison of the losses for the symmetric stator
(bds = bds1) and bds = 19 mm at the rated point is shown
in Table 2.
According to the preliminary results, the highest losses of

the machine are caused by the winding Joule losses. More-
over, the PM losses are low for both cases because of the
low electrical conductivity of the PM material and the PM
segmentation. The stator eddy-current losses are low because
of the good electrical properties of the magnetic material,
very low rotational speed, and the low harmonic content of
the flux density in the core.
The rotor Joule losses are higher than the stator Joule losses

because the rotor core is a solid tube. Moreover, by increasing
the stator inner tooth width bds, the rotor losses are increased.
It can be explained by the increase in the amplitude of the cur-
rent linkage subharmonics, as presented in Fig. 21. According
to [18], the rotor losses in a TCW PMSM are mainly due to
the low-order current linkage harmonics (subharmonics).

FIGURE 21. (a) Current linkage waveforms and (b) their spectra for the
symmetric stator (bds = bds1) and the asymmetric stator with
bds = 19 mm. Current linkage harmonic contents are normalized with
respect to the working harmonic of the symmetric stator. Calculated
analytically.

FIGURE 22. (a) Prototype machine parts and (b) prototype machine
assembly.

Based on the results, it can deduced that when using an
unequal teeth width in a TCW PMSM, it is possible to reach
the same torque value at a lower stator current. Moreover,
the winding Joule losses are reduced resulting in improved
efficiency.

VIII. EXPERIMENTAL VALIDATION
A prototype machine was built to verify the predictions. The
different machine parts are shown in Fig. 22(a), and the
machine assembly in Fig. 22(b).
The prototype was validated by an experimental test car-

ried out in a test bench as shown in Fig. 23(a). A schematic
view of the experimental setup is depicted in Fig. 23(b).
The prototype is coupled to an induction machine (IM),
where the IM operates as a dynamometer. The prototype was
immersed in a container with water at ambient temperature
according to the operating specifications of the machine.
The measurement of torque and speed was performed with
a Magtrol torque transducer coupled to the shaft. The voltage
and current measurements in the prototype were carried out
with a Yokogawa PZ4000 Power Analyzer. The data were
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FIGURE 23. (a) Prototype machine in the test bench and (b) connection
scheme for the experimental setup (instruments, converters,
IM dynamometer, and prototype machine).

FIGURE 24. Simulated and measured back-EMF waveforms at the rated
speed.

FIGURE 25. (a) Estimated (FEA) and (b) measured efficiency maps.

acquired and processed. Measurements at different levels of
load and speed were performed.

A comparison between the back-EMF obtained by the FEA
and measured at the rated speed is shown in Fig. 24. The error
between the FEA result and the experimental test is 4% (peak-
to-peak voltage).
A constant detent torque was measured at different speeds

when measuring the back-EMF. The value obtained was
approximately 30 Nm at any speed. The detent torque corre-
sponds to the sum of the stator core hysteresis and friction
losses. The detent torque corresponds to 20% of the rated
torque of the machine, which means that it must be analyzed
further. According to the preliminary analysis results, this
detent torque is mostly caused by relatively high hysteresis
losses in the stainless steel applied in the stator core. How-
ever, the study of the detent torque is beyond the scope of this
paper.
The estimated and measured efficiency maps are shown

in Fig. 25. The detent torque was included in the FEA model
for efficiency estimation to make a more fair comparison of
the efficiency maps. Based on the results, there is a similar
behavior between the efficiency maps. The maximum effi-
ciency of 74% is reached at the rated point. The low efficiency
is explained by the winding Joule losses, the detent torque,
and the very low rotational speed.

IX. CONCLUSION
In this paper, an analysis of a TCW PMSM with an unequal
teeth width was presented. The stator asymmetry was used
to optimize the machine performance. This was achieved by
varying the value of the stator tooth width. The mean value of
the electromagnetic torque was improved. Thus, it is possible
to obtain similar torques by adjusting the stator tooth width
while applying lower current values, resulting in a reduction
in the winding Joule losses. The obtained back-EMF wave-
form is symmetrical, and the mutual coupling phase remains
invariant. Thus, the asymmetries in the stator can be used
without a significant effect on other machine characteristics.
The overall flux density in the stator teeth was reduced by
using asymmetric teeth width. However, owing to the concen-
trated winding type with a single layer, the rotor losses were
increased. The next step (which is out of the scope of this
paper) is an in-depth analysis of the hysteresis losses in the
stator core when adjusting the value of the stator inner tooth
width, which might have a significant effect on the machine
efficiency.

APPENDIX A
FACTOR EXPRESSIONS
The pitch factor is expressed as [24]

kpv = sin
(
v
π

2
W
τp

)
, (11)

where v is the harmonic order,W = bds+ bs is the coil pitch,
which depends on the stator inner tooth width bds and the
stator slot width bs, and τp = πDδ/2p is the pole pitch, which
depends on the air gap diameter and the number of poles 2p.
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The slot opening factor can be calculated as [25]

ksov =
sin
(
vπ2

b0
τp

)
(
vπ2

b0
τp

) , (12)

where b0 is the slot opening, which in this work coincides
with the stator slot width bs. The skewing factor is obtained
as [24], [26]

ksqv =
sin
(
vp γ2

)(
vp γ2

) , (13)

where p is the number of pole pairs and γ is the continuous
skewing angle (mechanical angle).
The use of these factors is necessary for the analytical

calculation of the flux linkage per pole and the back-EMF.
Not considering the factor expressions results in inaccurate
calculation of the back-EMF waveform (and related vari-
ables) and its harmonics components.
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Reduction of torque ripple in synchronous
machines by quasi-skew-asymmetric rotor

Ilya Petrov, Alvaro E. Hoffer and Juha Pyrhönen, Senior, IEEE

Abstract—Torque ripple and cogging torque are thoroughly
studied phenomena that occur in permanent magnet syn-
chronous machines (PMSM). They are highly unwanted be-
cause they cause extra vibrations and noise in the system.
Therefore, special design methods of PMSMs are used to reduce
the torque ripple and cogging torque. This paper introduces
and discovers a new method for the reduction of the torque
ripple and cogging torque by applying so called quasi-skew-
asymmetric rotor structure. In the paper it is shown that
this method achieves similar performance advantages as of
the traditional stepped skewing method and can apply several
quasi-skew steps without need to apply actual skewing. This
helps to avoid extra complicity of the rotor structure and
extra costs related to the skewing. Further, the proposed
method is very robust in terms of appearing of unwanted
torque ripple and cogging torque components if some motor
parameters are changed (e.g. pole geometry, stator geometry or
air gap flux density harmonics), compensating all the possible
torque ripples and cogging torque in a similar manner as in a
traditionally skewed machine.

Index Terms—Permanent magnet machines, Cogging torque,
Torque ripple.

I. INTRODUCTION

During the design of a permanent magnet synchronous
machine (PMSM) minimisation of the torque ripple and
cogging torque values are often of interest, especially if the
machine is designed for a high-torque low-speed application
[1], [2]. There are numerous methods introduced in the
literature to reduce the cogging torque and torque ripple in
PMSMs. They can be divided into three main categories:
skewing related methods, pole geometry optimisation related
methods and stator geometry optimisation related methods.

Skewing related methods can be made in a form of
continuous skewing of the stator [3] or in a form of stepped
skewing of the rotor [4], [5]. The stepped skewing in
the rotor in principle has similar advantages as continuous
skewing in the stator proposing the reduction of certain
cogging torque and torque ripple harmonics (depending on
the number of skewing steps and skew angle) [5]. However,
step skewing in the rotor complicates the rotor structure and
especially its assembly when surface PM rotor is applied
because of extra assembly tolerance (e.g. the angle between
the skewed layers of PMs). At the same time the stepped
skewing applied in the embedded PM rotor results in a
limited maximum number of steps (e.g. only two skewing
steps can be arranged if the rotor stack is assembled before
the magnets are inserted). Further, the step skewing in an

I. Petrov, A. E. Hoffer and J. Pyrhönen are with the Department of
Electrical Engineering, LUT University, Lappeenranta, Finland (e-mail:
ilya.petrov@lit.fi, alvaro.hoffer.garces@lut.fi, juha.pyrhonen@lut.fi)

embedded PM rotor causes extra source of the PM flux leak-
age between the stepped layers, which reduces the induced
back EMF and the overall torque [6]. Therefore, the stepped
rotor skewing should be avoided when a simple and low cost
solution should be found. Whereas, continuous skewing of
the stator also involves certain challenges especially related
to the winding insertion to the slots, where certain tricks
should be applied [7]. Therefore, the continuous skewing of
the stator is especially avoided in industry.

