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Zusammenfassung

Heutzutage werden hauptsächlich laminierte Elektrobleche eingesetzt, um die
weichmagnetischen Bauteile einer elektrischen Maschine zu fertigen. Im Ver-
gleich dazu bestehen weichmagnetische Pulververbundwerkstoffe (Englisch:
soft magnetic composites – SMC) aus vielen kleinen voneinander isolierten
Eisenpartikeln.

Dank der isotropen Struktur besitzen die Pulververbundwerkstoffe viele beson-
dere Eigenschaften. Der spezifische Widerstand von SMC ist sehr hoch, was
zu niedrigen Wirbelstromverlusten führt. Pulververbundwerkstoffe zeichnen
sich durch thermische und magnetische Isotropie aus. Viele neuartige elek-
trische Maschinen mit einer dreidimensionalen Flussführung werden durch die
isotropen Eigenschaften erst ermöglicht. Außerdem wird das Pulver direkt in die
gewünschte Form gepresst und anschließend wärmebehandelt. Dadurch können
Bauteile mit komplizierter Geometrie einfach und effizient gefertigt werden.

In der vorliegenden Arbeit wurde die Anwendung von SMC in neuen Konzepten
elektrischer Maschinen untersucht und bewertet, speziell im Hinblick auf den
Einsatz in Kraftfahrzeugen als Antriebsmaschine. Diese Dissertation besteht
hauptsächlich aus den folgenden Arbeiten:

• Messung der magnetischen Eigenschaften verschiedener
Pulververbundwerkstoffe

• Entwicklung und Validierung eines Modells zur Berechnung der
Eisenverluste in Pulververbundwerkstoffen

• Entwicklung einer Simulationskette auf Basis der 3D FEM zur Analyse
verschiedener neuartiger Maschinen
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Zusammenfassung

• Elektromagnetische Auslegung einer Axialflussmaschine und
einer Transversalflussmaschine

• Mechanische Konstruktion und Analyse der ausgelegten Axialflussmaschine
mit einem Stator und zwei äußeren Rotoren

• Prototypaufbau und Messung der Axialflussmaschine zur Validierung
der Simulationsergebnisse

Auf Basis geschaffter Arbeiten wird gezeigt, dass für die vorgegebenen Randbe-
dingungen neuartige elektrische Maschinen z.B. Axialflussmaschine vergleich-
bare Eigenschaften wie traditionelle Radialflussmaschine erreichen können. Die
Axialflussmaschine ist eine konkurrenzfähige Topologie zur Radialflussmas-
chine, wenn eine kurze Axiallänge, hohe Drehmoment- und Leistungs-dichte
gleichzeitig gefordert werden. Obwohl die Transversalflussmaschine wegen
möglicher hoher Polpaarzahlen eine hohe Drehmomentdichte erreichen kann,
steht dem Einsatz als Antriebsmaschine ein relativ niedriger Leistungsfaktor auf-
grund der hohen Streuflüsse entgegen.
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Glossary

Symbols

A Wbm−1 magnetic vector potential
B T magnetic flux density
Br T Remanence
H Am−1 magnetic field strength
Hc Am−1 Coercivity
J T magnetic Polarisation
J Amm−2 electrical current density
Js T saturation polarisation
T Nm Torque
Pel W iron loss
U V electrical voltage

d mm thickness
f Hz electrical frequency
f function, in general
lmag mm length of magnetic path
m number of phases
m kg mass
n min−1 rotational speed
p number of pole-pairs
t s time
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Glossary

Ω rads−1 mechanical angular velocity
Φ Wb magnetic flux
Ψ Wb linked magnetic flux

η efficiency
μ Hm−1 permeability
μr relative permeability
μ0 Hm−1 vacuum permeability
ω rads−1 electrical frequency
ρel Ωm electrical resistivity
ρm kg density
σ Sm−1 electrical conductivity

Abbreviations

2D two dimensional
3D three dimensional
AFM axial flux machine
AMM amorphous magnetic metal
ANOVA analysis of variance
ASM asynchronous machine
CFD computational fluid dynamic
DLCW double layer concentrated winding
DoE design of experiment method
DSP digital signal processor
EM electrical machine
EMF electromotive force
FDW flux density waveform
FEM finite element method
FL fuzzy logic
GA genetic algorithms
GUI graphical user interface
IGBT insulated gate bipolar transistor
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Abbreviations

LFM longitudinal flux machine
LHS latin hypercube sampling
MMF magnetomotive force
MOPSO multi-objective particle swarm optimization
NES non-grain oriented electrical steel
NRMSE normalized root mean squared error
NSGA2 non dominated sorting genetic algorithm 2
OA orthogonal array
PEEK polyetheretherketon
PM permanent magnet
PMAFM PM excited axial flux machine
PMAFM-IR PMAFM with internal rotor
PMAFM-IS PMAFM with internal stator
PMAFM-ISA PMAFM with internal segmented armature,

also named as YASA or SAT
PMRFM PM excited radial flux machine
PMTFM PM excited transverse flux machine
PMTFM-CP PMTFM with claw poles
POM polyoxymethylene
RBF radial basis function
RFM radial flux machine
RTFM reluctance transverse flux machine
SAT segmented armature torus machine
SMC soft magnetic composites
SRM switched reluctance machine
TFM transverse flux machine
YASA yokeless and segmented axial flux machine
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1
Introduction

1.1 Soft magnetic composites

In recent years, a lot of researches have been carried out in the fields of electrical
machines, power electronics and batteries because of rising interest in electric
mobility motivated by the climate change caused by emission of CO2, finite-
ness of fossil fuels and increasing demands on the protection of the environment
[1, 2]. Different from traditional industrial applications, the total available en-
ergy and space in electric mobility are severely limited. For this reason, there
are some special requirements on the used electrical machines such as high effi-
ciency, high torque and power density, wide speed range, considerable maintain-
ability and reliability.

Owing to the rapid development of material science, the performance of electri-
cal machine has been continuously improved in the past decades. For instance,
efficiency and power density have been enhanced through the application of rare-
earth permanent magnets (PMs), which are well known for their high energy
density. Nowadays, non-grain oriented electrical steel (NES) is widely utilized
to manufacture magnetic cores of electrical machine. It is an iron alloy with
typically 0−3% silicon as additive.

For the application in radial flux machine, the coated laminations are usually
punched and stacked together to avoid excessive eddy current losses caused by

1



1 Introduction

flux passing perpendicularly through the laminations. Instead of silicon, there
are also cobalt-iron and nickel-iron alloys that are distinguished by high satura-
tion flux density and high permeability at the cost of high price [3–5].

Because of the outstanding mechanical properties, high saturation flux density
and permeability, manufacturing of electrical machines based on electrical steel
laminations has been well investigated and established. However, the eddy cur-
rent losses increase significantly at high frequencies, which is one of the reasons
that limits the attainable speed of an electrical machine. An effective method to
reduce the eddy current is to utilize thinner electrical steel sheets, which how-
ever leads to a much higher price [6]. In addition, the magnetic flux can only be
two-dimensionally conducted within a plane due to insulation among the lami-
nation sheets. It is the reason why the basic construction of electrical machine
has remained unchanged in the past time.

As a potential competitor to NES, the newly developed amorphous magnetic
metal (AMM) is featured by its disordered atomic structure and much smaller
thickness. The AMM is manufactured by rapidly freezing molten iron at high
temperature to avoid the formation of equilibrium crystalline atomic structure
[7]. Due to its special structure, the AMM can offer obviously improved mechan-
ical and electromagnetic properties such as high permeability and extremely
low iron losses. Thus, AMM has attracted lots of attentions from researchers
and many prototypes have been developed. From the perspective of magnetics,
the challenges with AMM are low saturation flux density and stacking factor
which can limit the maximal magnetic loading significantly. Besides, the AMM
becomes extremely brittle after the thermal treatment, which is difficult to be
manufactured with conventional cutting or punching.

Another important impulse promoting the development of new topologies of
the electrical machine comes from the soft magnetic composites (SMC), whose
mechanical and magnetic properties have been significantly improved in the last
decades. Different from the laminated steel, the SMC comprise a large number
of fine iron particles coated with the insulation material, as illustrated in Fig. 1.1.

Due to the unique structure, the SMC have many unique characteristics that can
improve the performance of traditional electrical machine and development of
novel designs with more complex magnetic circuits.

2
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Iron particle
Iron particle

Iron particle

Insulation

Lamella

0.075mm

0.35mm

Figure 1.1. Schematic structure of NES and SMC

Isotropy

First of all, SMC are isotropic implying that the physical properties are inde-
pendent of the orientations. This characteristic is valid both for thermal and
magnetic properties. Therefore, the heat derived from losses can be effectively
dissipated. The magnetic isotropy is potentially a more important property. Due
to the magnetic isotropy, electrical machines with complex three-dimensional
(3D) magnetic pattern can be realized, which are difficult or even impossible to
be manufactured with traditional laminated steel.

High electrical resistance

The electrical resistance of SMC is much higher than that of NES because of
thin insulation layer around each iron particle, which can effectively reduce eddy
current losses. This indicates that the SMC-based electrical machines are more
advantageous at high operating frequency where eddy current losses become
the dominant component of iron losses. For the inverter-fed electrical machine,
especially the reluctance machine, the expected current waveform is far away
from sinusoidal. As a result, there are generally more harmonics contained in
the magnetic field, which makes the application of SMC more considerable. The
typical applicable regions of SMC, ferrite and laminated electrical steel in terms
of saturation flux density and frequency are illustrated in Fig. 1.2.
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Figure 1.2. Application regions of SMC, electrical steel and ferrite [5, 8, 9]

Production techniques

The manufacturing process of SMC mainly consists of only compaction and heat
treatment, which is simple and cost effective in large volumes compared with
that of electrical steel. Besides, the soft magnetic components with complex
geometry, high surface quality and tight tolerance can be manufactured with
SMC. For instance, some soft magnetic parts made from SMC are illustrated in
Fig. 1.3.

Figure 1.3. Some motor components made from SMC [10–12]

High material utilization and recycling ability

Furthermore, the waste of raw material during the manufacturing process of
SMC is extremely limited. In addition, the SMC cores enable high recycling

4



1.1 Soft magnetic composites

ability of raw material because copper winding can be easily separated from
SMC. In summary, a high material utilization can be achieved, as shown in
Fig. 1.4.

SMC core

Lamination core

Figure 1.4. Recycling of motors with SMC core and lamination core [10]

Considering above advantages, it can be concluded that components with 3D
magnetic flux conductivity and complex shape can be manufactured with SMC.
Thus, great opportunities have been opened up for the researchers to design
novel electrical machines with innovative shape and complex magnetic circuit.

However, some obvious disadvantages preventing the widespread application of
SMC, which should be taken into account during the design of the electrical
machine. Some of them are listed as follows:

• Low magnetic permeability

• High hysteresis losses

• Inferior mechanical properties

• Limited geometrical size of the available parts

From the viewpoint of magnetics, the relative permeability of insulation layer
around the iron particle is close to air. Therefore, the unsaturated magnetic
permeability and saturation flux density of SMC are much lower than that of
electrical steel. For the same reason, the SMC are not suitable for the electrical
machine requiring high magnetizing current such as reluctance machine. On the
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contrary, the applications in machines with large effective air gaps such as PM
excited synchronous machines are more suitable for the application of SMC.

In addition, the SMC is inferior to NES in terms of mechanical properties, which
makes the mechanical construction a great challenge. Furthermore, the SMC
have much higher hysteresis losses which are the dominant component of iron
losses in low-frequency domain. At last but not least, a high pressure is neces-
sary during the compaction of the mixed powder. Thus, a larger press machine
is needed if dimensions of the demanded SMC parts are large. As a result, the
available size of components made from SMC is limited.

The above conclusions can be deduced from the following Table 1.1, where typ-
ical properties of three commercially available materials including NES, AMM
and SMC are compared.

NES AMM SMC
ThyssenKrupp METGLAS Höganäs
M235-35A 2605SA1 3P Soma-

loy700HR
Lamination thickness [mm] 0.35 0.025 solid
ρel [μΩcm] 48 130 15,840
Density [kg/m3] 7600 7180 7510
Stacking factor [%] 95 ≥84 -
Pfe at 50Hz,1T [W/kg] 0.95 0.05 4.53
Pfe at 50Hz,1.5T [W/kg] 2.35 0.19 9.05
Pfe at 1kHz,1T [W/kg] 69.8 6.5 137
Saturation flux density [T] 2.1 1.6 1.9
Maximum μr - 6,800 600,000 760
Tensile strength [N/mm2] 532 2000 120 [TRS]
Maximal standard
available width [mm] 1250 213 -

Magnetic flux path - 2D 2D 3D

Table 1.1. Comparison of the properties of NES, AMM and SMC
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1.2 Electrical traction machine

1.2 Electrical traction machine

Electrical machines were developed almost 200 years ago. Since the invention
of the first practicable rotational electrical machine in 1834 by Moritz Hermann
Jacobi, a large number of electrical machines with different configurations were
invented. Compared with other applications, there are some special require-
ments for the electrical traction machine in the hybrid electric vehicle (HEV)
and electric vehicle (EV) [13]:

• High compactness, small size and low weight

• High peak efficiency and high driving cycle efficiency

• High torque and power density

• Large speed range with constant maximum torque

• Excellent robustness and maintenance

• Low vibration and acoustic noise level

Nowadays, the radial flux machine (RFM) has been already widely accepted as
the traction machines. Among the different kinds of RFM, the permanent mag-
net (PM) excited RFM is the most frequently used topology due to its high effi-
ciency and high power density [14, 15]. These advantages are mainly resulted
from the application of PM with high energy density, which are of great impor-
tance considering the high transient torque requirement and the limited space in
the HEV. The PMs can be either mounted on the surface of the rotor yoke or
embedded in the rotor. The latter type is more favorable due to the existence of
reluctance torque in addition to the synchronous torque, which is resulted from
the difference between the inductances along the direct axis (d-axis) and lateral
axis (q-axis) [16–18].

The application of SMC in almost all kinds of traditional RFM has been investi-
gated, as described in section 2.5. It has been shown that a simple replacement
of NES with SMC in RFM usually leads to poorer performance due to the dis-
advantages of SMC such as low unsaturated permeability and high hysteresis
losses.

As a result, more and more novel designs of electrical traction machine have
been suggested in the past years to fully utilize the unique properties of SMC.
Among the different novel designs, the axial flux machine (AFM) becomes a
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hot spot of researches due to its short axial length, compactness and high torque
density. The AFM is characterized by the main flux flowing axially in the air
gap [13, 19–21].

Another promising topology of electrical traction machine is the transverse flux
machine (TFM) which has a 3D magnetic flux path perpendicular to the rotation
of the rotor. Due to its special structure, the electrical loading and the magnetic
loading are decoupled with each other. Therefore, large number of pole pairs
and high torque density can be achieved with TFM [22–25].

It should be noted that the magnetic flux flows three-dimensionally in both
topologies. As a result, the isotropic SMC are usually used to manufacture the
soft magnetic components. In other words, both AFM and TFM are promising
candidates for the application of SMC, which should be researched in this thesis.

1.3 Target and design specifications of the work

The mechanical and electromagnetic properties of SMC have undergone a sig-
nificant development in the past few years. Therefore, the target of this thesis
is to investigate and to evaluate the application of SMC in the novel designs of
electrical traction machine. For this purpose, a suitable design of electrical trac-
tion machine should be developed. Then, it is compared with the current design
of RFM based on the laminated electrical steel. In addition, a prototype should
be built and measured to validate the results of finite element analysis (FEA).

The research is carried out based on the cooperation with the industrial part-
ners – Daimler AG and PMG Füssen GmbH within the project “Conception and
Analysis of an E-Machine based on the Soft Magnetic Composites”.

The design specifications are the basis of electromagnetic design. In this work,
the specifications are determined considering the typical and potential applica-
tions for passenger cars from the industrial partner. Currently, an RFM is used as
electrical traction machine in the car. Meanwhile, it is also used as the reference
machine for the comparison with the novel electrical machines. In summary, the
available space, the PM and the drive inverter are specified in Table 1.2. In this
work, a TFM with inner rotor should be designed for a fair comparison with the
current RFM.
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1.4 Scientific contributions

Parameter Value Unit

Active outer diameter 301 [mm]
Active inner diameter 209 [mm]
Active axial length 75 [mm]
Axial length of air gap 1 [mm]
Maximal phase current 300 [Arms]
Maximal line to line voltage 167 [Vrms]
Mass of PM 0.83 [kg]
Remanence of PM 1.28 [T]
Coercivity of PM 1001 [kA/m]
Number of phases 3 -

Table 1.2. Design specifications of the electrical traction machine

1.4 Scientific contributions

The main scientific contributions of this thesis are listed as follows:

• Measurement of the magnetic properties including the magnetization curve
and iron losses of different SMC products provided by PMG Füssen GmbH.

• Development of an iron loss model to calculate the iron losses in SMC parts
based on finite element method (FEM). The model is validated with a test
system comprising a yoke and a tooth made from the same SMC.

• Development of a 3D FEM simulation platform with integration of the mea-
sured data of SMC, a winding editor to calculate the important properties of
double layer concentrated winding (DLCW) and a method to calculate the
iron losses of AFM efficiently.

• Electromagnetic design of an AFM based on accurate equivalent magnetic
network and 3D FEM.

• Development of a multi-objective design methodology of TFM based on
Taguchi method, the nondominated sorting genetic algorithm 2 (NSGA2), the
multi-objective particle swarm optimization (MOPSO) and fuzzy logic (FL).

• Comparison among the TFM, the AFM and the current RFM.
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• Mechanical construction of AFM which is validated with the help of structural
analysis and vibration analysis.

• Thermal analysis of AFM based on the accurate but time-consuming coupled
thermal and computational fluid dynamics (CFD) analysis as well as the equiv-
alent thermal network.

• Manufacturing and measurement of an AFM prototype.

1.5 Outline of the work

The doctoral thesis consists of nine chapters which reflect the progress of the
research over time, as illustrated in Fig. 1.5.

Chapter 1 starts with an introduction of SMC and electrical traction machine
in passenger cars. Subsequently, the targets and the design specifications of the
research are presented. Finally, the main scientific contributions and the outline
of this thesis are summarized.

Chapter 2 describes the classification of electrical machine depending on the
main flux in the air gap and the relative direction between flux path and rotor
rotation. Subsequently, the main topologies of PM excited AFM and TFM are
described. At last, the most important literatures about the applications of SMC
in RFM, AFM and TFM are reviewed and summarized.

A full characterization of SMC is the basis of FEA. Chapter 3 deals with the
measurement of the electromagnetic properties of different SMC including the
magnetization curve and iron losses. On this basis, an iron loss model has been
developed which is then used in the post-process of FEM to calculate the iron
losses in electrical machine. In order to validate the model, a test system con-
sisting of a yoke and a tooth made from the same SMC has been built.

In Chapter 4, the development of a 3D FEM simulation platform is described.
First of all, the function and structure of the simulation platform are introduced.
Subsequently, the most important components integrated into the simulation
platform are explained in details. A winding editor to calculate the most im-
portant properties of double layer concentrated winding has been developed.
Furthermore, an efficient method to calculate the iron losses of AFM based on
limited FEA for 1/6 electrical period is presented.
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Based on the measurement of SMC and the developed simulation platform, the
electromagnetic designs of an AFM and a TFM have been carried out and de-
scribed in Chapter 5 and Chapter 6 respectively. Based on the comparison
among the designed novel topologies and current RFM described in Chapter 7,
it is concluded that the novel AFM is the most suitable structure for the applica-
tion of SMC.

In order to validate the FEM results, a prototype of the designed AFM should
be built and measured. For this purpose, a mechanical construction is proposed
in Chapter 8 which is very challenging due to the large axial force between the
stator and rotor. On this basis, the strength and vibration analyses are performed
to validate the mechanical construction. In addition, the temperature plays an
important role in AFM because both adhesive and PM are sensitive to it. For
this reason, the temperature is calculated based on the coupled thermal and CFD
analysis. Subsequently, a lumped parameter thermal model has been developed
to calculate the temperature efficiently with acceptable accuracy.

The manufacturing and measurement of the AFM prototype are described in
Chapter 9. The experimental data including the back-EMF profiles, the losses,
the torque, the informative efficiency map and so on are presented and compared
with simulation. The possible reasons rendering the deviation between the mea-
surement and simulation are discussed in this chapter as well.

Chapter 10 summarizes the major work carried out during the project. At last,
the most relevant conclusions drawn from the previous work about the SMC, the
topology of electrical machine and the future work are presented.
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SMC measurement (3) Simulation platform (4)

Mechanical construction and analysis (8)

Prototyping and measurement (9)

Topology comparison (5,6,7)

Figure 1.5. Structure of the doctoral thesis
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2
Topology of Electrical Machine

In the past years, a lot of different topologies of the electrical machine have been
developed. These topologies can be classified with many different methods. For
instance, electrical machine can be divided into the direct current machine and
the alternating current machine depending on the current waveform. Consid-
ering the existence of PM, electrical machine can be categorized as PM and
electrically excited machine.

As illustrated in Fig. 2.1, the AFM is featured by the main magnetic flux flowing
axially in the air gap, while the magnetic flux in RFM flows radially in the air
gap. Furthermore, the main magnetic flux path is longitudinal to the rotational
direction of the rotor in longitudinal flux machine (LFM), while the TFM has a
magnetic flux path transverse to the rotor movement. In this thesis, two different
kinds of electrical machines are investigated which are the longitudinal axial
flux machine and the radial transverse flux machine respectively. For the sake
of simplicity, the abbreviations AFM and RFM are used.

In this chapter, the classification of RFM and the reference machine for the com-
parison with novel topologies are introduced at first. Subsequently, the classical
topologies of AFM and TFM are presented respectively. Thirdly, the mathemat-
ical model of PM excited synchronous machine based on the d-, q-coordinate
system is presented which can be utilized to analyze the PM excited RFM, AFM
and TFM. Finally, the most relevant literatures about the applications of SMC
in the three different kinds of electrical machines are summarized.
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Figure 2.1. Classification of the electrical machines

2.1 Radial flux machine

The RFM can be classified depending on the current waveform. Compared with
DC machine, almost only three-phase AC machine is used in the traction applica-
tion. It can be categorized into asynchronous machine (ASM) and synchronous
machine (SM) depending on whether the rotor speed equals the rotational speed
of stator magnetic field. Nowadays, both PM excited RFM (PMRFM) and elec-
trically excited SM have been used as traction machine in automotive industry.

In general, the PMRFM has higher torque and power density due to the applica-
tion of the rare-earth PM with high energy density. In comparison, the ASM is
more robust and cost-effective because of the absence of PM, which is especially
suitable for the operation at high speed in field weakening area.
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RFM

DC-RFM

AC-RFM

PM excitation

Electrical excitation

Asynchronous

Synchronous

Squirrel-cage rotor

Slip-ring rotor

PM excitation

Electrical excitation

The RFM designed by Daimler AG is used as the reference machine for the
comparison with other novel topologies, whose structure is illustrated in Fig. 2.2.
In order to reduce torque ripple and vibration, the rotor consists of 7 segments
which are rotated among each other for a small angle. The PMs are embedded
in rotor, so that the eddy current losses are effectively limited compared with
RFM, where PMs are mounted on the surface of rotor yoke. On the other hand,
the reluctance torque is generated in this structure, which is of great importance
when the RFM works at high speed with large field weakening current id.

(a) FEM model of RFM (b) Exploded view of Rotor of RFM

Figure 2.2. The current electromagnetic design of RFM
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2 Topology of Electrical Machine

2.2 Axial flux machine

Although the widely accepted RFM becomes nowadays the dominant configu-
ration, the AFM proves to be a quite competitive alternative, especially when
the axial length of the free space is limited and simultaneously high torque and
power density are required.

Compared with the axial flux induction machine [19, 26, 27] and the axial flux
reluctance machine [28–30], the PM excited AFM (PMAFM) is more attractive
because of its high torque and powder density, adjustable air gap, low vibra-
tion and noise, high efficiency and compactness. The greatest difficulties with
PMAFM are the lack of fabrication technology of stator core and the large axial
magnetic attraction force between stator and rotor. Thus, the construction and
assembly of PMAFM is a great challenge.

Considering the different number of air gaps, various arrangements of PM, di-
verse winding configurations, existence of armature core and slots, the PMAFM
can be further classified into many configurations with different performance.

PMAFM

Single-sided

Double-sided

Multi-stage

Slotted

Slotless

Coreless

PMAFM-IR

PMAFM-IS

Slotted

Slotless

PMAFM-IS-NN

PMAFM-IS-NS

PMAFM-ISA

Slotted

Slotless

Slotted

Coreless
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2.2 Axial flux machine

2.2.1 Single-sided PMAFM

The single-sided PMAFM (SS-PMAFM) has the simplest construction which
comprises one stator and one rotor. For instance, two SS-PMAFMs are il-
lustrated in Fig. 2.3 which comprise the double-layer concentrated winding
(DLCW) and the distributed winding respectively. Rotors of both SS-PMAFMs
are the same, where the adjacent PMs with red and green colour have opposite
magnetization direction.

Stator yoke

PM

Rotor yoke

(a) Concentrated winding

Rotor yokeStator yoke

PM

(b) Distributed winding

Figure 2.3. PMAFM with concentrated and distributed winding

Both distributed winding and concentrated winding can be applied in the
PMAFM. Despite more space harmonics contained in the air gap field, the con-
centrated winding is more often utilized in PMAFM because of its short end
winding, low copper losses and simplified manufacturing. Furthermore, there
is no overlapping among the coils, so that the phases are physically separated
leading to high fault toleration.

In comparison, the distributed winding can offer much fewer harmonics, which
makes it the only considerable candidate for the axial flux induction machine. It
should be noted that high magnetic attractive force exists in SS-PMAFM, which
imposes high requirements on the bearing system.
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2 Topology of Electrical Machine

2.2.2 PMAFM with an internal rotor

Compared with SS-PMAFM, the magnetic force on the rotor is obviously lim-
ited in the double-sided PMAFM with an internal rotor (PMAFM-IR). Two
PMAFMs with slotted and slotless stator are illustrated in Fig. 2.4. For both
machines, the main flux flows axially through the rotor. In addition, the non-
magnetic and non-electric conductive materials are necessary to fix the PMs.

Stator yoke PM Concentrated winding

(a) Slotted stator

PM Ring windingStator

(b) Slottless stator

Figure 2.4. PMAFM-IR with slotted and slotless stators

Generally, the PMAFM with slotted stator has smaller air gap length and thus
higher flux density. However, the stator teeth can cause local magnetic satura-
tion, higher torque ripple, more space harmonics and higher eddy current losses
in PMs. In comparison, the PMAFM with slotless and toroidal stator can elim-
inate the cogging torque, flux ripple and manufacturing costs resulted by the
slots. Nevertheless, the disadvantages should also be taken into account. Firstly,
the air gap becomes larger so that the flux density and torque become lower. In
addition, the generated heat in the stator core cannot be effectively dissipated.
At last, plenty of eddy currents can be induced in the windings because they are
directly exposed to the PMs.

Different from the above two PMAFM-IRs where the magnetic flux flows
axially through the PMs in the rotor, the main magnetic flux can flow circumfer-
entially along the rotor yoke as well. In this case, a thick rotor yoke is necessary
to avoid high magnetic saturation and reduction of torque density.
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2.2 Axial flux machine

As illustrated in Fig. 2.4 and Fig. 2.5, the PMs can be either mounted on
the surface of rotor yoke or buried in rotor, which can result in totally different
characteristics.

PM

(a) Surface mounted PM

PM

(b) Buried PM

Figure 2.5. PMAFM-IR with surface mounted and buried PMs

In general, the PMAFM with surface mounted PM has large effective air gap
length and can offer higher peak torque density. However, this kind of PMAFM
isn’t suitable for high speed operation. On one hand, high current is needed to
weaken the PMs at high speed. Simultaneously, a large amount of eddy currents
can be induced in PMs. On the other hand, the mechanical stability becomes
critical due to the increasing centrifugal force, because the PMs are normally
glued on the rotor yoke.

In comparison, the PMAFM with interior PMs is more suitable for high speed
operation due to its outstanding mechanical integrity at the cost of more complex
construction and manufacturing. In addition, the eddy current losses and the
demagnetization risk of PM can be effectively reduced as well.

2.2.3 PMAFM with an internal stator

Compared with PMAFM-IR, the attractive force on stator can be counterbal-
anced by placing it between two rotors. In many literatures, the double-sided
PMAFM including an internal stator (PMAFM-IS) sandwiched between two ex-
ternal rotors with surface mounted PMs is named as the TORUS machine or
yokeless and segmented armature machine (YASA).

19



2 Topology of Electrical Machine

Furthermore, two structures of PMAFM-IS can be developed based on the dif-
ferent arrangements of PM polarity and flux direction. In PMAFM-IS-NS, the
aligned PMs on the two rotors have the same magnetization direction, while
the aligned PMs on the rotors of PMAFM-IS-NN have opposite magnetization
directions.

For instance, two PMAFM-IS-NNs are illustrated in Fig. 2.6. For the PMAFM-
IS-NN with slotless stator, the main magnetic flux enters the stator and flows
circumferentially in the stator disc. For the PMAFM-IS-NN with slotted stator,
the main magnetic flux flows firstly axially in the stator teeth and then circumfer-
entially in stator yoke. Considering the total magnetic flux from the two rotors,
the stator yoke of both machines should be thick enough to avoid high saturation,
which leads to higher weight and longer end windings.

Ring Winding PMRotor Yoke

(a) Slotless stator

PMStatorRotor Yoke

(b) Slotted stator

Figure 2.6. PMAFM-IS-NN with slotless and slotted stator

In addition, the end windings in slotless PMAFM-IS-NN are much shorter re-
sulting in less copper losses. The other differences between the slotted and slot-
less stators such as flux ripple and tooth saturation are already discussed in the
PMAFM-IR which are also valid for the PMAFM-IS. In conclusion, the slotted
PMAFM-IS-NN has higher torque density, more robust and yet more complex
structure than the slotless PMAFM-IS-NN.

In comparison, two PMAFM-IS-NSs are illustrated in Fig. 2.7 where the main
magnetic flux travels axially through the stator. Because the stator yoke of the
slotted PMAFM-IS-NS is only used to connect the stator teeth together mechan-
ically, the stator thickness is much smaller than the slotted PMAFM-IS-NN in
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2.2 Axial flux machine

Fig. 2.6. The stator of the coreless PMAFM consists of only poly-phase wind-
ings which are normally cast together with resin to improve mechanical integrity
and heat dissipation ability. Because of the absence of stator core, the coreless
PMAFM-IS-NS machine has a short axial length. Besides, the iron losses and
magnetic saturation in the stator are also eliminated so that a high efficiency can
be achieved.

Similar to the slotless PMAFM, the cogging torque and torque ripple of coreless
PMAFM are very low. The disadvantages with the coreless PMAFM are the
high eddy current losses generated in the conductors and large effective air gap
length which cause low armature inductance and low torque density.

PMRotor yoke Stator

(a) Slotless stator

Concentrated winding PM

(b) Coreless stator

Figure 2.7. PMAFM-IS-NS with slotted and coreless stator

Different from the above PMAFM-IS with surface mounted PMs, the PMAFM-
IS can also be designed with interior or buried PMs to improve the mechani-
cal robustness by protecting PMs against centrifugal forces. Moreover, higher
torque can be delivered in the field weakening area due to the reluctance effect.
The accompanied drawback is the manufacturing difficulty. Compared with the
PMAFM-IR, the PMAFM-IS has less stator core material and copper causing
lower iron and copper losses and higher power density. Because the stator is
placed between two rotors, the contact surface between the stator and the am-
bient is much smaller than that of the PMAFM-IR. For this reason, the heat
generated in the stator cannot be effectively dissipated.
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2 Topology of Electrical Machine

As an important candidate for the application of SMC, the PMAFM with inter-
nal segmented armature (PMAFM-ISA) illustrated in Fig. 2.8 is a further devel-
opment of the traditional PMAFM-IS topology which is often known as yoke-
less and segmented axial flux machine (YASA) or segmented armature torus
machine (SAT). In this topology, the stator yoke isn’t needed to conduct the
magnetic flux. The PMAFM-ISA consists of two external rotors with surface
mounted PMs and an internal stator comprising several independent segments
with concentrated winding. Due to the absence of the stator yoke, the stator
weight and the iron losses are obviously reduced, and the efficiency is improved.

Concentrated winding PMRotor yoke
Stator segment

Figure 2.8. PMAFM-ISA

2.2.4 Multi-stage PMAFM

Because of the planar air gap, the multi-stage PMAFM (MS-PMAFM) can be
easily realized by axially merging the single-sided PMAFM, the PMAFM-IR
or PMAFM-IS together. For instance, the Fig. 2.9 shows a MS-PMAFM that
consists of four stators and three rotors with interior PM.

