NTNU - Trondheim
Norwegian University of

Science and Technology

Application of AC Superconducting
Windings in Large PM Synchronous
Generators for Wind Power

Raghbendra Tiwari

Master of Science in Electric Power Engineering
Submission date: June 2012

Supervisor: Arne Nysveen, ELKRAFT
Co-supervisor: Stev E. Skaar, SmartMotor AS

Norwegian University of Science and Technology
Department of Electric Power Engineering






NORWEGIAN UNIVERSITY OF SCIENCE AND TECHNOLOGY

FACULTY OF INFORMATION TECHNOLOGY, MATHEMATICS AND ELECTRICAL
ENGINEERING

Department of Electric Power Engineering

MASTER’S THESIS

Student's name: Raghbendra Tiwari

Area: Electric Power Engineering

Title: PM windpower generators with superconducting AC
windings

Description:

To reduce the size and weight of electrical machines, the use of superconductors are of special
interest. Today most of the machines made are using superconductors exposed to dc-magnetic
fields only. Thus the research has focused on synchronous machines with superconductors in the
field winding. New superconductors based on MgB; that can tolerate ac current and ac externals
fields opens up for the possibility of using superconductors in the armature windings. A project
work conducted by the student fall 2011 showed that a PM machine with concentrated windings is
a good candidate for this technology.

In this work the student shall work on using the technology on large direct-driven PM windpower
generators.

More specifically the work shall focus on:

o Give a technological background and motivation for using ac superconductors in
synchronous machines.

o Describe the design methodology for PM windpower generators and how the
superconducting windings can be applied

e Perform a design comparison with PM generators with traditional copper windings.
Important parameters are volume and weight, losses and electrical parameters.

Details in the analysis and selection of machines to be analysed can be clarified with the
supervisors.

Start date: 06.02.2012
Deadline: 02.07.2012
Co-supervisor: Stev Skaar, SmartMotor

Tropdheim, 22.06.2012

Arne Nysve;z{/C%M

Professor






Abstract

Superconductors are known for carrying very high current density without any loss of
energy. This characteristic helps to achieve very high power capacity with compact size of
machine. In application of superconductors, the main obstacle has been the cooling of the
conductors since it operates at very low temperatures below ambient. After the discovery of
high temperature superconductor (HTS) in 1986, several prototype machines have been built
using in DC field winding. The application of superconductor in AC armature winding has not
been feasible due to excessive AC losses. These losses are caused due to penetration of time
varying magnetic field.

This thesis concerns the possibility of the application of superconductor in armature
windings of permanent magnet synchronous generator. A 10 MW wind power generator
with copper winding has been taken as reference machine and the machine has been
redesigned with several pole-slot combinations using superconductor. Permanent magnet
has been used as the source of field. Three alternatives have been designed with
superconductor in armature winding and the machine with 176 poles, 192 slots has been
selected as the best among them based upon the active weight of the generator, outer
volume, utilization factor, power factor, full load losses, and total harmonic distortion and
cogging torque. The selected machine has been found to be 62 ton in weight where as that
of reference machine is 90 ton. Moreover, the outer volume of the superconducting
machine is about 2.5 times lesser than that of the copper winding reference machine. The
reduction in volume of generator will consequently reduce the volume of nacelle and the
reduction in weight will reduce the transportation cost. The major reference of comparison
has been the utilization factor of the machines which is 110 kN-m/m?® for the proposed
superconducting machine whereas that for reference machine has been 44.6 kN-m/m>.

The total loss in superconducting machine has not been calculated due to unavailability of
actual AC losses in superconductors. Therefore, a tolerable limit of AC losses has been
calculated using the losses incurred by the reference machine which is 0.82 mW/A-m at 20 K
when a perpendicular AC field of 0.39 T is applied. Normalized AC losses lower than this
value will make the superconducting machine to possess lower loss in comparison to
reference machine.

Some measures to improve the power factor of superconducting machine by increasing the
thickness of magnet have also been studied. It has been found that an increase by 20 mm of
additional layer of magnet makes the proposed superconducting machine to have better
power factor than the reference machine. Hence, the SC machine consumes less reactive
power from the grid and needs a smaller power electronic converter in the system.

In this work, it has been put forth that permanent magnet synchronous generators with AC
superconductors will make a system compact in size and weight provided AC
superconductors with lower losses than aforementioned value are manufactured.







Preface

This Master’s thesis work has been carried out at Norwegian University of Science and
Technology (NTNU) in co-operation with SmartMotor AS, Trondheim. The work is basically
focused on the possibility of application of superconductors in armature windings of
permanent magnet machines. A MATLAB based SmartTool developed by SmartMotor AS has
been used for optimization of geometrical parameters of the machines. The design has later
on been checked for its magnetic characteristics in COMSOL.

In this report, Chapter 1 presents the general idea about the superconductors and its
characteristics, applications and some information about the prototype equipment
developed so far.

Chapter 2 describes about the permanent magnet synchronous generators and its
application in wind power. This chapter also includes the description on superconductors in
permanent magnet synchronous machines, AC losses associated with it and the cooling
system employed in general for cryostat cooling.

Chapter 3 explains the design considerations of permanent magnet machines in brief. The
importance of utilization factor of the machine and the impact of some important
parameters like pole slot combination, current density and thickness of magnet has been
explained in brief.

Chapter 4 covers the methodology employed and the selection of machine parameters for
this thesis work. Some important results of the superconducting machines have been listed
in this chapter.

Chapter 5 contains the discussion of this work and the comparison of several characteristics
of the designed superconducting machine to the copper winding machine based on the
results presented in Chapter 4.

Chapter 6 presents the conclusion of this work with a list of future work envisaged in this
field.
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Chapter 1

1 Introduction
1.1 Background

The phenomenon of superconductivity was discovered in 1911 by Heike Kamerlingh Onnes
and since then many metal and compounds have been introduced as superconductors. Some
low temperature superconductors (LTS) have been used for long in commercial applications
like Magnetic Resonance Imaging (MRI) but the high temperature superconductors (HTS),
discovered in 1986, are yet to be commercialized. Several prototypes of electrical equipment
using superconductors have been developed worldwide so far and have been tested.

Superconductors have been tested in electrical machines as a source of DC field. They incur
significant AC losses when applied in presence of time varying magnetic field. The purpose of
this thesis work is to study the possibility of the application of superconductor in AC
armature winding.

A 10 MW wind turbine generator with copper winding has been taken as a reference
machine and has been analyzed with superconducting armature windings. The objective is to
design the generator compact in size and hence in weight which will help to keep the power
per tower to be the same but with higher power to weight ratio. The AC losses associated
with it have to be referred from the experimental results of measurement of AC losses being
carried out at SINTEF.

1.2 Research motivation

The efficiency, weight and dimensions are the major governing parameters in design of AC
electrical machines. The efficiency depends on the losses in the machines which includes
losses in magnet, losses in stator and rotor yoke and most pronouncing in armature windings
in case of a copper winding machine. The dimension of the machine is increased to extract
the heat generated in the machine due to such losses. The capacity of cooling of a machine
limits the magnitude of current in the armature windings. Since copper conductors bears
finite resistance, it leads to generation of high amount of heat as the capacity of the machine
increases. Therefore, the armature current i.e. the current density in the armature winding is
controlled to a significantly lower value of about 4 A/mm? in these machines.

Superconductors exhibit zero resistance at its operating temperature and this special
characteristic provides room for increased current density. The higher current density in
armature helps to achieve a compact machine compared to copper winding machine of
same power. An expression which is explained later in Chapter 3 can be mentioned to
describe this case as follows:

Si=K-A-By (1.1)
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Where, S;= Apparent power capacity of the machine
K = constant depending upon physical parameters of the machine
Bgs, = Air-gap flux density (T)
A = Linear current density (A/m)

Comparing to copper winding machine, if the air-gap flux density (Bs;) of a machine is kept
constant and the linear current density (4) is increased using superconductor, the capacity
of the machine can be increased to a higher value. Conversely, if the power has to be kept
constant, the power density or torque density of the machine can be increased by increasing
the same parameter and a compact machine can be achieved. This decrement in dimension
will provide opportunity to increase the power to weight ratio for same power per tower of
the wind turbine and consequently increases the economic benefit as well due to reduced
weight.

1.3  Superconductors in general

Superconductors are capable of conducting electricity without any loss of energy under
specified operating conditions. When current flows in an ordinary conductor, for example
copper wire, some energy is lost. As shown in Figure 1.1, unlike the ordinary conductors,
when a superconductor is cooled below its critical temperature (T), its resistivity abruptly
disappears and exhibits zero resistance in the circuit.

Non-superconductive

Metal ~a
=k} /
E __;"'-l'--
3} -
- " —snlf—
@ |__— ’/ Superconductor
@
o
0K Te Temperature

Figure 1.1: Characteristic of superconductor [1].

In metals such as copper and aluminum, electricity is conducted as outer energy level
electrons share its electrons from one atom to another. These atoms form a vibrating lattice
within the metal conductor due to some fixed ions; the warmer the metal the more it
vibrates. As the electrons begin moving through the mess, they collide with tiny impurities
or imperfections in the lattice. When the electrons collide into these obstacles they fly off in
all directions and lose energy in the form of heat.

Inside a superconductor the behavior of electrons is completely different. The
impurities and lattice are still there, but the movement of the superconducting electrons
through the obstacle course is quite different. As the superconducting electrons travel
through the conductor, they pass unobstructed through the complex lattice. Because they
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do not collide into any obstacles like ion and impurities and create no friction, they can
conduct electricity with no loss in the current and no loss of energy.