Pole geometry adjustment and stator geometry adjustment
related methods to reduce the cogging torque and torque
ripple are especially gaining popularity as they avoid struc-
tural challenges of skewed methods and they have a similar
potential to reduce the torque ripple and cogging torque
of a PMSM. Among pole geometry methods some asym-
metrical rotor pole geometries are frequently applied [8]–
[10], where a symmetrical rotor pole geometry adjustment
might not be that effective to eliminate torque ripple as an
asymmetric solution [11]. However, the asymmetrical rotor
pole geometry adjustment for reducing the cogging torque
and torque ripple is not very robust and it is very sensitive
to correct computation method, where certain deviation of
the material properties or certain dimension tolerance of
the actual motor compared to the computation environment
can lead to a significant cogging torque and torque ripple
occurrence in the actual motor [12]. The similar situation
is with stator geometry adjustment for the torque ripple
minimisation which is also quite sensitive to the geometry
tolerance [13], [14] along with much smaller potential to
eliminate the cogging torque compared with the geometry
adjustment of the rotor pole. Where, the use of semi-
magnetic wedges in the stator can reduce the cogging torque
but cannot completely eliminate it and have an adverse effect
of increasing the leakage inductance [15].

The method related to the pole geometry adjustment based
on the skew logic is presented in [16]. This method provides
the torque ripple and cogging torque significant reduction
with the similar ”robustness” and effectiveness as with
stepped skewed method and at the same time avoiding the
skewing itself. It is realised by modifying two poles positions
(formed in one group) in a way to cancel or reduce certain
cogging torque harmonic components. However, in [16], [17]
it was shown that it is impossible to eliminate the whole
spectrum of the cogging torque harmonics by adjusting
the distance between only two poles. While in [18] it is
also proposed to combine the formed groups (that already
includes two poles) and to modify the distance between
them for elimination of the whole spectra of the cogging
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torque harmonics. However, the practical realisation of the
method using the actual motors is not completely described.
Effect of the proposed method on the load capabilities and
the efficiency of the motors was not presented. This paper
extends the analysis of the method introducing a relatively
simple algorithm to find a suitable positions of the poles
(based on the skewed logic) to achieve the smallest cogging
torque possible. Further, this paper includes a thorough
analysis of the proposed method covering the torque ripple
of the machine at different loads and efficiency map.

In this paper, a quasi-skew-asymmetric rotor pole method
is introduced and analysed in detail with the comparison of
the traditionally skewed PMSM and of the original PMSM.
The paper is structured as follows. In Section II parameters
of the original PMSM are described and traditional selection
of number of skewing steps and their angle to eliminate
certain cogging torque harmonics is demonstrated by using
a traditional step skewing method. In Section III a thorough
comparison of the original PMSM and of the stepped skewed
PMSM (having two, three and six skewing steps) with the
proposed quasi-skew asymmetric rotor poles design solution
is conducted. Section IV concludes the results.

II. TRADITIONAL STEP SKEWING OF THE PMSM
The original PMSM was designed for an industrial use

having the parameters listed in Table I and the overall
schematic geometry shown in Fig. 1 along with the flux
density distribution at no-load. The special shape of the rotor
pole was designed to provide more sinusoidal flux density
distribution in the air gap (eliminating certain air gap flux
density harmonics) to reduce the iron losses [19], [20].

TABLE I
PARAMETERS OF THE ORIGINAL MACHINE DESIGN

Parameter Value
Stack (physical) iron length lFe [mm] 300
Stator inner diameter Dsi [mm] 394
Stator outer diameter Dso [mm] 544
Rotor outer diameter Dro [mm] 390
Number of stator slots Qs 72
Number of pole pairs p 6
Permanent magnet height [mm] 8
Rated speed n [rpm] 1200
Phase resistance Rph [Ohm] 0.012
Rated voltage Vph [Vrms] 220
Rated current Aph [Arms] 212
Rated torque T [Nm] 960
Peak-to-peak cogging torque Tp2p [Nm] 80
Rated power P [kW] 120

Fig. 1. (a) Schematic view of the original PMSM, (b) Flux density
distribution in the original PMSM at no-load.

During the design of the original PMSM a relatively high
cogging torque and torque ripple always accompanied the
overall PMSM characteristics, which is a typical problem for
PMSMs with distributed winding due to small least common
multiple of the number of slots and poles in these machines
[21], [22]. The main source of the cogging torque is the
magnetic interaction of the rotor pole and the stator tooth,
which also significantly contributes to the overall torque
ripple at different loads [5]. The lowest harmonic order
component of the cogging torque (vlow) in the PMSM with
the distributed winding can be found by a number of the
stator slots per pole pair of the rotor which is equal to [23],
[24]

vlow = 2mq = Q/p, (1)

where m is the number of phases, q is the number of slots
per pole and phase, Q is the total number of slots and p is
the number of pole pairs. Based on (1) it can be found that
the lowest harmonic order in the studied machine is the 12th.
If only this particular cogging torque harmonic needs to be
eliminated then it is enough to apply two step skewing of the
rotor where one half of the rotor is shifted to an electrical
angle (α) equal to a half of the period of the eliminated
cogging torque harmonic which can be found as

α =
360◦

2vlow
, (2)

Fig. 2. (a) Straight rotor case (no skewing is applied), (b) two step skewing,
(c) three step skewing, (d) six step skewing. γ is the equivalent continuous
skewing angle and α is the actual step skewing angle eliminating only
certain cogging torque harmonic components.

For the studied machine to eliminate the 12th harmonic
in the cogging torque it is enough to apply two step skewing
with the skewing electrical angle α1 = 15◦ as it is shown
in Fig. 2 (b), which is equal to 15◦/p = 2.5◦ mechanical
angle. However, this skewing does not eliminated higher
order harmonics of the cogging torque, because in this case
for example the 24th harmonic order component of the
cogging torque in the first half (slice) of the rotor is exactly
in the phase with the 24th harmonic order component of the
cogging torque in the second half (slice) of the rotor. While,
in order to eliminated higher order harmonics higher number
of skewing steps need to be applied [13]. For example, to
eliminate the 12th and the 24th harmonics it is enough to
use three step skewing with the skewing (electrical) angle
α2 = 10◦ similar to shown in Fig. 2 (c). Finally, six step
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skewing with the step skew (electrical) angle α3 = 5◦ as
shown in Fig. 2 (d) can eliminate the 12th, the 24th and the
36th harmonic order components of the cogging torque.

This step skewing approach is a very robust in terms of
elimination of certain harmonics of the cogging torque in
a symmetrical PMSM. This method in principle cannot be
affected by the shape of the rotor poles or geometry of
the stator slots. This means that while having the precise
positioning of the rotor slices (avoiding any tolerance in
the shifting of the rotor slices relatively to each other) it is
possible to eliminated the cogging torque and significantly
reduce the torque ripple in any PMSM having any shape
of the rotor pole or stator geometry [5]. An example of the
stepped skewing in the six pole pair rotor (having embedded
magnets) is shown in Fig. 3 (a) and (b).

Fig. 3. Examples of the step skewing. (a) Two step skewing of the 12
pole rotor with the skew angle 2.5◦ between the layers. (b) Three step
skewing of the 12 pole rotor with the skew angle 1.67◦ between the layers.
(c) Quasi-two-step skewing of the 12 pole rotor with the quasi-skew angle
2.5◦. (d) Quasi-three-step skewing of the 12 pole rotor with the quasi-
skew angle 1.67◦. Numbers which are assigned to each pole of each layer
in traditional skewing cases determine the relative position of the pole in
quasi-skew-asymmetric rotor of each pole group in quasi-skew cases.