The MS-PMAFM can be very attractive for certain applications where large
power density is required, and simultaneously the external diameter is limited.
Obviously, the construction is more difficult due to its high mechanical stress
and complex structure. In addition, the costs of the machine might be high
because of the utilization of large amount of PMs.
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2.3 Transverse flux machine

Stator YokeConcentrated Winding PM RotorStator

Figure 2.9. Multi-stage PMAFM

2.3 Transverse flux machine

As mentioned above, the electrical machine can be categorized into LFM and
TFM considering the relative direction between the rotor movement and the
magnetic flux path. In LFM, the main magnetic flux path lies within the same
plane as the rotor movement while the magnetic flux in the TFM flows in planes
that are perpendicular, in other words transverse to the direction of the rotor
movement. For a better view, part of the basic PM excited TFM (PMTFM) is
linearized and illustrated in Fig. 2.10.

Copper winding

PMRotor yoke

Stator

Movement

Figure 2.10. Part of a linearized one-phase PMTFM
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2 Topology of Electrical Machine

The PMs with alternating magnetization direction indicated with the green and
red color respectively are mounted on the surface of the rotor yoke. The stator
consists of many separate cores which are used to conduct the magnetic flux
from PMs indicated by the dotted line. The winding with simple structure and
high filling factor is placed in the slots of the stator and fed with alternating
current. The magnetic flux flows through the PM stator cores, the air gaps, the
PMs and the rotor yoke.

Because of the special structure, the TFM has some outstanding advantages.
Some of them are summarized as follows:

• High torque density

• Simple winding structure

• Decoupling of the magnetic loading and the electrical loading

Due to the special structure of TFM, the magnetic and electrical circuits are
decoupled, which do not compete for the same space as in the LFM. Thus, a
large number of poles can be achieved without increasing the external diameter,
and the electromagnetic design is simplified. In addition, the winding used in
TFM has usually simple structure and high filling factor which lead to lower cop-
per losses and higher rated electrical loading. In conclusion, TFM can achieve
high efficiency and outstanding torque density through increasing the number of
poles and electrical loading.

Despite the above advantages, there are two considerable drawbacks preventing
the wide applications of TFM:

Low power factor

The power factor of TFM is generally low because of the large amount of leak-
age flux which comprises the slot leakages, the leakages flux between the phases,
the end winding leakages and the fringing fluxes. It is caused by a large number
of isolated components in the magnetic circuit and many sides directly facing
the air. In addition, the power factor reduces with increasing pole number. The
reduced power factor causes a higher rating and costs of the drive inverter. As a
result, for a given dimension, a high number of poles leads to small pole pitch,
high leakage flux and consequently low power factor. Therefore, a compromise
has to be made between the torque and the power factor.
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2.3 Transverse flux machine

Complex mechanical construction

The mechanical structure of the TFM is more complicated than the conventional
RFM because a large number of isolated and small components are needed to
form the magnetic circuit. As a result, the manufacturing costs and assembly
difficulties are enhanced, and the mechanical integrity becomes worse.

It should be noted that at least two phases are needed to guarantee the contin-
uous operation of TFM. For instance, a three-phase TFM can be obtained by
stacking three one phase TFMs together along the axial or peripheral direction.
Furthermore, either the PMs or the stator cores must be shifted to achieve a 120
electrical degree among the phases. For the TFM in Fig. 2.11, the stator cores
are shifted while the PMs are aligned.

In order to reduce the leakage flux among the phases, a small gap or barrier
between the cores of adjacent phases are necessary. Because of the electromag-
netic independence among the phases without considering the leakage flux, it is
only necessary to analyze one pole pair model of one phase.

Copper Winding

Rotor yoke

Stator

Move
ment

Stator Stator

Figure 2.11. Part of a linearised three-phase PMTFM

In general, the TFM can be classified considering the type of excitation (elec-
trical or PM excitation), the arrangement of the PMs (surface mounted or flux
concentration), the placement of PMs (positive or passive rotor), the position of
rotor (inner or outer rotor), the distribution of stator segments (single or double
sided stator) and the configuration of the magnetic circuit (axially or circumfer-
entially shifted phases).
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TFM

Reluctance TFM

PM excited TFM

Flux concentration

Surface mounted PM

Single-Sided

Double-Sided

Single-Sided

Double-Sided

A reluctance TFM (RTFM) and a single-sided PMTFM are illustrated in
Fig. 2.12 where all components of the stator are placed on one side of the ro-
tor. One of the advantages of RTFM is the absence of PM, which results in low
costs and better mechanical robustness. Generally, the RTFM has a rotor with
large weight and can offer lower torque density compared with the PMTFM.
Compared with the TFM in Fig. 2.10, the PMTFM in Fig. 2.12 can utilize the
generated magnetic flux from all PMs at the cost of increased weight and re-
duced available winding space.

Rotor yoke

Stator

(a) RTFM

Copper Winding

PM

Stator

(b) PMTFM

Figure 2.12. Reluctance TFM and TFM with surface mounted PM

A higher magnetic flux density in the air gap can be achieved by reducing the
effective air gap and concentrating the flux from the PMs. For instance, a single-
sided and a double-sided TFM with flux concentration are illustrated in the
Fig. 2.13 where the PMs with inverse circumferential magnetization directions
are embedded in the rotor.

Although a higher torque density can be realized with the flux concentration
structure, the machines are difficult to be manufactured, and the mechanical
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integrity becomes worse, especially for the TFM with stator cores spread over
both sides of the rotor. An obvious advantage of the TFM with twisted stator
cores in Fig. 2.13 is that the stator cores are combined together forming a whole
component for each phase, which reduces the constructional and manufacturing
difficulties. A main drawback of the TFM with flux concentrating is higher
leakage flux compared with the TFM with surface mounted PMs.

PM

St
at

or

(a) Single-sided
Rotor

Stator

(b) Double-sided

Figure 2.13. Single- and double-sided PMTFMs with flux concentration

2.4 Modelling of PM excited synchronous machine

All the three topologies of electrical machine researched in this work are excited
with PM which can be analyzed with the d-, q-coordinate system. The d-axis
corresponds to the magnetization direction and q-axis is the axis possessing a
deviation of 90 electrical degrees to the d-axis, as illustrated in Fig. 2.14.

In this case, the stator voltage ud, uq can be calculated from the phase resistance
RS, the current components id, iq, the electrical rotational speed ωel and the flux
linkage Ψd and Ψq as follows [16]:

ud = RS · id +
d
dt
·Ψd − ωel · Ψq (2.1)

uq = RS · iq +
d
dt
·Ψq + ωel · Ψd (2.2)
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d

q

Figure 2.14. d-, q-coordinate system of a PMRFM

The ratio between the electrical rotational speed ωel and the mechanical rota-
tional speed Ω equals the number of pole pairs p. The rotational speed Ω is
defined as the derivation of the rotor angle γ .

ωel = p · Ω = p · γ̇ (2.3)

Furthermore, the flux linkage Ψd and Ψq can be determined from the stator
currents id and iq, the inductances Ld and Lq and the flux linkage generated by
PM ΨPM.

Ψd = Ld · id + ΨPM (2.4)
Ψq = Lq · iq (2.5)

On this basis, the internal torque can be calculated using (2.6) which consists of
the synchronous torque and the reluctance torque [16].

Mi =
3
2

p
(
Ψd iq − Ψq id

)
=

3
2

p ΨPM iq︸ ︷︷ ︸
sync. torque

+
3
2

p
(
Ld − Lq

)
id iq︸ ︷︷ ︸

reluctance torque

(2.6)
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2.5 State of the art

In order to take the advantages of SMC and to overcome the disadvantages, a lot
of researches have been done in the past few years. Encouraging improvements
have been achieved which enable a better understanding and improvement of
SMC, an improved production technique and productivity [31, 32], a more accu-
rate measurement and modelling of iron losses [33–36].

Because of the performance improvement, the SMC attract great interests in the
field of electrical machine. It has been shown, new competitive electromagnetic
designs of electrical machines can be realized by utilizing the unique features of
SMC. Subsequently, some import applications of SMC in RFM, AFM and TFM
are summarized and presented.

2.5.1 Application of SMC in RFM

The applications of SMC in almost all kinds of RFM have been researched. It
has been shown that a direct replacement of laminated steel core with SMC core
leads usually to poorer performance due to the disadvantages of SMC. More at-
tentions should be paid to the electromagnetic design, the manufacturing and the
assembly of electrical machine so that the advantages of SMC can be exploited
to achieve an improved performance. Some important literatures depending on
the topologies of RFM are summarized in Table 2.1.

Machine topology Literatures

DC motor [37–39]
Universal motor [40–44]
Reluctance motor [45–51]
Induction motor [45, 52–60]
PM excited RFM [12, 45, 61–76]

Table 2.1. Application of SMC in RFM

One of the possibilities to make use of the manufacturing flexibility of SMC is
to design an armature with overhangs, as illustrated in Fig. 2.15. The special
geometry leads to an increase of air gap axial length, a better utilization of PM
and an improvement of torque density [38, 39, 44].
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Boss Overhang

(a) Armature of a PM excited DC
motor [38]

Overhang

(b) Electrical excited DC motor [44]

Figure 2.15. Armature of a DC motor made from SMC with overhang

The design flexibility and isotropy of SMC are further exploited in [41]. As
shown in Fig. 2.16, the stator core is made of SMC and separated into poles and
two half-yokes which enables an application of bobbin winding and realizes
significantly simplified assembly.

Figure 2.16. Stator of an universal motor made from SMC [41]

Theoretically, the reluctance machine isn’t suitable for the application of SMC
because the high permeability of soft magnetic components is required to gener-
ate large reluctance force. However, it could also be interesting in some special
cases, especially when the simplifications of manufacturing and assembly are de-
sired. For instance, the stator of a new DC field multi-tooth switched reluctance
machine is illustrated in Fig. 2.17.
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DC field winding

Stator

Rotor

Armature winding

Figure 2.17. Stator of a switched reluctance machine made from SMC [41]

Similar to switched reluctance machine, soft magnetic material with high per-
meability is demanded in ASM. A direct replacement of the laminated electrical
steel with SMC for induction machine leads to higher iron losses and lower effi-
ciency, especially at high slip. However, some aspects of ASM such as manufac-
turing, thermal performance and recycling of copper can be improved through
the application of SMC.

For instance, the SMC stator core of an ASM as traction motor is divided into
many separate parts to enable an assembling of pre-formed coil [57, 59], as
illustrated in Fig. 2.18. Furthermore, the tips of stator teeth are axially extended
to enlarge air gap surface. The measurement shows that the efficiency under
rated conditions and peak output power increase by 3.9% and 5% respectively.
Furthermore, it should be noted that for the inverter-fed ASM with SMC stator
core, the losses increased by the inverter harmonics are even lower than that of
conventional AMS [53, 56].

In general, the PMRFM is more suitable for the application of SMC. It is less sen-
sitive to the low permeability of SMC than the armature magnetized machines
due to the large effective air gap caused by PMs. Furthermore, the isotropy and
manufacturing merits of SMC can deliver additional considerable benefits. Thus,
the utilization of SMC in PMRFM attracts a lot of attentions in the past time.
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(a) Assembled stator (b) Yoke (c) Tooth(SMC)

Figure 2.18. Stator of an ASM made from SMC [57]

A PMRFM comprising an inner rotor with surface mounted PMs and an SMC
stator with concentrated winding was reported in [67] where a number of design
features can only be realized with SMC, as illustrated in Fig. 2.19. Firstly, the
concentrated windings combined with the directly molded tooth with rounded
axial ends can reduce copper losses, easier winding process and better thermal
contacts. Besides, the armature core is segmented and split into core back sec-
tions and teeth, which allows the use of preformed coils with a high filling fac-
tor. In addition, the tooth tips and stator core are axially extended over end
windings to reduce the stator back iron thickness and to enable a better use of
PMs. The prototype has superior higher efficiency than the conventional ma-
chine, which indicates the feasibility and potential of SMC applied in low-cost
and mass-produced PMRFM.

(a) Core components and coil (b) Assembled tooth (c) Assembled stator

Figure 2.19. Stator of a PMRFM made from SMC [67]
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Another interesting design of PMRFM is presented in [75, 76] which is similar
to a hybrid stepping motor, and the core components are made of SMC, as shown
in Fig. 2.20. The axially magnetized PMs aren’t mounted on the surface of
the rotor but inserted between the SMC rotor cores. In addition, the complex
SMC stator with multi-tooth is axially extended to reduce the copper losses.
Compared with the PMRFM with a conventional laminated core, the machine
shows higher efficiency at high speed.

(a) Laminated core (b) SMC core

Stator

PM
Aluminium
Rotor
Casing

(c) Prototype

Figure 2.20. A novel PMRFM with SMC cores [76]

All of the above machines are experimental prototypes developed in laboratory.
However, some commercial applications of SMC in the electrical machines can
also be found in market. An industrial servo motor was developed by ABB
which achieves a size reduction by 1/3 and meanwhile improved performance
compared with the previous design. Besides, a PMRFM with an inner SMC
stator used in anti-lock braking system was developed by Aisin Seiki Co. Ltd.
which realizes 36% reduction in axial length and 17% reduction in weight. The
application of SMC in a DC pump motor was performed by Laing GmbH to
achieve a lighter stator with simplified structure and less number of components.

2.5.2 Application of SMC in AFM

AFM has been first developed in 1830s [77–81]. Since then, it wasn’t widely
accepted as RFM because of the construction and assembly difficulties resulted
mainly from the strong axial force between the stator and rotor.
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Slotted Slotless Coreless

SS-PM
A

FM

Water pump: [82],
Wheel motor in scooter:
[83], Wheel motor in
wheelchair: [84],
Wheel motor in solar
powered vehicle: [85],
Others: [86]*, [87]*,
Servo motor: [88]*

Vibrator for mobile
phone: [89]

Wind generator:
[90, 91]

PM
A

FM
-IR

Wheel motor in EV:
[92–94], [95]*, Wind
generator: [96]*

Direct-drive of scooter:
[97, 98], Flywheel
energy storage system:
[99]

PM
A

FM
-IS

Wind generator:
[100]*, [101]*, Wheel
motor in HEV or EV:
[21]*, [102]*, [103]*,
[20, 104–107], Fan
motor: [108],
Industrial motor: [109],
Others: [110]

Ship propulsion: [111],
Pump motor: [105,
112], Automotive
stater/alternator [113,
114], Direct-drive
elevator: [115],
Generator: [116, 117]

Generator: [118,
119], Flywheel
energy storage
system: [120],
In-wheel motor:
[121]

M
S-PM

A
FM

Generator: [122] Ship propulsion: [123],
Direct-drive mixer:
[124]

Wheel motor in
EV: [125–127],
Aircraft drive:
[128]

Table 2.2. Various applications of PMAFM (*:SMC-based)

However, the PMAFM becomes an attractive candidate in the applications
where high power and torque density, high efficiency and simultaneously short
axial length are required. In the past time, a large number of researches have
been carried out to investigate the application of different PMAFM for various
applications which are summarized in Table 2.2.
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Furthermore, the rated power and operating speed of some PMAFMs listed in
Table 2.2 are illustrated in Fig. 2.21.

Rated rotational speed / min
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/W
SS-PMAFM
PMAFM-IR
PMAFM-IS
MS-PMAFM

101 102 103 104 105
101

103

105

107

109

Figure 2.21. Rated power and speed of some PMAFMs

The most significant conclusions deduced from the performed researches in the
past time are summarized as follows:

• Compared with PMRFM, the PMAFM with concentrated winding can deliver
higher power density, better modularity, higher torque density and higher ef-
ficiency in the direct-drive applications with short axial length such as wind
turbine and in-wheel motor of HEV or EV [105, 106, 109, 129–132].

• The electromagnetic design of PMAFM can be carried out based on the analyt-
ical method or FEM. Compared with analytical method, the analysis based on
FEM is more accurate but requires much more computational time, especially
in the case of 3D FEM [86–88, 107, 129, 133–139].

• The PMAFM with stator made from AMM or SI has higher torque density,
lower losses and higher efficiency compared with the PMAFM with SMC
stator possessing the same size which has however higher manufacturing dif-
ficulties and costs [79, 109]. The PMAFM with surface-mounted PMs is a
suitable candidate for the application of SMC because of the 3D magnetic
flux. Furthermore, it is less sensitive to the low permeability of SMC due to
the large effective air gap length. Furthermore, the rotor yoke can be made
from solid iron, electrical steel or SMC [88, 106, 110].
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• The large axial force between the stator and the rotor of the PMAFM results
in great difficulties in the construction and assembly [79].

• The surface-mounted PMs are often skewed and segmented to reduce the
torque ripple and eddy current losses [140, 141]. Another method is the utiliza-
tion of the magnetic wedges which are placed in the slots to form the closed
or semi-closed slots [106, 110].

• The concentrated winding is usually utilized in PMAFM which can be realized
with either one layer or double layer structure [122]. It is simpler to assemble
and has shorter end-windings, higher filling factor and lower copper losses.
In addition, the harmonics contained in MMF have dominant influence on the
eddy current losses of the PMs [107, 142].

• In PMAFM-IS, the copper can be utilized for both surface of the stator. Be-
sides, the end windings have reduced length compared with the PMAFM-
IR, and thus the efficiency is improved [106]. Compared with PMAFM-IR,
PMAFM-IS can achieve higher power density in high current density [143].

• The different topologies of PMAFM are compared in detail in terms of torque
and power density, torque ripple, cogging torque, axial length, copper losses,
filling factor and so on in [77, 140, 141, 144–148]. Among the classical topolo-
gies described in section 2.2, major efforts have been made and some novel
topologies of PMAFM have be made to improve the capability of field control
[149, 150], to improve the modularity and torque density [151], to develop
novel design of winding with higher filling factor and higher allowable current
density [148, 152], to achieve an iron free machine through Halbach array of
PM [121, 148], and to reduce the cogging torque and torque ripple [153–158].

2.5.3 Application of SMC in TFM

The TFM was firstly proposed by Weh and May in 1986 [159–161]. Since then
it has become an interesting research hot spot for many years until now. The
TFM is suitable for the application of SMC because the main magnetic flux
flows three-dimensionally. In addition, the magnetic components of TFM have
normally complex form which are hard or even impossible to be manufactured
with laminated steel. At last, the number of poles of TFM is always higher
than that of conventional RFM, which corresponds to higher electrical frequency.
Therefore, the application of SMC can effectively limit the eddy current losses.
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During the past time, a lot of researches have been carried out to analysis dif-
ferent TFMs, and some prototypes have been manufactured for various applica-
tions. Some of them are summarized in Table 2.3.

Single-Sided Double-Sided

RTFM

Crankshaft starter-alternator:
[162, 163], Direct Servo-drive:
[164], Conveyor: [165, 166],
Others: [167]*

Traction drive for a wheel loader:
[168]*,[169]*, Exercise bike:
[170], Others: [171]

PM
TFM

Surface
m

ounted
PM

Free Piston Energy converter:
[172, 173], Wheel motor for EV:
[174], Wind turbine generator:
[175], [176]*, Generator: [177],
Turret application: [178],
Downhole application: [179],
Direct drive application: [180]*,
[181]*, High speed application:
[182–184]*, Others: [185]*

Wind turbine: [186], Servo
motor: [187], Direct-drive of EV:
[188], Electrified propulsion of
ship: [189]

PM
TFM

Flux
concentration

Wind generator:[190, 191],
Propulsion of EV and HEV:
[192]*, Railway traction system:
[193], In-wheel motor of hybrid
bus: [24, 25], Wheel Hub Drive:
[194]

Wave energy generator: [195],
Ship propulsion: [196, 197],
Electric and hybrid propulsion
application: [198]*, Stocker
system: [199], Electric-driven
city bus: [200]*, [201],
Generator: [202], Others: [203]

Table 2.3. Various applications of TFM (*:SMC-based)

Furthermore, the performance of some suggested TFMs are compared in terms
of the torque density and power factor, as illustrated in Fig. 2.22.
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Figure 2.22. Torque density and power factor of some TFMs

Based on lots of detailed investigations and researches, some important conclu-
sions about the TFM can be drawn which are summarized as follows:

• Compared with RFM, TFM is distinguished by its high pole number, high
torque density, simple winding structure with high filling factor and low cop-
per losses, high efficiency and improved fault tolerance due to decoupling of
phases. For instance, the specific output torque of TFM is about 5∼10 times
of a standard industrial induction motor [204]. Therefore, the TFM is very ap-
propriate for the high-torque and low-speed applications such as direct drive
in vehicles or elevators [174, 178, 205]. In general, the ratio of the achievable
power to total machine weight for TFM ranges between 0.5∼ 2 kW/kg [162].
Nevertheless, the disadvantages such as high leakage flux, complex structure
and construction, high-cost manufacturing and assembly should also be taken
into account.

• Compared with RTFM, the torque density of PMTFM is further improved by
utilizing PMs, especially the rare-earth PMs with high energy density [162].
The performance of PMTFM is insensitive to the low permeability of SMC
than RTFM as the magnetic reluctance of PM dominates the magnetic circuit.
In general, the TFM with PM excitation can achieve higher force density by a
factor of 3 to 5 compared with that of RTFM [199, 206]. However, the RTFM
based on the reluctance effect is free of PM or electrical excitation, which
leads to low costs, manufacturing simplicity, easy assembly and outstanding
robustness [162, 207]. The magnetic field of RTFM can be conditioned by
using magnetic shields such as PMs in order to enhance the torque density
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[208–211]. The PMs can be placed either on the lateral sides of teeth, perpen-
dicular on the lateral sides of the air gap or parallel with the air gap sides. The
shielding of both stator and rotor is more efficient than shielding only one part,
which however leads to more constructional and manufacturing difficulties.

• The components of stator can be placed on one side or both sides of the ro-
tor. Compared with the single-sided PMTFM, the PM are better exploited
in the double-sided PMTFM, and both air gaps contribute to the torque gen-
eration. However, the mechanical construction and assembly become more
complicated because the additional cantilevered arrangement is necessary to
support the rotor components [187].

• Different from the classical TFM whose stator comprises a large number
of independent small parts, the stator of the PMTFM with claw-pole struc-
ture (PMTFM-CP) is a complete part and consists of half opened claw poles,
within that the winding is housed. Because of the complex geometry, the mag-
netic flux flows truly 3D in the PMTFM-CP, which makes the application of
SMC necessary. In conclusion, the PMTFM-CP can reduce the number of
standalone components of stator, which leads to an improvement of the me-
chanical stability and a simplification of the manufacturing and assembly. But
it should be noted that the overlapping of the stator teeth increases the leak-
age flux [187]. For instance, a PMTFM-CP with an inner rotor employing the
surface mounted PMs was designed and prototyped in[212] to investigate its
potential application as a high speed industrial servo drive. A comparison with
the conventional PMRFM indicates that the newly developed PMTFM-CP has
much higher peak and rated torque over the complete speed range.

• In addition, the PMs in PMTFM-CP can be either mounted on the surface
of rotor yoke [182, 185] or buried in the rotor to form the flux concentrating
structure [213]. The PMTFMs with different PM arrangements are compared
in [214–216]. Compared with the PMTFM illustrated in Fig. 2.10, the PMs
in the rotor of PMTFM with flux concentration can be completely utilized,
which results in a reduced constructional complexity, a higher power factor
and torque density, perhaps by the order of 20∼ 50% [204, 217]. However, it
leads to a more complex structure, less robustness and an increase of magnet
leakage flux of the rotor [176].

• The PMs can be either located on the fixed stator or the rotor of TFM. A single-
sided and a double-sided PMTFM with passive rotor are illustrated in Fig. 2.23
which demonstrate better mechanical robustness because the PMs don’t suffer
from the centrifugal force [195]. In addition, the active water cooling of PMs
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becomes much easier, which facilitates higher electrical loading. It should
be noted that the improvements are achieved at cost of more PM material,
mechanical complexity and manufacturing costs [218–220].

Copper Winding

PM

Rotor

Stator

(a) Single-sided PMTFM

Copper Winding Rotor

PM

Stator

(b) Double-sided PMTFM

Figure 2.23. PMTFMs with passive rotor

• In principle, the phases of TFM are magnetically independent from each other.
In fact, they are coupled due to the inter-phase leakage flux, which leads to
reduction of average torque and higher cogging torque. For this reason, there
should be enough free space among the phases. Sometimes, aluminium barri-
ers or silicon steel sheets can be inserted between the phases as well to achieve
a better decoupling [180, 192].

• The low power factor is a significant drawback of TFM which results in in-
creasing copper losses and substantial over-rating of the drive inverter [176].
The power factor of TFM lies typically in the range of 0.35∼ 0.55 [173, 179,
214, 221]. The most important reason is the high fringing and leakage flux
resulted by a lot of isolated components and large area facing air. The leakage
flux can be reduced by increasing pole width and reducing the pole number,
which in turn leads to reduction of torque density. For this reason, a compro-
mise has to be made between power factor and torque density [222]. In [223],
power factors of the PMTFM in Fig. 2.10 and the PMTFM with additional
bridge in Fig. 2.12 are determined which are 0.52 and 0.47 for the original
design and increase to 0.62 and 0.57 for the optimized design.

• Two different arrangements of phases of PMTFM are investigated in [224–
226] which are the conventional axial phase arrangement and the in-plane
arrangement respectively. As illustrated in Fig. 2.24, the phases are stacked
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in axial direction or disposed next to each other in circumferential direction
around the stator respectively. For the latter, the total axial length can be
substantially reduced, and the torque density remains high [226]. Compared
with the full winding construction, each phase can be divided into two halves
and placed opposite to each other in the split winding structure to improve the
mechanical balance and stability [225].

Phase U Phas
e V

Phase W

Rotor
(a) Full winding

Phase W

Phase W

Phase V
Phase V

Phase U Phase U

Rotor

(b) Split winding

Figure 2.24. PMTFM with in-plane arrangement

• For some TFM topologies, the soft magnetic parts can be made from either
SMC or lamination. Because of its low permeability, the TFM with SMC
parts needs higher ampere turns to achieve the same torque density compared
with TFM based on electrical steel, which leads to higher copper losses [206,
226]. In addition, the mechanical properties of SMC are inferior to lamina-
tions, which leads to a more difficult construction [23, 25]. However, the
SMC allow easier manufacturing with less costs, higher shaping flexibility
and lower eddy current losses [176, 183]. Therefore, the SMC are the only
possible candidate for the TFM with complex 3D flux components which are
hard or even impossible to be manufactured with laminations [181]. Further-
more, the SMC and the laminated steel can be used in combination in PMTFM
as well, as suggested in [167, 206, 224, 227]. As shown in Fig. 2.25, three
PMTFMs with the same rotor but different stators made from SMC, lamina-
tions and a combination of both materials are compared in [228].
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According to the experimental results, the PMTFM possessing stator made
only from electrical steel with slits in teeth offers the highest output power
while the PMTFMs with stator made from SMC and lamination have lower
core losses.

(a) SMC

stator yoke (SMC)

stator teeth (laminations)
(b) SMC and laminations (c) Laminations

Figure 2.25. PMTFMs with different stator [228]

Even for complex PMTFM-CP, combined usage of SMC and laminated steels
are possible [229–231], as shown in Fig. 2.26. With this method, the perfor-
mance of PMTFM can be improved due to reduced magnetic reluctance and
iron losses. Through using core made from AMM instead of Fe-Si lamina-
tions, the iron losses can be further reduced, which leads to a higher efficiency.

Amorphous or Fe-Si C-Cores

SMC flux concentratorSMC feet

Stator winding PM

Figure 2.26. PMTFM-CP with stator made from SMC and electrical steel [231]

• Due to the complicated 3D flux components, design and optimization of TFM
are very difficult and time-consuming. The performance analysis of TFM can
be carried out based on the analytical method [221] or the 3D FEM [192, 207].
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Most of the analytical calculations are based on the equivalent magnetic reluc-
tance network and empirical formulas which have limited accuracy because
of the complex 3D flux paths and large leakage flux [232]. Although the 3D
FEM is extremely time-consuming, the most accurate prediction of machine
performance can only be obtained through this method [233]. Furthermore,
some efforts have also been made to investigate the TFM with 2D FEM in-
stead of 3D FEM. It is found that the 2D FEM can be used for the qualitative
investigation and parameter research [199, 219, 234].

• In the past time, a lot of novel topologies of TFM have been developed, and
some of them are illustrated in Fig. 2.27. These topologies are developed
aiming to increase the torque density by increasing the air gap area [203] or
by using laminations instead of SMC [23], to improve the power factor [173,
186], to reduce the rotor leakage flux and to reduce the costs by using fer-
rite magnet instead of rare-earth PM [22], to reduce the cogging torque [192],
to improve the fault tolerance [170], to improve the mechanical stiffness by
using modern materials such as carbon-fiber reinforced plastics [168], to incor-
porate the merits of both the longitudinal and transverse flux machine [235],
to replace the planetary gear in the HEV Prius [236], to increase the thermal
dissipation ability by using hollow copper pipes with an internal coolant flow
as windings in the stator [169] or to simplify the assembly and manufacturing
by replacing many small PMs with a simple magnet ring placed between two
rotor cores in the hybrid PMTFM [237–240].

(a) C-shaped stator cores [196] (b) E-shaped stator cores [203] (c) Hybrid-PMTFM [237]

Figure 2.27. Novel topologies of TFM
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As recent commercial application of SMC in TFM, the Twinbird Corporation in
Japan has built a double sided PMTFM-CP for a linear compressor which results
in a significant reduction of components number, manufacturing costs, weight
and noise. In addition, the LYNG Motor has developed a two-phase PMTFM-
CP for the valve drive application to improve the accuracy and reliability. Both
TFMs are illustated in Fig. 2.28.

Inner stator
SMC

PM

Coil

outer

(a) TFM of Twinbird corporation

SMC

(b) TFM of LYNG Motor

Figure 2.28. Commercial applications of two TFMs based on SMC
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3
Measurement of SMC

In comparison with laminated electrical steel, manufacturing process of SMC is
substantially simplified. However, there are still many factors which can influ-
ence the properties of SMC. These factors should be considered at the beginning
of design process. As the basis of electromagnetic design, magnetic properties
of SMC should be measured with specimens conforming to standards. Further-
more, iron loss plays an important role for electrical machine. Thus, an iron loss
model based on 3D FEM has been developed and validated.

This chapter is organized as follows. First of all, the basic knowledge about the
manufacturing of SMC and the main factors determining SMC properties are
introduced. Subsequently, the measurements with the ring specimens made from
different kinds of SMC are carried out in order to determine their magnetization
curves and iron losses with different frequency and flux density. In addition, a
model to calculate iron losses based on 3D FEM has been developed, whose
coefficients are determined based on the measured iron losses through curve
fitting. In order to validate the developed iron loss model, a simple test system
consisting of a yoke and a tooth made from the same SMC Siron®STestb has
been constructed and excited with sinusoidal voltage. The total losses of the
complete system are measured and calculated with 3D FEM respectively.

45



3 Measurement of SMC

3.1 Basic knowledge of SMC

The SMC are made of a great amount of fine metallic particles coated with a thin
insulation layer. The manufacturing process consists of only three steps, namely
the mixing, compaction and heat treatment, as illustrated in Fig. 3.1.

Metal powder

Compaction

Exposure

Heat treatment

Potential further machining

Additives

Mixing

Filling

Figure 3.1. Manufacturing process of SMC

At first, extremely pure and highly compressible metal powder, insulation ma-
terial, lubricant and sometimes binder material are homogeneously mixed and
poured into a die which are then directly compacted into the desired shape and
dimensions at high pressure. Subsequently, the ejected components are heat-
treated to anneal and to cure the bond, so that the residual mechanical stress can
be partly relieved and the magnetic performance can be improved.

Owing to the above manufacturing process, magnetic parts with complex geom-
etry, high surface quality and good tolerance can be manufactured. In addition,
waste of raw material is very limited during the manufacturing, which leads to a
high level of material utilization.

46



3.1 Basic knowledge of SMC

Depending on the properties of the raw material and the manufacturing process,
a wide range of magnetic and mechanical properties of SMC can be achieved.
The most important factors that can determine the SMC performance are sum-
marized in Fig. 3.2.

ManufacturingMixture

Compaction Heat treatment

Metal powder

Insulation

Lubricant

Binder

Pressure Temperature

Steam treatment

Duration

Further Machining

Milling

Grinding
...

Temperature

Figure 3.2. Dominant factors of SMC properties

For instance, the size of base particles can effectively influence the SMC proper-
ties. Two different kinds of SMC are illustrated in Fig. 3.3 which are developed
for the application in electrical machines and power electronics respectively.

(a) SMC for electrical machine (b) SMC for power electronics

Figure 3.3. SMC with different particle size [KIT IAM-KM]

In summary, an increasing particle size results in lower electrical resistivity,
higher eddy current losses and higher permeability because the movement of
domains is less hindered. For this reason, the finer powder is suitable for high
frequency application while the coarser particles yield better performance at low
frequency domain. The influences of other factors in Fig. 3.2 are explained in
[36] in details.
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3 Measurement of SMC

3.2 Measurement with SMC ring

The electrical and magnetic properties of different SMC including magnetiza-
tion curve and iron losses under alternating field with different flux density and
frequency are measured with ring specimens. As illustrated in Fig. 3.4, the SMC
rings have the same geometric dimensions whose outer diameter Da, inner diam-
eter Di and height h equal 55 mm, 45 mm and 5 mm, respectively.

5mm

55mm
45mm

Figure 3.4. SMC ring specimen

The ring specimens are directly compacted and they are distinguished from the
mixture, compaction and heat treatment. The measured results and some other
important properties such as thermal conductivity and mechanical strength de-
livered by the industrial partner are listed in Table 3.1.