The understanding of superconductivity was first forwarded in 1957 by three American
physicists — John Bardeen, Leon Cooper, and John Schrieffer, through their Theories of
Superconductivity, known as the BCS theory. The BCS theory explains superconductivity at
temperatures close to absolute zero i.e. for low temperature superconductors. According to
Cooper, atomic lattice vibrations are directly responsible for unifying the entire current. They
force the electrons to pair up into teams that pass all of the obstacles which cause resistance
in the conductor. These teams of electrons are known as Cooper pairs. The electrons which
normally repel one another, experience an overwhelming attraction in superconductors.
According to the theory, as one negatively charged electron passes by positively charged
ions in the lattice of the superconductor, the lattice distorts. This in turn causes phonons to
be emitted which form a channel of positive charges around the electron [2]. Phonons are
small deformations due to attraction between positively charged ion and electron. This
distortion creates a highly positive area around electron and attracts another electron to
come to same place to form a pair of electrons, known as Cooper pair [3].

Before the electron passes by and the lattice springs back to its normal position, a second
electron is drawn into this channel as shown in Figure 1.2. It is through this process that two
electrons, which should repel one another, link up. The forces exerted by the phonons
overcome the electrons' natural repulsion. The electron pairs are coherent with one another
as they pass through the conductor in unison. The electrons are screened by the phonons
and are separated by some distance. It is this exchange that keeps the Cooper pairs together
and continues it to be in superconducting state [4].
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Figure 1.2: The origin of superconductivity in conventional superconductors [2].

1.4 Characteristics of superconductors

Superconductors hold its superconducting characteristics when operated under a regime
bounded by three inter-related matters, current density, operating temperature, and
magnetic field as shown in Figure 1.3. The highest temperature at which a material
possesses no electrical resistivity is called its critical temperature (T.). The upper limit of its
current carrying capability is called the critical current density (J.) and critical magnetic field
(H¢) is that above which it ceases to be a superconductor. The superconductor reverts to its
normal state if any of these limits exceed.
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Current Density, J
Je
A Superconducting Region

Py »
@ >

Te Temperature, T

He

Magnetic Field, H

Figure 1.3: Superconductivity in a 3D space defined by current density, temperature, and magnetic field [5].

In addition, the superconducting characteristic also follows Meissner effect, discovered in
1933 by Walther Meissner and Robert Ochsenfeld. According to this, a superconductor
exhibit perfect diamagnetic property (susceptibility is -1) i.e. there is no magnetic field inside
the superconducting material. The property remains valid when the applied field is weak,
that is below the critical magnetic field (H.) and it is cooled below its critical temperature (T,)
[6]. It happens due to setting up of electric currents near its surface. The magnetic field set
up by these surface currents cancels the applied magnetic field within the bulk of the
superconductor.

T>TC T<TC
Figure 1.4: Perfect diamagnetic property of superconductor (Meissner effect) [7].

1.5 Typeland type Il superconductors

After long time of the discovery of superconductors, few compounds were discovered to
exhibit mixed characteristics beyond its critical magnetic field (H.) and were named type Il
superconductors.

Type | superconductors completely follows the Meissner effect i.e. expels the magnetic field
and remains superconductor below its critical magnetic field of H, and critical operating
temperature of T, as shown in Figure 1.5 [2]. Type | superconductors are well described by
the BCS theory. These types of superconductors have been of limited practical usefulness
because the critical magnetic fields are very small and the superconducting state disappears
suddenly at that temperature [8].
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Type | Superconductor

Induced Maanetic Field

Applied Magnetic Field

Figure 1.5: Characteristics of Type | superconductors [2].

Type Il superconductors are characterized by two critical fields. As shown if Figure 1.6, below
the lower critical field H¢;, applied magnetic field is completely excluded from the conductor
by the surface currents on the thin layer of the superconductor [9]. At fields between H¢; and
Hc,, the field begins to penetrate into the material. The occurrence of this state is said to be
mixed state, with some of the material in normal state and part still superconducting [2].
These types of superconductors have been found to have much higher critical fields and
therefore could carry much higher current densities while remaining in the superconducting
state. All the high temperature superconductors (HTSs) fall under this category.

Type Il Superconductor

Induced Magnetic Field

L . Superconducting
.7 State

-

Mized State Mormal State

Hei H H.z

i .
-

Applied Magnetic Field
Figure 1.6: Characteristic of Type Il superconductor [2].
1.6 Applications of superconductors

Among the two types of Superconductors, low temperature superconductors (LTS) are being
used commercially for magnet market. That market consisted magnetic resonance imaging
(MRI) and nuclear magnetic resonance (NMR), and magnets for high-energy physics
accelerators and plasma fusion devices, together with smaller niches for research magnets
for several years. LTS are still in use in MRIs [10].
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High temperature superconductors (HTS) represents a new class of conductor with unique
properties, which would not only allow electric power devices to be more compact but also
enable new applications as shown in Table 1.1.

Table 1.1: Main driving forces for HTS applications in electrical power [11].

Benefits Property Applications Conductor
Higher Efficiency R=0 Motors, Generators, Cables, Wire
Transformers
Higher power density je Motors, Generators, Cables, Wire
Transformers
Novel opportunities R=0 SMES Wire
dm/dB<0 Magnetic bearings Bulk
Transition Current limiters, Switches Wire & sheet
1.6.1 Cables

HTS cables are expected to have high current carrying capability, which can be alternative for
replacement of existing underground cables to increase transmission capacity in the same
duct. HTS cables can be loaded with very high current with almost no loss and, thus, design
with lower voltage levels can be possible. Various cable prototypes have been
demonstrated, all exclusively based on Ag-sheathed Bi-2223. Among them, Southwire cable
(Table 1.2) was energized during summer 2000. So far, cooling system represents a serious
challenge [11].

Table 1.2 Status of HTS prototype development worldwide [11].

Application HTS (Supplier) Company Prototype development
Current Limiter Bi2212-bulk (ABB) ABB 6.4 MVA, tested
YBCO-film (Siemens) Siemens 1.2 MVA, tested
Cable Bi2223-PIT (ASC) Pirelli 24 kV—-2.4 kA, 120 m
Bi2223-PIT (SEl) SEI/TEPCO 66 kV —1 kA, 100 m, tested
Bi2223-PIT (IGC) Southwire 12.5 kV —1.25 kA, 33m, tested
Bi2223-PIT (ASC) NKT 36 kV —2 kA, 30 m, tested
Transformer Bi2223-PIT (ASC) ABB 0.63 MVA, tested
Bi2223-PIT (VAC) Siemens 1 MVA (traction), tested
Motor Bi2223-PIT (ASC) ASC 5000 PS, tested
Flywheel YBCO Bulk Mitsubishi 1.4 kWh, tested
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1.6.2 Transformer

The application of HTS in transformers provides the potential of reduction (compared to
conventional) in losses (<30%), volume (~ 50 %), and weight (~ 70 %). Furthermore, it offers
over-load ability without accelerated aging and possible integration of a fault current
limitation function.

In addition, benefits come from reducing the short-circuit current in the system and lower
transformer impedance. The superconducting wire has current-limiting capability. This can
reduce the interrupting ratings of circuit breakers. The lower transformer impedance will
improve voltage regulation and stability and increase real and reactive power availability to
the power system [12].

Presently, the main obstacle remains strong J. reduction in magnetic fields and high AC-
losses at coil ends. The feasibility of such HTS transformers has been demonstrated by ABB’s
3-phase 630 kVA (20 kV/0.42 kV) prototype, which was operated in an electric grid for 1
year. In a pre-study on a 10 MVA prototype, it was concluded that fault current limitation
integration is feasible, even with fast recovery to operation. Waukesha, together with IGC
(Intermagnetics General Corp.) as wire supplier and Oak Ridge National Lab has tested a 1-
phase 1 MVA (13.8/6.9 kV) device, with a next prototype (5-10 MVA) under development.
Siemens has also completed a 1 MVA model for traction applications, which is cooled to 66 K
to enhance the wire performance [11]. If the issues like cryogenic insulation, high voltage
termination, and cryo-cooler refrigeration optimization can be addressed, there is good
scope of commercializing a high MVA transformer [12].

1.6.3 Motor and generators

Superconducting motors and generators have several potential advantages. They can be
power-dense, light weight, small volume, highly efficient, and reliable [12].

The potential benefits of a HTS motor are similar to that of HTS transformer. A viable
synchronous machine can be with a superconducting rotor consisting of Bi — HTS based
windings. An all-superconducting machine where the armature winding is also
superconducting, is not viable with the current Bi-based tapes because of the high AC-losses
(caused by AC-currents in the armature winding). The main challenges are the low J. of Bi-
wires in magnetic fields and high conductor costs. A 5000 hp synchronous machine (6.6 kV,
1800 rpm, volume 7.5 m?>) has been reported with an efficiency of 97.2 %. Siemens has also
tested a 400 kW prototype [11].

Several motor and generator system have been demonstrated using MgB, superconductor.
One design is the superconducting homopolar motor being developed for the Navy; the
present design uses NbTi superconductors operating at 4 K. MgB, offers the potential of
higher power densities, high temperature margins, and lighter weight coils for these
superconducting homopolar motors. Other superconducting motor systems have been
demonstrated using liquid neon and helium gas operating in the 20 — 30 K range; MgB,
superconducting coils have generated magnetic fields in the 0.5 — 2.0 T field range at these
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temperatures. Presently, Hypertech is building MgB, superconducting rotor coils for a
cryogenic 2 MW generator demonstration for NASA that will be cooled with liquid hydrogen
at 20 K [12].

The other applications of superconductors cover fault current limiter (FCL), magnetic
resonance imaging (MRI) and powerful magnets for several purposes. Magnetic-levitation is
an application where superconductors perform extremely well. A landmark for the
commercial use of MAGLEV technology exists in Japan which was built in cooperation with
national fund project in 1990.