However, this method complicates the rotor structure
and introduces an extra source of possible assembly error
related with the relative positions of the rotor slices to
each other. In order to avoid this drawback but still have
a robust elimination of the cogging torque (similar to a
traditional skewing method) a quasi-skew-asymmetric rotor
is introduced in the paper which is discussed in the following
section.

III. COMPARISON OF TRADITIONAL STEP SKEWING WITH
QUASI-SKEW-ASYMMETRIC ROTOR

The main idea of the proposed concept of the quasi-skew-
asymmetric rotor is to form an overall rotor geometry having
the relative positions of the poles as they are positioned in a
traditional skewed model located in different layers (slices)
of the rotor. An example of forming a quasi-skew rotor from
the traditional stepped skewed rotor structure is shown in
Fig. 3. Initially, the two-step skewed rotor (Fig. 3 (a)) is
rearrangement to quasi-two-step skewed rotor (Fig. 3 (c)).
The rearrangement sequence is explained as follows. The
poles in the traditional stepped skewed rotor are grouped
combining as many poles in one group as there are number
of slices in the rotor skew. Thus, in two-step skewed rotor
there are in total two poles in each group leading to six

groups in total. Then in each group and in each pole one
slice (starting from the first slice towards to the final slice)
is highlighted and numbered as 1.1, 1.2, 2.1 ... 6.1, 6.2, as
it is shown in Fig. 3 (a), where the first digit is the group
number and the second digit is the layer (slice) number.
After it a 2D geometry of the quasi-skew rotor is arranged
taken the position of the pole of each numbered slice as it
is shown in Fig. 3 (c). The same principle is applied while
rearranging the three-step skewed rotor (Fig. 3 (b)) to the
quasi-three-step skewed rotor (Fig. 3 (d)). In case of three-
step skewed rotor there are in total three poles in the group
(the number of poles in the group is the same as the number
of slices) and consequently there are in total four groups.
Also, the same principle is applied to six-step skewing rotor
(not shown in the figure).

After the method described in Fig. 3 is applied to the stud-
ied machine, it was decided to compare the characteristics
of the original machine estimated using 2D Finite Element
Method (FEM) with the characteristics of the machines
that use quasi-step skewed rotor and with characteristics of
the machines that apply traditional step skewing method.
The characteristics of traditionally skewed machines were
estimated in multi-layer FEM environment where each layer
of the machine is computed simultaneously in parallel and
the overall characteristics in each layer are combined. The
schematic view of the skewed models in multi-layer FEM
environment of three-step skew machine and six-step skew
machine are shown in Fig. 4.

Fig. 4. The schematic view of multi-layer FEM model (a) three-layer step
machine (skewing is performed in the rotor), (b) six-layer step machine
(skewing is performed in the rotor)

An initial difference between the traditional skewed rotor
and quasi-skew is the reduced number of potential parallel
connections of the stator winding with the quasi-skew ap-
proach. Indeed, the asymmetric rotor structure restricts the
same maximum number of potential parallel connections
of the stator winding as in the original machine or as in
traditional skewed machine. This is because the flux formed
in quasi-skew machine over the group area is not evenly
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distributed in the stator. Therefore, if number of poles inside
of the group is odd the maximum number of possible parallel
connections of the stator winding is half of the total number
of groups, while if the number of poles inside of the group
is even then the maximum number of parallel connections of
the stator winding is the same as the number of groups. In the
studied machine all the coils in the machine are connected in
series. Therefore, this aspect did not affect the characteristics
of the studied machine.

The no-load cogging torque of the studied machines is
shown in Fig. 5, except of no-load cogging torque of six-
step skewing machine and quasi-six-step skewing machine
as the cogging torque in these machines is very similar to the
straight line without any visible harmonic components. In the
figure it can be seen that the skewing significantly reduces
the cogging torque values, where the higher number of
skewed layers naturally eliminate higher order components
of the cogging torque. Additionally, in Fig. 5 a strong simi-
larity between the cogging torque curves of the traditionally
step skewed machines and of the quasi-skew machines is
confirmed.

Fig. 5. No-load cogging torque curves and the harmonic components of
the original machine, two-step quasi-skew machine, three-step quasi-skew
machine, two-step skewed machine and three-step skewed machine.

In Fig. 6 the back EMF of these machines is shown. The
fundamental peak value of the back EMF in the original
machine is 287.5 V as it is noted in Fig. 6 along with reduced
back EMF values while applying proposed quasi-skew and
traditional step skewing approaches. It should be noticed that
in quasi-skew approach the back EMF reduces more when a
higher number of quasi-skew steps are applied, while in the
traditional stepped skewing approach the back EMF reduces
less when a higher number of skewed steps are applied. Fur-
ther, the overall reduction of the back EMF when quasi-skew
is applied is less than the overall reduction of the back-EMF
when the traditional step skewing is applied. The difference
between the back EMF of the original machine and skewed
machines (including quasi-skew cases) varies from 0.9% to
1.9%, which is close to the skewing factor (ksq1) resulted
from 30 electrical degrees (continuous) skewing angle [23],
which can be found as

ksq1 =
sin (0.5γ)

0.5γ
= 0.989, (3)

Fig. 6. No-load back EMF curves of the original machine, two-step quasi-
skew machine, two-step skewed machine and the harmonic components of
the back EMF of the original machine, two-step quasi-skew machine, two-
step skewed machine, three-step quasi-skew machine, three-step skewed
machine, six-step quasi-skew machine and the six-step skewed machine.

Based on the initial results presented in Fig. 5 and
Fig. 6 it could be concluded that at no-load the quasi-skew
machines result in a similar cogging torque reduction as the
traditionally skewed machines while having less effect on
the reduction of back EMF fundamental (still eliminating
high order harmonics in back EMF waveform).

In order to compare the torque ripple of the quasi-skew
machines with traditionally skewed machines at different
loads, the peak-to-peak torque ripple values (Tp2p) were
computed as function of d- and q-axis currents (using 2D
FEM for the original and the quasi-skew machines and
using multi-slice FEM environment for the traditionally
skewed machines). The results are shown in Fig. 7. As it
was expected the highest torque ripples at different loads
can be observed in the original motor, Fig. 7 (a). While
applying quasi-skew with only two steps already results
in a significant reduction of the torque ripple, Fig. 7 (b).
However, applying quasi-skew with three or six steps leads
to even smaller torque ripple at low loads, while at higher
loads the torque ripple remains about the same in all quasi-
skew cases, Fig. 7 (c) and (d). The main source of these
torque ripples is the different phase shift of the high order
torque ripple harmonics induced in different skewed (and
quasi-skew) poles, which is well known phenomena in the
traditional skewing cases [4]. Also, an additional source
of the torque ripple at higher loads is the local saturated
regions as it was discovered in [13], [25]. Thus, these torque
ripples cannot be eliminated by the skewing alone and extra
measures have to be applied [13]. Similar torque ripple
values at higher loads can be seen in traditionally skewed
machines in Fig. 7 (e) and (f). This verifies the statement of
impossibility to eliminate these torque ripples by applying
the skewing approach alone. Finally, it can be concluded that
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the quasi-skew approach is matching well with the traditional
skewing approach with high precision. This confirms that
the proposed quasi-skew approach has the same impact on
the machine operation at different loads as the traditional
skewing.

Fig. 7. Peak-to-peak torque ripple map as function of d- and q-axis currents
in (a) Original motor, (b) quasi-skew motor with two slices, (c) quasi-skew
motor with three slices, (d) quasi-skew motor with six slices, (e) step skewed
motor with three slices, (f) step skewed motor with six slices.