Specimen Density Machin- TRS E-Module Thermal
conductivity

[g/cm3] ability [MPa] [GPa] [W/mK]
Somaloy 7.51 × 91 177 15700HR3P
Siron®S720 7.49 × 120 135 42
Siron®S280b 7.40 � 90 110 35
Siron®S300b 7.30 � 120 150 38
Siron®S400b 7.27 � 135 130 42
Siron®STestb 7.40 � 105 137 40

Table 3.1. Some important properties of SMC [KIT IAM-KM & PMG Füssen GmbH]
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3.2 Measurement with SMC ring

It should be noted that the first two kinds of SMC do not contain binder mate-
rial which cannot be machined after the compaction. Furthermore, the steam
treatment is performed for both materials to improve the mechanical property.

3.2.1 Electrical resistivity

The electrical resistivity of different SMC material can be measured with ring
specimen based on the four-point method. As shown in Fig. 3.5, the circuit is
supplied with a DC current source, and the total current i flowing in the SMC
ring along two parallel paths is measured with an ammeter.

DC i

u

60Â°

Figure 3.5. Resistivity measurement with four point method

With the measured voltage u and the geometric parameters Do,Di,h, the electri-
cal resistivity can be determined using (3.1). The A and lmag are cross sectional
area of ring specimen and length of the curve along the average diameter be-
tween two measurement points of the voltmeter. An advantage of this method is
that the resistance of clips has no influence on the results.
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3 Measurement of SMC

ρ = R · A
lmag

=
u

i/2
· A

lmag
(3.1)

A = h · (Do − Di)/2 (3.2)

lmag =
1
6
· π · (Do + Di)/2 (3.3)

For each specimen, the above measurement has been carried out for many times,
and the electrical resistivity are determined with the least square method to im-
prove the accuracy. The results are listed in Table 3.2.

Specimen Resistivity [Ωcm]

Somaloy 700HR3P 1.58E-2
Siron®S720 2.69E-2
Siron®S280b 16.8E-2
Siron®S300b 5.16E-2
Siron®S400b 8.00E-2
Siron®STestb 8.16E-2

Table 3.2. Electrical resistivity of different SMC

3.2.2 Commutation curve

The measurement of commutation curve (BH-curve) is carried out with both
the commercial available system MPG200 of the firm Brockhaus Measurements
and the self-developed measuring system. The results of both systems agree well
with each other. Both systems have the same basic structure which is illustrated
in Fig. 3.6.
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3.2 Measurement with SMC ring

i1

Power Amplifier

u1
u2

YOKOGAWA

Controller

DAC

ADC

Figure 3.6. Measuring system with SMC ring specimen

The ring specimens are wound with two separate coils. The primary blue coil is
fed with voltage u1 which is generated with the help of a linear power amplifier
regulated by the controller.

Due to the excited varying magnetic field in the ring specimen, voltage u2 is
induced in the secondary yellow coil. Assuming that the magnetic field in SMC
ring is homogeneous, the commutation curve of SMC can be determined with
the measured i1(t) and u2(t). Simultaneously, the iron losses are measured with
a power analyzer WT3000 of the company YOKOGAWA.

According to the Ampère’s circuital law, the magnetic field strength H can be
indirectly calculated from current i1 with (3.4) where N1 is the number of turns
of the primary coil. ∮

�H d�l = N1 · i1 =⇒ H =
N1 · i1

le
(3.4)
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3 Measurement of SMC

The calculation of effective magnetic length of ring specimen le can be deter-
mined according to DIN EN 60205 using (3.5) where ra and ri are outer and
inner radius of the SMC ring respectively.

le = 2 · π ·
ln
(

ra
ri

)
1
ri
− 1

ra

(3.5)

The magnetic flux density B in the ring specimen is determined from the induced
voltage u2, as shown in (3.6).

u2 =
dΨ
dt

= N2 · dΦ
dt

= N2 · Ae · dB
dt

B =
1

N2 · Ae

∫
T

u2(t) dt (3.6)

The effective cross sectional area Ae can be calculated using (3.7) where h is the
thickness of SMC ring.

Ae = h ·
ln2

(
ra

ri

)
1
ri
− 1

ra

(3.7)

Because of hysteresis effect, the measured BH-curve is closed loop whose form
depends on frequency and amplitude of the exciting current i1. The commutation
curve can be obtained by connecting the commutation points of all BH-loops.
For instance, the BH-loops of SMC Siron®STestb for different amplitude of i1
with the same frequency 50 Hz and the corresponding commutation curve are
illustrated in Fig. 3.7.
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3.2 Measurement with SMC ring
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Figure 3.7. Definition of commutation curve

The commutation curves of SMC Siron®S280b corresponding to different fre-
quencies are illustrated in Fig. 3.8. It can be noted the BH-curve of SMC indi-
cating its magnetization ability remains almost unchanged at higher frequency.
It implies that the induced eddy currents in SMC are very limited.
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Figure 3.8. Commutation curves of Siron®S280b at different frequencies
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3 Measurement of SMC

In comparison, the BH-curves of laminated electrical steel M330-35A of the
firm C.D. Wälzholz are illustrated in Fig. 3.9. The magnetization ability changes
significantly depending on the frequency because of high eddy currents. It indi-
cates that the working frequency of electrical steel is much more limited com-
pared with SMC.
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Figure 3.9. Commutation curves of NES M330-35A at different frequencies [241]

In general, only one BH-curve measured at low frequency is used in FEM and
its dependence on the frequency can hardly be taken into account. As a result,
the FEM calculation of electrical machine based on SMC is more accurate from
this perspective. Based on the determined BH-curve, the relative permeability
can be calculated using (3.8) where μ0 is the vacuum permeability.

μr =
B

μ0 · H
with μ0 = 4π · 10−7 H/m (3.8)

For instance, the commutation curve and the relative permeability of Somaloy
700HR3P are illustrated in Fig. 3.10. It should be noted the measured BH-curve
should be modified before applied in FEM. First of all, the increase of permeabil-
ity at the beginning of BH-curve leads to slow convergence or even divergence.
Thus, these measuring points should be omitted.

On the other side, the maximum magnetic field strength is always restricted by
the achievable current i1 in the measurement. As a result, the BH-curve should
be extrapolated to make sure that the B value is clearly defined for even much
higher H in FEM.
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3.2 Measurement with SMC ring

One of the extrapolation methods is described as follows, where the μr, Js and
a are the initial relative permeability, saturation polarization and knee adjusting
coefficient.

B = μ0 · H + Js · Ha + 1 −
√
(Ha + 1)2 − 4Ha(1 − a)
2 · (1 − a)

(3.9)

Ha = μ0 · H · μr − 1
Js

(3.10)
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Figure 3.10. Commutation curve and permeability of Somaloy 700HR3P

The commutation curves of ring specimens in Table 3.1 for f equalling 50 Hz
are illustrated in Fig. 3.11. For a better comparison, the commutation curves of
the conventional laminated electrical steels NO20 and M235-35A are also added
into Fig. 3.11.

There is no surprise that the non machinable SMC Somaloy 700HR3P and
Siron®S720 have better performance because of the absence of organic binder.
Surprisingly, the newly developed product Siron®STestb demonstrates relatively
high permeability and saturation flux density compared with the other machin-
able SMC, even better than Siron®S720 at high magnetic field strength. In addi-
tion, it can be noted that the electrical steels have generally higher permeability
than SMC. However, the difference becomes smaller with increasing H.
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3 Measurement of SMC
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Figure 3.11. Commutation curves of SMC and NES

3.2.3 Iron losses

The iron loss is an important magnetic characteristic to evaluate SMC. Lower
iron losses correspond to higher efficiency and less generated heat, which is of
great importance for electrical machines.

With the help of power analyzer, the iron losses within the SMC ring are mea-
sured according to the norm DIN IEC 60404−6 for excitation of sinusoidal flux
density with different frequencies and amplitudes. As a result, the induced volt-
age u2 with the required sinusoidal form should be achieved through regulation
u1 where the geometric parameters of the ring, the number of turns of the coils
and the required flux density should be taken into account.

The voltage of the primary winding is determined with (3.11).

u1(t) = R1 · i1(t) + uind(t) (3.11)

where the uind is the induced voltage in the primary coil, which can be calculated
with the induced voltage in the secondary coil:

uind(t) = u2(t) · N1
N2

(3.12)
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3.2 Measurement with SMC ring

Accordingly, the power of the primary winding is:

u1(t) · i1(t) = R1 · i1(t)2 + u2(t) · N1
N2

· i1(t) (3.13)

Finally, the iron losses of the total ring specimen can be calculated with (3.14)

Pf e =
1
T
·
∫

T

N1
N2

· u2(t) · i1(t) dt (3.14)

In order to evaluate the deviation of u2 from the perfect sinusoidal waveform, an
form factor is defined with (3.15) in DIN IEC 60404−3 which equals 1.1107 in
the ideal case.

F =
Ue f f∣∣U∣∣ =

√
1
T
∫

T u2
2(t) dt

1
T
∫

T |u2(t)| dt
(3.15)

For instance, the form factors of all measurements of Siron®S300b are illus-
trated in Fig. 3.12. It can be seen that all the measurements have relatively small
form factors and can be considered as valid. The largest deviation appears at
high frequency 5000 Hz and high flux density.
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Figure 3.12. Form factors of measurements of Siron®S300b
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The iron losses of SMC rings are compared with that of three different laminated
electrical steels of the company ThyssenKrupp in Fig. 3.13.
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Figure 3.13. Iron losses of SMC and laminated electrical steels at different frequencies
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3.3 Iron loss calculation based on 3D FEM

It can be noted that the electrical steels have obviously lower iron losses than
SMC at low frequency domain. However, the differences become smaller with
increasing frequency.

At the frequency equal to 1000 Hz, the iron losses of M330-35A become com-
parable to Somaloy 700HR3P. The crossing between the M235-35A and SMC
occurs at frequency 2000 Hz and induction 1.5 T. At this moment, the iron losses
of M330-35A are already higher than SMC. It should also be noted that for the
electrical steel NO20 with thickness 20 μm, the iron losses remain very low,
even at extremely high frequency.

3.3 Iron loss calculation based on 3D FEM

The form and area of closed BH-loop vary with increasing frequency. Because
the magnetic field in ring specimen is nearly homogeneous, the consumed en-
ergy during a complete magnetization process can be calculated as:

Wfe =V · Aloop =V ·
∮

H dB (3.16)

V and Aloop are total volume of SMC ring and area of the BH-loop respectively.

Then, the specific iron losses in W/kg can be calculated with (3.17) where f is
the frequency of magnetization.

Pfe = f · Wfe
ρ · V

= f · Aloop

ρ
(3.17)

Generally, the iron losses consist of hysteresis losses Phy and dynamic losses
Pdyn. The Phy equals the area of the BH-loops for f → 0. The dynamic losses
Pdyn can be further divided into eddy current losses Pw and anomalous losses Pa.

Pfe = Phy + Pdyn = Phy + Pw + Pa (3.18)

Accurate computation of iron losses is one of the most important and compli-
cated tasks in the design and optimization of electrical machine As a conse-
quence, great efforts have been made and several iron loss models have been
suggested in the literatures.
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3 Measurement of SMC

The following model derived from classical Bertotti formula is utilized in this
thesis to calculate the specific iron losses of sinusoidally excited SMC

Pfe = khy f B̂(a · B̂2+b · B̂+c) + kw f 2 B̂2 + ka f 1.5 B̂1.5 (3.19)

where f and B̂ are frequency and amplitude of the sinusoidal magnetic field. The
coefficients khy, a, b, c, kw and ka are determined based on the measured Pfe of
different SMC materials with the Matlab surface fitting tool.

Because the iron loss calculation is carried out with the help of FEM, the mea-
suring results should be converted into W/mm3 before fitting. For instance, the
measured Pfe and the fitted iron loss curves of Somaloy 700HR3P are illustrated
in Fig. 3.14.
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Figure 3.14. Fitting of the measured iron losses of Somaloy 700HR3P

It should be noted that the model described in (3.19) is only valid for the alternat-
ing and sinusoidal magnetic field. However, many harmonics exist in electrical
machine and real B field in SMC is far away from sinusoidal.
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3.3 Iron loss calculation based on 3D FEM

The harmonics contained in the flux density waveform are determined with
Fourier analysis and the iron loss model can be improved as

Pfe = khy f B̂(a · B̂2
1+b · B̂1+c)

1 +∑
i

(
kw (i · f )2 B̂2

i + ka (i · f )1.5 B̂1.5
i

)
(3.20)

where f , B̂1 are frequency and amplitude of the fundamental harmonic while B̂i
is the amplitude of the ith harmonic contained in flux density waveform.

The complete model is discretized into a large number of small elements in FEM
and there are three components forming the B field in each SMC element. Thus,
the final form of iron loss model should be

Pfe =∑
j

khy f | B̂1|(a · |B̂1|2 + b · |B̂1| + c) +

∑
j

(
∑
i

(
kw (i · f )2 |B̂i|2 + ka (i · f )1.5 |B̂i|1.5

)) (3.21)

where j is the number of SMC element in FEM model and |B̂i| is the resultant
magnitude of the ith harmonic contained in flux density waveform. It can be
calculated with the corresponding components B̂xi, B̂yi, and B̂zi along the x, y,
and z axes respectively.

|B̂i|=
√

B̂2
xi + B̂2

yi + B̂2
zi (3.22)

The |B̂i| can be calculated using the three components B̂ri, B̂θ i, B̂zi as well. They
correspond to the peak values of the ith harmonic contained in the flux density
waveforms along the radial, tangential and z directions respectively.

|B̂i|=
√

B̂2
ri + B̂2

θ i + B̂2
zi (3.23)
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3 Measurement of SMC

3.4 Validation of the iron loss model

The accurate calculation of iron losses is very important for the performance
evaluating of electrical machine [S1]. Therefore, a test system consisting of a
yoke and a tooth has been built to validate the developed iron loss model, as
illustrated in Fig. 3.15.

YokePrimary coil

Secondary coil

Tooth

Figure 3.15. Test system to validate the iron loss model

Both components are made from the same material Siron®STestb. The primary
coil wound on the yoke is excited with sinusoidal voltage u1 whose frequency
and amplitude can be regulated with a controller. Meanwhile, the iron losses are
measured with a power analyser.

On the other hand, the test system is modelled and analysed with the help of
3D FEM. For instance, the meshed model and the results including the B-field
at a specific time instant are illustrated in Fig. 3.16 where the small red arrows
indicate the direction of magnetic flux.

The electrical circuit of FEM model is illustrated in Fig. 3.17. In order to elim-
inate the inaccuracy resulted from the measured resistance of the primary coil,
five current sources instead of a voltage source are connected in parallel to feed
the primary coil whose parameters are determined from the Fourier analysis
of the measured current. The R1 represents the resistance of the primary coil
which however has no influence on magnetic field and iron losses. The R2 is a
very large resistance to approximate open circuit state of the secondary coil.

62



3.4 Validation of the iron loss model
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Figure 3.16. 3D FEM model and the FEM results
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Figure 3.17. Electrical circuit of the 3D FEM model

The iron losses of yoke and tooth are calculated based on 3D FEM using (3.21)
for different voltage u1 which are listed together with the measuring results in
Table 3.3.

63



3 Measurement of SMC

f Pfe(24V) Pfe(32V) Pfe(36V)
[Hz] Mes. FEM Error Mes. FEM Error Mes. FEM Error
100 16.7W 16.3W 2.4% 24.3W 24.6W 1.1% 27.3W 29.3W 7.4%
200 12.0W 11.6W 3.3% 19.3W 18.4W 4.8% 23.8W 22.2W 7.0%
400 8.31W 8.12W 2.2% 13.7W 12.8W 7.0% 16.5W 15.8W 4.3%
500 7.34W 7.44W 1.3% 12.3W 11.5W 6.2% 14.7W 14.3W 3.0%
1000 4.91W 6.08W 23.8% 8.49W 9.40W 10.7% 10.2W 11.5W 13.5%

Table 3.3. Comparison of the measured and calculated iron losses

It can be noted that the deviation is lower than 8% for the u1 with frequency
lower than 500Hz which increases with higher frequency, especially for the u1
with low amplitude. The most important reasons leading to the deviation are:

Existence of rotational field

The parameters of iron loss model are determined from the measurement of ring
specimens under alternating magnetic field. However, there isn’t only alternat-
ing but also rotational magnetic field existing in the test system. For instance,
the magnetic field in a SMC element of yoke is illustrated in Fig. 3.18 where the
flux density Bz is very small and neglected for a better clarity.
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Figure 3.18. The magnetic field of a SMC element in yoke
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3.4 Validation of the iron loss model

A more accurate iron loss model can be developed only if the iron losses of SMC
specimen under rotational magnetic field are available [233, 242, 243].

Influence of the machining

As stated above, the SMC including binder material can be machined after com-
paction and heat treatment. However, the insulation layer can be destroyed dur-
ing machining and the magnetic properties of SMC components might be deteri-
orated, as illustrated in Fig. 3.19. Because of the damage of the insulation layer
around the particles, the eddy current losses might become larger, especially for
high frequency.

(a) Milling: roughness ≈ 30μm (b) Grinding: roughness ≈ 15μm

Figure 3.19. Surface of SMC parts after machining [244]

Measuring error of current in primary coil

The parameters of current sources in the electrical circuit illustrated in Fig. 3.17
are calculated from i1 whose measurement is based on the Ohm’s law. As a
result, the unavoidable measuring error of i1 has great influence on the results,
especially for the low value of i1.
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3 Measurement of SMC

Error of mathematical fitting

The coefficients of iron loss model are determined based on the measured iron
losses of SMC rings for different magnetic flux density and frequency through
curve fitting. The errors resulted from the mathematical fitting are inevitable
and can influence the calculated iron losses.

Air gap between yoke and tooth

Both the yoke and tooth are milled from standard cylinder. Between the two
components, there are small air gaps which cannot be accurately measured and
modelled in the FEM. However, it has large influence on the iron losses because
the magnetic fields in both components can be significantly reduced due to the
large reluctance of air.

Existence of leakage flux

The iron loss of the test system is determined with the measured i1 and u2. Com-
pared with the measurement with ring specimen, the yoke and tooth have differ-
ent cross sectional area. For this reason, the leakage flux in the test system is
considerable, especially when high magnetic saturation exists.

In spite of above errors, the measurement results match relatively well with
the calculated iron losses based on 3D FEM. Furthermore, the model might be
more accurate for the iron loss calculation of electrical machine because the
small gap between the yoke and tooth doesn’t exist. In addition, the rotational
magnetic field exists only in small regions of electrical machine. In conclusion,
the developed model is valid and can be utilized for the iron loss calculation of
electrical machine.
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4
Development of a Simulation Platform
based on 3D FEM

In order to analyse and optimize different electrical machines efficiently, a sim-
ulation platform based on 3D FEM has been developed. Owing to the script-
based modelling, solving and post-processing, the analysis of a large number of
electrical machines with different geometries, materials, excitations and so on
becomes possible [O1].

For a specific stator of PMAFM, many different layouts of double layer concen-
trated winding (DLCW) are suitable. In order to compare diverse layouts and to
select the most suitable DLCW, a winding editor is necessary. With its help, the
most important characteristics of DLCW can be determined.

Another important improvement of the simulation platform is the high efficient
analysis of PMAFM. On this basis, it is only necessary to perform FEA for one-
sixth instead of an entire electrical period to determine the performance of a
PMAFM. Hereby, the greatest challenge is the iron loss calculation based on the
limited FEM results. By this means, computational time is significantly reduced,
especially for the time-consuming 3D FEM.

In this chapter, basic structure of the simulation platform is firstly briefly de-
scribed. Subsequently, the most important challenges of the simulation platform
are presented which include the analysis of DLCW with a winding editor and
the high efficient iron loss calculation of PMAFM.
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4 Development of a Simulation Platform based on 3D FEM

4.1 Structure of the simulation platform

The 3D simulation platform comprises mainly three basic parts, namely pre-
processor, solver and post-processor. Its basic structure is illustrated in Fig. 4.1.
The complete process is based on many scripts so that only the essential parame-
ters of the selected electrical machine need to be specified manually. Afterwards,
the modelling, solving and analysis are carried out without intervention of user.

Basic
Parameters

Modelling

Model Preparation

Existing
Model

Material
data bank

Calculation of
other variables

Preprocessor

Solver Transient Stationary

Postprocessor

Simulation results

Eddy current
losses of PM

Table data

Inductance
Torque

Iron losses
of SMC

Efficiency Map

Figure 4.1. Structure of the 3D Simulation Platform
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4.1 Structure of the simulation platform

Preprocessor

The basic parameters can be divided into four categories: the geometric param-
eters, the parameters of materials including PM and SMC, the specifications of
rotor movement and the parameters describing winding excitation.

With the help of geometric parameters and iron loss model described in chapter
3, the other necessary parameters can be calculated. Subsequently, modelling of
the electrical machine can be carried out automatically and the model should be
further prepared before solving. For instance, the complete FEM model should
be discretized into a large number of small elements. In addition, the specifica-
tions of material properties, rotor movement and electrical excitation should be
performed.

Solver

The Maxwell’s equations are the basis to determine electromagnetic field in an
electrical machine. Hereby, the displacement current is normally neglected due
to the relatively low operating frequency. The �E, ρ and ε0 are the electric field
intensity, electric charge density and permittivity of free space respectively.

∇ × �H =�J

∇ × �E =− ∂�B
∂ t

∇ · �B =0

∇ · �E =− ρ
ε0

In general, the current density J consists of three components: the current den-
sity externally injected into the coil �Je, the eddy current density in conductive
material induced by time-varying magnetic field and the current caused by rel-
ative movement between magnetic field and conductive material. In (4.1), σ is
the electrical conductivity, while �v is the relative velocity between conductive
material and mgnetic field.

�J = �Je + σ · �E + σ · �v × �B (4.1)
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The prepared model can be analysed either transiently or stationary. The tran-
sient analysis is more time-consuming than stationary analysis. However, it is
more accurate because all time-varying effects can be taken into account. For
instance, the eddy currents induced in PMs during the rotation can only be de-
termined with the help of transient analysis.

Because the divergence of B equals 0, the magnetic flux density B can be defined
as rotation of a vector potential �A whose divergence equals 0. The following
formulation is used in transient analysis.

�B = ∇ × �A with ∇ · �A = 0 (4.2)

For the case of 2D FEA, the vector potential �A has only one component �Az to
be solved while the components �Ax and �Ay equal 0. As a result, the calculation
complexity and computation time are significantly reduced. In comparison, all
three components of �A need to be determined in 3D FEA.

For the stationary analysis, the time-varying parameters and effects aren’t taken
into account [O2, S2]. For this circumstance, the current density is assumed to
be constant and equals the externally injected current density.

�J = �Je (4.3)

In order to reduce the computation time for stationary analysis with 3D FEA,
the total FEM model is split into the part Vs where the injected current flows and
the rest part Vr. Within the part Vs, the total magnetic field strength �H consists
of reduced field strength �Hm and conductor field strength �Hs.

�H = �Hm + �Hs (4.4)

The �Hs represents the magnetic field intensity generated at position r by the in-
jected steady current at position r′ which can be calculated with the Biot-Savart
law. Hereby, V is the volume of Biot-Savart conductor.

�Hs =
1
μ
· μ0

4π

∫
V

�J × (�r − �r′)
|�r−�r′|3

dV (4.5)
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4.2 Analysis of double layer concentrated winding

In comparison, the magnetic field strength �Hm is generated by magnetized parts
such as PM. It can be represented as gradient of a scalar potential ϕ .

�Hm =−∇ · ϕ (4.6)

In the rest part Vr, the total magnetic field strength �H is equal to �Hm due to the
absence of injected current. On the interface of two different types of parts, the
scalar potential can be coupled by applying the continuity condition.

Compared with the vector potential formulation where three components of �A
need to be solved for 3D FEA, only one component ϕ needs to be determined in
scalar potential formulation, which leads to considerable reduction of computa-
tional time. Besides, the FEA for stationary analysis is more robust because the
whole model should be newly meshed for every rotor position. In comparison,
the model for transient analysis is only meshed at initial position. Afterwards,
only a part of the air gap is remeshed. However, the transient analysis is more
accuracy because all time-varying effects such as induced eddy currents should
be taken into account, which implies the convergence is much slower.

Postprocessor

Based on the solved electromagnetic field, the electrical machine can be fully
characterized in post-process. The results can be divided into two groups. Some
of them can be directly exported from FEA such as torque. The rest are the
so-called table data where the flux density components and coordinates of each
SMC element in the FEM model are saved. Based on the table data, the iron
losses in SMC can be calculated. As long as all the results are determined, the
most informative efficiency map can be calculated.

4.2 Analysis of double layer concentrated winding

The PMAFM is a promising topology for the application of SMC due to its 3D
magnetic flux and complex cores. The DLCW illustrated in Fig. 4.2 is frequently
utilized in PMAFM because of many distinguished advantages [245–250].
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(a) Distributed winding (b) Concentrated winding

Figure 4.2. Comparison of distributed and concentrated winding [245]

Compared with distributed winding, concentrated winding has simpler structure
and shorter end-windings, which leads to reduction of resistance and copper
losses. In addition, the phases are physically isolated from each other because
there is no overlapping among them, which can effectively improve the fault
tolerance. Furthermore, a high filling factor can be achieved and the generated
heat can be more effectively transmitted to the stator. Finally, the automated
manufacturing of concentrated winding can be more easily realized, which re-
sults in reduction of costs for mass production. However, much more harmonics
are contained in the magnetomotive force (MMF) compared to distributed wind-
ing, which can cause higher torque ripple, noise and eddy current losses in the
electrically conductive material.

In order to analyse different layouts of DLCW, a winding editor based on analyt-
ical calculation has been developed to provide indications in the design process.
The winding editor is integrated in the simulation platform as well [S3]. Its
graphical user interface (GUI) is illustrated in Fig. 4.3.

First of all, a definition to describe the layout of DLCW is presented. Subse-
quently, calculation of the most important properties such as winding factor and
MMF harmonic contents are presented.
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Winding layout

Basic parameters

Winding calculation

Selection of promising concentrated winding

Figure 4.3. GUI of the winding editor for DLCW analysis

4.2.1 Classification of concentrated winding

For a stator with determined number of slots, many symmetrical concentrated
windings with different layouts might be suitable. In order to clearly describe
the DLCW, the following definition is introduced:

U×M V N

U: Number of elementary winding

M: Number of layers of concentrated winding

V: Winding variant

N: Winding number

Elementary winding is the basic unit of DLCW. The complete winding can be
obtained by repeating the elementary winding sequentially U times. The concen-
trated winding can be realized with either one or double layers in each slot of
stator. In comparison, the DLCW has shorter end-windings and more sinusoidal
back electromotive force (emf) than one layer concentrated winding. Therefore,
only the DLCW is used in this thesis, which implies M equals 2. Basically, there
are two possible winding variants. For the winding variant A, there is only one
coil group of each phase in an elementary winding, and the current direction
of different phases are identical. For the winding variant B, there are two coil
groups of each phase in an elementary winding. Both coil groups have inverse

73



4 Development of a Simulation Platform based on 3D FEM

current directions and the current directions of adjacent phases are inverted as
well. Finally, the N is defined as winding number which indicates the number
of adjacent coils belonging to a coil group.

According to the above definition, the DLCW illustrated in Fig. 4.4 can be de-
fined as 1×2B2. There are 12 slots in the stator, and the utilized DLCW com-
prises only 1 elementary winding. In addition, there are two coil groups of each
phase with inverse current directions, and each coil group is made up of 2 adja-
cent coils.

+ - - + - + + - + - - + - + + - + - - + - + + -

1 2 3 4 5 6 7 8 9 10 11 12

Coil Group1 Coil Group2
1 Elementary Winding

Phase U
Phase V
Phase W

1 2 3 4 5 6 7 8 9 10 11 12

Figure 4.4. Winding layout of DLCW 1×2B2

Another two possible winding designs suitable for the same stator are 4×2A1
and 2×2A2, whose layouts are shown in Fig. 4.5.

It can be noted that for the winding variant A the current directions of coil groups
of different phases are the same and there is only one coil group belonging to
each phase in an elementary winding.

For the DLCW 4×2A1, there are totally 4 elementary windings and each coil
group comprises only one coil. While for the DLCW 2×2A2, there are 2 ele-
mentary windings and each coil group is made up of two adjacent coils.
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4.2 Analysis of double layer concentrated winding

Coil

+ - + - + - + - + - + - + - + - + - + -1 2 3 4 5 6 7 8 9 10 11 12

Group

Elementary Winding

+ - + -

+ - + - + - + - + -1 2 3 4 5 6 7 8 9 10 11 12+ - - + - + - + - + - + - +

Coil Group

Elementary Winding

Figure 4.5. Winding layout of DLCW 4×2A1 and 2×2A2

4.2.2 Analysis of DLCW

As long as the winding layout of DLCW is determined, the most important char-
acteristics of DLCW can be calculated analytically based on the following sim-
plifying assumptions:

• Permeability of the soft magnetic material is infinitely large so that the mag-
netic flux travels vertically into the stator and the rotor.

• Magnetic flux in the air gap comprises only radial component for RFM and
only axial component for AFM respectively. Compared with the magnetic
flux in air gap, the end leakage flux is very small and can be neglected.

• Slot opening is very small compared with the air gap length so that the MMF
generated by conductors in a slot can be considered as impulse at slot opening.

There are many different methods to analyse the DLCW and the complete
analysing process of DLCW in the developed coil editor is illustrated in Fig. 4.6.

MMFWinding
layout

Winding
Definition

Winding
factor

Star of slots Görges
disgramm

Harmonics

Figure 4.6. Analysis process of DLCW
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Subsequently, the complete analysing process is explained for the DLCW
1×2B2 shown in the Fig. 4.4. It should be noted the two coil groups of each
phase are connected in parallel. The sinusoidal current in the three phases are
defined as follows, where Î is the amplitude of the phase current.

iU = Î · cos(wt)

iV = Î · cos(wt − 2
3

π)

iW = Î · cos(wt − 4
3

π)

Assuming that Î =10 A and the number of turns of coil around one stator tooth
of one phase equals 20, the total current concentrated as impulse at slot opening
at the time instant t = 0 can be determined. On this basis, the MMF generated
by the current of all these three phases can be calculated with the Ampère’s
circuital law. The MMF harmonic content can subsequently be determined with
the Fourier analysis, as shown in Fig. 4.7.

Fundamental harmonic
MMF
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Figure 4.7. MMF and the fundamental harmonic of DLCW 1×2B2

The harmonics contained in MMF are of great importance as they are the main
cause of the rotor losses. A comparison of the amplitude of the harmonics can
be found in Fig. 4.8. The order of harmonics are equal to 1, 5, 7, 11, 13, 17,
19 and so on, while the fifth harmonic has the highest amplitude and works as
fundamental harmonic.
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4.2 Analysis of double layer concentrated winding

It should be noted only the fundamental harmonic runs synchronously with ro-
tor, while the other harmonics are unwanted and asynchronous. Especially the
subharmonics can cause significant alternating magnetic fields in rotor, which
leads to higher iron losses and higher eddy current losses in PMs [247, 251].
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m
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Harmonic order n
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Figure 4.8. Harmonics contained in MMF of DLCW 1×2B2

Another important criterion to evaluate DLCW is the winding factor, which in-
dicates the utilization rate of the total current in torque generation. A higher
winding factor of the fundamental harmonic implies that higher effective volt-
age can be induced in the winding at the same rotational speed for the same
magnetic flux generated by PM. The winding factor is equal to the product of
distribution factor kd, pitch factor kp and skewing factor kskew.

kw = kd · kp · kskew (4.7)

The analytical calculation of winding factor has been suggested in many litera-
tures. For most methods, great attentions should be paid to examine if the re-
quired preconditions are fulfilled. In this thesis, a general method based on the
results of Fourier analysis of MMF is utilized, which takes both the distribution
and pitch factor into account [252].

kw,n =
cn · n · π

4 ·
Ns

∑
q=1

(N · i)q

(4.8)
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The cn is the amplitude of the n-th harmonic in the MMF and
Ns

∑
i=1

(N · i)q is equal

to the sum of the ampere-turns of all the Ns coils.

The calculated winding factors of different harmonics corresponding to the
DLCW 1×2B2 are illustrated in Fig. 4.9.
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Figure 4.9. Winding factors of DLCW 1×2B2

In order to evaluate the harmonic content of different DLCW, the leakage fac-
tor σd is defined in the thesis. A lower leakage factor implies lower harmonic
content and therefore lower losses.

σd =

∞

∑
n	=p

(
kw,n
n

)2

(
kw,p

n

)2 (4.9)

A simple and efficient method to examine the symmetry of the DLCW is based
on the Görges diagram, which is derived from star of slots. It is made up of
the EMF phasor of each winding element in all slots. For instance, the star of
slots and the Görges diagram of the DLCW 1×2B2 are illustrated in Fig. 4.10.
The resultant EMF phasor of each phase is the vectorial summation of all the
winding element phasor belonging to each phase.
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Figure 4.10. Star of slots and Görges diagram of DLCW 1×2B2

The winding factor of the fundamental harmonic can also be calculated as the
ratio between the resultant phase EMF phasor and the scalar summation of all
winding element phasor. As a result, the winding element phasors should be
aligned as well as possible to reach a better utilization of the current.