Power utilities have also begun to use superconductor-based transformers and fault limiters.
The Swiss-Swedish company ABB has already demonstrated the first superconducting
transformer to a utility power network in March of 1997. ABB has also recently announced
the development of a 6.4 MVA fault current limiter. This new generation of HTS
superconducting fault limiters is being called upon due to their ability to respond in just
milliseconds to limit tens of kilo-amperes of current [13].
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Chapter 2

2 Permanent magnet SynChI'OIlOllS machines
2.1 General

Since the development of alternating current, AC machines have been widely found
desirable for any kind of applications. Two most common types of rotating AC machines are
induction (asynchronous) and synchronous machines. A synchronous machine has two
windings: an AC armature winding located in the stator and a field (DC) winding located on
the rotor. Rotating machines (motors and generators) employ copper windings on rotor and
stator. In some kind of machines like PMSM, permanent magnet is used as a source of field.

2.2 PMSM in wind power

In hydro and turbo applications, generators run at constant speed and it is important to
maintain the output voltage and the reactive power demand in the system by controlling the
excitation current. Therefore, these systems employ wound rotor synchronous generator. In
the past, when constant speed (with gear between turbine and generator) generators were
being used for wind power application, the same type of generators were being preferred.
But in recent days, direct driven generators (without gear) are predominant in use since such
system has some favorable features like reduced losses in the drive system and less noise
than the system with mechanical gear [14]. PM excited synchronous machines avoids the
field current supply from secondary source as needed by the wound-rotor generators but on
the other hand, lacks the reactive power compensation facilities. The terminal voltage of
such system is controlled by the power electronic converter connected to the generator
output terminals, therefore, the control of generator voltage is not critical and constant
excitation i.e. permanent magnet machine has become highly preferable for this purpose.

The PMSM is compact in comparison to wound rotor machine since it avoids the bulkiness of
external excitation system. In wind power application, direct driven PMSM needs to
generate very high torque because of its very low speed compared to the same rated power
of conventional constant speed machines. Because of this high requirement of torque at low
speed, it is usually designed with large diameters and consequently it becomes heavier. To
decrease the weight of the rotor and stator yokes and to keep the end-winding losses small,
direct driven PMSM are usually designed with concentrated winding and with a small pole
pitch [15].

PMSG
Grid

/\ AC bC
DC T AC

ry ry

Wind Turbine P Q.

Figure 2.1: Topology of direct driven wind power generation system.
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A general topology of the combination of all equipment of a wind power is shown in Figure
2.1. The generated power of the PMSM is fed to the two stage power converter and the
controlled output is fed to the grid via power transformer.

2.3 Application of superconductor in wind power generators

In the AC machines, current in the windings create resistive losses, which leads to incur
significant loss of energy. The heat generated due to this loss also enforces to make the
machine larger in size to provide additional cooling. Thus, any efficiency improvement is
likely to vyield significant savings in energy and resources. Superconductors offer zero
resistance to electrical current, thus the use of it eliminates any resistive loss in the machine
as well as produces a reduced size and weight of the machine. In other terms, it can ease to
achieve higher power from the same machine that uses copper windings. The discovery of
HTSs in 1986 has provided the further flexibility to develop a variety of rotating machines
employing superconducting windings. HTS motors are ideal for use in pumps, fans,
compressors, blowers, and belt drives deployed in utility and industrial applications,
particularly for those requiring continuous operation. Such motors are also suitable for large
process industries such as steel milling, pulp and paper processing, chemical, oil and gas
refining, mining and other heavy-duty applications [16].

In recent days, the requirement of high power wind turbine is being shouted as alternative
of novel source of renewable energy. The study shows that application of high temperature
superconductors (HTS) in wind power generators can be economical and can lead to lighter
weight of the system for high power machines. As presented in Figure 2.2, the wind power
generator above 8 MW seems to be cost effective with the application of superconductor in
field windings. The superconducting technology is still to become a matured technology and
the break-even point for application of superconductor in wind power application may come
down to 3 -4 MW as predicted in Figure 2.3.

T superconducting (SC) t superconducting (SC)

drivetrain )
cost conventional

drivetrain
cost conventional

cost benefit cost benefit

generator —* : : : generator —*
6-8MwW 10 MW power <3MW  6-BMW 10 MW power

Figure 2.2: Cost comparison of conventional and SC Figure 2.3: Cost comparison of current and future SC
machine [17]. machine [17].
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Although several characteristics of superconductor is superior to conventional machines
with copper winding, the ac losses in superconductor due to time varying magnetic field is
restricting its use only as a field winding. When it is used as field winding, the rotation of SC
on the rotor experiences a constant and virtually static field due to the same rotational
speed of the rotor and the magnetic field produced by the stator current and thereby it
eludes from ac losses. But its application in armature winding in stator faces varying
magnetic field and leads to undesirable ac losses [18].

2.4 AClosses in superconductors

A superconductor offers zero electrical resistance in its superconducting state and causes no
losses. However, it remains valid when the superconductor is not exposed to magnetic fields
above its lower critical field H;. If the applied magnetic field (H) exceeds Hy, which is usually
the case, the superconductor no longer remains lossless [19]. It is therefore, obvious for high
temperature superconductors (HTS) to incur AC losses.

The magnetic field can be externally applied or generated by a transport current. The
magnitude of the losses depends, for a given conductor, on the operating temperature (T),
the magnetic field (B), the transport current (I) and the frequency (f) [20].

P, = P, (T,B, L, f) (2.1)

The total AC loss in a superconductor consists of magnetization and transport-current losses.
The magnetization loss in a time varying external magnetic field is due to hysteresis
and coupling currents. Screening currents inside the superconducting filaments cause
hysteresis loss. A decrease in the filament dimensions reduces the hysteresis loss [9].

A transport current in a superconductor generates a magnetic field around the
conductor, which is called the self-field. With an alternating transport current, the
alternating self-field penetrates the superconductor during each current cycle. Even if there
is no external magnetic field, the variation of the self-field inside the material causes a
hysteresis loss, which is called self-field loss [21]. For a circular or elliptical wire, self-field
losses (Q;) per unit volume per cycle are given by:

_ Hol? N . (2 -1 (2.2)
Q; = p 1-19 ln(1—1)+T

Where, i = I,/I. and I,= transport current and I = critical current of the superconductor.
At the critical current, the loss per cycle per unit length for an elliptical wire with a critical
current I, is 0.16uy12 [22].

11
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The hysteresis loss is influenced by the geometry of the superconductor, the direction of the
applied magnetic field (by) and the penetration depth (bp)l. Smaller the cross-section of
superconductors, lesser is the hysteresis losses. The loss equation for tape shaped and
cylindrical shaped conductors in parallel field as calculated by Bean [24] can be depicted as
in Table 2.1.

Table 2.1: Magnetic loss per cycle of sample geometries [22].

Magnetic loss per
Sample geometry unit volume per Penetration depth (bp)
cycle Qp (J/m?)
— 2b2
-0 ﬁ <1
3o
I Holcd
2 2
b  —p Z_bg—(l Sﬁ) ﬁ > 1
‘ Ho B
Zbgﬁ(Z B) <1
3o
2b2 5 1 Au'()]CR
203 (2= B7) o1
3o B
4b?
5 B2 =B) p<1
Ko 2110/ cR
4b2 2 — -1 T
4b3 (2= ) o1
3o B

b . s
In the Table 2.1, 8 = b—° denotes the level of penetration of field in the superconductor.
14

The AC losses in Superconductor mentioned in above equations are approximately
proportional to the operating frequency. The total AC losses per unit length, P,. in W/m is
given by

Py = f.C;.A.Q (2.3)

Where Cris a dimensionless fitting parameter, A is the cross-section area of the shape and Q
is the total loss per unit volume per cycle i.e. sum of all losses [20].

! Penetration depth is the distance to which a magnetic field penetrates into a superconductor and becomes
equal to 1/e times that of the magnetic field at the surface of the superconductor [23] C. Kittel, "Introduction
To Solid State Physics," ed: John Wiley & Sons, 2005, pp. 273-278.
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2.5 Limit of AC losses in Superconductor

The alternating magnetic field in these devices causes energy dissipation (AC loss)
despite the zero resistance of the superconductor in stationary circumstances. The
dissipated heat must be removed from the low-temperature environment by a refrigerator,
whose power consumption is 10s of times the AC loss. To remove these losses, a cooling
device has to be used, the capacity of which depends on the value of cooling penalty factor.
The cooling penalty factor (1¢p) is determined by the Carnot factor (7carnot) and the efficiency
of the cooling device (1cooling).

1 (2.4)
Nep = Nearnot *
cooling
where the Carnot factor is the number of Watts needed in an ideal cooling machine to
remove one Watt at low temperature:
Tamb - Tlow (2.5)
Tlow

r]CClT‘TLOt -

Tomp is the ambient temperature and T, is the operating temperature of the
superconductor [20].

Comparing the losses of different HTSs or between HTSs and conventional conductors
(copper or aluminium), the losses per unit carried current and unit length (Pam) in W/A-mis a
relevant figure of measurement. Also, when comparing the losses at different operating
temperatures, the cooling penalty factor (the number of Watts needed in a cooling device to
remove one Watt dissipated at the operating temperature of the HTS) has to be taken
into account. A conventional, oil filled, transformer has typically a current density of 2-4
A/mm?. This current density and the resistivity of copper pe = 2x10® Om (at operating
temperature, 80°C) yield P, = Jou'peu = 40 — 80x103 W/A-m in its copper windings. At 77 K,
the cooling penalty factor is about 10, and hence an HTS operating at this temperature with
losses of 4 — 8 mW/A-m has equally high losses as the copper conductor. To limit the losses
to only 10% of the corresponding losses in copper, losses of the order of 0.4 — 0.8 mW/A:m
can be tolerated. Therefore, for power-engineering applications around 77 K the maximum
permissible AC loss is approximately 0.5 mW/A-m at operating conditions [9].