Further, the effect of the quasi-skew on the machine
operated at different loads (as function of torque and speed
values) was investigated using 2D FEM analysis. The fol-
lowing loss components were considered while evaluating
the performance of the machine: iron loss in the stator, iron
loss in the rotor, Joule loss in the stator winding, stray loss
and friction loss. It was assumed that the motor is operated
via a frequency converter with the possibility to adjust
the frequency and current vector. Field weakening region
(applying extra negative d-axis current) was also considered
in the analysis. The current vector for each operating point
was adjusted to achieve the highest efficiency at certain
torque and speed values without exceeding the rated voltage
values. Efficiency maps as function of torque and speed
in the original machine is shown in Fig. 8 (a). Efficiency
at the same load points for two-step, three-step and six-
step quasi-skew machines are shown in Fig. 8 (b), (c) and
(d) respectively. It can be seen that the region with 0.976

efficiency level in quasi-skew machines is smaller than in
the original machine. Initially, it was considered that this
is due to smaller back EMF (by about 1%) which was
found in Fig. 6. This smaller back EMF requires higher
current values to achieve the same torque values as in
the original machine. This in turn generates extra Joule
copper losses in the machine. Analysis of the stator winding
Joule losses distribution as function of torque and speed in
original machine and quasi-skew machines revealed that the
difference in Joule loss distribution between these machines
hardly can be noticed visually as can be seen in Fig. 9, as the
difference only reaches at maximum 34 W (at the highest
torque).

Fig. 8. Efficiency maps at different load points of (a) Original machine,
(b) Two-step quasi-skew machine, (c) Three-step quasi-skew machine,
(d) Six-step quasi-skew machine.

Fig. 9. Copper loss maps at different load points of (a) Original machine,
(b) Two-step quasi-skew machine, (c) Three-step quasi-skew machine,
(d) Six-step quasi-skew machine.

Finally, it was discovered that there is an additional source
of extra loss in quasi-skew machines, which is the higher
stator iron loss component, as can be seen in Fig. 10.
For example the highest iron loss value in the original
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machine is 952 W, while in the quasi-skew machines it
is up to 984 W, which is 32 W of extra loss compared
with the original machine. The reason of this extra iron loss
in the quasi-skew machines can be explained by an extra
harmonic component of the flux density variation in the
stator core when the asymmetric rotor is applied. Fig. 11
shows the flux density variation in the tooth of the original
machine over one electric cycle at no-load and compares it
with the same flux density variation in two step quasi-skew
machine. It can be seen that the flux density variation in
the tooth of the two-step quasi-skew machine contains extra
(second) harmonic component resulted by the asymmetric
rotor geometry, which induces extra iron loss. However, it
should be noted that in traditional stepped skewed rotor there
will be some axial components in the flux of the machine
in the areas where the magnets are stepped. These axial
components also can induce extra iron losses in the stator
core, while they cannot be taken into account in 2D or multi-
layer FEM simulations.

Fig. 10. Iron loss maps at different load points of (a) Original machine,
(b) Two-step quasi-skew machine, (c) Three-step quasi-skew machine,
(d) Six-step quasi-skew machine.

Fig. 11. Flux density value in the stator tooth at no-load in the original
machine and two step quasi-skew machine.

Combining the extra maximum loss value by Joule losses
and the extra maximum loss value by iron losses the overall
total extra loss component in the quasi-skew machines is
approximately 66 W, which is about 0.055% of the rated
power of the machine and 1.9% of the total losses in the
machine. For most of the possible applications of such a
machine type this extra loss component is acceptable in
practice and is well below of potential stray losses accounted
during the design of the machine. Whereas, the benefit of the
proposed quasi-skew method is evident in terms of cogging
torque reduction at no-load and torque ripple reduction in
the whole range of possible applied loads as it is shown
in Fig. 12. In the figure the significant reduction of torque
ripples in the quasi-skew machines can be seen, especially at
lower loads. Whereas, at higher loads skewing alone cannot
completely eliminate the torque ripples at all possible loads
and some extra modification of the machine need to be
performed if further reduction of the torque ripple is needed.

Fig. 12. Peak-to-peak torque ripple map at different load points of
(a) Original machine, (b) Two-step quasi-skew machine, (c) Three-step
quasi-skew machine, (d) Six-step quasi-skew machine.

IV. CONCLUSION

The proposed quasi-skew approach is formed by using a
traditional skewing logic. It was shown that similarly to a
traditional step skewing approach the quasi-skew approach is
very effective in eliminating of the cogging torque harmon-
ics, where the higher order cogging torque harmonics are
eliminated by applying higher number of skewing (quasi-
skew) steps. Also, the torque ripples induced by the tradi-
tionally skewed machines at different loads were compared
with the torque ripples by the quasi-skew machines at the
same loads, which revealed the similar effect of skewing
and quasi-skew approaches on the overall performance of
the machine in the whole possible load region.

Possible influence of the quasi-skew approach on the
efficiency and extra loss of the machine was discovered,
which resulted to have about 1.9% of extra loss at maximum
compared with the original machine when the quasi-skew
is applied. The main source of these extra losses are the
extra stator Joule loss component and the extra stator iron
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loss component. The reasoning of the extra Joule losses is
reduced skewing winding factor, while the reasoning of extra
stator iron losses is an additional harmonic component of the
flux density variation in the stator core.

Overall, the potential of the cogging torque and torque
ripple reduction by applying the quasi-skew approach was
revealed, and it was approved that it has the same positive
affect as the traditional skewing approach without applying
the actual skewing itself.
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ABSTRACT A fully submersible permanent magnet synchronous machine (PMSM) is introduced in this
paper. Underwater operation requires that the machine parts have to be resistant to corrosion, and the
electrically conducting parts need to be properly insulated from water. The machine under study consists
of a rotor-surface permanent magnet rotor, protected by a glass-fiber-reinforced plastic (GFRP) cover, and
a fully stainless stator. The novelty of the machine is found in the design and special materials used in the
manufacture. The stator core is made of ferritic stainless steel laminations, and the selected winding material
is polyvinyl chloride (PVC) insulated copper wire. An extra low-speed, stainless-core submersible PMSM
was constructed and tested. To simplify the machine construction, a tooth-coil single-layer winding was
adopted. An asymmetric stator design was selected to enhance the machine performance. The performance
of the 1.7 kW, 80 r/minmachinewas analyzed by finite element analysis (FEA) and validated by experimental
tests, where despite a very low rotational speed, 74% efficiency was reached at the target load point. The
PMSM was found to be fully functional for the application.

INDEX TERMS Asymmetrical stator, canned machine, finite element analysis, hysteresis torque, permanent
magnets, permanent magnet machines, submersible machine, tooth-coil winding.

I. INTRODUCTION
Through this article, a stainless-core submersible permanent
magnet synchronous machine (PMSM) as an alternative to a
conventional submersible machine is discussed. The electro-
magnetic performance of submersible machines [1]–[3] has
been a topic of numerous studies. In [1], a 12-slot 10-pole
canned rotor surface magnet PMSM was studied. The motor
structure has a metallic rotor can around the rotor permanent
magnets (PMs) and a metallic stator can fixed to the inner
side of the stator core. The cans are made of a Hastelloy C
material, which is characterized as nonmagnetic and has a
relatively high electrical resistivity. The fluid pumped into
the machine can flow into the air gap between the rotor cans.
The inevitable eddy currents induced in the cans increase the
machine losses and reduce the air gap flux density. However,
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the higher order harmonics of the air gap flux density are
also suppressed by the can eddy currents, which leads to a
reduction in the permanent magnet losses. In [2], a flooded
permanent magnet generator was investigated. The machine
structure topology is the same as in the PMSM described
in [1]. In this research, it was stated that the electrically
conductive materials of the cans exhibit unavoidable eddy
current losses, which leads to an increase in the temperature
of the PM and the stator slots. However, when using noncon-
ductive materials (e.g., fiberglass), the inside temperature of
the PMs and the stator slots was lower than in the case with
metallic cans (e.g., Stainless steel 304L, Inconel Alloy 718,
or Titanium SP 700). In [3], a 15-slot 10-pole ferrite magnet
spoke-type submersible brushless DC motor was introduced.
The motor is characterized by a small diameter, a large axial
length, and a low cost. Contrary to the above-mentioned
motors, the brushless DC motor is insulated from water
using an austenitic stainless steel frame and flanges, which
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means that water cannot penetrate into the air gap at
all.
Using protective elements to enclose the active part of the