4.3 Efficient calculation of iron losses of PMAFM

As mentioned above, the 3D FEM is necessary to analyse the PMAFM accu-
rately. Because the 3D FEM is so time-consuming, the electromagnetic sym-
metry and periodicity should be fully utilized to reduce the computation time.
In general, it is only necessary to simulate the PMAFM for one-sixth electri-
cal period in order to completely characterize its performance, which is evident
through the observation of the torque and flux linkage of PMAFM during the
rotation.

However, the iron loss model defined in (3.21) requires the peak value of the
harmonics contained in the flux density waveform (FDW) of each SMC element.
Hence, the complete FDW of each SMC element for a whole electrical period
should be reconstructed based on the limited FEA over 1/6 electrical period
[O3–O5].

In this section, the electromagnetic periodicity of PMAFM is firstly investigated
through observing of the FEM results. Subsequently, the reconstruction of the
FDW for the SMC elements in the stator and the rotor are explained respec-
tively. Although the research in this chapter is carried out for the PMAFM-ISA,
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the method can be applied to iron losses calculation of other PMAFM or even
PMRFM after slight revise.

4.3.1 Electromagnetic periodicity in PMAFM-ISA

The electromagnetic periodicity is investigated with a PMAFM-ISA with the
DLCW 12×2A1, which consists of 36 stator segments and 24 poles. Consider-
ing the electromagnetic symmetry around the rotational axis and the flux normal
boundary condition applied on the middle plane of the FEA model, it is only nec-
essary to analyse 1/24 of the entire model. The complete PMAFM-ISA and the
3D FEM model are illustrated in Fig. 4.11.

DLCW

Rotor yoke

U1
V1

W1

PM1 PM2

Figure 4.11. 3D FEM model of a PMAFM-ISA with DLCW 12×2A1

For the PMAFM-ISA, the currents of the three phases are defined as follows.
For the initial rotor position (t = 0), a PM is aligned with the stator segment U1.

iU = Î · cos(wt +90◦)
iV = Î · cos(wt−30◦)
iW = Î · cos(wt−150◦)

The electromagnetic periodicity can be investigated with help of the FEA results.
The flux density component Bz of the PMAFM-ISA for the rotor positions 0◦
and 10◦ are illustrated in Fig. 4.12. As the number of pole pairs of the PMAFM-
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4.3 Efficient calculation of iron losses of PMAFM

ISA is 12, the rotor positions correspond to time instants t equalling to 0s and
1/3T respectively.

It can be seen that the Bz of the stator segment U1 for the rotor position 10◦ is
the same as that of the stator segment V1 for the rotor position 0◦. The reason is
that the relative positions between the stator segments and the PM are identical
for both positions. For the initial rotor position 0◦(t = 0T), the PM1 is aligned
with the stator segment U1 and PM2 is aligned with the slot between segments
V1 and W1. While for the rotor position 10◦(t = 1/3T), the PM1 is aligned with
the stator segment V1 and PM2 is aligned with the slot between the U1 and W1.
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Figure 4.12. Flux density Bz of the PMAFM-ISA at the rotor positions 0◦ and 10◦

On the other hand, the current flowing in the coils plays a dominant role in
determining the magnetic field as well. For the time instant t equalling to 1/3T,
the currents in the three phases are calculated as follows.

iU(t = 1/3T) = Î · cos(210◦) = iW (t = 0s)
iV(t = 1/3T) = Î · cos(90◦) = iU (t = 0s)
iW(t = 1/3T) = Î · cos(−30◦) = iV (t = 0s)

Apparently, the currents at the time instant t = 0T have a similar relationship as
the relative spatial positions between the stator segments and PMs. For instance,
the current iU at the time instant t = 0T equals iV at the time instant t = 1/3T.
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Another magnetic periodicity can be found by observing the FEM results of
PMAFM-ISA at the rotor position 5◦, which corresponds to the time instant
t = 1/6T, as illustrated in Fig. 4.13.
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Figure 4.13. Flux density Bz of a PMAFM-ISA at the rotor position 5◦

For the rotor position, the PM1 is aligned with the slot between the stator seg-
ments U1 and V1, while the PM2 with opposite magnetization direction is aligned
with the stator segment W1. In comparison, the PM1 is aligned with the stator
segment U1 and PM2 is aligned with the slot between the stator segments V1
and W1 for the initial rotor position 0◦. It implies that the relative spatial posi-
tions between the stator segments and PMs for the rotor positions 0◦ and 5◦ are
identical, except the PM polarity is opposite.

Besides, the current flowing in the coils at the time instants 0T and 1/6T have
similar relationship as the relative spatial positions.

iU(t = 1/6T) = Î · cos(150◦) =−iV(t = 0s)
iV(t = 1/6T) = Î · cos(30◦) =−iW(t = 0s)
iW(t = 1/6T) = Î · cos(−90◦) =−iU(t = 0s)

For instance, the current iU at the time instant 0T equals the reverse of iV at the
time instant t = 1/6T.
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As a result, the magnetic fields of PMAFM-ISA at rotor positions 0◦ and 5◦
have the same amplitude but inverse direction, as illustrated in Fig. 4.13. In
summary, it can be noted that the FEA results for the rotor positions 0◦(0T),
5◦(1/6T), 10◦(1/3T), 15◦(1/2T), 20◦(2/3T) and 25◦(5/6T) are either identical
or have the same magnitude but inverse direction. The same relationship can be
observed for PMAFM-ISA at the other rotor positions as well.

Based on the above analysis, it can be concluded that the electromagnetic field
repeats itself after 1/6 electrical period. Thus, it is only necessary to perform
the FEA for 1/6 electrical period to fully characterize a PMAFM-ISA. The iron
losses can be calculated based on the reconstructed flux density waveform in
each SMC element for an entire electrical period from the limited available FEA
results.

4.3.2 FDW reconstruction for SMC elements in stator

The reconstruction of the FDW for SMC elements in stator is investigated with
the above PMAFM-ISA with the DLCW 12×2A1. For this purpose, three rele-
vant SMC elements A, B and C of FEA Model in the stator segments U1, V1 and
W1 are selected, as illustrated in Fig. 4.14.

U1

V1

W1

A

B

C

Figure 4.14. Elements in a PMAFM-ISA with DLCW 12×2A1
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The three SMC elements have the same radial and axial coordinates, while the
angle difference among them is 10◦.

ZA =ZB = ZC

RA =RB = RC

θA +10◦ =θB = θC−10◦

Based on the previously investigated electromagnetic periodicity, it is clear that
the FDW of the element A for an entire electrical period can be obtained by rear-
ranging the FDW of the elements A, B and C for 1/6 electrical period according
to the following sequence:

[+U -V +W -U +V -W]

For instance, the reconstructed Bz-FDW of element A is validated by comparing
with the FDW directly calculated with FEA for an entire electrical period, as
shown in Fig. 4.15. It can be seen that the reconstructed FDW matches very
well with the directly calculated FDW in element A.
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Figure 4.15. Reconstructed Bz-FDW in SMC element A in the
stator of PMAFM-ISA with DLCW 12×2A1

The concrete rearranging sequence is depending on the winding variant of
DLCW. Considering the electromagnetic symmetry in PMAFM-ISA with the
winding variant B, it is only necessary to analyse the model including half of
the elementary winding. Subsequently, the reconstruction of the FDW for a
PMAFM-ISA with the DLCW 3×2B2 is investigated, whose pole pairs number
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is 15. In similar, three relevant SMC elements A, B and C in the corresponding
stator segments U1, V1 and W1 are selected, as illustrated in Fig. 4.16.
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Figure 4.16. FEM Model of a PMAFM-ISA with DLCW 3×2B2

Through the same analysis, it is noted that the magnetic fields of the PMAFM-
ISA for the rotor positions 0◦(t = 0T), 4◦1/6T and 8◦1/3T are identical. In
comparison, the magnetic fields for the positions 12◦(t = 1/2T), 16◦(t = 2/3T)
and 20◦(t = 5/6T) have the same magnitude but inverse direction. Thus, the
rearranging sequence to reconstruct the FDW of SMC element A for an entire
electrical period based on the FDW of A, B and C for 1/6 electrical period is:

[+U +V +W -U -V -W]

According to the above sequence, the FDW of Bz in SMC element A is recon-
structed, which matches well with that directly calculated with 3D FEA, as
shown in Fig. 4.17.

In the FEA, the rotational direction of the rotor during the FEA remains un-
changed. Therefore, the current in the phases V and W should be exchanged
if the rotational direction of working harmonic is different from that of the ro-
tor, so that the fundamental harmonic of the electromotive force and the rotor
are kept the same. Both current specifications of PMAFM-ISA are specified in
Table 4.1.
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Figure 4.17. Reconstructed Bz-FDW of SMC element A in the
stator of PMAFM-ISA with DLCW 3×2B2

Current iU iV iWCase

1 Î · cos(wt +90◦) Î · cos(wt−30◦) Î · cos(wt−150◦)

2 Î · cos(wt +90◦) Î · cos(wt−150◦) Î · cos(wt−30◦)

Table 4.1. Current specifications in PMAFM-ISA in the work

The current specification of both above researched PMAFM-ISAs corresponds
to the current case 1 in Table 4.1. For the current case 2, the rearranging se-
quence should be correspondingly revised. In summary, the general rearranging
sequences to reconstruct the FDW for SMC element in the stator are listed in
Table 4.2.

Current Winding Rearranging SequenceCase Variant

1 A +U−V +W −U +V −W
B +U +V +W −U−V −W

2 A +U−W +V −U +W −V
B +U−W −V −U +W +V

Table 4.2. Rearranging sequence to reconstruct the FDW of SMC element in Stator
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At last, it should be noted that for the PMAFM-ISA with winding number N
greater than 1 the magnetic fields in the segments belonging to one coil group
of a phase are different and cannot be derived from each other. For instance, the
magnetic fields in stator segments U1 and U2 in Fig. 4.16 are different. Therefore,
the FDW in SMC element or rather the iron losses of the segments are not the
same and should be calculated independently [S3].

4.3.3 FDW reconstruction for SMC elements in rotor

In order to investigate the reconstruction of the FDW of SMC elements in the
rotor, the same PMAFM-ISA with DLCW 12×2A1 and 3×2B2 are researched.
Furthermore, the complete rotor yoke in the FEM model is evenly divided into
as many parts as the number of the PMs in the FEM model, as illustrated in
Fig. 4.18.

A

B

Part 2

Part 1

(a) DLCW 12×2A1

C

A

B

D

E
Part 5

Part 4

Part 3

Part 1

Part 2

(b) DLCW 3×2B2

Figure 4.18. Segmentation of the rotor yoke of PMAFM-ISA with different DLCW

In similar, the relevant SMC elements in the divided parts of the rotor yoke of
both PMAFM-ISAs are selected. They have the same radial and axial coordi-
nates, while the angle differences among them are 15◦ and 12◦ respectively.

θA + 15◦ = θB

θA + 24◦ = θB + 12◦ = θC = θD − 12◦ = θE − 24◦

87



4 Development of a Simulation Platform based on 3D FEM

By observing the magnetic fields of PMAFM-ISA with DLCW 12×2A1 illus-
trated in Fig. 4.12 and Fig. 4.13, it is clear that the magnetic fields of the rotor
yoke repeats itself after 1/6 electrical period and the period of the FDW of the
SMC element A in part 1 is equal to 10◦.

The FDW of element A can be reconstructed by rearranging the FDW of el-
ements A and B corresponding to 1/6 electrical period according to the sequence

[ +Part 1 -Part 2 ]

For instance, the reconstructed Bz-FDW of SMC element A in PMAFM-ISA
with DLCW 12×2A1 is compared with that directly determined with FEA, as
illustrated in Fig. 4.19. It can be seen that there is very small deviation.
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Figure 4.19. Reconstructed Bz-FDW of SMC element A in the
rotor of PMAFM-ISA with DLCW 12×2A1

For the PMAFM-ISA with DLCW 3×2B2 in Fig. 4.18, the FDW in element
A can be reconstructed by rearranging the FDW of elements A, B, C, D and E
corresponding to 1/6 electrical period. In order to determine the rearranging
sequence for reconstruction of FDW, the 3D FEM model is linearised at the
mean radius for a better view, as illustrated in Fig. 4.20. Hereby, the rotor yoke
is divided into five segments with surface mounted five PMs.

First of all, a vector P1 representing the positions of the stator segments U1, V1
and W1 should be defined, whose length is equal to the number of PMs on the
rotor yoke.
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4.3 Efficient calculation of iron losses of PMAFM

In addition, the sequence should be determined considering winding variant and
current specification in Table 4.1, which is the same as the sequence that current
in the coils around the segments is zero when looking backwards.

Part 1 Part 2 Part 3 Part 4 Part 5

U1 U2 V1 V2 W1 W2

PM1 PM2 PM3 PM4 PM5

0◦ 20◦ 40◦

0◦ 12◦ 24◦ 36◦ 48◦

Figure 4.20. Linearised model of PMAFM-ISA with DLCW 3×2B2

For the researched PMAFM-ISA with DLCW 3×2B2, the sequence that current
in the coils around the segments U1, V1 and W1 equalling zero is[

· · ·U1 W1
←−−−−−−−−−−−−−−−−−−−−−−V1 U1 W1 V1 U1 W1 V1 · · ·

]
As a result, the corresponding vector P1 of the stator segments is

P1 = [0◦ 20◦ 40◦ 0◦ 20◦]

Subsequently, the other vector P2 representing the positions of the five PMs in
the FEM model is defined as

P2 = [0◦ 12◦ 24◦ 36◦ 48◦]

As the number of pole pairs of PMAFM-ISA equals 15, the FEA over a rotation
of 4◦ corresponding to 1/6 electrical period is carried out. It is assumed that the
PM1 on part 1 is aligned with the first stator segment U1 at initial rotor position.
After rotation corresponding to 1/6 electrical period, there is a relative angular
deviation of 4◦ between the PM1 and U1, which equals the deviation between
the PM3 on part 3 and V1 (the second element in the vector P1) at the initial rotor
position (t = 0s). Subsequently, after the rotation of 2/6 electrical period, the
angular difference between PM1 and U1 becomes 8◦, which equals the deviation
between the PM5 on part 5 and W1 (the third element in the vector P1) at initial
time instant (t = 0s).
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4 Development of a Simulation Platform based on 3D FEM

In similar, it can be noted that the angular difference between PM1 and U1 is
equal to 12◦ after rotation of 3/6 electrical period, which equals the deviation
between PM2 on part 2 and segment U1 (the fourth element in vector P1) at
initial time instant (t = 0s). At last, the difference between PM1 and U1 after
rotation of 4/6 electrical period is 16◦, which equals the deviation between PM4
on part 4 and V1 (the fifth element of vector P1) at initial rotor position.

Furthermore, it should be noted that PM2 and PM4 have inverse magnetization
direction compared with PM1, PM3 and PM5. Based on the above consideration,
it is apparent that the rearranging sequence to reconstruct the FDW of SMC
element A based on the FDW in elements A, B, C, D and E for 1/6 electrical
period is:

[+Part 1 +Part 3 +Part 5 -Part 2 -Part 4]

For instance, the Bt-FDW in SMC element A in part 1 is reconstructed based
on the FEA over 1/6 electrical period according to the previously determined
rearranging sequence for I = 0A and I 	= 0A respectively. For a better compari-
son, the FDW directly calculated from FEA for an entire electrical period is also
illustrated in Fig. 4.21, which matches very well with the reconstructed FDW.
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Figure 4.21. Reconstructed Bt-FDW of PMAFM-ISA with DLCW 3×2B2

In general, the rearranging sequence can be determined according to the flow
chart illustrated in Fig. 4.22. First of all, the vector P1 representing the positions
of stator segments and the vector P2 representing the positions of PMs in the
FEM model should be determined. Subsequently, for each element of P1, the
suitable element in P2 should be determined. For the i-th element of the vector
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4.3 Efficient calculation of iron losses of PMAFM

P1, there should be an angular difference equalling i · 60◦/p between them. In
addition, if the selected PM has an opposite magnetization direction, the flux
density sign of the SMC elements should be inverted as well.

Determination of vector P1
representing the position

of the stator segments

Determination of vector P2
representing the position
of the PM in the FEM

i = 1
rotor part 1

i = i+1
searching rotor part showing

mechanical angle deviation of i×60◦/p
to the i-th component of P1

i is equal to
length of P2

No

Yes
End

Figure 4.22. Flow chart determining rearranging sequence of rotor segments

By observing the reconstructed FDW in Fig. 4.21, it can be noted that the period
of the SMC element of rotor yoke is depending on the electrical loading for the
PMAFM-ISA with DLCW 3×2B2. The periods are 10◦ and 20◦ , when the
PMAFM-ISA works without and with electrical loading respectively.

In general, the frequency of FDW of SMC elements in rotor yoke frotor is differ-
ent from that of SMC elements in stator fstator. In other words, for the iron loss
model described in section 3.3, the frequency should be determined considering
the position of the SMC elements and the electrical loading of PMAFM-ISA.
For the SMC element of stator segments, the frequency can be calculated from
the rotational speed n in min−1 and the number of pole pairs p using (4.10).

fstator =
n
60
· p (4.10)
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4 Development of a Simulation Platform based on 3D FEM

In comparison, the period of FDW of SMC element in rotor yoke for PMAFM-
ISA at no-load can be calculated using (4.11), where Ns is the number of the
stator segments.

θrotor =
360◦

Ns
(4.11)

Therefore, the corresponding frequency of the SMC element in the rotor yoke in
this case is:

frotor,i=0 = fstator · Ns
p

(4.12)

If PMAFM-ISA works with electrical loading, the period of FDW of SMC ele-
ment in rotor yoke can be calculated with (4.13), where N is winding number
equalling the adjacent coils belonging to a coil group of a phase.

θRotor =
360◦

Ns
· N (4.13)

For this case, the frequency of SMC element in rotor yoke is equal to

frotor,i	=0 = fstator · Ns
p · N

(4.14)

In summary, a method to reconstruct the complete FDW of SMC elements from
limited FEA results of 1/6 electrical period is described in this section. For
the SMC element in stator and rotor yoke, the determination of the rearranging
sequence is explained respectively, which can be well validated by comprising
the reconstructed FDW and the FDW directly determined with FEA for an entire
electrical period. Furthermore, the frequency of the iron loss model described in
section 3.3 should be determined depending on the position of the SMC element
and the electrical loading of PMAFM-ISA.
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5
Electromagnetic Design
of PMAFM-ISA

With the help of the developed simulation platform based on 3D FEM, many
promising topologies of electrical machine can be investigated. The permanent
magnet excited axial flux machine with internal segmented armature (PMAFM-
ISA) illustrated in Fig. 5.1 is an attractive and promising topology for the ap-
plication of SMC. It posses high torque and power density due to the applica-
tion of PM with high energy density and the concentrated winding with short
end-windings. In addition, the absence of the stator yoke leads to significant
reduction of the stator core weight and iron losses [S4].

The chapter is organized as follows. At first, the basic theory of PMAFM-ISA
and two different methods based on the analytical calculation to determine the
torque are presented. Subsequently, they are compared with the 2D and 3D FEM.
On this basis, the basic electromagnetic design of PMAFM-ISA considering the
design specifications has been carried out, which is then optimized with the
previously developed simulation platform. At last, the final electromagnetic
design of PMAFM-ISA is presented and the demagnetization of PM is carefully
examined as well.

The PMAFM-ISA consists of two external rotors with surface mounted PMs and
an internal stator comprising several independent segments with concentrated
winding. Considering the electromagnetic symmetry and periodicity described

93



5 Electromagnetic Design of PMAFM-ISA

in sections 4.2 and 4.3, it is only necessary to analyse the model comprising one
elementary winding for the winding variant A or half of the elementary winding
for the winding variant B. For instance, it is only necessary to analyse 1/24 of
a complete PMAFM-ISA with the DLCW 12×2A1, whose meshed model and
the FEM results at no-load are illustrated in Fig. 5.1.

(a) Complete model of PMAFM-ISA (b) FEM model with mesh
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Figure 5.1. Structure and FEM results of a PMAFM-ISA
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5.1 Analysis based on magnetic network and FEM

It is apparent that the magnetic flux flows three-dimensionally in the rotor yoke
and stator segments. For this reason, the SMC are used to manufacture the
complex components. By this means, the problems associated with punching
and winding resulted from the usage of punched spirally wound laminations
can be well avoided. On the other side, the manufacturing process of complex
stator segments with end extrusion can be significantly simplified, so that the
utilization of both space and the flux generated by PM are improved.

5.1 Analysis based on magnetic network and FEM

There are many different methods to analyse PMAFM-ISA. In this section, three
different methods are presented and compared, which are the high efficient ana-
lytical calculation, 2D FEM and 3D FEM respectively. For a better comparison,
the model in Fig. 5.1 has been analysed with the three methods, whose parame-
ters are listed in Table 5.1.

Symbol Description Value Unit

Do active outer diameter 301 mm
Di active inner diameter 209 mm
Lmotor active total axial length 75 mm
Ns number of stator segments 36 -
p number of pole pairs 12 -
Lg axial length of air gap 1 mm
Lshoe axial length of stator shoe 5 mm
Lbar axial length of stator bar 39.6 mm
Lyoke axial length of rotor yoke 9.5 mm
Lpm axial length of PM 2.2 mm
mphase number of phases 3 -
apath number of parallel branches of each phase 6 -
Bcoil width of the coil around a segment 3.82 mm
wcoil number of turns per coil around a segment 30 -
αpm ratio of PM arc to pole pitch 2/3 -

Table 5.1. Main parameters of the PMAFM-ISA in Fig. 5.1
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5 Electromagnetic Design of PMAFM-ISA

5.1.1 Analytical analysis

Compared with the time-consuming FEM, the analytical calculation based on
the magnetic network is a fast and efficient method, which can be developed by
utilizing the analogy to electrical circuit. The basic magnetic network is based
on the linearised cross section of the PMAFM-ISA at geometrical mean radius,
which is illustrated in Fig. 5.2.

U V W

Figure 5.2. Simplified magnetic network of PMAFM-ISA

Ignoring the magnetic reluctance of SMC components, leakage flux and slot
effect, the magnetic flux density in the air gap at no-load has a rectangular wave-
form covering 120 electrical degrees or 2/3 pole pitch, whose amplitude Bm can
be calculated using (5.1)

Bm =
Brpm · Lpm

μrpm · Lg + Lpm
(5.1)

where Lg, Brpm, μrpm and Lpm are axial length of the air gap, remanent flux
density, relative permeability and axial length of the PM respectively.

In some literatures, the Carter coefficient kc is introduced to take the influence of
the slot opening into account, which leads to decrease of the flux density in the
air gap under each slot opening due to the increasing reluctance. The decreased
flux density amplitude Bm can be calculated using (5.2).

Bm =
Brpm · Lpm

μrpm · kc · Lg + Lpm
(5.2)
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5.1 Analysis based on magnetic network and FEM

There are many different methods to calculate the Carter coefficient kc. One of
them is defined in (5.3), where Bs is width of slot opening and τslot is slot pitch.

kc =
τslot

τslot − Lg · 4
π

[
Bs
2Lg

arctan
(

Bs
2Lg

)
− ln

√
1+
(

Bs
2Lg

)2
] (5.3)

Subsequently, the peak value of the fundamental harmonic B̂1 can be calculated
through the Fourier analysis using (5.4).

B̂1 =
4
√

3
2 π

· Bm (5.4)

Another method to calculate the no-load magnetic field distribution in the air
gap is based on the solution of the scalar magnetic potential in both air and
PM governed by Laplace’s equations [79, 91, 107, 133, 138]. Hereby, the slot
effect and the reluctance of SMC are also ignored. According to this method,
the flux density component generated by PM along the axial direction Bgpm can
be calculated using (5.5), where τp is pole pitch.

Bgpm =
∞

∑
n=1,3···

Bpm1

Bpm2

Bpm1 =
8 Brpm

n π
sin
(αpm n π

2

)
exp
(−n π Lg

τp

)
cos
(

n π x
τp

)

Bpm2 =

μrpm

(
−exp

(−2 n π Lg

τp

)
+1
)(

exp
(−2 n π Lg

τp

)
+1
)

μ0

(
exp
(−2 n π Lg

τp

)
−1
)

+exp
(−2 n π Lg

τp

)
+1 (5.5)

Considering the influence of slot opening, the Bgpm should be multiplied with
a coefficient λs. As illustrated in Fig. 5.3, the coefficient λs can be calculated
using (5.6), where rs is the equivalent radius of the magnetic flux. It is equal to
1 under the stator tooth and smaller than 1 under the slot opening.
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λs =

Lg +
Lpm

μrpm

Lg +
Lpm

μrpm
+

2 π rs
4

(5.6)

rs

Figure 5.3. Influence of slot opening

A comparison of the flux density in the air gap of the PMAFM-ISA at no-load
is illustrated in Fig. 5.4, which are calculated from the simple method consider-
ing the Carter coefficient, the analytical method based on solving of Laplace’s
equations with consideration the influence of slot opening and the 3D FEM re-
spectively. It can be noted that the analytically calculated flux density is slightly
higher than FEM, as the SMC reluctance is ignored.
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Figure 5.4. Comparison of the calculated flux density of PMAFM-ISA at no-load

98



5.1 Analysis based on magnetic network and FEM

The magnetic flux generated by a PM Φpm can be calculated as the product of
Bm and its area Apm using (5.7), where Ro and Ri are the outer and inner radius
of PMAFM-ISA.

Φpm = Bm · Apm = αpm · Bm · π · R2
o − R2

i
2 · p

(5.7)

As the magnetic flux Φpm is divided into two parts with opposite flowing direc-
tion in the rotor yoke, the magnetic flux density in the rotor yoke Byoke can be
calculated using 5.8, where Lyoke is the axial length of rotor yoke.

Byoke =
Φpm

2 · (Ro − Ri) · Lyoke
= αpm · Bm

Lyoke
· π

4 · p
(Ro + Ri ) (5.8)

By observing the concentrated winding around a stator segment illustrated in
Fig. 5.5, it can be noted the area of the coil around the stator bar Scoil can be
approximated as the sum of 4 rectangles. Its area can be calculated using (5.9),
where Bcoil and Ns are the width of the coil around a stator segment and the total
number of stator segments.

Scoil = Bcoil ·
(

2(Ro−Ri)+(
π ·Do

Ns
− 2 · Bcoil)+(

π ·Di
Ns

− 2 ·Bcoil)

)
(5.9)

Scoil

Sbar

Bcoil

Figure 5.5. Cross section of the coil around a stator segment
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On this basis, the length and the area of stator bar Lbar, Sbar can be calculated
using the following (5.11):

Lbar = Lmotor − 2 · (Lyoke + Lpm + Lg + Lshoe) (5.10)

Sbar =
π · (R2

o − R2
i )

Ns
− Scoil (5.11)

The flux density in stator bar Bbar can be calculated from the magnetic flux
through the stator bar and its area using (5.12).

Bbar =
Φpm

Sbar
= αpm · Bm

Sbar
· π

R2
o − R2

i
2 · p

(5.12)

Based on the above analysis, the torque can be calculated from the magnetic
loading Bload, electrical loading Qload and the area of air gap with (5.13).

T = π · Bload · Qload · Do + Di
2

· Di · Do − Di
2

(5.13)

The magnetic loading Bload is equal to the rms-value of the fundamental har-
monic of flux density wave form:

Bload =
B̂1√

2
(5.14)

On the other hand, the electrical loading Qload can be calculated based on the
current density or the phase current using (5.15) or (5.16), where kw1 is the
winding factor of the fundamental harmonic, mphase is the number of phases,
kcoil is the filling factor of coil and nseries is the number of coils of one phase
connected in series.

Qload = kw1 ·
mphase · Iphase · wcoil · nseries

π · Di
(5.15)

Qload = kw1 ·
mphase · Jrms · Acoil · kcoil · nseries

π · Di
(5.16)
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The Acoil represents the available cross sectional area of coil around a stator
segment, which can be evaluated as

Acoil = Lbar · Bcoil (5.17)

However, the above method leads to great deviation at high electrical loading
due to the simplification in the magnetic network. In order to improve the ac-
curacy, the above magnetic network is further improved in terms of following
aspects: [S5]:

• Consideration of the magnetic reluctance of SMC and its non-linearity, which
means the reluctance is not constant but depending on the saturation level.

• Consideration of the true magnetic flux path including the leakage flux.

• Segmenting the stator segment into many small components to approximate
the magnetic field more accurately.

The improved equivalent magnetic network has been developed with the toolbox
“Simscape” in Matlab/Simulink for the PMAFM-ISA with DLCW 12×2A1 and
3×2B2. For the former, the improved equivalent magnetic network corresponds
to the initial rotor position where the phase U is aligned with the permanent
magnet, as illustrated in Fig. 5.6.

Hereby, the PM is modelled as an ideal magnetomotive force (MMF) with inner
reluctance, while the coil around the stator segment is modelled as a controlled
MMF source, whose value is depending on the current in the coil and the num-
ber of turns per coil. In addition, the SMC component is modelled as variable
reluctance, which is depending on the equivalent length, the cross sectional area
of the SMC component and the relative permeability corresponding to the satu-
ration level.

With the help of the magnetic flux sensor, the magnetic flux through the three
stator segments φu, φv and φw can be determined. Considering that the axis
of phase U is aligned with the d-axis of the rotor for the current position and
there is only current component iq, the magnetic flux Ψd and the torque can be
calculated as follows:
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U V W

Figure 5.6. Improved equivalent magnetic network of a PMAFM-ISA

Ψd = wcoil · nseries · 2
3
·
(

φu − 1
2

φv − 1
2

φw

)
(5.18)

T =
3
2
· p · (Ψd · Iq

)
(5.19)

5.1.2 Finite element analysis

In addition to the analytical calculation, the PMAFM-ISA can be analysed with
both 2D and 3D FEM. The FEM is a numerical method dividing the electrical
machine into a large number of small elements. Through solving the governing
partial differential equations in each element derived from Maxwell’s equations
[S6], the electromagnetic field in the electrical machine can be determined.
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5.1 Analysis based on magnetic network and FEM

Generally speaking, the FEM is much more accurate and frequently used to ver-
ify the results of analytical methods. Besides the 3D FEM model illustrated in
Fig. 5.1, the PMAFM-ISA can be modelled in 2D FEM as well, which is similar
to the analytical method based on the linearised cross section at the geometrical
mean radius equal to (Ro +Ri)/2, as illustrated in Fig. 5.7.
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Figure 5.7. 2D FEM model of PMAFM-ISA

For the case of 2D FEM, the rotation of rotor is transformed into the translation
of rotor with the velocity VTrans, which can be calculated from the mechanical
rotational speed ΩRot using (5.20).

VTrans = ΩRot · Ro + Ri
2

(5.20)

A comparison of the B-Filed of a PMAFM-ISA calculated from 2D and 3D
FEM respectively for id = 0A and iq = 420A are illustrated in Fig. 5.8. It can
be noted that some aspects such as the rotor yoke area with low flux density and
the tip of stator segment w with high flux density can be well investigated with
both methods. However, some aspects such as the area difference between the
bar and the shoe of stator segment cannot be correctly taken into account with
2D FEM. As a result, the stator bar has a large cross sectional area in 2D FEM,
which leads to lower flux density, lower saturation level and higher torque.

All the above methods are compared in terms of torque, as illustrated in Fig. 5.9.
It can be seen that the analytical method based on (5.13) offers the highest torque,
even though the carter coefficient is taken into account. The most important
reason is that the reluctance of SMC is ignored in the simple magnetic network
illustrated in Fig. 5.2. Furthermore, the torque calculated with 2D FEM is also
higher than 3D FEM, which is mainly resulted from the larger cross sectional
area of stator bar.
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Figure 5.8. B-Field of a PMAFM-ISA excited with id = 0A and iq = 420A
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Figure 5.9. Comparison of the torque of a PMAFM-ISA with id = 0A

In comparison, the deviation between the 3D FEM and the method based on
the improved equivalent magnetic network illustrated in Fig. 5.6 is the smallest.
However, the disadvantages of the method should also be taken into account. As
the equivalent magnetic network depends strongly on flux path, type of concen-
trated winding, concrete geometric parameters and rotor position, the model is
very inflexible. Thus, it must be adjusted and verified with 3D FEM for differ-
ent PMAFM-ISA. In addition, the available informations based on the improved
equivalent magnetic network is very limited and some important characteristics
such as iron losses cannot be determined accurately. Due to the inherent 3D flux
distribution in AFM, 3D FEM is necessary for the parameter evaluation and the
accurate analysis of magnetic field distribution.
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Based on the above analysis, it is decided that the electromagnetic design of
PMAFM-ISA is carried out in two steps. At first, the basic magnetic design
is performed based on the improved equivalent magnetic network illustrated in
Fig. 5.6. Subsequently, the basic geometry is further optimized with the 3D
FEM as many critical parameters cannot be accurately analyzed in the first step.

5.2 Basic electromagnetic design of PMAFM-ISA

In this section, the geometrical parameters of PMAFM-ISA are determined
based on the specified design constraints listed in Table 1.2 and some primitive
assumptions.