The equivalent losses at different temperatures using eq. (2.4) and (2.5) is presented as in
Table 2.2.

Table 2.2: Equivalent losses in superconductor at different operating temperatures.

Type of conductor Operating temperature  Penalty factor Tolerable losses

Copper conductor 80 °C (353 K) - 40 - 80 mW/A-m
Superconductor 77 K 10 4 -8 mW/A'm
Superconductor 45 K 20 2 -4 mW/A-m
Superconductor 42K 240 0.17 - 0.33 mW/A‘m

13



Permanent magnet synchronous machines Chapter 2

As shown in Table 2.2, at low temperatures, the cooling penalty factor is much higher (about
240 at 4.2 K), and although there exist good conductors operating in the liquid helium
range, the high cooling penalty factor makes them uneconomical for the use in AC
electric power applications [25].

In AC applications, AC losses in HTS are proportional to the square of the conductor
dimension perpendicular to the surrounding magnetic field, i.e. the thickness for a planar
conductor. Multifilament Bi-2223/Ag composites with close twist pitch have much reduced
AC losses. Bi-2223 wire in magnetic field with round and square cross-section with
reasonable AC-losses (0.53 mW/A-m) has already been demonstrated [11].

2.6 Cooling technology of superconductors

All known superconductors must operate at cryogenic temperatures between 4 and 80 K.
The technology of creating such low temperatures is quite complex and it needs quite
sophisticated cooling equipment called refrigerators or cryo-coolers. Cryo-coolers cool down
the superconductors or superconducting magnets from ambient temperature (300K) to 30 K
or even 4 K for LTS coils.

Mostly five cryogenic fluids Helium (He), Hydrogen (H,), Neon (Ne), Nitrogen (N;) and
Oxygen (0,) are considered for cryo-cooling. Of these fluids, H, and O, are not preferred due
to the fire hazard associated with them. Since LTS superconductors niobium-titanium (Nb-Ti)
and niobium-tin (NbsSn) require operation at close to 4 K, liquid He (LHe) is the only viable
choice for LTS. Almost all LTS superconductors employ LHe as coolant. However, HTS
superconductors (BSCCO-2223 and YBCO-123) can operate at LN, temperature (77 K) for
low-field applications and at LNe temperature (27 K) for high-field applications.

i Direct cooling with cryogens

Low temperature superconductor (LTS) magnets employing NbTi and NbsSn
superconductors are generally cooled by submerging them in LHe. Since the NbTi conductor
is bathed in LHe, any heat generated in the conductor is transferred to the liquid coolant.
This heat load is absorbed by converting LHe into gaseous He (GHe) using the latent heat of
vaporization. In these magnets, superconductors remain in the superconducting state as
long as the heat flux (heat per unit area) available at the conductor surface is less than what
the LHe can remove; this limit is called the critical heat flux. Once the critical heat flux is
exceeded, the superconductor temperature begins to rise, and eventually the
superconductor transitions to its normal state when its temperature exceeds its critical
temperature (Tc) [5].

As displayed in Figure 2.4, high pressure tubes carrying liquid Helium or liquid Neon
depending upon the operating temperature of the superconducting wire used are employed
inside the slot surrounded by the armature conductors. The pressurized tubes consist
several orifices and sprays the cold coolant to the conductors to keep it below the critical
temperature [26].

14



Chapter 2 Permanent magnet synchronous machines

............. <————— Vacum 1nsulation
—+1—— Superconductor
—1— Coolant (LHe or LNe)

—— Spray orifice
Pressurized coolant tube

[ Stator slot boundary

Figure 2.4: Schematic diagram of direct cooling system.

ii. Indirect or conduction cooling

High field application magnets and coils are operated using convenient conduction cooling
with cryo-cooler refrigerators. Superconducting coils are epoxy impregnated to create
monolithic structures that are mechanically strong and easy to handle. Such coils are cooled
from their outside surface by conduction. Cooling schemes are generally carried out by
implementing good thermal contact between HTS coils and (1) tubes carrying coolant and (2)
directly by a cryo-cooler refrigerator cooler. The coolant in the cooling tubes could be a cold
gas or a liquid cryogen. The coolant operates in a closed cycle, rejecting its heat load outside
the magnet system in a refrigerator or other equivalent cooler. The coolant could also be a
cryogen taken from a storage container. In addition a cryo-cooler refrigerator is thermally
interfaced to an HTS coil being cooled [5].

Referring to the same Figure 2.4 of direct cooling system, pressurized coolant tubes can
carry vapor He or Ne and the slot can be filled with liquid He or Ne. The heat generated in
the armature can be extracted by LHe or LNe and the heat in the coolant can be transferred
to vapor tube.

The AC superconducting coils in armature winding of wind generator may employ direct or
indirect cooling scheme depending upon the number of turns in the slot and it will also rely
on the cost of the cooling system for a particular application. The cryo-cooler can be
accommodated in the nacelle of the wind turbine beside the generating unit. The additional
weight of cryo-cooler in the nacelle is compensated by the reduction in the weight of the
generator by the use of superconductors which provides an overall reduced weight on the
tower than in case of copper winding machine.

15
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Chapter 3

3 Design considerations

3.1

General

The design of a generator is a complex challenge where getting the highest performance for

the least costs is desirable [27]. Machine design is an iterative process and can be

commenced by defining certain basic characteristics. Some important basic parameters are

pointed out as:

Machine type (Synchronous, asynchronous, DC, reluctance machine, etc.)

Type of construction (external pole, internal pole, axial flux, radial flux, etc.)

Rated mechanical power

Rated rotational speed

Rated voltage

Number of phases

Number of pole pairs (p) of the machine (with frequency drives, this is also a subject
of optimization)

Economic boundary conditions

Besides these parameters, there are several other parameters which are optimized during

the design process. During optimization, there used to be some free parameters which are

kept almost constant during the design process to simplify the task. The following

parameters can be selected as the free parameters:

Outer diameter of the stator

Length of the stator stack

Width of the stator slot

Depth of the stator slot

Diameter of the air gap

Air-gap length

Peak value of air gap flux density

Magnet thickness (in case of PM machine)
Pole pair number and frequency

In electrical machine design, there are certain empirically defined ranges of flux densities

which are applied in the preliminary phase of the design. Table 3.1 presents the values of

electromagnetic loading for standard electrical machines [28].

Starting from these basics, the machine is optimized according to the specific requirements.

In practical cases, the rotor and stator may be stressed to higher values than in the Table 3.1

to achieve higher torque density.

17
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Table 3.1 Permitted flux densities of the magnetic circuit for various standard electrical machines [28].

Machine parts Peak flux density (B) in Tesla
Salient pole Synchronous Non-salient pole synchronous
machines machines
Air gap 0.85-1.05 0.8 -1.05
Stator yoke 1.0-1.5 1.5-2.0
Tooth 1.6-2.0 1.5-2.0
Rotor yoke 1.0-1.5 1.3-1.6

There are also some key indicators that guide the optimization process during the design of
AC machines.

3.2 Utilization factor

An important rule within generator design is the relationship between mechanical power Py,
torque T, rotational speed in radians per second w, air-gap rotor diameter D; and axial rotor
length L; stated in terms of two equations [27].

Pn = wT (3.1)
T=k-D? L (3.2)

where k is constant. The equations show that the torque is proportional to square of
diameter and the power is proportional to the torque, hence a large diameter at which
torque is generated will produce more power. A direct-drive generator for wind turbines is
operated at low rotational speed and the rotor is directly mechanically connected to the
rotor hub, which results in a large diameter to produce higher torque. The consequences are
heavy mass and high costs. At a low rotational speed, an increased number of poles in the
rotor are required to produce a reasonable frequency and a higher force. The frequency (fe)
is determined by number of poles (P) and the rotational speed (nm) per minute [27].

£ = NP (3.3)
¢ 120

An increased number of poles are beneficial up to a certain point where core losses and
magnetic leakage flux will influence the machine performance. As stated, the machine
geometry and energy density can be optimized to find the best possible solution for a
desired generator design. PM machines have a higher power to weight ratio compared to
electrically excited machines. No additional power supply for field excitation gives higher
reliability without slip rings and improved efficiency [29]. PM has been considered to be
superior for direct drive generators in this work as a compact solution is desirable.

For the sizing of electrical machines, i.e. for determining their main dimensions and for
comparing the stress limits of their electromagnetically active materials as well, the
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utilization factor (C) has been proved to be suitable up to now [30]. It is defined as the
torque corresponding to the apparent power (S;) referred to the air-gap bore volume (Viore):

= L (3.4)
27Tanbore
where the air gap volume is defined as
nD?
Vbore = TLLi (3.5)

According to eq. (3.4), the quantity C consists electromagnetically of the thermally effective
current coverage (a quantity referred to bore circumference mD;), also known as linear
current density or current loading (4) given by

2mN I

D, (3.6)

A=

where m is the number of phases, Ns is the number of turns in a coil and I; is the rms phase
current of the machine.

The air-gap emf can be expressed as

1 _
Us = ﬁa)Ns1f<W51<z>l (3.7)

where Kws1 is the winding factor and the air-gap flux density (351) (a quantity referred to

pole unit area) is related to pole pitch (z,) and air-gap flux ( @l) as:

~

~ ﬂ@l
Bs; = (3.8)
0T 21,
The angular speed w can be expressed in rpm as
w = 21f, (3.9)

The apparent power of the machine in eq. (3.4) can be re-written in terms of Is and Us as
S; = mU,l, (3.10)

Substituting Us and I; from eq. (3.6), (3.7), (3.8) and (3.9),

7.".2

Si = \/—76—7ng51@§5sz% (3.11)

For fixed dimensions, the apparent power can be expressed as
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S;=K-A-Bg (3.12)

Where, K is a constant depending upon the rotational speed and geometry of the machine.