machine from direct contact with water can be considered a
common approach in submersible machines. However, these
protection elements are susceptible to failure over time as
a result of corrosion, leading to the reduced lifetime of the
machine. On the other hand, there are soft magnetic materials,
such as ferritic stainless steels, that are corrosion resistant
and have acceptable magnetic properties [4]. Hence, these
materials can, at least in some cases, be used as an alternative
in the design of electrical machines, and they make it possible
to completely avoid the use of protective covers and a casing
seal.
In this work, a stainless-core submersible PMSM with

rotor-surface magnets is proposed. The construction is pre-
ferred because of its favorable performance characteristics
in low-speed high-torque applications. The stator core is
made of ferritic stainless steel sheets. The use of this steel
type is normally limited to certain applications, such as the
automotive sector and industrial equipment. However, the use
of such this material is not common in electrical machines,
especially in themanufacture of themagnetic core. Therefore,
this study could be an important step toward the investigation
of the use of a stainless-steel core in submersible permanent
magnet machines.
To avoid early interruptions caused by a winding contact

with water, extra protection for the winding is required [5].
The selected winding material is polyvinyl chloride (PVC)
insulated copper wire. The rotor materials (PMs and rotor
core) are not resistant to corrosion. Therefore, a glass-fiber-
reinforced plastic (GFRP) cover is mounted on the PMs
facing the air gap, and all the empty space below the rotor
cover (e.g., gaps between the magnets or some air voids) is
filled with water-proof epoxy resin. The rotor cover material
is required in order to avoid additional losses in contrast to
metallic covers [1], [2]. The rotor ends and the shaft are made
of austenitic stainless steel.
The use of a completely encapsulated traditional stator

was avoided because of the complex structure and poor heat
transfer properties of the stator. The stator hasmore active ele-
ments, and it is surrounded by water from the outer and inner
surfaces. Instead, the rotor is a relatively simple component
and surrounded by water only from the outer surface, which
makes it easier to use a cover (with filled resin all over the
rotor body) to protect it. Furthermore, if the rotor cover fails,
the machine performance will not be affected immediately
if coated magnets are used. In contrast, if water penetrates
the stator, it will soon lead to a winding earth failure because
of the thin layer of wire insulation. Therefore, this makes
encapsulation of the stator much more challenging and less
reliable.
The fractional-slot concentrated nonoverlapping winding,

also known as the tooth-coil winding (TCW) is the wind-
ing type that has gained in interest among researchers and
is frequently used in PMSMs [6]–[10]. The interest in this

winding type is explained by its inherent advantages, such
as a short end-winding length, easiness and low cost of
manufacture, and good fault tolerance [11], [12]. Moreover,
asymmetric stator configuration features can be exploited
by adopting a TCW configuration to improve the machine
performance [13]–[15]. Despite its advantages, the TCW also
exhibits a large harmonic spectrum of the current linkage
waveform, which has a negative impact on the machine in the
form of high rotor losses. Nevertheless, there are methods to
mitigate this effect, e.g., choosing rotor materials with a high
electrical resistivity.
The main contribution of the paper is to analyze and

verify the behavior of a submersible motor. The winding
type selected in this application is the TCW because of
its considerable advantages, especially in manufacture. The
machine design process is based on qualitative observations
and the algorithm proposed in [16]. An optimization process
is carried out where the stator tooth inner width that carries a
coil is adjusted while maintaining the stator slot width.
As a continuation of the preliminary work presented

in [17], this paper develops a more comprehensive design
approach and a different application scenario (motor mode).
Even though the design process is straightforward, this paper
provides valuable information, e.g., on the performance of
a machine manufactured from nontraditional materials along
with the use of a nonsymmetrical stator structure.
The paper is organized as follows. In Section II, the design

of the PMSM is described. This section addresses the choice
of the number of slots and poles, material selection, design
guidelines, and asymmetric stator features. In Section III,
a numerical evaluation of the machine is carried out. A per-
formance comparison is made with a canned stator machine
with similar dimensions but using traditional electrical steel
to demonstrate the advantages and disadvantages of the
proposed machine. The machine is constructed according
to the requirements imposed by the application, which are
explained later in the paper. Section IV provides some details
of the machine manufacture and measurement of certain
machine characteristics to validate the functionality of the
machine when submerged in a water tank. Finally, Section V
concludes the results.

II. DESIGN OF THE STAINLESS STEEL CORE
SUBMERSIBLE PMSM
The application comprises an axial-flow impeller coupled
directly to a PMSM as presented in Fig. 1. These elements
constitute a pump system, which is operated submerged in
lake water in a vertical arrangement. The motor itself is
implemented as a fully open construction allowing lake water
to penetrate its water-lubricated bearings and the air gap, and
thereby provide efficient cooling. No vulnerable shaft seals
are needed. The function of the pump is to deliver oxygen-rich
surface water to the lake bottom to mitigate eutrophication
problems in the lake. More detailed description of the pump-
ing system is not relevant to the design aspects of the PMSM,
and it is thus beyond the scope of this paper.
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FIGURE 1. Cross-sectional view of the axial-flow pump impeller with the
integrated PMSM.

TABLE 1. Machine specifications.

FIGURE 2. Cross-sectional view of the submersible core PMSM.

The machine is a radial-flux-inner-rotor PMSM. The rotor
surface magnet configuration is preferred for its simplicity
and more accessible construction when a simple solid rotor
core is applied [18]. The stator external diameter Dse and the
stator stack length l of the machine are set to 369.9 mm and
300 mm, respectively, according to the application require-
ments. The target specifications of the machine are given
in Table 1. A cross-sectional view of the PMSM is illustrated
in Fig. 2.

A. SELECTION OF THE NUMBER OF POLES AND SLOTS
As mentioned in the Section I, a single-layer TCW is adopted
to simplify themanufacture and enhance themachine reliabil-
ity as every coil remains separated from other coils. However,
for a three-phase winding, the number of combinations of the
number of slots Qs and poles 2p is limited because of the
number of slots per pole and phase in tooth-coil machines

is q ≤ 0.5. There are several quality indices to predict the per-
formance of the machine according to the selected slot–pole
combination, such as the fundamental winding pitch fac-
tor kpp, the air gap harmonic leakage factor σδ, and the
mutual coupling factor mc [7], [9], [19]. To avoid unbal-
anced magnetic pull, it should be ensured that the greatest
common divisor GCD(Qs, 2p) has a high and even value.
To reduce the cogging torque, the least common multiple
LCM(Qs, 2p) should have a high value [9]. The choice of the
winding configuration should be based mainly on the number
of poles, the air gap leakage factor, and the mutual inductance
coefficient [7].
TCW technology offers several advantages over other

winding configurations. It, however, exhibits a high content
of spatial harmonics in the current linkage waveform, which
has a significant influence on the rotor losses [20]. The
content of spatial harmonics depends on q, where a certain
trade-off between the losses generated in the rotor and extra
losses in the stator winding can be observed.
The stator slot opening is selected to achieve a simple and

safe assembly of the prefabricated coils. However, the open
slot effect reduces the amplitude of the air gap flux den-
sity fundamental [21]. Therefore, it is necessary to choose
a slot–pole combination with a high pitch factor without
neglecting the other indices. A method to compensate for
the penalties of the slot opening is to use asymmetric sta-
tor features. This may increase the pitch factor required to
maximize the flux linkage and torque [13]. The single-layer
winding is, in particular, applicable with an asymmetric stator
structure [14]. The procedure for the stator asymmetry is
explained in more detail later in this section.
Table 2 provides a comparison of feasible slot–pole com-

binations based on previous considerations. Note that when
multiple poles are used, it is possible to reduce the eddy
current rotor losses compared with a lower number of poles;
therefore, a higher pole number is chosen [22]. From the
thermal point of view, a machine with a large number of
narrow slots is preferred to improve the heat transfer [8].
As shown in Table 2, the best combination is found at
24 slots and 20 poles because of its high pitch factor, no mag-
netic coupling between the phases, and moderate air gap
harmonic flux leakage. As the selected winding configuration
does not guarantee the lowest rotor losses, it is necessary to
choose rotor materials with a high electrical resistivity if the
operating frequency is high.