5.2.1 Number of stator segments and pole-pairs

With the help of the winding editor described in 4.2, it is able to analyse and
compare the different layouts of DLCW. Hereby, special attentions have been
paid to the winding factor of the fundamental harmonic kw1 and the leakage fac-
tor σd . The two important properties of some promising DLCWs with different
elementary windings are listed in Table 5.2.

Elementary winding Winding factor kw1 Leakage factor σdof DLCW
2A1 0.866 46%
2B1 0.5 10%
2A2 0.75 95%
2B2 0.933 96.4%
2A3 0.945 117.8%
2B3 0.793 136.6%
2A4 0.808 161.9%
2B4 0.949 128.9%

Table 5.2. Winding factor kw1 and leakage factor σd of some DLCWs

Considering the above listed winding factor kw1 and leakage factor σd, the
DLCW with elementary winding 2A1 and 2B2 are the most promising candi-
dates, whose harmonic contents are illustrated in Fig. 5.10.
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Figure 5.10. Harmonics contained in two promising DLCWs

In general, the harmonic with the highest amplitude are selected as working
harmonic. For instance, the 4-th and 5-th harmonics are chosen to generate
torque for PMAFM with 12 stator segments and above DLCWs. It implies that
the number of pole pairs p are equal to 4 and 5 respectively. As a result, the
harmonic with the lowest order is the working harmonic for PMAFM-ISA with
the DLCW 4× 2A1, while the second harmonic is the working harmonic for
PMAFM-ISA with the DLCW 1×2B2.
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5.2 Basic electromagnetic design of PMAFM-ISA

If an electrical machine is fed with inverter, the phase current isn’t ideal sinu-
soidal and contains many harmonics, which can result in additional iron losses
in SMC and higher eddy current losses in PM [249, 251, 253–257].

Especially the subharmonics can cause more significant non-synchronous mag-
netic fields and thus more eddy current losses in PM [247, 251, 258–261]. Fur-
thermore, the PMs are normally glued on the rotor yoke with adhesive, whose
maximum mechanical strength is extremely sensitive to the temperature. Based
on the above consideration, the DLCW with the elementary winding 2A1 is
ultimately selected for the PMAFM-ISA in this work.

Subsequently, the number of the elementary winding U should be determined
based on the following consideration:

• First of all, a smaller number of pole pairs leads to larger PM size, which re-
sults in a thicker rotor yoke for the specified maximum allowable flux density
according to (5.7) and (5.8). In addition, the equivalent length of the magnetic
flux in the rotor yoke between two adjacent PMs becomes also longer, which
causes larger reluctance. Its influence is considerable because of the low per-
meability of SMC. It can be concluded that a PMAFM-ISA with lower number
of pole pairs can offer lower torque for specified current density.

• Furthermore, a PMAFM-ISA with higher number of pole pairs has higher iron
losses for the same rotational speed. Furthermore, the sampling frequency of
the inverter increases as well leading to higher losses of the inverter.

• Subsequently, a large number of pole pairs leads to reduction of the end-
winding space, which is important when a short axial length is required.

• At last, it should be noted that the available size of the pressed standard SMC
cylinder is limited, from which the stator segments are milled. When the num-
ber of stator segments is too small, it causes an unacceptable size beyond that
of the standard SMC cylinder. In contrast, an unsuitable larger number of sta-
tor segments corresponds to a smaller size, which causes more manufacturing
and winding difficulties.

• Considering the magnetic symmetry, the 3D FEA of PMAFM-ISA with in-
creasing number of elementary windings needs less calculation time for the
same basic element size.
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5 Electromagnetic Design of PMAFM-ISA

Based on the above consideration, the number of the elementary winding U is
determined as 12, which corresponds to 36 stator segments and 12 pole pairs.
On this basis, the design process of the PMAFM-ISA is illustrated in Fig. 5.11.
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Figure 5.11. Basic design process of PMAFM-ISA

According to the design process, the basic electromagnetic design of PMAFM-
ISA has been determined under the following assumptions. First of all, the
ratio of PM to pole pitch is equal to 2/3 and the slot opening factor αslot is 0.7,
which is defined as the ratio of the slot opening to the distance of adjacent stator
segments. On the other side, the maximum allowable flux density in SMC of
PMAFM-ISA at no-load has been set as 1.5 T.

The parameters of the basic electromagnetic design are listed in Table 5.3. Con-
sidering relatively low mechanical strength of SMC and its manufacturing diffi-
culty, the minimum thickness of rotor yoke is specified as 9.5 mm.
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5.3 Further optimization of PMAFM-ISA with 3D FEM

As the starting point of the electromagnetic design, the SMC material Somaloy
700HR3P is specified for the rotor yoke and stator segments.

Symbol Description Value Unit

Do active outer diameter 301 mm
Di active inner diameter 209 mm
Lmotor active total axial length 75 mm
mphase number of phases 3 -
Ns number of stator segments 36 -
p number of pole pairs 12 -
Lg axial length of air gap 1 mm
Lshoe axial length of stator shoe 5 mm
Lbar axial length of stator bar 39.6 mm
Lyoke axial length of rotor yoke 9.5 mm
Lpm axial length of PM 2.2 mm
αpm pole arc to pole pitch ratio 2/3 -
αslot ratio of slot opening to segments distance 0.7 -
apath number of parallel branches of each phase 6 -
Bcoil width of the coil around a segment 4.14 mm
wcoil number of turns per coil around a segment 26 -

Table 5.3. Parameters of the basic electromagnetic design of PMAFM-ISA

5.3 Further optimization of PMAFM-ISA with 3D FEM

In this section, the basic electromagnetic design should be further optimized
with the developed 3D FEM simulation platform described in the chapter 4.
Because the limiting characteristic curve or speed-torque-curve is closely as-
sociated with the number of turns in a coil around each segment, it is assumed
that the number of turens can vary continuously to achieve the same maximum
torque 230 Nm for a better comparison.
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5 Electromagnetic Design of PMAFM-ISA

5.3.1 Width of coil Bcoil

The width of coil Bcoil illustrated in Fig. 5.5 is calculated based on the equivalent
magnetic network of PMAFM-ISA and the specified maximum allowable flux
density, which determines the area ratio between the copper coil and the SMC
stator bar.

The PMAFM-ISA with different Bcoil are listed in Table 5.4, while the limiting
characteristic curves are illustrated in Fig. 5.12. Considering the magnetization
curve of the SMC Somaloy 700HR3P illustrated in Fig. 3.11 and the necessary
mechanical strength, the Bcoil is adjusted to 3.82mm.

Version Coil width Flux density
at no-load

Basic design 4.14mm 1.39T
PMAFM-ISA 1 3.82mm 1.33T
PMAFM-ISA 2 3.47mm 1.27T
PMAFM-ISA 3 3.09mm 1.21T

Table 5.4. PMAFM-ISA design with different coil width Bcoil

PMAFM-ISA 3
PMAFM-ISA 2
PMAFM-ISA 1
Basic design
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Figure 5.12. Limiting characteristic curves of PMAFM-ISA designs with different Bcoil
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5.3 Further optimization of PMAFM-ISA with 3D FEM

5.3.2 Skewing of PM

A significant disadvantage of the DLCW with elementary winding 2A1 is the
large torque ripple. In order to reduce the torque ripple of PMAFM-ISA 1, the
skewing of PM is one of the most effective method. There are many different
ways to skew PM and two of them are achieved by rotating the end edges of PM
with the opposite and the same directions respectively, as illustrated in Fig. 5.13.

θ

θ

(a) Skewing method 1

θ

θ

(b) Skewing method 2

Figure 5.13. Different skewing methods of PM

When the PMAFM-ISA designs with differently skewed PM are fed with the
maximum current, the torque ripples are listed in Table 5.5.

Version Skewing Skewing Max. Torque
method angle θ ripple ΔT

PMAFM-ISA 1 - - 54.18Nm
PMAFM-ISA 4 1 12° 16.65Nm
PMAFM-ISA 5 1 15° 13.62Nm
PMAFM-ISA 6 2 15° 14.44Nm
PMAFM-ISA 7 2 18° 10.78Nm

Table 5.5. PMAFM-ISA designs with differently skewed PM

It should be noted that the skewing angle θ for the first method should be limited
to avoid the overlapping of the adjacent PMs. In order to achieve an smaller
torque ripple less than 11Nm, the PM is skewed with the second method and
the skewing angle equals 18°. However, it should be noted that a larger skewing

111



5 Electromagnetic Design of PMAFM-ISA

angle leads to considerable deterioration of the electromagnetic properties of
PMAFM-ISA. Therefore, a larger skewing angle is not regarded any more.

5.3.3 Slot opening factor αslot

Subsequently, the PMAFM-ISA design 7 is further optimized by varying the slot
opening factor αslot in terms of the limiting characteristic curves. The designs
with different αslot are listed in Table 5.6, while the limiting characteristic curves
are illustrated in Fig. 5.14.

Version Slot opening factor Max. Torque
ripple ΔT

PMAFM-ISA 7 0.7 10.78Nm
PMAFM-ISA 8 1.0 13.85Nm
PMAFM-ISA 9 0.4 17.23Nm

Table 5.6. PMAFM-ISA designs with different slot opening factor αslot

PMAFM-ISA 9
PMAFM-ISA 8
PMAFM-ISA 7
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Figure 5.14. Limiting characteristic curves of PMAFM-ISA designs with different αslot

It can be noted that the limiting characteristic curve of PMAFM-ISA rises with
higher slot opening factor. In addition, a slot opening factor equal to 1 implies
there is no lateral extrusion of the stator shoe, which simplifies the manufac-
turing process considering the brittle mechanical property of SMC. Due to the

112



5.3 Further optimization of PMAFM-ISA with 3D FEM

above consideration, the slot opening factor αslot is determined as 1. On the
other side, the disadvantage, namely the slightly increased torque ripple, has to
be accepted.

5.3.4 Pole arc to pole pitch ratio αpm

Based on the specified geometrical parameters, the PM form including the thick-
ness Lpm and the ratio of PM arc to pole pitch αpm are varied. Hereby, the PM
mass should remain unchanged. The investigated PMAFM-ISA designs with
different PM forms and the torque ripple are listed in Table 5.7, while the limit-
ing characteristic curves are illustrated in Fig. 5.15.

Version PM Thickness Ratio αpm
Max.

Torque
ripple ΔT

PMAFM-ISA 8 2.2mm 2/3 13.85Nm
PMAFM-ISA 10 1.96mm 0.75 14.38Nm
PMAFM-ISA 12 2.5mm 0.59 17.82Nm

Table 5.7. PMAFM-ISA designs with different pole arc to pole pitch ratio αpm

PMAFM-ISA 12
PMAFM-ISA 10
PMAFM-ISA 8
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Figure 5.15. Limiting characteristic curves of PMAFM-ISA depending on αpm

From the above 3D FEM results, it is clear that a broad and thin PM leads to
improvement of the limiting characteristic curve. In comparison, a thicker and

113



5 Electromagnetic Design of PMAFM-ISA

narrower PM results in higher torque ripple. Based on the above analysis, the
PM form remains unchanged. It should be noted that the PM demagnetization of
the ultimate PMAFM-ISA design must be carefully examined due to the small
PM thickness, especially at high temperature.

5.3.5 Thickness of stator shoe Lshoe

Thickness of stator shoe is another important geometric parameter. The
PMAFM-ISA designs with different thickness of stator shoe are listed in Table
5.8 and the limiting characteristic curves are illustrated in Fig. 5.16.

Version Stator shoe thickness

PMAFM-ISA 8 5mm
PMAFM-ISA 13 0mm
PMAFM-ISA 14 2mm
PMAFM-ISA 15 8mm

Table 5.8. PMAFM-ISA designs with different thickness of stator shoe Lshoe

PMAFM-ISA 15
PMAFM-ISA 14
PMAFM-ISA 13
PMAFM-ISA 8
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Figure 5.16. Limiting characteristic curves of PMAFM-ISA depending on Lshoe

It can be seen that the PMAFM-ISA performance becomes better with decreas-
ing thickness of stator shoe. However, the thickness of the stator shoe Lshoe
remains unchanged considering that a stator shoe is extremely helpful in the
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5.3 Further optimization of PMAFM-ISA with 3D FEM

winding process and a minimum thickness of 5mm is necessary due to the brit-
tle mechanical property of SMC.

5.3.6 PM form

For the current optimal design PMAFM-ISA 8, there is an extremely small arc
at the inner radius of PM, which can result in great manufacturing difficulty. For
this reason, the form is slightly changed by cutting away the PM tips to achieve
a flat bottom, as illustrated in Fig. 5.17.

Figure 5.17. Changing of PM form to achieve a flat bottom

Because the PM mass should be kept as constant, the PM thickness Lpm or the
pole arc to pole pitch ratio αpm need to be changed. The PMAFM-ISA designs
with the same PM mass and different PM form are listed in Table 5.9, while the
limiting characteristic curves are illustrated in Fig. 5.18.

Version PM Thickness Ratio αpm
Max.

Torque
ripple ΔT

PMAFM-ISA 8 2.2mm 2/3 13.85Nm
PMAFM-ISA 16 2.3mm 2/3 11.41Nm
PMAFM-ISA 17 2.2mm 0.7 10.46Nm

Table 5.9. PMAFM-ISA designs with different PM forms
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5 Electromagnetic Design of PMAFM-ISA

PMAFM-ISA 17
PMAFM-ISA 16
PMAFM-ISA 8
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Figure 5.18. Limiting characteristic curves of PMAFM-ISA depending on PM forms

It can be noted that the PMAFM-ISA 17 with broader PM has better perfor-
mance by observing the limiting characteristic curve. In addition, the torque
ripple is further reduced to less than 11Nm. As a result, the PMAFM-ISA de-
sign 17 is considered as the most promising design temporarily.

5.3.7 SMC material

For the above optimization, the SMC material Somaloy 700HR3P is used to
for the stator segments and rotor yoke. However, as mentioned in chapter 3, the
components manufactured from this material cannot be machined because of the
lack of binder material. For the ideal case, the necessary components should be
directly pressed. Due to the unacceptable high costs of press system, the stator
segments and rotor yoke for the prototype should be milled from the standard
cylinder. For this reason, it is necessary to compare the PMAFM-ISA designs
with components made from the other manufacturable SMC materials. The de-
signs with different SMC material are listed in Table 5.10 and their limiting
characteristic curves are illustrated in Fig. 5.19.

It can be noted the performance of the PMAFM-ISA design 17 declines
slightly as the SMC material with binder material shows higher losses and
lower permeability. In addition, there is no obvious difference between the
PMAFM-ISA made from the SMC Siron®S300b and Siron®S400b.
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5.3 Further optimization of PMAFM-ISA with 3D FEM

Version Utilized SMC Material

PMAFM-ISA 17 Somaloy 700HR3P
PMAFM-ISA 18 Siron®S300b
PMAFM-ISA 19 Siron®S400b
PMAFM-ISA 20 Siron®STestb

Table 5.10. PMAFM-ISA designs with different SMC material

PMAFM-ISA 20
PMAFM-ISA 19
PMAFM-ISA 18
PMAFM-ISA 17
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Figure 5.19. Limiting characteristic curves of PMAFM-ISA depending on SMC material

In comparison, the PMAFM-ISA design based on the material Siron®STestb has
better performance in terms of the limiting characteristic curves. Therefore, the
PMAFM-ISA design 20 is determined temporarily as the best design.

5.3.8 Segmentation of PM

Eddy current losses in PM can significantly influence performance of electrical
machine and are one of the most important thermal sources of PMAFM-ISA,
where PMs are mounted on the surface of the rotor yoke [S7]. One of the most
effective methods to reduce the PM eddy current losses is the segmentation of
PM, which can be either segmented along the radial direction, the circumferen-
tial direction or a combination of both directions, namely the 2D segmentation.
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5 Electromagnetic Design of PMAFM-ISA

The eddy current losses in all PMs of PMAFM-ISA designs with differently seg-
mentation of PM at no-load and 60min−1 are listed in Table 5.11. It is apparent
that the PM segmentation along the radial direction leads to a more even area of
PM segments and can achieve less losses. Compared with the direction of seg-
mentation, the number of PM segments or rather the area of per segment is more
dominant. For instance, a PM consisting of 6 segments can generate nearly only
half of the PM eddy current losses compared with PMAFM-ISA design 20. The
informative efficiency map of PMAFM-ISA 25 is illustrated in Fig. 5.20.

Version Segmentation Number of PM lossesmethod segments
PMAFM-ISA 20 - - 15.65W
PMAFM-ISA 21 circumferential 2 12.17W
PMAFM-ISA 22 circumferential 3 9.46W
PMAFM-ISA 23 radial 2 10.70W
PMAFM-ISA 24 2D 4 8.84W
PMAFM-ISA 25 2D 6 7.28W

Table 5.11. PMAFM-ISA designs with different PM segmentation

With the help of PM segmentation, the efficiency of PMAFM-ISA 25 is ob-
viously improved and the peak efficiency increases more than 1.5% compared
with PMAFM-ISA 20. In addition, the reduction of the peak torque at low speed
area becomes much smaller and the speed-torque-curve becomes much flatter.

5.4 Final electromagnetic design and validation

In spite of the great advantage of PM segmentation, the idea is abandoned for
the final design of the first prototype to reduce the assemble difficulty and to
improve the mechanical firmness of PM. The final electromagnetic design is
obtained based on the above PMAFM-ISA 20 in terms of the following aspects:

• Segmenting the rotor yoke into 12 parts due to the limited available size of
pressed standard SMC cylinder.

• Design of small gaps on the rotor yoke for the adhesive, which aims to glue
the PM with the rotor yoke.
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Figure 5.20. Efficiency map of PMAFM-ISA 25 with 2D PM-segmentation

• Rounding of SMC components to reduce the stress concentration resulted
from manufacturing and to avoid damage of winding isolation.

The ultimately manufactured stator segment and rotor yoke element are illus-
trated in Fig. 5.21.

(a) Stator segments (b) Rotor yoke component

Figure 5.21. Manufactured SMC parts
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5 Electromagnetic Design of PMAFM-ISA

It is apparent that the inner and outer edges of the rotor yoke are 0.1mm higher
than the rest part to realize the necessary gap for the adhesive.

Although the cross sectional area is reduced due to the rounding of the stator
segments and the reluctance becomes larger due to the adhesive gap between PM
and rotor yoke, their influence on the electromagnetic properties of PMAFM-
ISA is extremely limited. The efficiency map of the final electromagnetic design
is illustrated in Fig. 5.22.
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Figure 5.22. Efficiency map of the final design of PMAFM-ISA without PM-segmentation

The PM has the relatively low thickness equal to 2.2mm and its demagnetization
should be carefully investigated. As shown in Fig. 5.23, the working point of
PM at 160 ◦C and Id equalling 640A, which is 1.5 times of the maximum phase
current, is marked with a small red circle. It can be seen that even for the worst
case, the flux density of PM is high enough and the demagnetization doesn’t
occur.

At last, the most important parameters of the final electromagnetic design of
PMAFM-ISA are summarized in Table 5.12.
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Figure 5.23. Demagnetization test of PM in final design

Symbol Description Value Unit

Da active outer diameter 301 mm
Di active inner diameter 209 mm
Lmotor active total axial length 75 mm
Nsegments Number of stator segments 36 -
p Number of pole pairs 12 -
Lg axial length of air gap 1 mm
Lshoe axial length of stator shoe 5 mm
Lbar axial length of stator bar 39.6 mm
Lyoke axial length of rotor yoke 9.5 mm
Nyoke Number of segments per rotor yoke 9 -
LPM axial length of PM 2.2 mm
αslot ratio of slot opening to segments distance 0.7 -
αPM pole arc to pole pitch ratio 0.7 mm
θPM skewing angle of PM 18 °
Nphase Number of parallel branches of each phase 6 -
Bcoil width of the coil around a segment 3.80 mm
wcoil Number of turns per coil around a segment 26 -

Table 5.12. Main parameters of the electromagnetic design of PMAFM-ISA
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6
Electromagnetic Design
of PMTFM-CP

Besides the PMAFM-ISA, the permanent magnet excited transverse flux ma-
chine with claw poles (PMTFM-CP) is another promising topology for the appli-
cation of SMC, which is distinguished by its high pole pair number and torque
density [O6, O7, S8]. In PMTFM-CP, the permanent magnets with opposite
circumferential magnetization directions are embedded in the rotor. All the
stator segments are located on one side of the rotor and a ring winding is lo-
cated within the stator segments for each phase. Therefore, the PMTFM-CP
can achieve high torque density and relatively simple mechanical construction
simultaneously [S9, S10].

Assuming the phases of PMTFM-CP are magnetic decoupled from each other,
it is only necessary to analyse one pole pair model of one phase considering
the magnetic symmetry around the rotational axis. For instance, the meshed
model and the FEM results at no-load are illustrated in Fig. 6.1. It can be clearly
seen the magnetic flux flows three-dimensionally in the PMTFM-CP. The main
magnetic flux marked with small arrows from the PM is concentrated in the rotor
concentrator and then flows through the air gap, the stator claws, the teeth on the
front side, the stator yoke, the teeth, the claws, and the air gap on the rear side,
which finally flows back to the PMs in the rotor. To realize the conduction of
3D magnetic flux, the SMC material is used to manufacture the complex stator
and the rotor flux concentrator.
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(a) One phase model of PMTFM-CP
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Figure 6.1. Structure and FEM results of a PMTFM-CP

The chapter is organized as follows. At first, the free geometric parameters of
PMTFM-CP, the optimization objectives and design procedure are presented.
Subsequently, the electromagnetic design of PMTFM-CP has been carried out
according to the design procedure.
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6.1 Free design parameters and design objectives

6.1 Free design parameters and design objectives

In this section, the free design geometric parameters and the optimization ob-
jectives are introduced. Subsequently, the design procedure is described, which
is based on the standard components including Taguchi method, the nondomi-
nated sorting genetic algorithm 2 (NSGA2), the multi-objective particle swarm
optimization (MOPSO) and the fuzzy logic (FL).

6.1.1 Free design parameters of PMTFM-CP

Because of the complex structure of the stator segments, many basic variables
are needed to completely determine the geometry of PMTFM-CP. Some of them
can be clearly found in the side view, as shown in Fig. 6.2.

g

a

b c d
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f

LPM

LPhase

Rrotoryoke

RPM

Figure 6.2. Side view of PMTFM-CP

With help of these variables, the axial length and radial length of all components
can be determined. The other necessary basic geometric variables to determine
the tooth and claw are defined in the front view. As illustrated in Fig. 6.3, the
modelling process consists of three main steps, which are the basic modelling,
the slight modification of stator tooth and claw respectively,

The angles θ1 and θ2 are the angles of the SMC concentrator in the rotor and the
basic angle of the stator tooth and claw. In the following step, the basic geometry
of the stator can be modified with the help of the angles θ3 and θ4, which are
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6 Electromagnetic Design of PMTFM-CP

used to broaden the stator tooth and claw respectively. The angle θ3max is the
maximum allowable deflection angle of stator tooth, for which the two adjacent
stator teeth contact each other. The angle θ4max corresponds to the angle, for
which the two edges of the stator claw are parallel with each other.

θ2

θ1

(a) Basic
modelling

θ3max

θ3

(b) Modification of stator tooth

θ3

Claw

θ4
θ4max

(c) Modification of claw

Figure 6.3. Front view of modelling procedure of PMTFM-CP

Based on the above basic geometric variables, totally 10 free parameters are
defined and listed in Table 6.1. It is noted that most of them are defined as ratio
to achieve a general valid conclusion.

6.1.2 Design objectives

Due to the time-consuming 3D FEM, the PMTFM-CP is optimized only for one
working point with help of the stationary FEM, namely the PMTFM-CP is fed
with the maximum phase current along the q-axis. Considering the requirements
of the application in the electric vehicle, five objectives are defined in this work.

With help of the 3D FEM, the flux linkage Ψu of the phase u, the inner torque
T for different electrical rotor positions θ can be determined. On this basis, the
torque and flux linkage of the other two phases Ψv and Ψw can be obtained by
translating Ψu for the electrical angle 120° and 240° respectively. After then, the
flux linkage Ψd along the direct axis and Ψq along the q-axis can be calculated:
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Para- Description Definitionmeter
Ltooth axial length of the stator tooth g
Lclaw axial length control of the stator claw d/(a+d)
Lshort axial length adjustment of bevel at claw tip c/(b+ c)
Rshort axial length adjustment of bevel at claw tip e/(e+ f )
Wbasic basic angle control of the stator tooth and claw θ2/θ1
Wtooth angle adjustment of the stator tooth θ3/θ3max
Wclaw angle adjustment of the stator claw θ4/θ4max
LPMR ratio of the axial length of PM to one phase LPM/Lphase
RRYR ratio of the radial length of SMC concentrator to PM Ryoke/RPM

p the pole-pair number of PMTFM-CP p

Table 6.1. Free design parameters of PMTFM-CP

Ψd =
2
3
( Ψu cos(θ) + Ψv cos(θ −120°) + Ψw cos(θ −240°) ) (6.1)

Ψq =
2
3
( Ψu cos(θ +90°)+Ψv cos(θ −30°)+Ψw cos(θ −150°) ) (6.2)

Subsequently, the stationary voltages along the d- and q-axis ud and uq can be
calculated, where ωel is the electrical rotational speed of PMTFM-CP and RS is
the resistance of one phase.

ud = RS · id − ωel · Ψq (6.3)
uq = RS · iq + ωel · Ψd (6.4)

As the first optimization objective, the characteristic speed ωchara is defined as
the mechanical speed, at which the voltage limit is achieved. It can be deter-
mined through solving the (6.5), where umax is the amplitude of the maximum
allowable phase voltage.

u2
d + u2

d = u2
max (6.5)
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Correspondingly, the ωchara can be calculated using (6.6).

ωchara =
ωel

p · 2 · π
(6.6)

The second objective is the copper losses, which is one of the dominant losses
when the PMTFM-CP is fed with the maximum phase current. It can be calcu-
lated with (6.7), where imax is the maximum effective phase current.

Pcu = i2max · RS (6.7)

The corresponding output torque at the characteristic speed ωchara is the third
objective and can be calculated using (6.8), where pfe is equal to the iron losses
of all SMC parts at the speed ωchara.

Tmax = T − pfe
ωchara · 2 · π

(6.8)

The fourth objective is the efficiency ηchara of PMTFM-CP at the characteris-
tic speed ηchara calculated with (6.9). Hereby, the friction losses and the eddy
current losses in PMs are not taken into account.

ηchara =
Tmax · ωchara

Tmax · ωchara + pfe + pcu
(6.9)

The last objective is the torque ripple ratio αT determined using (6.10), which is
defined as the ratio between the torque ripple to the average output torque Tmax.

αT =
T (θ)max − T (θ)min

Tmax
(6.10)

All of the above mentioned five design objectives are summarized and listed in
Table 6.2. Besides the predefined geometric constraints, the properties of the
inverters and the required PM mass listed in Table 1.2, there are some other con-
ditions applied in the design process. First of all, the electrical machine is only
fed with the current component iq along the q-axis considering the small differ-
ence between the inductances along the d- and q-axis. Besides, the number of
coils per phase is determined as 5 to achieve an appropriate compromise among

128



6.1 Free design parameters and design objectives

the objectives. At last, the ratio between the angle of PM to the concentrator
remains constant equal to 1/2.

Objective Unit Description

ωchara min−1 characteristic speed of PMTFM-CP
Pcu W copper losses
Tmax Nm maximum torque at ωchara
ηchara % efficiency of PMTFM-CP at ωchara
αT % torque ripple ratio

Table 6.2. Design objectives of PMTFM-CP

6.1.3 Design procedure of PMTFM-CP

The design procedure of PMTFM-CP in this work is illustrated in Fig. 6.4, which
is based on a combination of many standard methods. Because the 3D FEM is ex-
tremely time-consuming, it is impossible to optimize all the 10 free parameters
of PMTFM-CP listed in Table 6.1. Therefore, a design of experiment method
(DoE), the Taguchi method, is firstly applied to evaluate the importance of each
design parameter in consideration of the defined five objectives. Subsequently,
the selected critical parameters are further optimized with the nondominated
sorting genetic algorithm 2 (NSGA2) and the multi-objective particle swarm
optimization (MOPSO) [O8, O9, S11].

Determination of
boundaries
objectives
free variables

DoE with
Taguchi method

Determination of
the most important

parameters

Important
parameters

Sampling based
on 3D FEM

Development of
the mathematical
model with RBF

Verifying the
accuracy of the

model with FEM

Optimization with
MOPSO and NSGA2

Model

Pareto
solutions

Selection based on
Fuzzy logic

The optimal design
of PMTFM-CP

Figure 6.4. Design process of PMTFM-CP
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The genetic algorithms (GA) are based on an analogy to the evolution process in
nature and often adopted to optimize electrical machines. Among many differ-
ent GA, the newly developed NSGA2 is distinguished by its effectiveness and
reliability, which is suitable for the multi-objective optimization. In comparison,
the PSO is a heuristic search technique and simulates the social behaviour of a
flock of birds searching food. The MOPSO is an extension of PSO, which aims
to solve the multi-objective optimization problem. Both methods have been
widely used in many different cases.

Because for both algorithms a large number of PMTFM-CP designs should be
analysed, a mathematical model based on the radial basis function (RBF) is de-
veloped and verified with FEM in this work, so that the five objectives depending
on the design parameters can be analytically fast calculated. Since the five ob-
jectives are normally in conflict with each other, there is no explicit design with
the best values for all objectives. Therefore, the results of both optimization
methods are a lot of outstanding “trade-off” designs, which are called nondomi-
nated solutions or Pareto front representing the best possible comprises among
the objectives. Afterwards, the optimal design is selected from the Pareto front
with the help of fuzzy logic (FL). Finally, the optimal design is validated with
the 3D FEM.

6.2 Pre-optimization with Taguchi method

Depending on different values of the 10 free parameters in Table 6.1, numerous
designs of PMAFM-ISA can be developed. Because it is too time-consuming
to optimize all parameters and the influence of these parameters on the 5 ob-
jectives are distinctly different, the Taguchi method is utilized to determine the
importance of the design parameters with respect to the objectives [262–264].
Only the relatively more important parameters are selected and further opti-
mized. Meanwhile, the values of other parameters in the design space can be
determined.

The Taguchi method is based on an orthogonal array (OA), which should be de-
termined depending on the number and levels of parameters to be investigated.
In the OA, the different combinations of the values of the parameters are spec-
ified. With the help of Taguchi method, a large number of parameters can be
researched with a small number of PMTFM-CP designs.
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6.2 Pre-optimization with Taguchi method

Considering the free parameters listed in Table 6.1, the OA L32(21× 49) is uti-
lized in this thesis, which implies there are 9 parameters with 4 levels and 1
parameter with 2 levels. Besides, totally 32 experiments or rather designs of
PMTFM-CP need to be investigated. A possible value or rather a level of a
parameter P is defined as a factor Pi and all factors are listed in Table 6.3.

Parameter Level1 Level2 Level3 Leve4

A : Wbasic 1 1.2 - -
B : Ltooth 8 9 10 11
C : Wtooth 0 1/3 2/3 1
D : Wclaw 0 1/3 2/3 1
E : Lclaw 0.25 0.5 0.75 1
F : Lshort 0.2 0.4 0.6 0.8
G : Rshort 0.2 0.4 0.6 0.8
H : RRYR 0.7 0.8 0.9 1
I : LPMR 0.7 0.8 0.9 1
J : p 15 20 25 30

Table 6.3. Factors of all free design parameters

According to the OA L32(21×49), 32 PMTFM-CP designs should be analysed,
which correspond the different combinations of the above defined factors. Some
of them are listed in Table 6.4.

Design Parameter
A B C D E F G H I J

D1 A1 B1 C1 D1 E1 F1 G1 H1 I1 J1
D2 A1 B1 C2 D2 E2 F2 G2 H2 I2 J2
D3 A1 B1 C3 D3 E3 F3 G3 H3 I3 J3

...
D30 A2 B4 C2 D4 E3 F1 G3 H1 I2 J4
D31 A2 B4 C3 D1 E2 F4 G2 H4 I3 J1
D32 A2 B4 C4 D2 E1 F3 G1 H3 I4 J2

Table 6.4. Orthogonal array L32(21×49)
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Based on the above two Tables, totally 32 different PMTFM-CP designs have
been developed and analysed with the 3D FEM. Subsequently, the five objec-
tives of each design and the mean value are determined are listed in Table 6.5.

Design Tmax Jslot ωchara ηchara αT
[Nm] [A/mm2] [min−1] [%] [%]

D1 92.65 9.57 3208 94.68 39.27
D2 127.36 9.12 2099 94.27 24.03
D3 156.43 8.54 1679 94.92 8.83

...
D30 179.78 26.75 926 91.56 9.73
D31 124.73 33.81 2055 94.17 24.18
D32 144.87 33.81 1189 91.5 25.5

Mean 132.6 17.71 1650 92.01 21

Table 6.5. Calculated values of the five objectives of 32 PMTFM-CP designs

Based on results in Table 6.5, the influence of each parameter on every objective
can be determined through the variance analysis (ANOVA). For instance, the
relative importance of the parameter in consideration of the objective Tmax is
analysed through the ANOVA.