In electrical terms, for a fixed geometry of machine, the output power can be controlled
varying the linear current density (4) or the air gap flux density (Bg;) or both [28].

Conventional machine design technology limits the torque density, described by the
utilization factor C = T/V with torque T and machine volume V, to a value of approximately
10 KN/m?® for air-cooled permanent magnet synchronous motors. The magnitude results
from a maximum Lorentz force product — air gap flux density (Bj;) times linear stator current
(A). The achievable flux density deeply depends on the material and configuration of the
magnets. However, another great influence is exerted by the magnetization curve of the soft
magnetic material and the width of flux conducting section as teeth and yoke [31].

3.3 Impact of current increment

The main purpose of using superconductor in a machine is to increase the current density in
the windings and to reduce the physical dimensions. The current density in a superconductor
can be increased to its critical limit but it has implications to synchronous reactance and
power factor. The analytical description of the impact of current to power factor can be
derived as follows.

Let Machine — 1 has a terminal voltage of Uy; and is operating at a rated current of Is;, then
its rated apparent power will be,

Sp1 = V3Upils (3.13)
And, the base impedance will be,

Uiy (3.14)
Xl,base = S_
nil

Similarly, for Machine — 2 of same design and geometrical dimensions, if the current rating
of the machine is increased by a factor k,

Snz = \/§Un1152 = \/§kUn1151 =k-Sp (3.15)

X — Urzll — Urzll — Xl,base
2,base Snz k- Snl k

The base impedance of the second machine is less than that of first machine. Since the
phase inductance of a machine depends upon the geometrical parameters, decrement in
base impedance increases the per unit value of synchronous reactance of the machine.

The same expression in terms of power factor can be written as:

cosp, = SP_1 (3.16)

nil
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And,

cosh, = :_2 (3.17)

n2
From, eq. (3.15), (3.16) and (3.17), if the active power P; and P, are same; the new power

factor will be less by a factor of k.

cos¢y (3.18)

cos¢p, = T

Graphically, the variation in phase angle has been as elucidated in Figure 3.1.

Variation of ¢, with variation in current density
90

. —7
. _—/
60 / /
) /
/ —
30 / k=3
./
./

40

¢, {degree)

¢, (degree)

Figure 3.1: Effect of current density factor on phase angle.

This has also been justified with phasor diagram later in Section 3.4 and Figure 3.2.
3.4 Effect of geometrical parameters

The most important characteristics of a machine depend upon the geometry of the machine.
As stated in Section 3.2, the output power, torque, synchronous reactance and no-load
losses vary with the size of the machine.

|s jxs Ef-l

Figure 3.2: Phasor diagram of PMSM.

21



Design considerations Chapter 3

The phasor diagram of a permanent magnet synchronous machine (PMSM) can be drawn as
shown in Figure 3.2. An expression for the power output with reference to the Figure 3.2 can
be written as,

P = sind (3.19)

iISIXsl

T-Tul
Figure 3.3 Phasor diagram of PMSM with increased current.

Keeping the geometrical parameters of a machine constant, the current density in the
conductors can be a variable to increase the capacity of the machine. The induced voltage
(Eq) will remain constant due to constant excitation from permanent magnets and the
increase in current rating increases the drop in synchronous reactance (Xs) and consequently
the power angle (&) in the machine increases as depicted in Figure 3.1 and 3.2. From eq.
(3.13), it can be observed that the increment of these parameters directly enhances the
output power of the machine.

In other way, it can be conferred that if the output power required is kept constant, the
increment of current density in the stator facilitates to build a compact machine i.e. the
volume of the machine can be squeezed to enhance the torque density and hence the
utilization factor.

3.5 Pole slot combination

The use of permanent magnet machines with a high pole number for low speed direct —
drive applications has recently gained great interest [32]. By getting rid of the gearbox, a PM
direct drive can provide better performance and be lighter than the machine with a gearbox.
For these machines, concentrated windings around the teeth, with their simple structure
and short end windings, are experienced to be very attractive [33]. Therefore, the direct-
driven wind power machines rotating at very low angular speed needs very high number of
pole slot combinations. In addition to this, the increased number of poles and slots reduces
the thickness of rotor and stator yoke. As shown in Figure 3.4, for the same air gap flux
density and same circumference of the machine, the increased number of poles requires
thinner rotor yoke which consequently reduces the weight of the machine as well [34].
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Figure 3.4: Effect of number of pole/slot on yoke thickness.

While selecting the combination of pole and slot, it becomes important to achieve the
features like low vibrations under operation, and thus low noise, high starting torque, high
efficiency, particularly when using laminated cores, high flexibility in design, particularly with
regard to the main dimensions. These characteristics can be achieved if the number of slots
(s) and the number of poles (p) defined by the relations,

|s—pl=2*m (3.20)
and, s=12*nx*m (3.21)

where n and m are natural numbers. The iron cores of these concentric winding machines
are arranged such that iron cores having windings alternate with iron cores without
windings, the cores being disposed in groups corresponding to three phase operation of the
machine with 2*m groups of winding per phase, with adjacent wound cores within a group
being connected in series, and groups of cores being connected in series or in parallel [35].

According to eq. (3.20) and (3.21), there can be several combinations as mentioned in
Appendix A. Other parameters to be considered while selecting the pole slot combination
are cogging torque in the machine and harmonics. Very low cogging torque can be achieved
if the slot and pole numbers are chosen so that the least common multiple (LCM) between
these numbers is large [36].

3.6 Air gap length selection

The length of the air gap of a machine has a significant influence on the characteristics of an
electrical machine. In principle, a small air gap gives a low magnetizing current, while the
eddy current losses of the rotor and stator surface increase because of permeance
harmonics created by the open or semi-closed slots. A small air gap also increases the
surface losses in the rotor caused by the current linkage harmonics of the stator. Although
the air gap is of great significance, no theoretical optimum has been solved for its length, but
usually empirical equations are employed instead in the definition of the length of the air
gap. In machines with an exceptionally large diameter, an air-gap ratio of
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)
— =~ 0.001 (3.22)
D, 0.00

has to be selected because of the mechanical properties of the frame and the shaft of the
machine [28].

Another empirical expression for selecting minimum air gap above the magnet surface is as,

§ ~ 0.0002 + 0.003,/7;L; (3.23)

Where, r;and L; are the air-gap radius and stack length of the machine [37].
3.7 Magnet thickness

Taking the reference of eq. (3.12), the constant K depends upon the geometrical dimension
of the machine. A superconducting machine is a high current density machine and is
supposedly compact machine compared to copper winding machine of same power. For
constant value of K, if the air gap flux is kept constant as well, the output power depends
proportionally upon the current density in the machine. The high current density may lead to
saturation in the yoke and demand for higher rotor and stator yoke thickness which can
finally end up to a heavy machine. Therefore, optimization of appropriate magnet thickness
to have a balance between air-gap flux density and current density is very important.

Un

»
Uni
Figure 3.5: Phasor diagram after increment in magnet thickness.

As displayed in Figure 3.5, the increment in magnet thickness increases the induced voltage
Eq to E'q and the current in the winding decreases for the same power. The increased
thickness also increases the equivalent air-gap length and the synchronous reactance
decreases which gives additional reduction in drop in the reactance and makes the power
angle (same as power factor angle in this case) small which finally gives increased terminal
voltage.

The further consequence of the increment in magnet thickness yields to reduced current
capacity of the converter and lesser power capacity requirement.
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4 Methodology
4.1 General

Machine design is an iterative process. In this work, a MATLAB based application SmartTool
and COMSOL with MATLAB are the major tools in design of a superconducting synchronous
generator for wind power application. A proposed design of 10 MW wind turbine generator
has been taken as a reference machine. The geometrical parameters of the machine have
been optimized with superconducting armature windings in place of copper windings using
SmartTool. The overall weight of the machine, utilization factor, power factor and the
magnetic saturation has been the parameters of major concern for optimization. The
optimized design has later on been checked for magnetic characteristics using finite element
analysis (FEA) in COMSOL with MATLAB. It has been an iterative process throughout the
design. The relative permeability and magnetic flux density at full load condition have been
regarded as the parameters for the approval of magnetic characteristics.

Three basic parameters of the machine as discussed in Section 3.1 have been kept constant
in the design process are listed in Table 4.1.

Table 4.1: Reference parameters of the machine for the design process.

Parameters Value
Rated mechanical power 10000 kW
Rated rotational speed 12.95 rpm
Desired rated voltage 3300V

The free parameters that have been kept fixed for each set of design as mentioned in
Section 3.1 are the number of poles and slots, air gap length, magnet thickness and slot
dimensions. Different machines with superconductors have been designed onwards based
on aforementioned parameters and the best one among them has been proposed as the
alternative of reference machine with copper winding.

4.2 Design tools

4.2.1 SmartTool

A Norwegian company SmartMotor AS has developed a tool for design of radial flux PMSG
with surface mounted magnets and concentrated coils. The tool can calculate and optimize
different solution for a desirable machine design, and will give a quick outline of mass, stack
length and active costs related to efficiency. The tool performs several iterations using well
known design equations and approximations for radial flux topology. Either an outer or an
inner rotor can be selected. The tool is based on MATLAB codes with analytical equations
with a graphic user interface. An appurtenant machine model is generated by the tool based
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on the results from the analytical calculations, including rotor back iron, stator back iron,
permanent magnets, stator windings and air gap. The introductory generator design should
be transferred to COMSOL to perform more accurate calculations. A list of fixed input
parameters used in the simulation tool is shown in Table 4.1. One or more of the parameters
can be chosen as variables to be optimized, where calculations on a selected number of
machines will be performed. The output panel shows the calculated values for the input
parameters of the desired design [38].