B. MATERIALS SELECTION
Because of the submersible operation, the materials must be
waterproof, or if not, they should be protected from direct
contact with water, e.g., by a water protective cover. For
the rotor yoke, constructional steel S355 was selected, as it
exhibits acceptable magnetic and mechanical properties [23].
Naturally, it would be preferable to employ a laminated rotor
core to limit the eddy current losses induced by the current
linkage harmonics when a TCW is used, but because of the
low operating frequency of 131/3 Hz and the relatively low
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TABLE 2. Possible single-layer TCW slot–pole combinations.

FIGURE 3. Magnetization curves of 430SS.

frequency caused by the slot opening permeance variations
at the rated speed (which eliminates the risk of high rotor
losses), a simple rotor core made of constructional steel tube
is advisable, as it significantly simplifies the rotor manufac-
ture.
In a rotor-surface-magnet PMSM with fixed rotor core

dimensions, the air gap diameter Ds depends on the PM
height hPM [24]. Therefore, to limit the size of the machine
and enhance the magnetic flux, the magnet material must
have a high remanent flux density. For the present case,
N45SH Neodymium Magnet was selected. N45SH has a
remanent flux density of Br = 1.35 T at an operating temper-
ature of 20 ◦C.Moreover, it has a high coercive force to avoid
a risk of irreversible demagnetization in a fault condition even
if the temperature of the magnets exceeds 100 ◦C [25].
The rotor yoke and the PM material are not resistant to

direct continuous contact with water, and therefore, a cover
installed between the PMs and the water-filled gap is
required. The material selected to cover the magnets is GFRP,
which is nonmagnetic, fully resistant to corrosion, and has an
ultralow electrical conductivity.
The stator core was made of 430 stainless steel

grade (430SS) which is a ferritic stainless steel that has
excellent intergranular corrosion resistance, acceptable mag-
netic and good mechanical properties, and a good market
availability [4]. The magnetic properties of 430SS were
measured with a hysteresigraph following the procedure
shown in [26]. The magnetization curves of 430SS are shown
in Fig. 3.

TABLE 3. Manufacturer data of the stator core materials.

For the winding material, low-cost PVC-insulated wires
with solid conductors were selected, because they provide
high-quality insulation and are entirely water-resistant.
To present the advantages and disadvantages of the pro-

posed machine, a performance comparison with a canned
statormachinewas conducted. The canned statormachine has
a cover structure similar to the rotor of the proposed machine,
avoiding a direct contact of the active electromagnetic com-
ponents with water, while the stator core is made of electrical
steel M400-50A. The machine exhibits excellent magnetic
and electrical characteristics, and it is also widely used in
the manufacture of electrical machines. However, it is not
resistant to corrosion, which explains the cover installation
between the air gap region and the stator core. The cover
material is the same as the rotor cover, GFRP.
The manufacturer data of 430SS and M400-50A are given

in Table 3. The parameters of the electric steel M400-50A
are known [27]; however, the magnetic parameters of the
ferritic stainless steel are not provided by the manufacturer,
and therefore, they are reported based on the magnetization
measurements carried out in the present study.

C. DESIGN GUIDELINES
As it was mentioned at the beginning of this section, the main
boundary conditions are the stator outer diameter Dse and the
axial length l. The rotor yoke inner diameter Dryi is fixed to
170 mm because of the size of the steel tube available. The
electromagnetic design guidelines are as follows:
1) The rotor yoke height hyr is designed to avoid saturation

in the yoke.
2) The PM material is used efficiently because of its

high cost. Therefore, the PM height hPM is adjusted to
maximize the no-load air gap flux density before the
magnet BH load point gets too close to its remanence.
The PM width wPM is a result of the pole pitch width
and some reasonable gap distance between the magnets
to minimize the leakage between them.

3) The rotor cover thickness hRC is chosen to be 2.0 mm to
achieve the required mechanical stiffness and provide
adequate protection for the magnetic parts [2], [28].

4) The physical air gap length δphys is chosen to be
1.5 mm, resulting in a magnetic air gap of δ = 3.5 mm.
The relatively large air gap length is preferred for easier
and safer assembly if the rotor cover has not perfect
shape. Further, it helps in achieving good heat transfer
between the stator core and the water flowing in the
air gap, and in reducing the harmonic content in the
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TABLE 4. Machine parameters.

air gap flux density produced by the armature reaction.
Further, it should be noted that the cogging torque
(peak-to-peak value) can be reducedwith a long air gap.

5) The stator slot dimensions are selected together with
the stator tooth inner width bds to avoid any high flux
density in the slot. When using open slots, the slotting
effect has a significant impact on the performance of
the machine [21]. Therefore, the stator slot width bs is
chosen to be as narrow as possible to fit the preformed
coils.

6) The stator yoke depth hys is selected so that the flux
density within the stator yoke does not reach saturation,
and an appropriate mechanical rigidity and efficient use
of material are achieved.

7) The machine is designed to operate in the maximum
torque per ampere (MTPA) region.

The machine main parameters (see Table 4) are obtained by
using the design guidelines given above and the algorithm
presented in [16]. The finite element analysis (FEA) model
of the machine under study was implemented as a transient
magnetic simulation in Flux by Altair. The machine was
simulated in the 2D and skew simulation environments.

D. ASYMMETRIC STATOR FEATURES
Asymmetric features can be exploited by adopting the TCW
configuration to enhance the machine performance. The aim
of using unequal teeth widths is to increase the flux linkage.
The procedure involves increasing every second stator tooth
width and, to the same extent, reducing the adjacent stator
tooth width, as shown in Fig. 4. The advantages of this
asymmetry are given below.
One of the most critical parameters of a PMSM is

the induced no-load voltage, also known as back-EMF.
As reported in various studies [6], [8], [14], [29], it has a direct
effect on machine performance. The RMS back-EMF can be
expressed in simple terms as

Eph =
1
√
2
kwωNphΦ, (1)

whereω is the electrical angular frequency,Nph is the number
of turns in series per phase, and Φ is the magnetic flux. The
coil pitch W (see Fig. 4) depends on the distance between

FIGURE 4. Adjustment procedure of the stator tooth inner width bds. The
stator slot width bs is kept constant.

the tooth that carries the coil bds and the slot width bs.
Therefore, increasing the coil-carrying stator tooth width
makes it possible to increase the pitch factor kp, and thereby,
the winding factor kw. From the electromagnetic point of
view, it is possible to achieve a reduction in the RMS stator
supply current Is to reach the same electromagnetic torque by
using asymmetry, because the torque is proportional to the
product EphIs. Moreover, it can lead to significant winding
material savings, especially when the machine is large.
The use of stator asymmetry has a significant impact

on the torque response of the machine. Fig. 5 shows the
cogging torque as a function of rotor position at different
tooth widths and its spectra. The cogging torque variation
(peak-to-peak value) as a function of the stator tooth inner
width bds is shown in Fig. 6. It can be seen that the variation
of the stator tooth inner width bds affects the cogging torque.
As Fig. 5(b) shows, the 6th-order cogging torque harmonic is
the strongest harmonic component because of the asymmetric
stator structure. To eliminate this particular harmonic (6th-
order), the continuous skew angle to be applied is provided
by

θskew =
2π

LCM
(
Qs
2 , 2p

) . (2)

The factor 1/2 that multiplies the number of slots Qs in (2) is
due to the different stator core geometry compared with the
original symmetrical stator core shape. It is worth remem-
bering that if the air gap length is reduced, the fundamental
cogging torque harmonic (Qs, 2p) could occur
(12th-order harmonic). Therefore, the use of stator asym-
metries may not be suitable for thin air gaps and open
slots. Finally, to eliminate the 6th-order harmonic along
with the potential torque ripple harmonic, a two-step
rotor skewing

(
nstep = 2

)
with a shift of three mechanical

degrees
(
θskew/nstep = 6/2 = 3 degrees

)
between the magnet

layers was adopted.