At first, the mean effect of each factor Pi on the objective Tmax can be calculated
with (6.11), where m is the number of the total designs Di including the factor
Pi. The determined mean effect of all factors on the objective Tmax is illustrated
in Fig. 6.5.

T̄max(Pi) =
1
m

m

∑
i=1

Tmax ( Di ) (6.11)

Subsequently, the sum of the squares (SSF) of the differences between the mean
effect of all n factors belonging to the parameter P and the mean value of Tmax
from Table 6.5 can be computed with (6.12).

SSF(P) =
32
n

n

∑
i=1

( T̄max ( Pi ) − mean( Tmax ) )
2 (6.12)
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Figure 6.5. Mean effect of each factor on the objective Tmax

Finally, the influence of the parameter P on the objective Tmax can be calculated
using (6.13).

PInf =
SSF(P)

SSF(A) + SSF(B) + · · · + SSF(J)
(6.13)

Similar to the objective Tmax, the influence of all 10 parameters on five objectives
can be calculated, as illustrated in Fig. 6.6.

Based on the influence of each parameter on the objectives, the most critical 4
parameters and their optimization range are determined. In addition, the values
of other parameters are determined as well considering the mean effect of all
factors of each parameter. The results of Taguchi method are listed in Table 6.6.

Parameter A B C D E
Wbasic Ltooth Wtooth Wclaw Lclaw

Result 1 [8∼ 10] 0 0 [0.5∼
0.9]

Parameter F G H I J
Lshort Rshort RRYR LPMR p

Result 0.6 [0.6∼
0.8]

0.8 [0.7∼
0.9]

20

Table 6.6. Results of pre-optimization based on Taguchi method
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Figure 6.6. Influence of all parameters on the five objectives
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6.3 Mathematical model based on RBF

It can be noted the pole-pair number has dominant influence on 4 objectives,
which is determined as 20 in order to achieve an appropriate comprise among
the objectives as well as the requirements on the inverter.

6.3 Mathematical model based on RBF

Afterwards, the 4 critical parameters should be further optimized with the algo-
rithms non dominated sorting genetic algorithm 2 (NSGA2) and multi-objective
particle swarm optimization (MOPSO). Considering the large computational ex-
pense of both algorithms, a surrogate mathematical model is needed to calculate
the five objectives depending on the following design vector analytically and
accurately.

[ Ltooth Wclaw Rshort LPMR ]

In the past time, many different models have been developed and the mathemat-
ical model based on the radial basis function (RBF) is used in this work [265–
267]. For this purpose, 2025 designs of PMTFM-CP corresponding to a range of
the design vector have been analysed with 3D FEM, which can be considered as
2025 sampling points distributed evenly in the design space. On this basis, the
mathematical model including five equations is developed, which is described
in (6.14).

f (x) = β · x +
n

∑
k=1

λk · Φk(x) (6.14)

Hereby, the f (x) is one of the five objectives, x is the design vector, β is the first
order polynomial factor and can be calculated with the least square method, n
is the number of the sampling points, λk is the weighting coefficient of the k-th
RBF Φk.

The RBF Φ(x) is a real value function, whose value is only depending on the
Euclidean distance between the design vector x and the origin x0. There are
many different kinds of RFB, the Gaussian RBF expressed in (6.15) is utilized
in this work, where θ is a prescribed positive constant named shape parameter,
Dmax is the maximum distance between any two of the sampling points.

Φk(x) = exp

(
−θ · ‖x − x0k‖2

Dmax

)
(6.15)
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Before the developed mathematical model is applied to the optimization, its
accuracy should be validated. For this purpose, another 91 testing points have
been analysed with 3D FEM and the results are compared with that from the
mathematical model. In order to achieve a persuasive conclusion, the testing
points are determined with the Latin Hypercube Sampling (LHS) method, which
is a statistical method used to generate a random and roughly even distribution
of the sampling points. In addition, the identical values of sampling points in
any dimension of the design space can be avoided.

In order to evaluate the precision of the model, the normalized root mean
squared error (NRMSE) of all five objectives for the 91 testing points is cal-
culated using (6.16),

NRMSE =

√√√√√√√√√
91

∑
k=1

( fk (xi) − gk (xi))
2

91

∑
k=1

fk (xi)
2

(6.16)

where fk(xi) and gk(xi) are the values of the k-th objective of the i-th sampling
point calculated with the FEM and the mathematical model respectively.

The NRMSE of all objectives are calculated and listed in Table 6.7.It is apparent
that the results from the mathematical model match well with that from 3D FEM.
Thus, it can be concluded the model is precise enough and can be used to cal-
culate the objective values instead of time-consuming 3D FEM in the following
optimization. For a clear overview, the Tmax depending on the two design param-

Objective Tmax Pcu ωchara ηchara αT

NRMSE in % 1.19 0.42 1.28 0.24 0.83

Table 6.7. NRMSE of all five objectives

eters Ltooth and Lclaw are calculated with the developed mathematical model and
compared with the FEM results, as shown in Fig. 6.7. It can be noted that the
FEM results can be well approximated.
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Figure 6.7. Comparison of the Tmax calculated from the model and FEM

6.4 Optimization with NSGA2 and MOPSO

Because there are five objectives rather than only one to be optimized, there is
normally no explicit PMTFM-CP design with the best values of all objectives.
Instead, many outstanding designs exist, which can make good trade-off among
these objectives. All these designs are named as Pareto solutions and form the
Pareto front. For a Pareto solution, an improvement of any objective without
worsening at least one of the other objectives is impossible. The purpose of this
section is to find out the Pareto solutions with the MOPSO and NSGA2. The
three important criteria used to evaluate the results of optimization algorithms
are [268, 269]:

• The searched Pareto solutions should be located as closely as possible to the
true Pareto front.

• The distribution of the searched Pareto solutions should be as even as possible.

• The determined Pareto solutions should cover the true Pareto front as widely
as possible to obtain a good spread.

In order to evaluate the quality of the Pareto front and to compare the different
algorithms, many performance indices have been suggested and compared [268].
However, it should be noted that the selection of an appropriate index is not a
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simple task. Furthermore, the index cannot always properly reflex the quality of
the solution.

6.4.1 Optimization with MOPSO

The inspiration of PSO came from the cooperative behaviour of a flock of birds
searching foods, which is developed by Kennedy and Eberhart in 1995. In this
work, a PMTFM-CP design is considered as a particle, whose position corre-
sponds the design parameters of PMTFM-CP and can be updated using (6.17),

xi(t +1) = xi(t) + vi(t +1) (6.17)

where xi(t) is the position of the i-th particle at the t-th iteration.

The velocity vi of the i-th particle consists of three components: the own iner-
tia, the own previous experience and the so-called “social part” of all particles,
which can be calculated using (6.18).

vi(t +1) =wi · vi(t) + c1 · r1(t) · ( xi,pbest(t) − xi(t) ) +
c2 · r2(t) · ( xg,pbest(t) − xi(t) )

(6.18)

In (6.18), the r1 and r2 are random numbers between 0 and 1 to obtain the di-
versity of the population. The positive constants c1 and c2 are the cognitive
and social factors, which are acceleration constants to control the convergence
properties. The parameter w is called as the inertia weight factor aiming at con-
trolling the impact of the previous velocity on the current velocity. Meanwhile, it
can determine the trade-off between the global and local exploration abilities of
the particle. The xi,pbest(t) represent the best position previously attained by the
i-th particle itself until t, while the xg,pbest(t) is the global best position reached
within the whole population as so far now.

The MOPSO is an extension of PSO aiming at multi-objective optimization,
whose flow chart is illustrated in Fig. 6.8.
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Figure 6.8. Flow chart of the MOPSO

The optimization has been performed for different combinations of population
number N and iteration number gmax considering the randomness of the MOPSO
[270, 271]. For a better overview, the initial particles and the searched Pareto
solutions are plotted on the Tmax-ωchara plane. The results for 50 and 200 ini-
tial particles and the finally searched Pareto solutions are illustrated in Fig. 6.9.
It should be noted that the searched Pareto solutions can also be projected to
other planes of objectives and a projection is not a Pareto front in turn. Because
there are five objectives to be optimized, the Pareto solutions in Fig. 6.9 cannot
converge to an obvious curve as usual.

It can be seen that the initial particles are located in a broad region, which move
into a relatively narrow region during the optimization procedure, so that either
high Tmax, high ωchara or a good trade-off can be achieved.

Through the comparison of the above analysis results, it is clear that the number
of the particles plays an important role. The more the initial particles are, the
more Pareto solutions are found and the more even the distribution of the Pareto
front is. Besides, there is no obvious change of the distribution of the Pareto
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front after certain iterations. Thus, the N and gmax should be appropriately set
to avoid unnecessary calculation time and to well approximate the real Pareto
front simultaneously.
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(b) 200 initial particles

Figure 6.9. Initial particles and searched Pareto solutions
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6.4.2 Optimization with NSGA2

In comparison with the PSO, the optimization with GA is based on the simula-
tion of the genetic replicated process. Hereby, each PMTFM-CP design corre-
sponds to a chromosome and the design parameters are considered as the genet-
ics of a chromosome. The flow chart of NSGA2 is shown in Fig. 6.10.
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Figure 6.10. Flow chart of the NSGA2

For a better comparison, the optimization with NSGA2 has been performed for
different combinations of N and gmax with the same initial designs as that of
MOPSO. The projection of the initial chromosomes and the searched Pareto
solutions on the Tmax-ωchara plane for different combinations of N and gmax are
illustrated in Fig. 6.11.

Similar to the results of MOPSO, the searched Pareto solutions with NSGA2
are concentrated to a narrow and limited region. A further increase of the chro-
mosomes N or maximal iterations gmax cost obviously more computational time,
but the improvement of the results is not significant any more.

Considering the inevitable randomness of both methods, the searched Pareto so-
lutions from MOPSO and NSGA2 for N equal to 200 and and gmax equal to 1000
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are combined together to generate a more widespread set of the PMTFM-CP de-
signs for a better approximation of the real Pareto front, as shown in Fig. 6.11.
It can be concluded that the results are satisfactory and acceptable in terms of
the predefined criteria.
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(a) 50 initial chromosomes
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(b) 200 initial chromosomes

Figure 6.11. Initial chromosomes and Pareto front for different N and gmax

6.5 Optimal design selection based on fuzzy logic

Purpose of this section is to find out the optimal PMTFM-CP design with the
best comprehensive performance from all the Pareto solutions in Fig. 6.12.
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However, the performance of different PMTFM-CP designs cannot be directly
compared as there are five objectives.

As a result, an evaluation method based on FL is utilized in this work, which can
determine a crisp evaluating value for each Pareto solution in consideration of all
five objectives. The idea of FL comes from the simulation of the human thinking,
which consists of fuzzification, the fuzzy inference and the defuzzification.
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Figure 6.12. Combined Pareto solutions from MOPSO and NSGA2

The flow chart of FL is illustrated in Fig. 6.13.

• Firstly, the value range of each objective function fi is divided into a few re-
gions. Each region is associated with a linguistic label and a member ship
function, whose value is named as membership degree and equals a value be-
tween 0 and 1. All the membership functions and the corresponding linguistic
labels form the fuzzy sets. On this basis, the crisp value of each objective is
transformed into the corresponding membership degrees with corresponding
linguistic labels after the fuzzification.

• Similar to the fuzzy sets of the fuzzification, the rule base should also be pre-
defined and is the fundament of the inference. It consists of many IF-THEN
rules to associate the linguistic labels of the objectives and linguistic labels
of the performance. With the decision making unit, the membership degree
of performance linguistic labels are determined from that of the objective lin-
guistic labels considering the specified logical operations. Afterwards, the
values of all performance linguistic labels are aggregated. The above process
is defined as fuzzy inference.
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• The last step is defuzzification, in which a crisp value can be calculated from
the above aggregation for each Pareto solution with the help of the centre of
gravity method.

Crisp value evaluating the

Vector of objective values
of a PMTFM-CP design

FuzzificationFuzzy sets

Rule base

Fuzzy inference

Decision
making unit

DefuzzificationFuzzy sets

comprehensive performance
of the PMTFM-CP design

Figure 6.13. Flow chart of fuzzy logic

The above process has been carried out for each PMTFM-CP design to obtain
a crisp value. By this means, the Pareto solutions can be compared with each
other. The Pareto solution with the highest value is considered as the optimal
PMTFM-CP design with the best comprehensive performance.

In this work, the selection based on FL is carried out with the help of the FL
designer toolbox in MATLAB. The value range of each objective is divided
into five regions, which correspond to five membership functions with different
linguistic labels.

For instance, five triangular functions are defined as the membership functions
of the objective Tmax and the corresponding linguistic labels are “lower”, “low”,
“normal”, “high” and “higher” respectively, as illustrated in Fig. 6.14. In this
case, the torque T1 are relevant to two member ship functions with the linguistic
labels “low” and “normal”, whose membership degrees are equal to 0.4 and 0.6
respectively.
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Figure 6.14. Membership functions to evaluate the objective Tmax

Besides, totally 21 membership functions are defined to evaluate the perfor-
mance of PMTFM-CP, whose linguistic labels are “level 0”, “level 1”, . . . and
“level 20” respectively, as illustrated in Fig. 6.15.
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Figure 6.15. Membership functions to evaluate the PMTFM-CP

Subsequently, the Rule base is defined, which consists of 3125 IF-THEN rules
considering all possible combinations of the 25 membership functions of the 5
objectives. For example, an IF-THEN rule is defined as follows.

IF Tmax is “low”, Pcu is “high”, ωchara is “normal”, ηchara is “normal” and αT is
“normal”, THEN the performance is “level 10”.

The membership degree of the performance linguistic label “level 10” is cal-
culated as the minimal value of the membership degrees of the five objective
membership functions in the condition of the IF-THEN rule.

Generally, the conditions of 32 IF-THEN rules are fulfilled for each PMTFM-
CP design. The values of all 21 performance linguistic labels are combined
together based on the maximal principal in this work. Finally, a crisp value
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6 Electromagnetic Design of PMTFM-CP

can be calculated for each PMTFM-CP design through the aggregation of all
relevant membership functions based on the centre of gravity method.

The PMTFM-CP design with the highest crisp value can offer the best compre-
hensive performance, whose design parameters are listed in Table 6.8.

Parameter A B C D E
Wbasic Ltooth Wtooth Wclaw Lclaw

Result 1 9.41mm 0 0 0.859

Parameter F G H I J
Lshort Rshort RRYR LPMR p

Result 0.6 0.767 0.8 0.866 20

Table 6.8. Parameters of the final design of PMTFM-CP

The objective values of final PMTFM-CP design are listed in Table 6.9, which
are validated with 3D FEM. It can be noted the FEM results match well with
that of the mathematical model. For the final design, a high characteristic speed
can be achieved at the cost of a relative low maximum torque.

Objective Tmax Pcu ωchara ηchara αT
[Nm] [W] [min−1] [%] [%]

Model 124.93 170.39 2523 95.85 9.75
FEM 125.58 171.14 2478 95.24 9.57

Table 6.9. Objective values of the final design of PMTFM-CP
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7
Comparison of PMAFM-ISA,
PMTFM-CP and PMRFM

In this chapter, the newly designed PMTFM-CP and the PMAFM-ISA are com-
pared with the current design of PMRFM of Daimler AG. should be compared
with each other. It is noted that the pole pair number of PMTFM-CP is deter-
mined as 20 to achieve a better compromise of the 5 objectives. In order to
exhibit the high torque density of PMTFM, a PMTFM-CP with the number of
turns of coil per phase equal to 6 and 30 pole pairs is also taken into account in
the comparison, whose parameters are listed in Table 7.1.

Parameter A B C D E
Wbasic Ltooth Wtooth Wclaw Lclaw

Result 1 8mm 0.77 0 0.6

Parameter F G H I J
Lshort Rshort RRYR LPMR p

Result 0.8 1 1 1 30

Table 7.1. Parameters of the final design of PMTFM-CP

In addition, the final electromagnetic design of PMAFM-ISA with and without
PM segmentation are also considered. In summary, the following topologies
listed in Table 7.2 are compared in this section.
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7 Comparison of PMAFM-ISA, PMTFM-CP and PMRFM

Topology Description

PMAFM-ISA1 Final electromagnetic design of PMAFM-ISA
PMAFM-ISA2 The same electromagnetic design with PM segmentation
PMTFM-CP1 Optimized PMTFM-CP design with p = 20 (Table 6.8)
PMTFM-CP2 PMTFM-CP design with p = 30 (Table 7.1)
PMRFM Current PMRFM design described in section 2.1

Table 7.2. Comparison of PM excited topologies

The PMAFM-ISA1 corresponds to the final electromagnetic design. In com-
parison, the PMAFM-ISA2 is the same design as PMAFM-ISA1, but the PM
is segmented in 9 parts to reduce the eddy current. The PMTFM-CP1 is the
optimized electromagnetic design based on the method described in 6, while
the PMTFM-CP2 is a relatively arbitrary design whose parameters are listed in
Table 7.1.

The 3D FEM models of PMAFM-ISA and PMTFM-CP are illustrated in
Fig. 7.1, where the DLCW in PMAFM-ISA is faded out for a better overview.
It should be noted that all the electrical machines are analysed with transient 3D
FEM to consider the time-varying effects and to obtain more accurate results.

7.1 Cogging torque

One of the main disadvantages of the permanent magnet excited synchronous
machine is the cogging torque, which is caused by the interaction between the
PMs and the stator teeth. It can raise the additional vibrations, acoustic noise and
complicated starting conditions. Thus, the cogging torque of the three topolo-
gies is compared firstly, as illustrated in Fig. 7.2.

Although the PM is skewed, the PMAFM-ISA shows the highest torque ripple
due to the strong interaction between PM and stator. In addition, the cogging
torque isn’t obviously influenced by the segmentation of PM. Compared with
PMTFM-CP1, the PMTFM-CP2 with higher pole pair number demonstrates
higher cogging torque.
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7.1 Cogging torque

(a) PMAFM-ISA1 (b) PMAFM-ISA2

(c) PMTFM-CP1 (d) PMTFM-CP2

Figure 7.1. FEM models of different topologies for comparison

It is noted that the electrical machine with embedded PM, namely PMTFM-
CP and PMRFM, has lower cogging torque than PMAFM-ISA with surface
mounted PM, because the interaction between the PM flux and the stator teeth is
effectively limited. The cogging torque of PMRFM is further reduced by means
of the relative rotation of the 7 rotor segments, as illustrated in Fig. 2.2.
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Figure 7.2. Comparison of cogging torque of different topologies

7.2 No-load losses

In this section, the losses of the above five electrical machines at no-load condi-
tion are compared, which consist of only the iron losses in SMC and the eddy
current losses in PMs. The eddy current losses of PM and the total losses of all
topologies at no-load are illustrated in Fig. 7.3.

Compared with the PMTFM-CP and PMRFM, the PMAFM-ISA demonstrates
higher losses and the most important reason is the high eddy current losses gen-
erated in PMs. Through the comparison of the two topologies of PMAFM-ISA,
it can be noted that the segmentation of PM is of great importance for the elec-
trical machine with surface mounted PM.

Compared with the topology with surface mounted PM, the eddy current losses
can be effectively restricted in the PMTFM-CP and PMRFM, where the PM are
embedded in the rotor. Thus, a minor variation of the magnetic field in PM is
achieved. Furthermore, the PMTFM-CP2 demonstrates higher losses than the
PMTFM-CP1 due to higher pole pair number and the PMRFM shows the lowest
losses. At last, the PMRFM has lower total losses than PMTFM-CP due to the
lower hysteresis losses of electrical steel.
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7.3 Average torque for constant current density
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Figure 7.3. Comparison of different topologies at no-load

7.3 Average torque for constant current density

The average torque of an electrical machine at different electrical load is an
important characteristic to evaluate its performance. For the case that there is
only current component along the q- axis in the electrical machine, the average
torque of different topologies for different Jq are compared, as illustrated in
Fig. 7.4. Hereby, the filling factor of all topologies is assumed to be 0.7 for a
better comparison.
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Figure 7.4. Comparison of torque of different topologies for the same J

Based on the comparison of two topologies of PMTFM-CP, it is apparent that the
pole pair number has dominant influence on the average torque. The PMTFM-
CP2 with 30 pole pairs demonstrates the highest torque when the electrical load
is low, which becomes lower than PMAFM-ISA for the highest current density
due to the high saturation, while the PMTFM-CP1 with 20 pole pairs offers the
lowest torque compared with other topologies.

The topologies of PMAFM-ISA can offer higher average torque than the other
topologies due to the large air gap area, which is not extremely saturated even
for the highest current density. Compared with the PMAFM-ISA1, the output
torque of PMAFM-ISA2 reduces slightly due to the segmentation of PM.

It can be seen that the output torque of PMRFM is lower than that of the
PMAFM-ISA, which however can further increase for the same J by distributing
the total current in d- and q-axis to utilize the reluctance torque.

7.4 Limiting characteristic curve

As one of the most important properties of electrical machine, the limiting char-
acteristic curves of the five topologies are compared, which describes the peak
output torque of electrical machine at different speed. For a better comparison,
all the topologies are fed with the same inverter with parameters listed in Table
1.2 and the characteristic curves are illustrated in Fig. 7.5.
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7.5 Efficiency map
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Figure 7.5. Comparison of limiting characteristic curve of all topologies

Obviously, the limiting characteristic curves of the two topologies of PMAFM
are comparable, which are higher than that of PMRFM especially in the field
weakening area. Although the segmentation of PM has no obvious influence on
the characteristic curve, it can reduce the induced eddy currents losses in the
PM as illustrated in Fig. 7.3, which is of great importance for the improvement
of the continuous output power and the mechanical firmness of PM.

The PMTFM-CP2 can offer almost the same maximum torque as PMRFM,
while its characteristic speed ωchara becomes much smaller. In comparison, the
characteristic speed ωchara of PMTFM-CP1 is comparable with PMRFM, while
the maximum torque is only about half of that of the PMRFM. In summary, the
output power of PMTFM-CP is extremely limited due to the low power factor.

7.5 Efficiency map

First of all, the efficiency maps of PMAFM-ISA are illustrated in the Fig. 7.6.
As the most informative method to evaluate an electrical machine, the efficiency
map describes the optimal efficiency for all the operating points enclosed by the
limiting characteristic curve. It is apparent that segmentation of PM leads to
higher efficiency of PMAFM-ISA. For instance, the peak efficiency increases
from 94.67% to 96.04% by this means.
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Figure 7.6. Comparison of efficiency maps of PMAFM-ISA

In comparison, the efficiency maps of PMTFM-CP are illustrated in Fig. 7.7.
Both topologies can achieve higher efficiency than the PMAFM-ISA in large
area, while peak efficiency of PMTFM-CP1 and PMTFM-CP2 are 97.43% and
97.31% respectively. Additionally, the PMTFM-CP1 demonstrates higher effi-
ciency due to the lower losses owing to the lower pole pair number.

Finally, the efficiency map of the current PMRFM design is illustrated in Fig. 7.8.
It can be noted that the peak efficiency equal to 96.5% is lower than PMTFM,
but a bit higher than the PMAFM-ISA with segmented PM.
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Figure 7.7. Comparison of efficiency maps of PMTFM-CP

However, the area in the efficiency map of PMRFM with efficiency higher than
90% is equal to 72.24%, while it equals 78.87% and 72.98% for the PMAFM-
ISA with and without segmentation.

Based on the above analysis, the following conclusions can be drawn:

• The PM eddy current losses of PMTFM-CP and PMRFM are obviously lower
than PMAFM-ISA as the PM are embedded in the rotor instead of being
mounted on the surface of the rotor yoke.
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Figure 7.8. Efficiency map of PMRFM

• Compared with PMRFM, the PMAFM-ISA can offer higher peak output
torque, especially at the field weakening area. However, the torque ripple
of PMAFM-ISA is much higher than the PMTFM-CP and PMRFM.

• The number of pole pairs has a dominant influence on the output torque for
PMTFM. For the same current density, the PMTFM with higher pole pair
number has higher torque than PMAFM-ISA and PMRFM. On the other hand,
the output power of PMTFM is much less than PMAFM-ISA and PMRFM for
a specified inverter due to its low power factor.

• Relatively high efficiency can be achieved for all topologies due to the appli-
cation of rare earth PM and windings with high filling factor. Through seg-
mentation of PM, the efficiency of PMAFM-ISA can be effectively improved.
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8
Mechanical Construction
and Analysis

Through the comparison of the topologies described in chapter 7, it is apparent
that the PMAFM-ISA is a suitable topology for the application of SMC. By this
means, the complex stator teeth can be relatively easily manufactured to conduct
the magnetic flux three-dimensionally.

In the chapter 5, the geometric parameters of all electromagnetic relevant com-
ponents in the PMAFM-ISA have been determined. Subsequently, a prototype
according to the PMAFM-ISA1 design should be constructed and manufactured
to validate the FEM results [O10, S12]. It should be noted that the PMs aren’t
segmented in the first prototype to achieve better mechanical firmness.

The mechanical construction of PMAFM-ISA is very challenging because of
mainly three reasons. First of all, the structure of PMAFM-ISA is very com-
plex and the stator consists of many independent small segments, which should
be fixed firmly during the rotation. Subsequently, the rotor yoke and the stator
segments are made from SMC, which have inferior mechanical properties than
conventional electrical steel. Considering the high costs, the SMC components
aren’t directly pressed, but milled from standard cylinder. In this case, the me-
chanical properties of SMC can get worse depending on the machining method.
At last, the demountable ability is required for the first prototype to analyse the
failure reason and to replace the broken components.
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8 Mechanical Construction and Analysis

The chapter is organized as follows. First of all, the construction and analysis
of the stator and rotor are described respectively. Subsequently, the modal and
thermal analyses of the whole machine are performed in order to validate the
suggested construction. Considering the complex structure of the machine, the
coupled thermal and fluid dynamic (CFD) analysis is adopted to calculate the
airflow and the thermal field based on the previously determined losses through
the electromagnetic analysis.

The final electromagnetic design of PMAFM-ISA is illustrated in Fig. 8.1,
whose parameters are listed in Table 5.12. The axial force depending on the
rotor positions and the axial distance between the stator and the rotors is the
basis of the mechanical analysis, while the total losses is the prerequisite for the
thermal analysis. Both of them can be determined through the electromagnetic
analysis.

PMDLCWStator segmentRotor yoke

Figure 8.1. Final electromagnetic design of PMAFM-ISA with DLCW 12×2A1
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8.1 Mechanical construction and analysis of stator

8.1 Mechanical construction and analysis of stator

In this section, the mechanical construction and analysis of the stator are de-
scribed [O10–O12, S13]. At first, the main challenges and the ultimate mechan-
ical construction are described in details. Subsequently, the mechanical analysis
of the stator based on FEM is presented.

8.1.1 Mechanical construction of stator

There are some special challenges and requirements for the mechanical design
of the PMAFM-ISA prototype, which should be taken into account during the
mechanical design of the stator:

• Despite the obvious improvement of SMC, the mechanical properties are still
limited compared with electrical steel. For this reason, the stator segments
and the rotor yoke cannot suffer large forces. A mechanical connection with
help of the screws should not be utilized.

• Considering the short axial length of the air gap, the necessary space for the
DLCW and the shaft, the small distance among the stator segments and the
requirement of a compact stator, there is only very limited free space available.

• Because of the limited free space, the subsystems must be compact and robust,
which must also work properly at high temperature.

• The machining has significant influence on the electromagnetic characteristics
of the SMC components. For instance, drilling cannot be allowed.

• In order to reduce the assembly difficulty, the necessary manufacturing preci-
sion and machining difficulty, the number of the system components should
be as few as possible. Simultaneously, the structure complexity and manufac-
turing costs should be limited in an acceptable level.

• A water-cooling system should be placed as closely as possible to the stator
segments to reduce the thermal resistance, to dissipate the heat efficiently and
to avoid the overheating of the stator.

• The resultant axial force acting on the stator is equal to zero in the ideal case,
which can dramatically increase due to the asymmetric air gap length between
the stator and the two rotors due to the inevitable manufacturing and assembly
tolerances, as shown in Fig. 8.2.
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Figure 8.2. Resultant axial force on the stator for asymmetric air gap length

In consideration of the above requirements, the developed mechanical construc-
tion of the stator has been continuously improved and the ultimate version is
illustrated in Fig. 8.3, where the stator segments belonging to the same phase
have the same colour for a better clarity.

There are mainly four subsystems belonging to the stator. The first subsystem
aims at accurate location and firm fastening of the stator segments during the
operation. Subsequently, the water-cooling system is embedded in the stator to
dissipate the generated heat resulted from diverse losses and to enable a higher
electrical loading and continuous output power. Furthermore, the electrical sys-
tem is necessary to distribute the current evenly in the 36 coils. The last subsys-
tem is the housing, which is used to fix the stator and to protect the machine.

Hereby, all 36 stator segments with the concentrated winding are positioned
and fixed with two annular plates. Each of them have 36 openings, which have
the same shape as the stator shoe. By this means, the motion of the segments
along the tangential and radial direction can be completely prevented. The de-
formation of the plates must be kept as small as possible during the operation
because of the short axial length of the air gap, high elastic modulus and yield
strength are required. In addition, a high temperature during the operation of the
PMAFM-ISA can be achieved. Hence, a high allowable working temperature
and a low thermal expansion coefficient are needed. Besides, the electrical resis-
tivity should be high enough to limit the induced eddy currents in the plates. At
last, a very low permeability is necessary so that the magnetic field is influenced.
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8.1 Mechanical construction and analysis of stator

Copper pipe

PEEKDLCW

Stator segment

Connector

Figure 8.3. Cut view of the ultimate mechanical construction of stator

Considering the above requirements, some possible candidates belonging to
polymer, technical ceramics and composites are selected and compared in terms
of the allowable operating temperature and the electrical resistivity.

It can be seen that the material polyetheretherketon (PEEK) makes an excellent
compromise between the electrical resistivity and the allowable working tem-
perature. Taking the additional manufacturing difficulty and costs, the electro-
magnetic and mechanical properties into account, the PEEK is finally selected
to produce the annular plates to guarantee the functionality of the first prototype,
although the PEEK has high material price and manufacturing costs. The wa-
ter cooling-system consists of five parallel connected copper pipes, which are
connected with a temperature control system with two connectors. In order to
dissipate the generated heat as soon as possible, the copper pipes are placed
closely to the stator segments. In order to obtain a homogeneous temperature
distribution, the five copper pipes are divided into two groups, where the cooling
liquid flows in opposite direction.
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Figure 8.4. Comparison of different materials

The stator with housing and the electrical system are illustrated in Fig. 8.5,
which consists of four copper rings and the corresponding bar connectors for
the three phases in star connection and the neutral point.

With its help, the current from the inverter can be evenly distributed within the
36 coils. There are three phases in the PMAFM-ISA and each phase has six
parallel paths. In general, it isn’t necessary to export the neutral point for the
electrical machine. However, with the accessible neutral point, the resistance
and voltage of the three phases of the prototype can be easily measured, which
is of great significance in examination of the functionality of the coils.

The housing is aimed to fix the bearings and to protect the internal components
of the prototype, which is made from stainless steel with a similar thermal ex-
pansion coefficient to that of the bearing outer ring in order to guarantee a high
precision of the bearing system. Considering its high density, 24 spindly holes
are slotted on both sides of the housing to reduce the weight and to improve the
cooling performance, as shown in Fig. 8.5.

In addition, the free space among the components of the stator is filled with
epoxy resin with high thermal conductivity. By this means, the thermal resis-
tance reduces significantly and all components are solidly assembled, so that
the properties such as continuous power and robustness are improved. There-
fore, the epoxy resin should possess high thermal conductivity, high mechanical
strength and working temperature as well as low viscosity at room temperature.
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8.1 Mechanical construction and analysis of stator

Phase U Phase W

Neutral Point

Phase V

Figure 8.5. The stator with housing and electrical subsystem

8.1.2 Mechanical analysis of stator

Subsequently, the developed mechanical construction of the stator should be
validated in terms of the stress and strain, which is performed based on the 3D
FEM in order to achieve a high accuracy. Similar to the electromagnetic analysis,
it is only necessary to analyse one pole pair model of PMAFM-ISA to reduce
the simulation time.

The forces acting on the stator segments obtained from the Maxwell stress tensor
are the basis for the calculation of the stress and deformation, which depend on
the rotor position, the current in the windings and the axial length of the air
gap. Thus, the mechanical analysis should be carried out for the maximum
current and the most critical rotor position, where the resultant force on the
stator segments reaches its maximum. In comparison, the radial force is small
and negligible compared with the tangential Ft and axial force Fa, which are
listed in Table 8.1.
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8 Mechanical Construction and Analysis

Air Gap Segment U1 Segment V1 Segment W1

[mm] Ft[N] Fa[N] Ft[N] Fa[N] Ft[N] Fa[N]
0.2 16.54 139.22 68.91 306.84 12.57 320.89
1 12.41 74.82 55.91 190.86 11.73 210.56

1.8 9.64 48.55 46.43 133.57 11.24 154.95

Table 8.1. Forces acting on stator segments depending on air gap length

It can be noted the forces are strongly depending on air gap length. For the
asymmetrical air gaps, a large axial force can act on the stator. For instance, the
equivalent stress and the total deformation of the stator segments are illustrated
in Fig. 8.6 for the case that the air gap length equal to 0.2 mm and 1.8 mm.