The reference machine has been proposed using SmartTool V3.2 and later on it was
upgraded to version 3.3. This work has been carried out using the latest version of
SmartTool.

4.2.2 COMSOL

The COMSOL Multiphysics engineering simulation software environment facilitates all steps
in the modeling process — defining the geometry, meshing, specifying physics, solving, and
then visualizing results.

While estimating the performance of a machine, analytical calculations may not be accurate
enough. Design calculations for coil inductance, air gap flux and magnetic leakage, iron
losses, back-emf, forces on conductors and cogging torque are difficult to evaluate
accurately by analytical calculations. They should be complimented with finite element
analysis (FEA) for better accuracy.

FEA is a numerical technique for solving partial differential equations (PDE) as well as
integral equations. The solutions either solve a steady state problem by eliminating
the differential equation completely, or reproducing the PDE as an approximating
system of ordinary differential equations (ODE). The ODE’s are evaluated by numerical
techniques such as Euler’s method, Simpson, Runge-Kutta, etc [39].

4.3 Reference machine

The reference machine for this analysis is a proposed 10 MW wind generator with copper
winding in armature. The reference machine is with an outer diameter of 12 meter, stack
length of 1.2 meter and an efficiency of 96.2 %. The weight of the generator active materials
is 60 ton, but a total weight of 200 ton has been envisaged in the proposition. A high pole
number of 198 poles and a low rotational speed of 12.95 rpm results in a frequency of 20 Hz.
A 20 MVA converter is suggested in order to connect the generator to a 50/60 Hz grid [40].

A major challenge of reducing the weight and mechanical loading of the tower have been
pointed out in the proposal. The proposed design of reference machine is focused on the
design of a 10 MW direct driven radial flux PMSG with concentrated windings and variable
speed. The rated machine power and maximum rated rotational speed of the machine are
10 MW and 12.95 rpm respectively. The optimized machine parameters in SmartTool are
shown in Figure 4.1.
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Figure 4.1: SmartTool simulation of reference machine 02/11/2010.

4.4 Modification in reference machine

The reference machine with copper winding has been observed to be excessively stressed to
magnetic saturation since the flux density in most of the part of the yoke is 2 T (Figure 4.2).
The saturation in yoke leads to noise and vibrations in the machine and higher core losses as
well [41]. Therefore, the reference machine has been redesigned with thicker yoke to limit
the magnetic flux density up to 1.7 T keeping the air gap diameter and the stack length of
the machine fixed at the same value.

The redesigned machine has been regarded as the reference machine for further analysis.
The optimized parameters of the machine are displayed in Figure 4.3 and the complete
result is attached in Appendix D.
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Figure 4.2 COMSOL Simulation of 10 MW machine (yellow area indicates a magnetic flux density around 2 T).

B SmartTool V3.3

Input panel Control Qutput panel
@ inner [Rotor| outer () () motor | generstor (@) ’ Calculate ] Geometry (main) and winding
Machine key numbers Stack length: 12184 [ilud]
f . Length with end windings: 14793  mm
Fiated h | 1 10000 30 L
et s [ Opimize | || outer active diameter: 121412 mm
Fated rotationsl spesd: 1285 | rpm Inner active diameter: 11600 mm
Desired rated voltage: 2310 "] —war [ Optimization limits ] Diameter st sir gap: 11857 1 it
Slot pitch: 1726 mm
Ajr gap length: 10 it (& Pole pitch: 188 mm
Copper operating temperature: 80 deg ’ SiotEeadics ] g:g S\igtt:: 3213 mm
. P f i it Stator back iron thickness: 926  mm
Machi et Winding vis ualization
BN EEEETY ’ ] Raotar back iron thickness: 1036 mm
(™) Machine cuter diameter: Weigth of active materials: 9045886 kg
(@ Machine inner diameter: 11800 | mm (& ’ Er—— ] Fotor momert of. inertia: 1460004 kgrm”2
Magnet length: 20 - D Mumber of turns: 25
4 ) Copper operating temper ature: g0  degC
Magnet pitchipole pitch: 0.9 [l o
) . os Cos t data Charactetistics
et O Toreue: 73774 hm
Siat depthisiot width: 0.5 ] Efficiency: 961 %
Mumber of poles: 198 [ ’ = ] coz_fi: 0.5366
Mumber of slots; 216 Electromagnetic values
) . o Freguency: 2157 Hz
Wary polefslat configuration (optimization anly ) [ ’ Save to Bxcel ] RMS ling voltags: 3359 W
RMS phase induced voltage: 16929 W
Energy density RMS phasze currert: 195747 A
- P . Fluz density in tocth 118 T
() Copper current dens ity (rms): I:‘
- . _ 272471 | g ’ Sinuctioiiorkopars ] Average flux density in air gap o=a T
@ Cumvent loading (rm=): Bctive power: 95456 KW
() Stator loss per area: Phaze inductance: 40517 pH
Flux density in stator yoke: 0.55 T |:| Synchronous pu reactance: 02475
e A
Flux density in rotor woke: 0.55 T |:| Emg gjfr’;?_; ;:;L;rdr;r;t_ el 4?,;;13?81 imm 2
Winding data Losses
Copper fill factor under wedge: 0.5 Losses in winding: F34380. W
X Mo Load Lozses inmagnets: 3614945 W
PSR G (FeIrel ) BEmERES: e Mo Load Losses in testh: 1214347 W
Mo Load Lozsses in stator yoke: 11527.05 W
Mo Load Losses in rotor yoke: 208.04 W
Stator loss per area; TaTrs  Wimh2
Slet wedge Coefficients
Thickness siot wedge o mm Distribution factar: 0958
Semimacnetic wedge? D ACIDC Loss factor: 12
Magnetic air gap shear force: 43047 W2
Cost
Material cost of windings: 092 MOk
Material cost of magnets: G020 MO
: . @ Regular input: Material cost of stator laminate: 41836 MNOK
|;5.=_t existing machine pa.ra....i| - X ) Material cost of rotor back iron: 36512 MO
st S ZERER) RS Total active cost: 90460 NOK
’ Save design ] ’ Load design ]

Figure 4.3: COMSOL simulation of redesigned reference machine.
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The dimensions displayed in the SmartTool input output panel of the machines are with very

fine accuracy which may not be practical during manufacturing but can be truncated to its

nearest practical values to have very little effect on the electrical parameters.

The noticeable changes in the new machine are the weight of the machine, RMS copper

current density, stator back iron thickness, rotor back iron thickness and losses as listed in

Table 4.2.

Table 4.2: Changes in parameters of reference machine after modification.
Parameters Reference machine Re-designed machine
Weight of the machine 60575.5 Kg 90459.8 Kg
RMS copper current density 4.17 A/mm? 4.38 A/mm?
Stator back iron thickness 53.8 mm 92.6 mm
Rotor back iron thickness 59.9 mm 103.6 mm
Losses
Losses in winding 302.65 kW 334.38 kW
No load losses in magnets 50.345 kW 36.15 kW
No load losses in teeth 5.3 kW 12.14 kW
No load losses in stator yoke 8.85 kW 11.53 kW
No load losses in rotor yoke 9.63 kW 0.21 kW

The increased current density causes increased heat generation inside the slot and it must

be within the permissible limit of temperature rise. The effect of the increment in current

density has been assessed below.

Temperature coefficient of copper at 20 °C (0ly0)= 0.0039/K [42].

Conductivity (o) of copper at 80 °C,

- 020
87 1+ ay0(Tgo — Tao)
= 56 X 10° =47 x10°S
~ 140.0039(80 — 20) /m
Power loss in the slot per unit length,
Jie . |
Poss = P Agiot,err (derived in Appendix C)
80
(4.38 x 10°)?
=—————— " - (43x86x107%)-0.5
47 x 106 ( )
=754.7W/m

Surface area for heat conduction = (43+86) x10°*2 =0.26 m?*/m
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754.7 W /m

S 2
026w m = 20 kW /m

Heat conduction along the slot per unit length =

In the original reference machine, the current density is Jac = 4.17 A/mm?, which give the
heat loss along the slot per unit length equal to 2.63 kW/m?. The additional requirement in
heat conduction along the slot per unit length is only 0.3 kW/m?. Also, the current loading
(4) in the redesigned machine after the increment in current density is 47.25 kA/m. The
changes in both parameters in the re-designed machine are tolerable for a copper winding
machine. For SC machine design, the magnetic characteristics of the redesigned machine
have been taken as reference. All the optimized machines have been stressed equally i.e.
with maximum magnetic flux density level of 1.7 to in stator and rotor yoke and teeth of the
slots.

4.5 Analysis with superconductor

4.5.1 Geometrical dimension of slot with Superconductor

The dimension of slot required for superconducting armature winding has been calculated
based on the parameters of the modified design of the wind power generator. The reference
for cross-section area of the MgB, superconductor has been taken from the data of sample
wire manufactured by Columbus Superconductor, Italy (detail specification in Appendix B).
The sample is being tested at SINTEF Energy AS for measurement of AC losses.

The number of turns has been approximated from the several preliminary simulations of the
machine with superconductor which has been assumed to be re-adjusted along with filling
factor during iterative process.

Cross-section area of the SC (A) =1.476 mm?
Number of turns in each slot (N) = 50 (assumed for initial iterations)
Total cross-section of SCin each slot (As o) = 50 x 1.476 = 74 mm?

Assuming 50 % of the space will only be occupied by the conductors and the rest will be for
circulation of cooling agent (gaseous Helium or liquid Neon),

Area required for SC placement = 74/0.5 = 148 mm? = 150 mm?