III. NUMERICAL ANALYSIS
In this section, first, the procedure for calculating themachine
losses is outlined. Then, the performance of the submersible
core machine is verified and analyzed with the design guide-
lines, and the selection of materials is presented. Finally,
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FIGURE 5. (a) Cogging torque for different values of the stator tooth inner
width bds and (b) its spectra. 2D FEA.

FIGURE 6. Cogging torque (peak-to-peak value) variation as a function of
the stator tooth inner width bds. 2D FEA.

a comparison of the submersible coremachine and the canned
machine (having traditional electrical steel in the stator core)
is provided.

A. LOSS CALCULATION
The stator winding Joule losses are calculated by (neglecting
additional AC losses) [16], [29]

PCu = kRQsz2QρCu

(
l + lw
SslotkCu

)
I2s , (3)

where kR is the resistance factor, ρCu is the copper resistivity
at the operating temperature, zQ is the number of conductors
in one slot, kCu is the copper space factor, and lw is the

end winding length. It should be noted that the end-winding
length depends on the stator tooth inner width bds. The typical
procedure for calculating the low-frequency laminated core
iron losses over an electric period is applied using the follow-
ing expression (neglecting excess losses) [6]

PFe =
N∑
n=1

kf

khB̂2nfsAnl + d2

12σFe

1
T

T∫
0

(
dBn
dt

)2

Anl dt

,
(4)

where kf is the iron space factor, kh is the hysteresis loss
coefficient, σFe is the material conductivity, d is the material
thickness, fs is the electrical frequency, An is the area of
the nth stator element, B̂n is the maximum flux density in
the nth stator element, Bn is the instantaneous flux density
in the nth stator element, and N is the number of elements
in the stator core. The first term of (4) corresponds to the
static hysteresis losses of the laminated steel and the sec-
ond term to dynamic eddy-current losses, also known as
dynamic classical losses of the laminated steel. However,
the procedure requires a loss coefficient, which depends on
the material. Another way to calculate the hysteresis losses is
to estimate the energy density of the stator elements. This can
be done by applying the Jiles–Atherton (JA) hysteresis model
discussed in [30], [31]. This model is used to calculate minor
and major hysteresis loops from the physical parameters of
the magnetic materials and it is included in the simulation
software used in this study; however, the user must provide
the tensor parameters of the material. The hysteresis energy
density for each element of the stator magnetic domain over
one electrical cycle can be expressed as

En =
∮
HxndBxn +

∮
HyndByn, (5)

where Hxn and Hyn are the x and y components of the mag-
netic field strength on the nth stator element, and Bxn and Byn
are the x and y components of flux density on the nth sta-
tor 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

Thyst =
p
2π

kf
N∑
n=1

EnAnl. (6)

The hysteresis torque is resistive or detent torque [32]. Fur-
thermore, being resistive torque, it is usually considered
mechanical friction torque. However, based on the analysis
presented above, this torque is caused by the hysteresis phe-
nomenon of the iron core. Moreover, the hysteresis torque
depends mainly on the magnetic properties of the material.
The static hysteresis losses are given by

Physt = ThystΩ, (7)

whereΩ is themechanical angular velocity. The eddy-current
losses can be computed with the second term of (4) from the
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information extracted from the calculation of the hysteresis
losses. The parameters related to the calculation of the classic
losses (lamination thickness and material conductivity) are
provided by the steel manufacturer (see Table 3). The accu-
racy of the iron loss calculation depends on the mesh quality.
The eddy current loss in the rotor can be calculated in the FEA
as

Peddy =
∫
V

J2

σ
dV , (8)

where J is the current density in the material, and σ is
the material conductivity. Equation (8) is valid for solid
materials. In the FEA software, losses can be calculated
by selecting the rotor solid tube and the magnets as solid
conductor regions with their corresponding conductivities.
Naturally, in the 2D simulation environment, the end effect is
not directly included, which usually leads to higher estimated
losses caused by the eddy currents.
The loss calculation takes into account the skewing effect.

The losses are computed following a procedure similar to that
of calculating torque ripple in skewed machines, described
in [10].
The mechanical and additional losses are estimated using

an empirical approach. The drag torque caused by water
flowing through the air gap is relatively low because of the
low rotational speed; therefore, the drag losses are neglected.

B. MACHINE PERFORMANCE
The electromagnetic torque, back-electromotive force
(EMF), and losses were computed for different operating
conditions. The calculation of the electromagnetic torque
includes the hysteresis torque and torques caused by the eddy
currents and friction.
The back-EMF at the rated mechanical speed as a function

of the stator tooth inner width bds is shown in Fig. 7(a). The
current at the rated load as a function of the stator tooth inner
width bds is depicted in Fig. 7(b). It can be concluded from
the results that it is possible to decrease the stator current by
using the approach with unequal teeth widths because of the
increase in the back-EMF, as it was predicted in the previous
section.
Themachine loss distribution at the rated load as a function

of the stator tooth inner width bds is shown in Fig. 8(a).
It can be seen that by increasing the value of bds, the rotor
losses increase even though the stator current decreases. This
is mainly due to the higher order harmonics of the air gap
flux density produced by the new stator shape and the slot
opening, as shown in Fig. 8(b). As it can be seen in Fig. 8(a),
the iron losses in the stator are very high (representing
approximately 15% of the rated power) for each value of bds,
where the origin of almost all iron losses is the hysteresis
losses. Here, the negative effect of using the stainless-steel
stator lamination material can be seen, the origin of which
will be discussed later. The PM losses are less than 0.6 W as
shown in Fig. 8(a). This is supported by the relatively high

FIGURE 7. (a) RMS back-EMF value at the rated speed and (b) RMS stator
current value at the rated load as a function of the stator tooth inner
width bds. FEA.

electrical resistivity of the magnet material, low operating
speed, and segmentation of the magnets.
The value chosen for bds is 19 mm. The criterion used to

select the value of bds was also due to the rotor core losses,
which increase with a higher bds. The rotor core losses are
of significance because of the low heat transfer through the
cover material.
The behavior of the machine with bds = 19 mm is

compared with the original stator tooth inner width
bds = bds1 = 14.67 mm. Table 5 shows the components of
the core losses for both cases. The hysteresis losses account
for a significant proportion of the losses, which is manifested
in a reduction in the actual output torque (around 30Nm). The
armature reaction has a major influence on the rotor losses
because of the high harmonic content of the current linkage.
Fig. 9 shows the total loss density distribution in the stator
core region at the rated load for bds = bds1 and bds = 19 mm.
It is observed that the area with the highest losses is found
in the teeth that carry coils. However, this area represents
only 25% of the total stator region. Therefore, iron losses
will remain high as a result of the magnetic properties of the
selected ferritic stainless steel regardless of the selected stator
yoke depth.
A schematic view of the stainless machine and the com-

pletely canned machine is shown in Fig. 10. The canned
machine consists of two covers in the air gap to protect the
parts of the machine from contact with water. The stator and
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FIGURE 8. (a) Losses at the rated load as a function of the stator tooth
inner width bds (PCu: stator winding Joule losses, PFe,st: stator iron
losses, Prot: rotor losses, PPM: PM eddy-current loss) and (b) air gap flux
density harmonics at the rated load for bds = bds1, bds = 19 mm, and
bds = 23 mm. FEA.

TABLE 5. No-load and rated load electromagnetic losses for bds = bds1
and bds = 19 mm. FEA.

rotor cover thickness is 2.0 mm. The magnetic air gap length
is 5.5 mm. The number of turns is set to the same value
as in the proposed machine for a fair comparison. For both

FIGURE 9. Core loss density distribution at the rated load for bds = bds1
(left) and bds = 19 mm (right). FEA.