Equivalent Stress
Unit: MPa

Total Deformation
Unit: mm

Figure 8.6. Equivalent stress and deformation of the stator segments

The tensile stress Ry, the ultimate stress Rm, the maximum equivalent stress σmax
and maximum total deformation δmax of the crucial components of the stator for
symmetrical and asymmetrical air gaps corresponding to the forces in Table 8.1
are listed in Table 8.2.

From the above analysis, it can be noted that both the stress and deformation
increase significantly, when the air gaps become asymmetric. However, even
for the worst case that the air gaps are equal to 0.2 mm and 1.8 mm respectively,
the maximum stress is much lower than the ultimate stress of the brittle materials
and the tensile stress of the ductile material, while the deformation is much lower
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8.2 Mechanical construction and analysis of rotor

than the air gap length. In other words, the developed construction of stator is
valid from the perspective of mechanical analysis.

Component Ry Rm
Symmetric Asymmetric

σmax δmax σmax δmax
[MPa] [MPa] [MPa] [mm] [MPa] [mm]

Stator segments – 35 1.46 1.28E−4 3.63 3.16E−2
Steel housing 440 640 0.179 1.02E−4 29.99 2.83E−2
PEEK plates 95 – 0.063 1.27E−4 0.91 3.17E−2
Epoxy resin – 66 0.31 1.10E−4 0.94 3.15E−2

Table 8.2. Maximum stress and deformation of stator components for different air gaps

8.2 Mechanical construction and analysis of rotor

In this section, the mechanical construction and analysis of the rotor are ex-
plained. At first, the design of the bearing system and the selection of the bear-
ing are explained in details. On this basis, the construction of the complete rotor
is introduced. Subsequently, the adhesive performance test has been carried out
in order to investigate the maximum stress of the adhesive used in the construc-
tion. At last, the determination of the fit and the mechanical analysis based on
FEM are presented.

8.2.1 Design of bearing system

Similar to the stator, the biggest challenge for the construction of the rotor is the
large axial force. For the symmetrical air gaps, there is no axial force acting on
the bearings. However, as already emphasized, there will be high force for the
asymmetric air gaps and in this case, the bearings must be able to sustain large
axial force and should possess high axial stiffness and accuracy. In addition,
the shaft distortion resulted from the thermal expansion should also be taken
into account to avoid high thermal stress. At last, a large inner diameter of the
bearings is preferred to improve the rigidity and deflection of the prototype.

Based on the above considerations, a fixed-floating bearing arrangement has
been selected for the prototype. The fixed bearings should withstand the radial

165



8 Mechanical Construction and Analysis

and axial force and the shaft should be fixed axially in both directions. Further-
more, the fixed bearings must have suitably high precision and rigidity and is
capable of sustaining large axial force. on the other hand, the floating bearing
should only provide radial support and not be fixed to enable the free displace-
ment of the shaft to avoid thermal stress.

The bearing system is illustrated in Fig. 8.7. Considering the above require-
ments, two precise spindle bearings B71914-E-2RSD-T-P4S-DUL have been
used as fixed bearings and the floating bearing is a conventional deep groove
ball bearing 6014-2Z.

In order to avoid designing of the complex lubrication system and to reduce the
system maintain costs, all the bearings are sealed on both sides and lubricated
with grease for a whole lifetime.

Spindle bearings
Deep grove ball bearing

Locknut

Circlip
Spacer sleeves

Figure 8.7. Bearing system of PMAFM-ISA

The rigidity of the bearing system can be obviously influenced by the preload,
the arrangement and the contact angle of the spindle bearings. In general, a
high preload leads to high rigidity and high lift-off force, which is defined as
the external axial force when a bearing is relieved of preload. Nevertheless, the
maximum allowable speed decreases significantly when the bearings are fitted
with higher preload. Considering the axial force listed in Table 8.1, a preload
equal to 890 N is performed on the two spindle bearings, which is realized with
a locknut and two spacer sleeves with different thickness located between the
two spindle.

The spindle bearings have large contact angle equal to 25◦, to achieve a high ax-
ial rigidity. On the other hand, an outstanding compromise between the axial and
radial load carrying capacity can be achieved. Furthermore, a high temperature
difference between the inner and outer ring of the bearing becomes permissible.
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8.2 Mechanical construction and analysis of rotor

Finally, the two spindle bearings are placed in an O-arrangement to raise the
allowable rotational speed.

With the help of the online tool BEARINX® developed by the firm Schaeffler,
some important characteristics such as fatigue life can be determined in consid-
eration of many factors such as the preload acting on the spindle bearings, the
elastic properties of the shaft and so on. The model of the shaft with the bearings
are illustrated in Fig. 8.8.

Figure 8.8. Online-tool BEARINX® for bearing calculation

The nominal reference rating life of the spindle bearing and the deep grove
ball bearing depending on the external axial force resulted from the asymmet-
ric air gaps is calculated for the maximum torque 230 Nm and rotational speed
7000 rpm and listed in Table 8.3.

Axial force Nominal reference rating life
Spindle bearing Deep grove ball bearing

[N] [h] [h]
1600 13929 6841
2000 8067 5988
3000 2718 4194
6000 384 1307

Table 8.3. Nominal reference rating life of bearings depending on the axial force
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8 Mechanical Construction and Analysis

It can be noted that the nominal reference rating life reduces significantly due
to the increasing axial force and the reduction of preload. Considering that the
prototype needs to be measured in the test bench for less than 100 hours, it can
be concluded that the suggested bearing system of the prototype is enough even
for the worst case.

8.2.2 Construction of rotor

The most important challenges for the construction of the rotor are the limited
mechanical properties of SMC, high axial force for the asymmetric air gaps and
the requirements for simple manufacturing and assembly. In addition, it should
be noted that the available size of the pressed standard cylinder is limited, so
that the rotor yoke cannot be manufactured as a complete part. Instead, each
rotor yoke is divided into 12 segments for the prototype.

Based on the above considerations, the construction of the rotor has been devel-
oped and continuously improved. The ultimate design is illustrated in Fig. 8.9.

Shaft

Rotor carrier
Rotor yoke

PEEK

Shaft sleeve

Figure 8.9. Cut view of the ultimate mechanical construction of rotor

The 12 segments of each rotor yoke are held by a rotor carrier made from alu-
minium alloy ENAW6082T6 with high mechanical strength. Both rotor carriers
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8.2 Mechanical construction and analysis of rotor

are bounded together with the shaft sleeve made from the same material through
shrinking, which are additionally screwed together for a better reliability.

In order to guarantee the precision of the spindle bearings, the shaft is made from
the steel 16MnCr5, whose thermal expansion coefficient is similar to that of the
inner ring of the spindle bearing. The shaft sleeve is bounded together with the
shaft through shrinking. In order to reduce the weight and the deflection of the
rotor during the rotation caused by the asymmetric loads, a hollow shaft with
large outer diameter is designed.

In addition to the electromagnetic force, the rotor yoke and PMs suffer from
large centrifugal force, especially at high rotational speed. For this reason, the
aluminium alloy with outstanding mechanical properties and low density is used
to manufacture the rotor carriers and the shaft sleeve, whose structure has also
been optimized to reduce the deformation.

The PM mounted on both rotor yokes should be exactly aligned with each other,
which is realized with the help of the two annular plates made form PEEK. An-
other function of the plates is to support the PM in tangential direction during
the rotation.

8.2.3 Adhesive performance test

As the PMs, the rotor yoke and the rotor carrier are bounded together with help
of a technical adhesive, it is necessary to investigate the maximum allowable
stress of the utilized adhesive at different temperature.

Because the property of the adhesive becomes worse at high temperature, the
measurement should be carried out at different temperature. The designed de-
vices and samples for the adhesive performance test are illustrated in Fig. 8.10.

The sample consists of a SMC plate and a PM plate, which are glued together
with the used industrial adhesive. At first, the sample is placed in the container
filled with silicone oil, which is heated to the desired temperature.

Subsequently, the measuring detector moves vertically and slowly down to apply
large force on the SMC plate. The force is continuously measured with the
detector until the two plates are separated from each other. For instance, the
force measured with the detector for a test performed at 20◦ is illustrated in
Fig. 8.11.
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Detector

PM

SMC
Silicone oil

Figure 8.10. Device and samples for the adhesive performance test
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Figure 8.11. Measured force during the adhesive performance test

In order to eliminate the randomness of the test and to obtain a more reliable
conclusion, at least four samples are measured for each temperature. The mea-
sured maximum stress at different temperatures are listed in Table 8.4. It can be
noted that the maximum allowable stress of the adhesive reduces significantly
with increasing temperature, which should not be exceeded during the operation
of the prototype.
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8.2 Mechanical construction and analysis of rotor

Temperature [◦C]
20 100 120 140 180

Maximum stress 14.59 12.23 7.26 2.58 1.27[MPa]

Table 8.4. The maximum allowable stress of the adhesive at different temperatures

8.2.4 Mechanical analysis of rotor

The rotor carriers, shaft sleeve and main shaft are bounded together through
shrinking. In order to achieve high reliability during rotation, the tolerance and
fit between the components should be determined with great attention.

It should be noted the most critical connection is the fit between the shaft sleeve
made from aluminium alloy and the shaft made from steel, which has obviously
lower thermal expansion coefficient. For this reason, a shrink fit with high fit
excess has been designed and validated with the software KISSsoft, to obtain
a firm connection between the two components even for the most serious case,
where the maximum torque equals 230 Nm at rotational speed 7000 rpm under
an axial external force 6000 N.

Components Fit Bonding temperature ΔT

shaft sleeve & shaft x6/H7 133◦C
shaft sleeve & rotor carrier t6/H7 91◦C

Table 8.5. Determined fits of the prototype with KISSsoft

Considering the high pressure resulted from the above shrink fit, it is necessary
to analyse the stress of the main shaft, as illustrated in Fig. 8.12. It is noted that
even for the worst case the maximum equivalent stress is much lower than the
tensile yield stress of the steel 16MnCr5 equal to 440 MPa and the design of
shaft is valid.

Subsequently, the form of the rotor carrier is optimized in terms of the deforma-
tion, weight and stress. Similar to the stator, the forces acting on the PM are
depending on the current, the axial length and the rotor position as well, which
can be determined with the electromagnetic analysis. For the rotor position with
the largest resultant force acting on the PM, the results are listed in Table 8.6.
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Equivalent Stress
Unit: MPa

Figure 8.12. Equivalent stress of the main shaft

Air Gap PM 1 PM2
[mm] Ft[N] Fa[N] Ft[N] Fa[N]
0.2 68.25 329.5 29.77 437.44
1 54.56 234.44 25.49 241.81

Table 8.6. Forces acting on the PM for different air gap length

Based on the forces in Table 8.6, the mechanical analysis of the rotor has been
carried out. For instance, the deformation of the rotor carrier and the stress of
the PM are illustrated in Fig. 8.13, which correspond to the maximum torque
230 Nm at the characteristic rotational speed 2400 rpm for the asymmetrical air
gap length 0.2 mm and 1.8 mm.

Equivalent Stress
Unit: MPa

Total Deformation
Unit: mm

Figure 8.13. Equivalent stress and deformation of the rotor components
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8.2 Mechanical construction and analysis of rotor

Similar to the stator, the tensile stress Ry, the ultimate stress Rm, the maximum
equivalent stress σmax and maximum total deformation δmax of the crucial com-
ponents of the rotor for symmetrical and asymmetrical air gaps (0.2 mm and
1.8 mm) are listed in the following Table 8.7. It can be seen that all components
of the rotor are valid in terms of the deformation and the stress. In other words,
the construction of the rotor is feasible and reliable.

Component Ry Rm
Symmetric Asymmetric

σmax δmax σmax δmax
[MPa] [MPa] [MPa] [mm] [MPa] [mm]

Rotor yoke – 35 20.39 1.39E−2 20.52 2.26E−2
Rotor carrier 250 280 17.19 1.51E−2 27.03 2.47E−2
PEEK plate 95 – 0.79 1.24E−2 1.21 2.02E−2

PM – 98 27.19 1.28E−2 31.48 2.12E−2

Table 8.7. Maximum stress and deformation of rotor components for different air gaps

In order to reduce the simulation time and the mesh error, the extremely thin
adhesive with axial length of 0.1 mm is not directly modelled in the complete
model of the whole rotor, but investigated separately in a simplified model in-
cluding only a PM with the adhesive.

The stress of the adhesive corresponding to an axial force equal to 500 N at the
speed 7000 rpm is illustrated in Fig. 8.14. Considering the maximal stress equal
to 2.88 MPa and the measured results in Table 8.4, it can be concluded that the
maximum temperature of the adhesive should not be higher than 120◦C.

Equivalent Stress
Unit: MPa

Figure 8.14. Equivalent stress of the adhesive
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8.3 Final mechanical construction and modal analysis

The complete mechanical construction of the prototype can be achieved by com-
bining the above constructed stator and rotor as well as some other important
components such as resolver and wave spring washer. The cross section and
exploded view of the final mechanical construction are illustrated in Fig. 8.15.

Figure 8.15. Cross section and exploded view of final construction

Based on the complete construction of the prototype, the model analysis has
been carried out to investigate the free vibration behaviour of the dynamic char-
acteristics. Because the complex structure of the bearings leads to unacceptable
computation time, they cannot be exactly modelled, but modelled as solid cylin-
ders. The equivalent elastic modulus of the cylinder is determined so that it has
the same deformation as the real bearing under the same axial force.

The first four modes and the corresponding frequencies are illustrated in
Fig. 8.16. The frequency of the first mode equal to 239.23Hz corresponds to
a rotational speed of 10150 rpm, which is much higher than the required maxi-
mum speed and implies the resonance cannot occur.

8.4 Thermal analysis

As mentioned above, the properties of both adhesive and PM are strongly de-
pending on the temperature.
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Mode 1
239.23Hz

Mode 2
340.67Hz

Mode 3
557.56Hz

Mode 4
558.81Hz

Figure 8.16. Vibration modes and frequencies of the PMAFM-ISA

At temperature higher than 120 ◦C, the adhesive can lose its functionality lead-
ing to the shedding of PM. Besides, the remanence and coercive field of the PM
reduce with increasing temperature, which can even demagnetized at extremely
high temperature for large field weakening current [S14]. As a result, the temper-
ature is extremely critical for the functionality and performance of the prototype
and should be carefully investigated [S15].

Due to the complex structure of the PMAFM-ISA, the coupled thermal and com-
putational fluid dynamics (CFD) analysis is utilized to determine the airflow and
the temperature of the electrical machine. As the basis of the thermal analysis,
the total losses corresponding to the heat sources are calculated with the electro-
magnetic analysis.

Comparison with electromagnetic analysis, CFD analysis is much more time-
consuming as complete model should be analysed to determine the air flow in-
side and around the machine. For this reason, an analytical model is necessary
in order to calculate the temperature more efficiently with less calculation time.

In this section, the coupled thermal and CFD analysis of the prototype with
the software Star-CCM+ is firstly presented. Subsequently, an analytical
model based on the results of CFD analysis developed with the software Mat-
lab/Simulink is presented, which can predict the temperature with reasonable
accuracy for a short computation time.
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8.4.1 Coupled thermal and CFD analysis based
on finite volume method

The thermal exchange in an electrical machine consists of three mechanisms in-
cluding conduction, radiation and convection. The radiation is usually neglected
considering the relatively low temperature of electrical machine, while the con-
vective heat transfer effect is a very complex process due to the dependence of
the exchanged heat on air flow and the dependence of air density on the pres-
sure and temperature. For this reason, the software Star-CCM+ based on finite
volume method is utilized in this work, which is able to accurately solve the
coupled thermal and fluid-dynamics analysis.

In order to improve the flexibility, a parameterized model has been developed
with Star-CCM+, which enables a rapid adjustment of the geometry of the
PMAFM-ISA. In addition, the complete analysis process is controlled by a set
of macros created with Java, so that a high efficient simulation can be realized.
The cross section of the meshed model is illustrated in Fig. 8.17.

Environment

Figure 8.17. Cross section of the meshed model of CFD analysis

It can be seen that the components of the model have different mesh sizes to
achieve a good compromises between high accuracy and calculation time. The
air gaps have the smallest mesh size, where the air flow is highly turbulent, while
the cells of the solid bodies have a relatively large size. In addition, the interfaces
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8.4 Thermal analysis

between the solid objects and the air are modelled with three prism layers to
calculate the convection more accurately. At last, the model of the surrounding
air around the prototype should be large enough to consider the exchanged heat
and air flow in the ambient.

Because the coupled thermal and CFD analysis of the complete PMAFM-ISA is
very time-consuming, only the stationary analysis is carried out in this thesis. In
order to reduce the calculation time, the fluid in the cooling system of the stator
is modelled as laminar flow. For instance, the axial and radial components of the
air flow for PMAFM-ISA at the rotational speed 2600min−1 are illustrated in
Fig. 8.18. In comparison, the tangential component is much larger and therefore
hidden for a better clarity.

Figure 8.18. Axial and radial components of the air flow at 2600min−1

Totally, three possible paths for the influent air flow can be well seen. Part of the
air marked with red colour flows through the spindly holes of the right housing,
the holes in the rotor carrier, the air gaps and finally the opening between stator
and housing. Because the slotted holes in the left housing are smaller and located
more external, the air can hardly flow into the prototype through the holes on
the left housing. Overall, the air flow through the air gaps is very limited.

The second part of the air marked with black colour flows through the slots of
housing into the PMAFM-ISA, which afterwards flows along the back side of
the rotor carrier to the environment through the opening of housing. The last part
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of the air flowing into the prototype flows directly to the environment through
the slotted holes.

For instance, the temperature field for the torque equal to 115Nm at rotational
speed 2600min−1 is illustrated in Fig. 8.19. In this case, the highest allowable
temperature 120 ◦C of the PM is reached, which means the continuous power is
nearly 50% of the peak power at 2600min−1. Besides, it can be seen that the
internal parts of the stator have the highest temperature due to the long distance
to the water-cooling system and the poor air cooling.

Figure 8.19. Temperature of PMAFM-ISA at 2600min−1 and 115Nm

The accurate coupled thermal and CFD analysis is so time consuming that the
method cannot be used to calculate the thermal field of PMAFM-ISA for all
operating points. As a preparation of the following analytical thermal analysis,
the air flows are measured at some locations of the model for different rotational
speed to consider the transferred heat, as illustrated in Fig. 8.20. The determined
mass flow of air for different rotational speeds are listed in Table 8.8.

It is apparent that only a small amount of air flows through the air gaps. In
addition, it should be noted that the air through measurement locations 5 and 7
flows to the environment again through the housing opening, which cannot be
observed in the current cross section. The same conclusion is also valid for the
air flowing through locations 6 and 8.
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Figure 8.20. Measurement location of the air flow in CFD analysis

Speed Mass flow [g/s]
[rpm] 1 2 3 4 5 6 7 8 9
1000 4.75 7.62 3.99 5.19 0.25 0.21 1 1.19 0.003
2500 11.94 17.87 8.59 11.69 0.48 0.66 2.54 2.88 0.031
4000 19.58 27.45 13.5 18.05 0.84 1.24 3.89 4.29 0.057

Table 8.8. The air mass flow at different rotational speed

8.4.2 Thermal analysis with analytical model

Although the coupled thermal and fluid dynamic analysis offers highly accurate
results, it is very time-consuming. Therefore, an analytical model has been de-
veloped in Matlab/Simulink to determine the temperature of the important com-
ponents of PMAFM-ISA for all operating points, which is a thermal network
based on the utilization of analogy to electrical circuit presented in Table 8.9.
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Electrical Thermal

Voltage U Temperature ΔT
Current I Heat flux Q̇
current density J Heat flux density q̇
Electrical Capacity C Thermal capacity Cth
Electrical Resistance R Thermal resistance Rth
Electrical conductivity σ Thermal conductivity λ

Table 8.9. Analogy of the electrical and thermal quantities

The Fourier’s law describes the thermal conduction within a solid body or be-
tween contiguous bodies resulted by the temperature gradient, where the q̇ is
the local heat flux density.

q̇ =−λ · ∇T =−λ · (dT
dx

+
dT
dy

+
dT
dz

) (8.1)

For the simple application of a cuboidal element with constant λ and one-
dimensional heat flux, the thermal resistance can be calculated using 8.2, where
the d and A are the length and area of the sample.

Rth =
d
A

(8.2)

In similar to the Ohm’s law, the thermal resistance can be calculated with the
Newton’s law of cooling.

Rth =
ΔT
Q̇

(8.3)

Based on above analysis, the thermal network of the PMAFM-ISA is developed
based on the 3D thermal modelling of three basic solid elements, namely the
cuboid, the hollow cylinder and the hollow cylinder segment.
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For the thermal modelling of the basic elements, it is assumed that the heat flux
along different directions are independent. In addition, the thermal mass and the
average temperature of the element are the same for all directions.

Cuboid

The equivalent thermal network of a cuboidal element is illustrated in Fig. 8.21,
which consists of three T-shape equivalent circuits for each direction. The ther-
mal resistances can be calculated as:

R1x,y,z = R2x,y,z =
lx,y,z

2 · λx,y,z · Ax,y,z
(8.4)

R3x,y,z = − lx,y,z
6 · λx,y,z · Ax,y,z

(8.5)
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R3y
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T4

R2y

R1y

R3z

R2z

R1z

T5

T6

C Q̇

T1 T2

Figure 8.21. Equivalent thermal network of a cuboid

Hollow cylinder

The equivalent thermal network of a hollow cylinder comprises two T-shape
equivalent circuits for the axial and radial direction respectively, as illustrated in
Fig. 8.22.
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The thermal resistances relevant to the axial direction can be calculated using
the following equations:

R1z =
lz

2 · λz · Az
(8.6)

R2z =
lz

2 · λz · Az
(8.7)

R3z =
lz

6 · λz · Az
(8.8)

In comparison, the radial resistances towards outer and inner surface of the cylin-
der are not identical because of different equivalent area.

R1r =
1

4 · π · λr · lz

[
1−

2 · r2
i · ln( ra

ri
)

r2
a − r2

i

]
(8.9)

R2r =
1

4 · π · λr · lz

[
2 · r2

a · ln( ra
ri
)

r2
a − r2

i
− 1

]
(8.10)

R3r =
−1

8 ·π · (r2
a− r2

i ) ·λr · lz

[
(r2

a + r2
i )−

4 · r2
a · r2

i · ln( ra
ri
)

r2
a− r2

i

]
(8.11)
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Figure 8.22. Equivalent thermal network of a hollow cylinder
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Hollow cylinder segment

The equivalent thermal network of a hollow cylinder segment consists of three
T-shape equivalent circuits, as shown in Fig. 8.23.
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T5T2
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Figure 8.23. Equivalent thermal network of a hollow cylinder segment

The resistances corresponding to the axial direction can be calculated with the
same method as for the whole hollow cylinder, while the resistances relevant to
the radial direction must be modified considering the reduced area.

R1r =
90◦

α · π · λr · l

[
1 −

2 · r2
i · ln( ra

ri
)

r2
a − r2

i

]
(8.12)

R2r =
90◦

α · π · λr · l

[
2 · r2

a · ln( ra
ri
)

r2
a − r2

i
− 1

]
(8.13)

R3r =
−45◦

α ·π · (r2
a− r2

i ) ·λr · l

[
(r2

a + r2
i )−

4 · r2
a · r2

i · ln( ra
ri
)

r2
a− r2

i

]
(8.14)

In order to calculate the resistances related to the tangential direction, the equiv-
alent length should be firstly defined.

lϕ =
α

360◦
· π · (ri + ra) (8.15)
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R1ϕ =
lϕ

2 · λφ · (r2− r1) · z
(8.16)

R2ϕ =
lϕ

2 · λφ · (r2− r1) · z
(8.17)

R3ϕ =− lϕ
6 · λφ · (r2− r1) · z

(8.18)

The other mechanism considered in the modelling is the convection, which
describes the thermal exchange between the solid and the surrounding fluid
through advection or diffusion or a combination of both. In general, the ex-
changed heat flux can be determined using (8.19), where A and α are the contact
area and the convective heat transfer coefficient.

Q̇ = A · α · ΔT (8.19)

Furthermore, the convective heat transfer coefficient α can be determined using
(8.20) with the dimensionless Nusselt number Nu, the thermal conductivity λ
and the characteristic length L.

α =
λ
L
· Nu (8.20)

The calculation of Nusselt number is very complicated, which depends on the
type of the flow and the specific geometry.

Natural convection

For the natural convection, the fluid movements due to the different density
within the fluid resulted from the inhomogeneous temperature. In this case, the
Nusselt number is a function of the Grashof number Gr, the Prandtl number Pr
and the geometry.

Nu = f (Gr,Pr,geometry)
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The Grashof number is defined as the ratio of the buoyancy to viscous force
acting on the fluid and can be calculated using (8.4.2), where β and ν are the
thermal expansion coefficient and the kinematic viscosity of fluid.

Gr =
β · g · L3 · ΔT

ν2

The Prandtl number defined as the ratio of momentum diffusivity to thermal dif-
fusivity can be calculated with (8.4.2), where a and cp are the thermal diffusivity
and the specific heat capacity.

Pr =
ν
a
=

ν · ρ · cp
λ

Forced convection

In contrast to the natural convection, the movement of the fluid for forced con-
vection is caused by the pressure difference resulted by the external force. In
this case, the Nusselt number is accordingly depending on the Reynolds number
Re, the Prandtl number Pr and the specific geometry.

Nu = f (Re,Pr,geometry)

The Reynolds number Re is often used to characterize the flow regimes with in
a fluid, such as laminar or turbulent flow. It is defined as the ratio of momen-
tum forces to viscous forces using (8.4.2), where the v is the relative velocity
between the object and fluid and μ is the dynamic viscosity of the fluid.

Re =
ρ · v · L

μ
= v · Lν

Combined natural and forced convection

In the praxis, the natural convection is often superimposed by forced convection.
In this circumstance, the effective Nusselt number can be calculated depending
on the direction of the fluid movement resulted by the natural and forced con-
vection respectively.
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Nu =

⎧⎪⎨⎪⎩
3
√

N3
u, f orce + N3

u,natural opposite

3
√

N3
u, f orce + N3

u,natural parallel

Based on above analysis, the Nusselt number Nu or rather convective heat trans-
fer coefficient α of the surfaces of solid components can be determined accord-
ing to the air flow velocity and position. For instance, some typical surfaces in
Fig. 8.24 are marked with different colours according to the type of convection.

Fixed cylindrical surface

Rotational side surface

Rotational cylindrical surface

Fixed air gap side surface

Rotational air gap side surface

Fixed side surface

Figure 8.24. Different types of convection surfaces

The thermal network of the complete PMAFM-ISA has been developed, which
is illustrated in Fig. 8.25. Each of the coloured block corresponds to a compo-
nent of the prototype. For instance, the equivalent thermal network of the PM
mounted on the rotor can be clearly seen in Fig. 8.25, which consists of one
thermal source corresponding to the eddy current losses in PM, one block con-
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sidering the convective heat exchange and thermal network of hollow cylinder
segments consisting of three T-shape equivalent circuits.

PEEK Stator
Winding

Epoxy resin
Rotor

Stator segments
Air Bearing

Figure 8.25. Equivalent thermal network of the PMAFM-ISA

The analysis process is completely controlled with scripts. After all geometric
parameters and losses are imported, the simulation is performed. At last, the
temperature of all components are saved and the same process is repeated until
the results for all operating points are obtained.
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8.4.3 Results of the analytical thermal analysis

In order to validate the analytical model, the determined temperature of some
critical components are compared with that achieved from the coupled thermal
and CFD analysis for 24 representative operating points covering almost the
complete efficiency map of PMAFM-ISA.

The operating points correspond to the rotational speed 200min−1, 500min−1,
1400min−1, 1900min−1, 2600min−1, 4500min−1 and 0%, 10%, 40%, 70%
and 100% of the maximum torque for each speed. For instance, the results the
operating points corresponding to 1400min−1 are listed in Table 8.10, where the
position 1 is defined as the position under the middle of the stator bar.

Torque Magnet Pos. 1
ratio Ana. Num. Ana. Num.
0% 67.89 ◦C 68.15 ◦C 55.71 ◦C 56.58 ◦C
10% 56.04 ◦C 60.14 ◦C 61.38 ◦C 63.17 ◦C
40% 71.52 ◦C 76.96 ◦C 91.6 ◦C 93.79 ◦C
70% 105.85 ◦C 114.23 ◦C 157.58 ◦C 160.72 ◦C
100% 168.44 ◦C 177.7 ◦C 261.83 ◦C 265.44 ◦C

Table 8.10. Temperature of prototype at 1400min−1 based on
analytical and numerical calculation

It can be noted that the analytical model can achieve relatively high accuracy,
which can therefore be utilized to calculate the temperature field based on the
analysis of all operating points within the complete efficiency map.

Based on the electromagnetic design PMAFM-ISA1 and the mechanical con-
struction, the average temperatures of the stator segment and PM for the com-
plete efficiency map can be determined, as illustrated in Fig. 8.26.

It can be noted that a very high stationary temperature is achieved in both stator
segment and PM, especially in the high speed area. Considering that the maxi-
mum allowable temperature of stator segment and PM are equal to 180◦C and
120 ◦C respectively, it is clear that the continuous power of PMAFM-SAT1 is
very limited.
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Figure 8.26. Temperature of PMAFM-ISA1 based on analytical model

In comparison, the stationary temperature field of the stator segment and PM
of the PMAFM-ISA2 with PM segmentation are illustrated in Fig. 8.27. It can
be noted that the temperature of both stator segment and the PM reduces signif-
icantly. In other words, the continuous power of PMAFM-SAT2 can be obvi-
ously improved.

In this chapter, a possible mechanical construction for PMAFM-ISA is devel-
oped based on the results of electromagnetic analysis, which is then validated
with FEM in terms of the stress and deformation of all critical components. In
addition, a test to investigate the performance of adhesive at different tempera-
ture has also been performed.
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Figure 8.27. Temperature of PMAFM-ISA2 based on analytical model

In order to determine air flow and temperature of PMAFM-ISA, coupled ther-
mal and fluid dynamic analysis has been carried out. In order to reduce computa-
tional time, an analytical model has been developed as well. From the calculated
temperature field, it is clear that for PMAFM-ISA the stationary temperature of
both stator segment and PM reduces significantly through the segmentation of
PM, which leads to an obvious increase of the continuous power.
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Prototyping and Measurement

In addition to the adhesive test described in the chapter 8, the following four pre-
liminary tests have been performed before the manufacturing of the components
as well, as illustrated in Fig. 9.1.

• Winding test

With the help of the winding test, the round and flat wires with different sizes
are tested. Finally, the flat wire 3x1mm is selected for the prototyping.

• PEEK machining test

Considering the few experience with machining of PEEK material, the test is
necessary to determine suitable machining method and machining accuracy.

• Direct current test

Purpose of the test is to validate the stability of the connection between the
copper ring and the bar connector illustrated in Fig. 8.5 at high temperature,
which is of great importance for the stability of the electrical system at high
electrical loading.

• Casting test

All components of stator such as SMC segments with concentrated winding,
the electrical system, the PEEK components, the water cooling system and so
on are cast together with the epoxy resin to improve the mechanical stability
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9 Prototyping and Measurement

and to reduce the thermal resistance. With this test, the performance of the
used epoxy resin is tested, especially the viscosity and the curing temperature.

(a) Winding test (b) PEEK machining test

(c) Direct current test (d) Casting test

Figure 9.1. Preliminary tests as preparation of prototyping

Based on the previously developed mechanical construction, the detailed elec-
tromagnetic and mechanical analyses as well as the performed preliminary tests,
the prototyping and the measurement of the prototype have been carried out and
described in this chapter. At first, the technical drawings of each customized
components are created. Together with the standard components such as re-
solver, the stator and the rotor are assembled and tested respectively. On this
basis, the prototype of PMAFM-ISA1 has been built up and measured on the
test bench.

9.1 Prototyping

In this section, the manufacturing of the most crucial components are firstly
presented. Subsequently, the assembly and tests of the stator and the rotor as
well as the assembly of the complete prototype are described.
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9.1 Prototyping

9.1.1 Manufacturing of customized components

Compared with the standard components such as resolver, the customized com-
ponents should be prepared with more attention. Hereby, the pretreatment of
SMC segments, the manufacturing of PEEK plates, the non-standard steel and
aluminium components are presented.

Stator segments

As mentioned above, all components of stator are cast together to improve the
mechanical firmness and to reduce the thermal resistance. Considering the high
potential risk, the casting process is divided into two steps instead of casting all
components once.

Firstly, all stator segments with the concentrated winding are cast with a casting
mould. Subsequently, the examined stator segments are cast together with other
components of stator. The casting mould illustrated in Fig. 9.2 comprises 12
steel plates with different thickness.

Figure 9.2. Assembled casting form and steel plates

The pretreatment of the stator segment consists mainly of six steps and some of
them are illustrated in Fig. 9.3. Considering the time-consuming curing process
of epoxy resin, there are totally four casting moulds manufactured in order to
cast the 36 stator segments within one month.

• SMC segment is wound with flat wire to achieve required number of turns.