It is recommended that the minimum slot width that can be practically feasible for
construction in large machines is 30 mm. In case of SC machine, 10 mm of space from each
side of conductor will be allocated for thermal insulation. Therefore, the conductor area will
be of 10 mm x 15 mm and the slot dimension will result to be of 30 mm x 35 mm above the
slot wedge. A slot wedge thickness is assumed to be of 3 mm; hence the slot dimension will
be 30 mm x 38 mm. The physical arrangement can be depicted as in Figure 4.4.

The sharp edge of the slots as shown in the figure may give rise to local saturation and can
be chamfered during manufacturing to avoid such problem. The mechanical support
required to hold the superconductor area can be designed during development of machine
such that there will be no heat conduction between the stator and the conductor.
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Stator yoke
Thermal Insulation
Superconductors g (Vacuum)
10 mm 10 mm
Cooling agent g
Helium or Neon
( ) S Slot wedge

Figure 4.4: Slot configuration.

The cross-section of the superconductors placed inside the slots in the above figure will be
circular as shown in Figure 4.5. It consists of several superconducting filaments embedded
inside the conducting sheath (white in the picture) in matrix form. The matrix of filaments is
twisted inside the sheath to reduce the coupling current losses caused due to AC magnetic
field.

Figure 4.5: Cross-section of superconductor [43].

In the prototype synchronous machines built in past, all machines are equipped with
superconducting field windings and the stator winding is wounded with copper without iron.
Ironless machines have been preferred to avoid the saturation due to very high magnetic
field produced by the superconducting magnets. But in this case, the machine has been
designed for superconducting armature windings and permanent magnet as the source of
field. To avoid the excessive AC losses in the SC due to its direct exposure to time varying
magnetic field, conventional iron machine has been wounded with SC. The iron yoke gives
path for the magnetic flux and AC losses have been minimized in expense of reduced
capacity of machine unlike to the ironless machine. This also facilitates for less cooling
requirements as the losses in SC will be lower compared to ironless armature winding
machine.
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4.5.2 Losses evaluation

The losses evaluation for the modified reference machine with copper winding at 21.4 Hz
has been carried out using SmartTool and the same for the machine with superconductor
has been carried out using the same tool by assuming the conductivity of the copper to be
58x10"2 S/m instead of its original value of 58x10° S/m. The SmartTool in this case displays
almost no copper loss (load loss) even though, SC exhibits considerable AC loss in practical
case. The actual loss is supposed to be added from the experimental results from SINTEF.
The FEA analysis of both the cases have been carried out until the machine has been loaded
such that there is no room for further stressing the machine magnetically.

4.6 Selection of geometrical parameters

4.6.1 Air gap length selection

As mentioned earlier, machine design is an iterative process and after testing the several
combinations of geometrical parameters, the air-gap diameter of the superconducting
machine seems to be about 8 m.

According to eq. (3.22),

Air gap length (8) = 0.001:D; = 0.001 * 8 m =8 mm

And, according to eq. (3.23), for air-gap radius (r;) = 4 m and Stack length (L;) =1 m,
Air gap length (8) = 0.0002 + 0.003,/7; - L; = 6.3 mm

In large machines with prefabricated windings and open slots, the air-gap length must be
selected high enough (60-100% increase) to reduce pulsation losses [28].

Therefore, the air gap length has been selected to be 10 mm.

4.6.2 Magnet thickness

The magnet thickness of the reference machine is 20 mm. As presented in Section 3.7 and
Figure 3.3, the increment in magnet increases the air gap flux density. This provides space to
keep the current density in optimal range and hence the weight of the generator by making
the stator and rotor yoke thinner. A thin layer of magnet in a machine demands for higher
current density for the same power and leads to poor power factor of the machine.

Therefore, magnet thickness for the SC machines has been selected to be 30 mm.

4.6.3 Cooling systems arrangement

The cooling system requirement depends upon the operating temperature of the
superconductor as described in Section 2.6. In this case, gaseous Helium can be the best
alternative of cooling since the operating temperature for the MgB, conductor is most
favorable at 20 K. Depending upon the possibility of higher temperature operating
environment, liquid Neon can also be an alternative since the boiling point of LNe is 27 K.
Direct cooling system inside the slot can be arranged for an effective cooling of the
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superconducting windings. All the end turns can be cooled in gross or separately. Further
research and design may give some better picture of cooling arrangement.

4.7 Results

After several iterative procedures using SmartTool and COMSOL, three alternative
combinations have been optimized using superconductors. There should not have been any
losses in the windings in superconducting machines but some winding losses appear in the
SmartTool input/output panel which due to the assumption of finite value of conductivity for
superconductors (58 x 102 S/m). This loss has been neglected and has been further analyzed
in following chapters with AC losses caused due to time varying magnetic field. The cost
displayed in the same panel presents the weight of the individual elements of the machine
since the cost has been set as 1 NOK/Kg for each element in the SmartTool cost data.

4.7.1 Machine -1 (176 pole/192 slot machine)

Following the pole and slot combination principle as mentioned in Section 3.5, the first
machine has been optimized with 192 slots and 176 poles. The optimized geometrical can
electrical parameters are shown in Figure 4.6 and the complete result is annexed in
Appendix E. Some of the important parameters of this combination are:

Table 4.3: Major parameters of Machine - 1.

Parameters Values
Air-gap diameter 8302 mm
Stack length 1008 mm
Weight of active materials 62590 Kg
Power factor (Cosep) 0.805
Synchronous pu reactance 0.594
RMS current density 145 A/mm?
RMS current loading 90.76 kA/m

Some relevant finite element analysis (FEA) results for this combination are as follows:

Parameters Values
Phase inductance 5124 uH
Phase voltage (rms) 1433V
Total harmonic distortion (THD) in phase voltage 11.7 %
Line voltage 2482 V
Total harmonic distortion (THD) in line voltage 0.95%
Cogging torque amplitude at no-load 302.9 N'm
Mean torque at full load 7647.1 kN-m
Torque ripple amplitude at full load (pu) 0.76 %
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Figure 4.6: Optimized parameters for Machine - 1.

The no-load and full load losses in Machine -1 from FEA analysis has been obtained as:

Losses No-load Full load
Average PM loss (kW) 17.924 891.624
Max. stator core loss (kW) 14.641 36.722
Max. rotor core loss (kW) 0.223 27.327
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4.7.2 Machine - 2 (154 pole/168 slot machine)

Following the similar procedure as for Machine — 1, the combination for Machine — 2 has
been optimized with 154 pole and 168 slots. The optimized parameters are displayed in
Figure 4.7 and the list of all results follow in Appendix F.

It can be noticed in the results that the lower number of pole slot combination causes the
stator and rotor yoke thickness to increase as discussed in Section 3.5. The increased
thickness of yokes consequently yields an increment in weight of the machine as well.

Some of the important parameters of this combination are listed in Table 4.4.

Table 4.4: Major parameters of Machine - 2.

Parameters Values
Air-gap diameter 8367 mm
Stack length 1009 mm
Weight of active materials 74947 Kg
Power factor (Cosep) 0.793
Synchronous pu reactance 0.610
RMS current density 160 A/mm?
RMS current loading 87.18 kA/m

The finite element analysis (FEA) results for this machine are listed below:

Parameters Values
Phase inductance 5797 pH
Phase voltage (rms) 1404 V
Total harmonic distortion (THD) in phase voltage 13.2%
Line voltage 2432V
Total harmonic distortion (THD) in line voltage 1.15%
Cogging torque amplitude at no-load 1587.0 N°-m
Mean torque at full load 7671.7 kN-m
Torque ripple amplitude at full load (pu) 1.11 %
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Figure 4.7: Optimized parameters for Machine - 2.

The no-load and full load losses in Machine -2 from FEA analysis has been obtained as:

Losses No-load Full load
Average PM loss (kW) 16.744 1126.868
Max. stator core loss (kW) 14.682 40.621
Max. rotor core loss (kW) 0.237 30.873
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4.7.3 Machine - 3 (132 pole/144 slot machine)

The Machine — 3 has been optimized with 144 slots and 132 poles with the similar procedure
as of previous machines. The optimized geometrical can electrical parameters are shown in
Figure 4.8 and the complete list of results is presented in Appendix G.

Here, it can be observed that the reduction in number of pole and slot allows reducing the
inner diameter of the machine which is 7.8 m in this case compared to 8 m for the previous
machines. The further reduction in pole and slot has led to further increment in stator and
yoke thickness and hence in the active weight of the generator.

Some of the important parameters of this Machine — 3 are listed in Table 4.5.

Table 4.5: Major parameters of Machine - 3.

Parameters Values
Air-gap diameter 8254 mm
Stack length 1007 mm
Weight of active materials 93742 Kg
Power factor (Cosep) 0.762
Synchronous pu reactance 0.647
RMS current density 190 A/mm?
RMS current loading 88.07 kA/m

The finite element analysis (FEA) results for this combination are as follows:

Parameters Values
Phase inductance 6963 pH
Phase voltage (rms) 1370V
Total harmonic distortion (THD) in phase voltage 15.0%
Line voltage (rms) 2372V
Total harmonic distortion (THD) in line voltage 1.52%
Cogging torque amplitude at no-load 4744.7 N-m
Mean torque at full load 7756.7 kN-m
Torque ripple amplitude at full load (pu) 1.60 %
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The no-load and full load losses in Machine -3 from FEA analysis has been obtained as:

Figure 4.8: Optimized parameters for Machine - 3.

Losses No-load Full load
Average PM loss (kW) 14.093 1497.059
Max. stator core loss (kW) 14.650 43.462
Max. rotor core loss (kW) 0.331 36.650
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The parameters of the machines optimized using SmartTool can be summarized as in Table

4.6.