FIGURE 10. Schematic view of (a) the proposed machine and (b) the
canned machine.

machines, skewing is considered in order to reduce cogging
torque and torque ripple.
Fig. 11 shows the performance of both machines under

a pump load profile
(
T = kΩ2

)
. The results show that the

canned stator machine has a higher efficiency than the stain-
less machine up to 120 r/min. This is explained by the materi-
als used in the stator cores and, in particular, by much smaller
hysteresis losses in well-performing electrical steel compared
with ferritic stainless steel. According to the information
provided in Table 3, the coercivity of the ferritic stainless
steel is about 14 times (700 A/m) as high as that of the
traditional electrical steel, which results in a wide hysteresis
loop. As shown in Fig. 11(a), the rated torque is achieved
at similar currents in both machines even though the stator
core materials are different, the M400-500 having a higher
flux density than the 430SS at the same field strength (see
Table 3). This can be explained by the fact that the stator
inner diameter Dsi in the machine with M400-50A (canned
machine) was increased in comparison with the machine with
a stainless steel core (proposed machine), which resulted in a
larger effective air gap.
Even though the use of stainless-steel material in the stator

core leads to a lower efficiency, its usage can be justified
by the simpler overall stator structure, where the stator does
not have to be protected from water penetration. Further,
the stator filled with water has better cooling properties,
especially at the end windings, which are directly surrounded
by the fluid.
Table 6 provides the torque density and specific torque of

both machines. The motor volumes are the same, whereas
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FIGURE 11. Load performance (pump load profile) of the proposed and
canned machine: (a) stator current, (b) input power, (c) per unit efficiency,
and (d) total losses as a function of speed. FEA.

TABLE 6. Torque densities and specific torques of the proposed and
canned machine.

the masses differ by 5.9 kg (the cover not included). The
difference in the masses of these motors is due to the density
of the stator materials. It is pointed out that the use of covers
reduces the stator core volume in the cannedmachine because
of the increase in the stator inner diameter Dsi and because
the stator outer diameter Dse is fixed by the application
requirements. The rated torque is achieved at similar current
densities as predicted above (see Fig. 11). This is explained
by the extra effective air gap resulting from the additional
stator cover in the canned machine and the somewhat reduced
positive effect of using electromagnetic steel with higher
saturation flux density in the stator core. Therefore, for the
reasons mentioned above and because the motor volumes are
identical, the torque densities are similar. In the case of the
specific torque, the canned machine provides a higher value
than the proposed machine because of the difference in mass;
however, the difference in values is small.
Based on the previous analysis, it was decided to test

this approach in a submersible motor application where the
stator needs no protection against water penetration because
of the water-tolerant materials. It is believed that alternative
water-resistant materials (e.g., PVC winding and stainless
steel core) can be successfully applied in systems that require
high reliability. In this case, some sacrifice on efficiency
should be accepted because of the relatively high hysteresis
losses in the stainless steel core. Naturally, a low-coercivity

FIGURE 12. Efficiency of the proposed machine as a function of
rotational speed at different load levels. FEA.

ferritic stainless steel would solve the problem. However,
if the machine is evaluated at speeds higher than the nominal
and at a constant torque, it is possible to observe an increased
efficiency as shown in Fig. 12. Therefore, this result shows
the potential of using an unconventional stator core material
for low- and medium-speed applications.

IV. EXPERIMENTAL VALIDATION
A. PROTOTYPE MACHINE
When building the machine, its rotor core was constructed
from a solid tube divided into two parts without significant
difficulties. Fig. 13(a) shows a schematic of the PMsmounted
on the rotor core. Each PM was divided into four segments
per pole and four sections in the axial direction for easy man-
ufacture and because of the two-step rotor skewing. Once the
PMs were in place, the preformed GFRP cover was installed
and voids were filled with epoxy resin. The assembled rotor is
shown in Fig. 13(b). The stator core sheets and the assembled
stator are shown in Fig. 14. Insulation between sheets was
provided by a layer of epoxy glue between the sheets when
the stack was formed. The open stator slots facilitated the
mounting of preformed coils. The wire used in the coils
was PVC-insulated wire with a solid conductor, an external
diameter of 3.1 mm, and a copper diameter of 2.0 mm (copper
cross-sectional area 3.14 mm2). The wire arrangement in the
stator slot is shown in Fig. 15(a). The PVC cover is not hard
and deforms easily; therefore, the use of preformed coils is
advisable to guarantee their condition before assembly in the
stator slots. A 3D printed model of part of the machine (see
Fig. 15(b)) was built to ensure that there is enough space in
the stator slot for the preformed coil.

B. DESCRIPTION OF THE TEST BENCH
The schematic and a photograph of the test bench are
shown in Fig. 16. The prototype is coupled to an induction
machine (IM), which acts as a dynamometer. The proto-
type and the IM dynamometer are supplied by a frequency
converter (ACS355 and ACS611, respectively). The proto-
type was driven with the id = 0 control. The layout of the
test bench is vertical according to the requirements of the
application. The prototype was immersed in a container with
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FIGURE 13. (a) View of stepped skewing (two steps) of the permanent
magnet layers in the rotor and (b) canned rotor.

FIGURE 14. (a) Stator core sheets and (b) assembled stator.

FIGURE 15. (a) Wire positions of one complete coil in the stator slots and
(b) 3D printed model of a part of the stator core with a coil inserted.

water at room temperature to observe the behavior of the
machine in water. A torque and speed transducer was coupled
between the two machines. The voltage and current mea-
surements in the prototype were performed with a Yokogawa
PZ4000 Power Analyzer.

C. MEASUREMENTS
Fig. 17 depicts the simulated and measured waveforms of the
back-EMF at the rated speed. The results show that the error
(peak-to-peak voltage) between the FEA and the experimen-
tal test is around 4%, which is tolerable.
A constant resistive torque was measured at different

speeds (no-load condition). The value obtained was approxi-
mately 30 Nm corresponding to the sum of hysteresis torque

FIGURE 16. (a) Schematic and (b) a photograph of the experimental
setup.

FIGURE 17. Comparison of the simulated and measured back-EMF
waveforms at the rated speed.

TABLE 7. Machine losses at the rated point.

and friction. From the analysis presented in the previous
section, it is possible to conclude that the hysteresis torque
predicted by the FEA has a good agreement with the mea-
sured hysteresis torque.
The efficiency maps obtained by the FEA and measure-

ments are shown in Fig. 18. The efficiency behavior is similar
for the estimated and measured maps. Furthermore, the max-
imum value of efficiency is reached when the machine oper-
ates in its rated condition. Table 7 shows the distribution of
machine losses in the rated operation. The efficiency can be
considered somewhat low, which is a result of the very low
operating speed and the stainless steel stator core, the hys-
teresis losses of which comprise a significant proportion of
the total losses.
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FIGURE 18. (a) Simulated and (b) measured efficiency maps.

FIGURE 19. Simulated and measured mechanical torque at the rated
speed as a function of RMS stator current.

Fig. 19 compares the calculated and measured mechanical
torques at the rated speed for different RMS stator currents.
As can be seen, there is a good agreement between the
experiment and the simulation results.
During the measurements of the machine in operation,

the water was flowing in the tank and its temperature was
kept constant at about room temperature. Additionally, it was
verified that during the testing, the machine operated with-
out problems. Considering the relatively low losses of the
machine size in question and the fact that the windings were
submerged, it is unlikely that there was a significant differ-
ence between the winding and water temperatures. Unfortu-
nately, it was not possible to arrange accurate temperature
distribution measurements with the machine in operation.

Nevertheless, according to the measurement results during
the long-running operation, the supply voltage and current
values did not change. Therefore, it was assumed that the
resistance of the winding remained at the same level, which
verified that the temperatures of the winding and the perma-
nent magnets did not rise significantly when the motor was
running for several hours.

V. CONCLUSION
This paper presented a stainless submersible permanent mag-
net synchronous machine. The proposed machine was evalu-
ated by the FEA and compared with a stator canned machine.
The submersible machine with ferritic stainless steel was
shown to be functional and can be considered an alternative
to traditional electrical steels in a special application. Fer-
ritic stainless steels have acceptable magnetic properties and
are readily available in the market. However, because of its
high coercivity, the material generates significant hysteresis
torque. Therefore, should there be a ferritic stainless steel
with acceptably low coercivity, it would solve the problem of
high hysteresis losses and make this material very attractive
for electrical machines operated in harsh environments. In the
case of a completely canned machine, it is possible to protect
traditional electric steel from contact withwater with a special
cover, but with the penalty of a less reliable overall stator
structure and the risk of the can failing over time.
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