• Wound SMC tooth is mounted and fixed in the casting mould.
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9 Prototyping and Measurement

• Epoxy resin should be prepared by mixing two components evenly according
to the specified ratio.

• Mould with embedded wound segment is cast with prepared epoxy resin.

• Mould is placed into the oven and heated until the epoxy resin is cured.

• Mould is disassembled and cleaned for the next casting.

• Cast segment is cleaned and examined by measuring the electrical resistance.

(a) Winding of
segment

(b) Casting mould with
inserted segment

(c) Cured resin (d) Cleaned tooth

Figure 9.3. Manufacturing process of stator segment

PEEK plates

Several important components in the prototype are made from PEEK, which
have annular form and aim to fix the stator segments and PM accurately. Ini-
tially, the PEEK plates are manufactured with water jetting. However, the re-
quired manufacturing precision cannot be achieved and the cutting edge isn’t
perpendicular to the surface of the plates. Besides, unwanted cracks and chip-
ping have been found during the machining process.

Therefore, the PEEK plates are manufactured with the CNC-milling machine.
The raw material of PEEK plate is clamped with a vacuum table and milled to
the required thickness. In order to limit the deformation during the machining,
the PEEK plate is milled only for maximum 0.3 mm at each time and the machin-
ing sides are alternately changed. The machining process and the manufactured
PEEK plates are illustrated in Fig. 9.4.
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9.1 Prototyping

Raw Material of PEEK plate

Vacuum
table

(a) Fixation of PEEK with vacuum table (b) Milled PEEK plate with required thickness

(c) PEEK plate of stator (d) PEEK plate of rotor

Figure 9.4. Machining process of PEEK plates

Steel and aluminium parts

The technical drawings are the basis of the manufacturing of the customized
steel and aluminium parts, where the dimensional, positional and geometrical
tolerances as well as the fitting are specified. Therefore, the technical drawings
are of great importance for the functionality and stability of the prototype.

For instance, the main shaft made from 16MnCr5 and its manufacturing draw-
ings are illustrated in Fig. 9.5. It can be noted that a large number of tolerances
are specified, especially for the surfaces used to connect the bearings and the
shaft sleeve.
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9 Prototyping and Measurement

Figure 9.5. Technical drawing of the main shaft

9.1.2 Assembly

Besides the above manufactured customized components, the other standard
components are ordered as well. In this subsection, the comprehensive assem-
blies of the stator, the rotor and the complete prototype are described.

Stator

Each phase of PMAFM-ISA consists of 6 parallel paths and in each path there
are two serially connected segments. The sorted segments belonging to a path
are crimped together, as illustrated in Fig. 9.6. Therefore, the previously cast
and examined stator segments should be connected so that the resistance of each
phase should be as equal as possible.

Subsequently, all the stator segments are connected with the electrical system,
which are firmly fixed by the PEEK plates and cast together with other compo-
nents of stator. The assembled components of the stator and the cast stator are
illustrated in Fig. 9.7.
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9.1 Prototyping

(a) Two isolate segments (b) Connected segments

Figure 9.6. Isolate and serially connected segments

(a) Before casting (b) After casting

Figure 9.7. Stator before and after casting

At last, the cast stator should be examined before the assembly of complete
prototype. Firstly, the high voltage isolation test and the water seal test are
carried out. Subsequently, the resistances of three phases are measured and
compared, as listed in Table 9.1. It can be noted that the differences among the
phases are relatively small, which leads to a homogeneous distribution of the
current from inverter.
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9 Prototyping and Measurement

Phase U Phase V Phase W

Resistance [mΩ] 6.238 6.233 6.235

Table 9.1. Phase resistances of the PMAFM-ISA

Rotor

In comparison, the assembly of the rotor is much easier. First of all, the PMs and
the rotor yoke as well as the rotor carrier are glued together with the industrial
adhesive, which is then placed at at oven and heated to cure the adhesive. On
the other side, the shaft sleeve is heated to the temperature listed in Table 8.5
and connected with the shaft through shrinking, as shown in Fig. 9.8.

(a) Glued components of rotor (b) Shrunk shaft and shaft sleeve

Figure 9.8. Partly assembled Rotor

Finally, the two separate parts of rotor are shrunk and additionally screwed to-
gether for a better stability during the operation. Subsequently, the manufactured
rotor has been balanced to distribute the mass evenly around the rotational axis,
which leads to reduction of the noise and vibration as well as improvement of
bearing life, as illustrated in Fig. 9.9.
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(a) Assembled rotor (b) Balanced rotor

Figure 9.9. Assembled and balanced rotor

Complete prototype

Based on the above work, the complete prototype is assembled. At first, the
bearings are mounted on the main shaft through shrinking. Subsequently, the
housing and the stator are screwed together. Finally, the rest components such
as the resolver and the cover are mounted on the prototype, which is illustrated
in Fig. 9.10.

(a) Real side (b) Front side

Figure 9.10. Completely assembled prototype
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9 Prototyping and Measurement

9.2 Measurement of the prototype

The assembled prototype should be measured to investigate the performance
of PMAFM-ISA and to validate the FEM results. In this section, the test stand
used to measure the prototype is firstly introduced. Subsequently, the measuring
results and the comparison with the FEM results are presented.

9.2.1 Test stand

The measurement of the prototype has been carried out in a test stand developed
by ETI, which aims to fully characterize different kinds of electrical machines
in a large power spectrum. With its help, the performed simulation including
electromagnetic and thermal analyses can be validated. The test stand and the
main components as well as the mounted prototype are illustrated in Fig. 9.11.

Tempering device
Load machine

Fan Torquemeter
Power supply and measurement

Figure 9.11. Test stand with mounted prototype

An asynchronous machine (ASM) from the company OSWALD is utilized as
load machine, whose rotational speed is controlled by a digital signal processor
(DSP). The losses and efficiency of the prototype are measured with an accurate
power analyser WT3000 of the company YOKOGAWA based on measured data
of the rotational speed, torque, current and voltage of the three phases.
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9.2 Measurement of the prototype

The phase current is measured with the current transducers of the company LEM
and evaluated with the electronics developed by the company SIGNALTEC. In
addition, a temperature control device is connected with the cooling system of
the prototype to adjust the temperature and to dissipate the generated heat.

The torque is measured with the non-contact measuring system from the com-
pany MANNER, which consists of a measuring flanges, a telemetry and a eval-
uating unit. The rotational speed is measured with an optical incremental en-
coders, while the measurement of torque is performed with a strain gage.

In addition, some thermometers are cast in the stator to measure and monitor the
temperature of the stator. The signals of the thermometers are evaluated with the
system of the company HBM and further transmitted to the central control unit.

The schematic diagram of the test stand is shown in Fig. 9.12, which comprises
two AC-DC converters and two DC-AC converters. The intermediate circuit

DC-AC converterActive Front End

DC-AC converterDC-DC converter

ASM

PMAFM

400V 50Hz

U
zk

1
U

zk
2

Figure 9.12. Schematic diagram of the test stand

voltage Uzk1 is provided with an AC-DC converter (Active Front End-AFE),
which enables power supply with few harmonics, free of reactive power and the
ability of returning energy to the grid. With a DC-AC converter, the three-phase
AC-voltage can be generated and supplied to the load machine. Besides, the
required intermediate circuit voltage Uzk2 can be controlled with a three phase
DC-DC converter, which is transformed into three-phase AC-voltage with the
following DC-AC converter to feed the prototype.
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9 Prototyping and Measurement

A main advantage of this structure is that the power delivered by an electri-
cal machine is absorbed by the other and flows in the circuit, so that only the
power losses in the components of test stand or the dynamical power require-
ment should be covered by the grid. Another merit of the structure with two
independent intermediate circuit voltages Uzk1 and Uzk2 is that a complete sys-
tem in an electrical vehicle including battery, converter and driving machine can
be simulated, which can offer more convincing and practical results.

9.2.2 Measurement of prototype with no-load

First of all, the performance of the prototype without electrical loading is mea-
sured. Subsequently, the results are compared with the 3D FEM results from the
electromagnetic and thermal analyses.

No-load losses

A comparison of the no-load losses is illustrated in Fig. 9.13. It should be noted
that the losses of simulation is made up of the eddy current losses of PM and
the iron losses of SMC, while the measured results consist of the friction losses
resulted from air and bearings additionally.
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Figure 9.13. Comparison of the no-load losses

Apparently, the deviations between the simulation and measurement are extraor-
dinarily small, which implies the iron losses are accurately calculated with the

202



9.2 Measurement of the prototype

developed model. Furthermore, the losses resulted by friction is relatively small
and even negligible.

No-load induced voltage

Subsequently, the induced voltage of the prototype at no-load condition is mea-
sured at different rotational speed, which is of great importance for the perfor-
mance of an electrical machine.

For instance, the induced voltage at 200 min−1 is illustrated in Fig. 9.14. It is
clear that the induced voltage of the three phases are almost the same, except for
the shift corresponding to the electrical angle of 120◦.

Phase W
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Phase U

Vo
lta

ge
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t / s

Figure 9.14. Measured induced voltage of the prototype at 200 min−1

Furthermore, a comparison of the induced voltage based on the simulation and
measurements is illustrated in Fig. 9.15. It can be noted the simulation agrees
well with the measurement in the low speed area and the deviation becomes
larger with increasing speed. A reason is that the eddy currents induced in the
PMs at high rotational speed are underestimated, which can reduce the PM flux
flowing into the stator segments.
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Figure 9.15. Comparison of the simulated and measured no-load induced voltage

Cogging torque

The cogging torque is an important part of the torque ripple of an electrical
machine during the operation, which can lead to serious vibration and noise. For
this reason, great attentions have been paid to the skewing of the PM during the
previous electromagnetic design. A comparison of the simulated and measured
cogging torque has been carried out, as illustrated in Fig. 9.16.
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Figure 9.16. Comparison of the simulated and measured cogging torque

As shown in Fig. 9.16, the maximum deviation is about 1.15 Nm. However, it
should be noted that the measured cogging torque consists not only the torque
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generated through the interaction between the rotor and the stator, but also the
torque resulted from the friction of the bearings in the load machine and the pro-
totype. For this reason, it can be concluded that the cogging torque is relatively
accurately calculated.

Temperature of prototype at no-load

The calculation of the temperature based on the coupled thermal and fluid dy-
namical analysis is presented in the last chapter. A comparison of the tempera-
ture of the prototype without electrical loading is more significant as the thermal
sources, namely the no-load loss, is more accurately calculated than the circum-
stance that the machine is fed with an inverter.

The results for PMAFM-ISA at different operating points are compared and
listed in Table 9.2, where the position 1 corresponds to the position in the inner
radius of the stator, while position 2 is defined as the position between the stator
segments at the average radius of the stator.

Speed Numerical Measurement
Position1 Position2 Position1 Position2

1000 min−1 45.13 ◦C 43.12 ◦C 43.92 ◦C 42.96 ◦C
1400 min−1 56.58 ◦C 53.78 ◦C 56.08 ◦C 54.81 ◦C
1900 min−1 71.34 ◦C 67.61 ◦C 68.70 ◦C 67.42 ◦C

Table 9.2. Comparison of the simulated and measured temperature

It can be noted that the results based on the coupled thermal and fluid dynamic
analysis match well with the measurement. The maximum error occurs at rota-
tional speed 1900 min−1, which is equal to 1.64 ◦C for position 1 and 0.19 ◦C for
position 2. The deviation is resulted from many reasons and some of them are:

• The free space within the stator isn’t completely filled with the epoxy resin.
There might be small air pockets existing in the stator, which reduces the
thermal conductivity and results in a higher temperature.

• There might be small gaps between the concentrated winding and the stator
segments, which cannot be measured and taken into account in FEM.

• The temperature is measured with the thermometers, whose positions might
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be slightly changed during the casting. Considering the high temperature gra-
dient in the stator, it might have great influence on the measured results.

9.2.3 Measurement of prototype with electrical loading

The measurement of the prototype is much complicated than that at no-load and
the results are strongly depending on the current controlling quality. Afterwards,
the modulation method of the DC-AC inverter and the current controller of the
prototype are described. The control of AFE, the DC-DC converter and the DC-
AC converter feeding the ASM aren’t the focuses of this work and will not be
explained.

Modulation of the DC-AC inverter

As illustrated in Fig. 9.17, the DC-AC inverter consists of six diodes and six
insulated gate bipolar transistors (IGBTs), which can be switched on and off by
gate signals. On the other hand, each phase of an electrical machine is modelled
as a series connection of RL-load and countervoltage. The IGBTs in a half
bridge (HB) should be inversely switched to avoid the short circuit.

Ud
2

Ua0

Un0

HB1 HB2 HB3

Ud
2

0
Ub0

Uc0

Figure 9.17. Structure of a DC-AC inverter

There are many different methods to control the switching of IGBTs and to
generate the wanted phase voltage from DC voltage Ud such as sinusoidal pulse
width modulation (SPWM), the super SPWM, the flat-top-modulation and the
space vector modulation.
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9.2 Measurement of the prototype

The method utilized in this work is the super SPWM, where the controlling
signals of IGBTs are generated by comparing the wanted sinusoidal signals with
a triangular signal, which has normally obviously higher frequency than the
wanted sinusoidal signal.

Compared with the traditional SPWM method, an increase by nearly 15 percent
of the phase-to-neutral voltage Uan, Ubn and Ucn can be achieved with the super
SPWM by adding a voltage component U∗

n0 in the desired phase voltage U∗
a0,

U∗
b0 and U∗

c0, as illustrated in Fig. 9.18.
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Figure 9.18. Phase voltage and Phase-to-neutral voltage of SPWM

Current controlling

During the measurement, the current id and iq should be controlled to the de-
sired values, which can be determined through the Clarke-transformation using
(9.2.3), where a is equal to e j2π/3.

id,q =
2
3
· (ia + a · ib + a2 · ic) · e− jγel
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The ia and ib and ic are the phase currents, while γel is the the electrical angle of
the rotor measured by the resolver.

As illustrated in Fig. 9.19, the controlling of id and iq is achieved with two PI-
controllers. Besides, the decoupling is integrated to realize a separate controlling
of the two current components.
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Figure 9.19. Current control of the prototype

Measuring routine

The prototype should be measured for a large number of operating points of the
prototype at different speed, which correspond to many combinations of current
components. For this reason, a measuring routine becomes necessary to perform
a specified measuring process and to save the results during the measurement
automatically.

The measuring routine is an interface between the PC and the central control
unit, namely the digital signal processor(DSP). It is developed with the software
LabVIEW of the company NATIONAL INSTRUMENTS, whose flow chart is
illustrated in Fig. 9.20.

At first, the parameters including the rotational speed, the current components id
and iq are specified. Subsequently, the temperature of the stator is examined. To
eliminate the influence of the temperature, the measurement is carried out only
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if the temperature is within the tolerance range. Besides, the thermal condition-
ing is realized by controlling the current id and iq. If all previously specified
parameters are achieved or within the tolerance range, the values of required
parameters are then saved. The process goes further until all required operating
points are measured.

Specification of all operating points

T within specified
Tolerance?

Required speed
achieved

Required id
achieved

Required iq
achieved

Yes

Yes

Yes

Yes

Last operating
point?

Yes
Saving results

Yes
End

No

Thermal
conditioning

Waiting

No

No

No

Start

Figure 9.20. Flow chart of the measuring routine
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Measurement of torque

The torque is one of the most important properties for electrical machine. For
instance, the torque of the PMAFM-ISA at rotational speed equal to 200 min−1

and 2000 min−1 with id = 0A and different iq is illustrated in Fig. 9.21.
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(a) Speed 200 min−1
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(b) Speed 2000 min−1

Figure 9.21. Comparison of the torque for id = 0A

For the maximum current iq = 440A, there is a torque deviation equal to
6.39 Nm for rotational speed 200 min−1, while the deviation becomes larger,
which equals 17.1 Nm for rotational speed 2000 min−1.
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It should be noted that the torque measurement should be carried out for all
possible current component combinations and different rotational speed. For
example, the measured output torque of the prototype for all the operating points
at 500 min−1 is illustrated in Fig. 9.22.
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Figure 9.22. Torque measured at 500 min−1

The controlling quality of current is the most important factor, which causes the
deviation illustrated in Fig. 9.21. As illustrated in Fig. 9.23, the actual current
value varies continuously around the required id and iq, which should be constant
0 A and 440 A respectively.

Because of the high pole pair number and the skewing of PM, the controlling
quality of current becomes obviously poorer when the prototype rotates at high
speed. In the measurement, many harmonics exist in the current, while the id
and iq are ideally constant in FEM.

As a result, more eddy current losses in PMs and more iron losses in SMC are
generated, which result in reduction of the available output torque. Furthermore,
the additionally generated losses lead to fast heating of the adhesive and reduc-
tion of the continuous output power.
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Figure 9.23. Measured current id and iq at 200 min−1 and 2000 min−1

Measurement of efficiency

Besides the torque, the efficiency is another important property of the prototype,
which is defined as the ratio between the mechanical output power and the in-
put electrical power. For instance, the efficiency and losses of the prototype at
2000 min−1 with id = 0A and different iq are illustrated in Fig. 9.24.

It can be noted that for the rotational speed 2000 min−1, the efficiency deviation
between the simulation and measurement increases with higher current iq. The
maximum deviation equals nearly 2 %. The most important reason is that the
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total losses deviation increases dramatically due to the poor current controlling
quality as illustrated in Fig. 9.23.

With increasing iq, more harmonics are contained in current, which lead to
higher copper losses and lower efficiency. On the other hand, the deviation of
efficiency raises slightly due to increased temperature during the measurement.
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Figure 9.24. Simulated and measured efficiency and losses
for prototype with id = 0A at 2000 min−1
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Measurement of flux linkage

The flux linkage Ψd and Ψq can be determined from the measured stationary
results of the prototype. For this case, the flux linkage can can be calculated as
follows.

Ψq =
RS · id − ud

ωel
(9.1)

Ψd =
uq − RS · iq

ωel
(9.2)

The calculated flux linkage Ψd and Ψq based on the measurement at 500 min−1

are illustrated in Fig. 9.25 and Fig. 9.26 respectively.
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Figure 9.25. Measured flux linkage Ψd at 500 min−1
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Figure 9.26. Measured flux linkage Ψq at 500 min−1

In comparison, the flux linkages Ψd and Ψq determined with the 3D FEM are
illustrated in Fig. 9.27. It is clear that the FEM results match very well with the
measured flux linkage.

Measurement of the limiting characteristic curve

The limiting characteristic curve presents the maximum output torque and power
of an electrical machine at different rotational speed, which determines the
boundary of the efficiency map. The limiting characteristic curve in the low
speed range is limited by the maximum available current of the utilized inverter
, while in the high speed range or rather field weakening area it is determined by
both the maximum voltage and the maximum current of the inverter.

The characteristic curves are illustrated in Fig. 9.28. It can be seen that the dif-
ference of the torque at low speed range is relatively small, which equals 5.4 Nm
for the lowest speed. Furthermore, it can be noted the characteristic speed for
both simulation and measurement is nearly the same equal to 2600 min−1.
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Figure 9.27. Flux linkage Ψd and Ψq calculated with 3D FEM
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When the rotational speed of the prototype becomes higher, the deviation of the
torque increases significantly. The most important reason is that the controlling
quality of current becomes poorer and there are more harmonics contained in
the current, which result in more eddy current losses in PM and higher loss
of torque. Above the characteristic speed, the output torque becomes smaller
because the total output torque becomes smaller due to the increasing current
component id. The deviation between the simulation and measurement remains
almost unchanged equal to 20 Nm
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Figure 9.28. Comparison of limiting characteristic curves

217



9 Prototyping and Measurement

In similar, the deviation of power becomes higher with increasing rotational
speed. It equals 9.65 kW at the characteristic speed and reaches the maximum
equal to 13.47 kW at 4500 min−1.

Measurement of efficiency map

The efficiency map is the most informative property of an electrical machine,
which is determined based on the measurement of all operating points of the
prototype at different rotational speed. The measured efficiency maps is illus-
trated in Fig. 9.29.
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Figure 9.29. Measured efficiency map of the prototype

In comparison, the efficiency map based on the 3D FEM is illustrated in
Fig. 9.30. It can be seen that the efficiency becomes lower with increasing speed
and higher current. There is a deviation of peak efficiency equal to 2% between
simulation and measurement. The most important reasons are listed as follows:

• Inadequate controlling quality of current, which leads to many harmonics in
the current. Therefore, the useful harmonic generating the torque is smaller.

218



9.2 Measurement of the prototype

• The harmonics contained in the current cause higher copper losses, higher
eddy current losses in PM and higher iron losses in SMC.

• With increasing rotational speed, the friction losses caused by the bearings
and the air flow become higher as well.

• Due to higher temperature of prototype, properties of PM deteriorate as well.
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Figure 9.30. Simulated efficiency map of the prototype

Based on the above results, it is clear that a segmentation of PM is necessary for
the PMAFM-ISA to reduce the induced eddy currents. On one hand, there are
more harmonics contained in the MMF of concentrated winding compared with
distributed winding. On the other hand, the phase current isn’t ideally sinusoidal
as in FEM and contains a lot of harmonics in the measurement.
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In addition, the current control of the PMAFM-ISA should be further improved
to achieve a phase current with less harmonics. At last, it should be noted that
the efficiency of prototype can be further improved, if the SMC components
aren’t manufactured from the cylinder but directly pressed.

Temperature measurement of prototype with electrical loading

The Temperature of the prototype with different electrical loading at various
speed is another important aspect to evaluate its performance, which can deter-
mine the continuous output power. Afterwards, the results based on the coupled
thermal and fluid dynamic analysis are compared with the measurements.

Similar to the measurement of prototype at no-load, the position 1 corresponds
to the position in the inner radius of the stator, while position 2 is defined as the
position between the stator segments at the average radius of the stator. Further-
more, the thermal source is defined as the actual measured power losses instead
of the simulation results, in order to eliminate the errors resulted by the deviation
of power losses.

Operating point Numerical Measurement
Position1 Position2 Position1 Position2

200 min−1 iq = 150A 45.16 ◦C 43.32 ◦C 49.81 ◦C 48.21 ◦C
200 min−1 iq = 200A 59.95 ◦C 57.10 ◦C 67.90 ◦C 64.57 ◦C
200 min−1 iq = 250A 82.21 ◦C 77.77 ◦C 96.24 ◦C 89.47 ◦C
200 min−1 iq = 300A 115.08 ◦C 107.68 ◦C 130.1 ◦C 121.5 ◦C
500 min−1 iq = 300A 127.37 ◦C 119.13 ◦C 148.0 ◦C 139.1 ◦C
1000 min−1 iq = 300A 165.35 ◦C 155.29 ◦C 165.2 ◦C 157.4 ◦C

Table 9.3. Comparison of the temperature of prototype with id = 0A

It can be noted that the deviation becomes larger compared with the measure-
ment without electrical loading, especially at low speed and high electrical load-
ing. The maximum deviation equal to 20◦C occurs at the low speed 500min−1.
In addition to the reasons mentioned above, another important reason is that the
accurate distribution of the measured total power losses is hard to determine,
which has however obvious influence on the FEM results.
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10
Conclusions and Future Work

In this chapter, the performed research work and the corresponding results are
briefly summarised. During the prototyping and measurement of the prototype,
some aspects that can improve the performance of the PMAFM-ISA have been
noted. At last, the improvements that may be helpful for the future work are
described.

10.1 Conclusions

The application of SMC in the electrical traction machine for hybrid electrical
vehicle or electrical vehicle has been researched in this doctoral thesis. The
fundamental properties of SMC were measured with different ring specimens.
On this basis, two electrical machines, namely a permanent magnet excited ax-
ial flux machine with internal segmented armature (PMAFM-ISA) and a per-
manent magnet excited transverse flux machine with claw poles (PMTFM-CP)
have been designed. They were compared with the reference machine, namely
the current design of PMRFM of industrial partner. Finally, a prototype of the
PMAFM-ISA topology has been manufactured and measured. Based on the
performed work, the most important conclusions are presented as follows.

Through the comparison of the measured electromagnetic properties of SMC
with electrical steel, it is clear that the unsaturated permeability of SMC is lower
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than electrical steel due to the insulation layer around the iron particles. Besides,
the hysteresis losses of SMC are also higher which are the dominant components
of the iron losses in the low frequency domain. However, the SMC demonstrates
higher electrical resistance and lower eddy current losses. For instance, the iron
losses of SMC are almost the same as that of the electrical steel M330-35A when
the frequency and flux density equals 1kHz and 1.5T. It should also be noted
that for the electrical steel NO20 with the thickness equal to 0.20 mm, the iron
losses remain lower than SMC, even at extremely high frequency.

In order to calculate the iron losses of SMC parts in electrical machines, an
iron loss model based on the Bertotti formula and FEM has been developed.
A test system comprising a yoke and a tooth made from the same SMC has
been constructed and built. Through the comparison between the measured and
the calculated iron losses based on the developed model, it can be noted the
deviation is lower than 8% for the frequencies lower than 500Hz. However, the
deviation increases with higher frequency due to the machining of SMC parts,
the inaccuracy of current measurement, the existence of rotational field and so
on. In spite of the above errors, the measurement matches relatively well with
the FEA, which implies that the developed iron loss model is valid and can be
used to calculate the iron losses of electrical machines.

For the purpose of efficient analysis of the novel electrical machines, a simula-
tion platform based on commercially available 3D FEM software has been de-
veloped. With its help, the script-based modelling, solving and post-processing
are enabled. Considering the 3D magnetic flux, time-consuming 3D FEM is re-
quired to evaluate the performance of both PMAFM and PMTFM accurately. In
order to reduce the computation time of PMAFM, a method for the iron losses
calculation of PMAFM with different winding layouts has been developed and
validated with FEM. With its help, the time needed to analyse a PMAFM can be
reduced to 1/6.

With the help of the simulation platform, a PMAFM-ISA and a PMTFM-CP
have been designed and compared with the current design of PMRFM. Based on
the detailed comparison, it can be concluded that PMAFM with surface mounted
PMs shows higher cogging torque and no-load losses than the PMTFM and PM-
RFM with embedded PMs. Compared with PMRFM, the PMAFM possesses a
better limiting characteristic curve especially in the field weakening area, which
implies a higher peak torque and output power. The PMTFM with higher pole
pair number can offer higher torque density than the PMAFM-ISA and PM-
RFM for the same current density. However, the output power of PMTFM is
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much lower due to its low power factor. High efficiency can be achieved for
all researched topologies. The PMTFM has the highest peak efficiency. This
is because the PMs are embedded in the rotor, and the ring winding results in
low copper losses. The efficiency of PMAFM-ISA can be effectively improved
through the segmentation of PM.

In order to validate the FEM results, a mechanical construction has been devel-
oped for the topology PMAFM-ISA and validated in terms of the mechanical
stress and deformation. Because the properties of both PM and adhesive depend
strongly on the temperature, a thermal model based on the coupled thermal and
fluid dynamic analysis and an analytical thermal model have been developed.
With their help, it is noted that the stationary temperatures of both PM and sta-
tor segments reduce significantly by means of PM segmentation, meaning that
the continuous power of PMAFM-ISA can be effectively improved.

Based on the developed mechanical construction, a prototype has been manufac-
tured and measured with the test stand developed at the institute of electrical en-
gineering (ETI). The measurements match well with the simulations at no-load
condition. When the prototype is fed with inverter, the deviation becomes larger
with increasing speed and higher electrical loading. The most important reason
is that many harmonics are contained in the phase current due to the pulse width
modulation of the inverter, especially at the high speed considering its high pole
pair number. As a result, more PM eddy current losses and iron losses in SMC
are generated, which deteriorates the PMAFM-ISA performance obviously. For
instance, reduction of peak efficiency by 2% can be observed. The developed
thermal model is also validated by measurement.

In summary, the segmentation of PM is of great importance for the PMAFM-
ISA with surface mounted PMs and concentrated winding based on the electro-
magnetic analysis, the thermal analysis and the measurement results. However,
it should be noted that the mechanical firmness of PM becomes worse. Thus,
more attentions need to be paid to the mechanical analysis.

Based on above analysis, it can be concluded that for the specific applications
with special geometrical constraints or requirements, some novel electrical ma-
chines such as PMAFM and PMTFM can be competitive compared with the
traditional radial flux machine. In theses novel machines, the application of
SMC becomes attractive or even necessary considering the existence of com-
plex components and 3D magnetic flux. Furthermore, great attentions should
be paid to the electromagnetic design and mechanical construction to utilize the
special advantages of SMC.
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10.2 Future work

The performed research work has demonstrated the potential of SMC to be used
in the novel electrical machines with 3D magnetic flux. During the electromag-
netic design, the mechanical construction and analysis, and the measurement of
the first prototype manufactured in ETI, a lot of valuable experiences have been
gained. The aspects to improve the performance of PMAFM-ISA are summa-
rized, which can be classified into optimization of electromagnetic design and
optimization of mechanical construction [S7].

Optimization of electromagnetic design

The current electromagnetic design of PMAFM-ISA can be optimized consider-
ing the rotor yoke material, the DLCW with different layout and the segmenta-
tion of PM.

• Rotor yoke material

In the current electromagnetic design, the rotor yoke consists of 12 seg-
ments due to its large size. For this reason, a rotor carrier made from alu-
minium is needed to fix the rotor yoke segments, which leads to a complex
mechanical construction and higher thermal resistance. Based on above
consideration, it is considerable to utilize the electrical steel illustrated in
Fig. 10.1 to manufacture the rotor yoke.

First of all, it brings in an improvement of the mechanical stiffness. On
the other hand, the iron losses of the rotor yoke would reduce as well.
Of course, it is necessary to perform the similar adhesive test to examine
whether the PM can be firmly glued on the rotor yoke at high temperature.

• DLCW with elementary winding 2B2

During the measurement, it is noted that a higher pole pair number of
PMAFM-ISA leads to a more difficult current controlling of the inverter
due to the limited sampling frequency. Therefore, it would be helpful
to reduce the pole pair number of the PMAFM-ISA. In addition, another
disadvantage of the DLCW with the elementary winding 2A1 is the high
torque ripple. In comparison, the DLCW with the elementary winding
2B2 can offer a much lower torque ripple, and the skewing of the PM is
thus not necessary any more.
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(a) Unfixed ring (b) Fixed ring

Figure 10.1. Rotor yoke made from electrical steel band

• Segmentation of PM

Based on the measurements, it is noted that a segmentation of PM is nec-
essary to reduce the induced eddy currents, especially for the PMAFM-
ISA with high pole pair number and concentrated winding. As mentioned
above, more attentions should be paid to the mechanical analysis due to
the deterioration of the mechanical property of PM.

Optimization of mechanical design

From the measurement of the prototype, it can be clearly seen that the temper-
ature is critical for the performance and functionality of the prototype. For this
reason, the current mechanical construction should be improved to achieve bet-
ter air cooling effect and to reduce the costs.

• POM instead of PEEK

In the current mechanical design, four toroidal plates made from the
material polyetheretherketone (PEEK) is used to fix the SMC stator
segments and the PMs. However, the PEEK plate is very expensive and
difficult to manufacture. For this reason, it is important to find another
material to replace the PEEK.

The Polyoxymethylene (POM) illustrated in Fig. 10.2 is an outstanding
candidate because the material is much cheaper and easier to be machined.
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Another great advantage is that the material can be easily separated from
the cast stator, which results in a creation of additional cooling channels
in the air gap.

• Bearing system

The accurate spindle bearings are currently utilized as the fixed bearing to
make the air gaps as symmetrical as possible. However, this kind of bear-
ing is expensive and demands high manufacturing accuracy of the contact-
ing surfaces. For this reason, the double row angular contact ball bearing
illustrated in Fig. 10.2 seems to be a feasible alternative considering its ax-
ial and radial load capacity. However, its deformation and lifetime should
be carefully examined before being employed in the prototype.

(a) Plate made from POM (b) Double row angular contact
ball bearing

Figure 10.2. Alternative material and bearings

Based on above considerations, a PMAFM-ISA with 10 pole pairs and DLCW
2×2B2 has been designed. It has two rotor yokes made from electrical steel,
and the PMs aren’t skewed but radially segmented into 8 parts. The correspond-
ing 3D FEM model, the mechanical construction and the efficiency map are
illustrated in Fig. 10.3. The efficiency map reveals great optimization potential
of the first prototype.
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(a) Electromagnwetic design (b) Mechanical construction
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Figure 10.3. Optimized design of PMAFM-ISA
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Nowadays, the manufacturing of electrical machines based on electrical 
steel laminations has been well investigated and established worldwide. 
Compared with the electrical steel, the soft magnetic composites (SMC) 
shows magnetic isotropy and lower eddy current losses. Thus, it becomes 
an important impulse promoting the development of new topologies of 
electrical machine. The application of SMC in the electrical traction ma-
chine for hybrid electrical vehicle or electrical vehicle has been researched 
in this doctoral thesis. The fundamental properties of different SMC were 
measured. On this basis, two electrical machines, namely a PM excited 
axial flux machine with internal segmented armature and a PM excited 
transverse flux machine with claw poles have been designed and com-
pared with a traditional radial machine. Finally, a prototype of axial flux 
machine has been manufactured and measured. Based on the results, 
it can be concluded that under suitable conditions the novel electrical 
machines based on SMC can illustrate comparable or even better perfor-
mance compared with traditional electrical machine based on laminations.
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