Table 4.6: Summary of all parameters for all machines.
Parameters Refere'nce > > >

machine machine -1 | machine - 2 | machine - 3

Rated mechincal power (MW) 10 10 10 10
Rated rotational speed (rpm) 12.95 12.95 12.95 12.95
Desired rated voltage (V) 3310 3300 3300 3300
Machine geometry
Stack length (mm) 1218.4 1007.5 1009.4 1006.8
outer active diameter (mm) 12141 8648 8759 8751
Diameter at air gap (mm) 11857 8302 8367 8254
Characteristics
Torque (Nm) 7373974 7373974 7373974 7373974
Efficiency (%) 96.1 99.9* 99.9* 99.9*
Power factor 0.837 0.805 0.793 0.762
Electromagnetic values
Synchronous pu reactance 0.5478 0.5937 0.6096 0.6472
I{Ah;lrirc]:)zp;per current density 4.38 145 160 190
RMS current loading (A/m) 47247.1 90761.5 87182.5 88066.7
Losses
Losses in winding (kW) 334.38 0 0 0
No load losses in magnets (kW) 36.15 3.55 2.41 1.14
No load losses in teeth (kW) 12.14 5.78 5.06 4.03
No load losses in stator yoke (kW) 11.53 4.49 4.63 4.03
No load losses in rotor yoke (kW) 0.21 0.015 0.009 0.004
Stator loss per area (kW/m?) 7.87 0.39 0.37 0.31
Weight of parts
Weight of active materials (Kg) 90460 62590.4 74948 93742
Magnets (Kg) 6020 5206 5226 5172

* Efficiency of the SC machines does not include the AC losses in superconductors.
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Chapter 5

5 Discussion
5.1 General

The machine design is optimization of a combination of multiple parameters. During design,
it is very difficult to optimize all the parameters favorably. In most of the cases, the tradeoff
between particular parameters decides the final machine. In this chapter, the reference
machine with copper winding and the 3 alternatives of proposed superconducting machines
have been compared in several aspects and finally one alternative has been proposed.

The major geometrical and electromagnetic parameters of the machines are enlisted in
Table 5.1.

Table 5.1: Geometrical and electromagnetic parameters of the machines.

Parameters Reference machine Machine 1 Machine 2 Machine 3
Air-gap diameter (mm) 11857 8302 8367 8254
Stack length (mm) 1218 1008 1009 1007
RS TR 90460 62590 74947 93742
materials (Kg)

Power factor (Cosep) 0.837 0.805 0.793 0.762

Synchronous reactance
0.548 0.594 0.610 0.647

(pu)
RMS current density

(A/mmz) 438 145 160 190
H AT OF 47.25 90.76 87.18 88.07

(kA/mm)

5.2 Comparison of machines w.r.t. utilization factor

The utilization factor based on mechanical torque from FEA results and apparent power of
the machine can be calculated using the expressions discussed in Section 3.2.

T _ kN-m
k=— , unit 3
P _ [kVA]
= > , unit ———
cos¢p - Df - L;*ny, m> - rpm
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Table 5.2: Utilization factor of the machines based on mechanical torque and apparent power.

Parameters Reference machine Machinel Machine2 Machine 3
Rated Power, kW 10000 10000 10000 10000
Mechanical torque (kN-m) 7640.2 7647.1 7671.7 7756.7
Air-gap diameter (mm) 11857 8302 8367 8254
Stack length (mm) 1218 1008 1009 1007
Power factor (Cose) 0.837 0.805 0.793 0.762
Utilization factor (k) 44.6 110.1 108.6 113.1
Utilization factor (C) 5.4 13.8 13.8 14.8

Table 5.2 presents that the Utilization factor of superconducting machines based on both the
torque and apparent power are around 2.5 times higher than that of the reference machine.
Among the SC machines, Machine -3 has the highest value of utilization factors by a very
small margin. Therefore, it is difficult to choose any one of the SC machines based only upon
utilization factors.

5.3 Comparison of machines w.r.t. weight

One of the major objectives of the design of superconducting machine is to reduce the
weight of the machine in comparison to conventional copper winding machine. The key
indicators based on weight are power density (power to weight ratio) and torque density
(torque to weight). Mechanical torque has been taken from the finite element analysis for
accurate indications.

Table 5.3: Power and Torque related parameters of reference machine and SC machines.

Reference

Parameters . Machine 1 Machine 2 Machine 3
machine
Rated mechanical power (kW) 10000 10000 10000 10000
Stator back iron thickness 92.6 129.4 152 5 204.6
(mm)
Rotor back iron thickness (mm) 103.6 115.9 148.3 192.1
Weight of active materials (Kg) 90460 62590 74947 93742
Power density (W/Kg) 110 160 133 106
Mean load torque at Full load 7640.2 7647.1 7671.7 7756.7
(kN-m)
Torque density (N-m/Kg) 84.5 122.2 102.4 82.8
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Weight of active materials
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Figure 5.1: Weight of the active materials of machines.

As presented in Table 5.3 and Figure 5.1, the weight of the machine -1 is the lowest one and
is lower by about 28 ton than the reference machine with copper winding. The weight of the
SC machine -1, 2 and 3 are in increasing order. It is due to the flux density in the yoke. The
highest number of poles and slot combination of machine — 1 causes least flux in the rotor
and stator yoke and therefore, it has thinnest yokes and least weight among the 3 machines.

The reduction in weight by such amount consequently lessens the weight on the tower and
the transportation weight as well. These indirect advantages of reduction of weight also save
significant cost in case of offshore wind power.

Torque density (N-m/Kg) Power density (W/Kg)
160.0 160.0
140.0 140.0
120.0 120.0
) 100.0 . 100.0 -
T 800 - T 8001
= 60.0 60.0
40.0 - 40.0
200 -~ 20.0
0.0 - 0.0 ~
Reference Machine Machlne Machlne Reference Machine Machlne Machlne
Machine 1 Machine 1
M Torque density (N-m/Kg) W Power density (W/Kg)
Figure 5.2: Torque to weight ratio of all machines. Figure 5.3: Power to weight ratio of all machines.

In addition, few key indicators of machines torque density (N-m/Kg) and power density
(W/Kg) as shown in Figure 5.2 and Figure 5.3 also prove the machine — 1 with
superconductor to be superior among the proposed 3 machines and the reference machine
with copper winding.
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For further comparison, a state-of-the-art design has been taken as the reference as shown
in Figure 5.4. The figure demonstrates an area of state-of-the-art designs. The generators
with power density and torque density data falling between this area are following the state-
of-the-art technology whereas the generators with their corresponding data located to the
right and up relative to the area are better than the conventional technology and the designs
falling to the left and down relative to the area are worse than the state of the art
technology [44].

After plotting the power density and torque density points of all the three proposed SC
machines, it is clear that all three alternatives are above the state of the art technology area
but the Machine -1 is well above and the best among the three.

1000
P,T, = 1000 *<1.5MW
m 1.5-2 MW
) A 2‘3 MW

ABB 2 MW e 3-4 MW

3-stage gear o =4 MW
. Superconducting
oo s desi
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o
)] .
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Area of sta‘Ee—of— - . 4,25 MW DD
the-art designs * T Siemens 3,6
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10
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10
Torque Density T, (Nm/kg)
Figure 5.4: Power density vs. torque density (logarithmic scale) [44].

5.4 Comparison of machines w.r.t. volume

As described in Section 3.4, the increase in current density using superconductor makes the
machine compact in volume and the Figure 5.5 delineates this impact. It is clear from the
figure that all the SC machines are less than half in volume compared to the reference
machine. The SC machine — 1 occupies the least volume among the all and has almost 2.4
times less volume than the reference machine.
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The significant decrease in volume of the generator reduces the volume of nacelle and this
will have some indirect impact in reduction in material cost and transportation cost as well.

Outer volume (m?3)
160
140
120
T 100 -
g 80
=
g 60 -
40
20
0 -
Reference Machine Mach\ne Machlne
Machine 1

Figure 5.5: Outer volume of all machines.
5.5 Comparison of machines w.r.t. power factor and terminal equipment

The power factor of all the generators is positive (leading) means each machine will inject
active power to the grid whereas consume reactive power. The power factor and
synchronous reactance of the machines are listed in Table 5.4.

In all of the three proposed synchronous machines with superconducting armature winding,
the reactive power is required to be supplied from the grid. The poor power factor of the
machines will increase the size of the converter and consequently, the cost as well. The
reactive power demand by each machine is listed in Table 5.4.

It is clear from the values listed in Table 5.4 that the power factor of Machine — 1 is the best
among the proposed three SC machines. Here, the reference machine with copper winding is
better in this context.

Table 5.4: Reactive power comparison of all machines.

Parameters Reference machine  Machine 1 Machine2 Machine 3
Rated power (P), kW 10000 10000 10000 10000
Power factor (cose) 0.8366 0.8047 0.7927 0.7623
Apparent power2 (S), kVA 11953 12427 12615 13118
Reactive Power® (Q), kVAr 6548 7378 7690 8490

Additional reactive power
demand compared to - 830 1142 1942
reference machine, kVAr

’S = P/cos¢p
Q0 =S-sing

45



Discussion Chapter 5

The demand in reactive power can be graphically represented as in Figure 5.6.

Active and reactive power capacity of all machines
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Figure 5.6: Active and reactive capacity of all machines.

From the Table 5.4 and Figure 5.6, it is evident that the reactive power demand by machine
— 1 is 830 kVAR more than the reference machine. This increase will cause the converter to
increase in size but on the other hand, it has already been described in Figure 5.1 that the
weight of the generator decreases by almost 28 ton and consequently decreases the weight
burden to the tower of the wind turbine and also decreases the size of the nacelle. In
addition, the converter is located at the base of the tower and an increment in weight does
not affect to the way the weight of the generator does.

5.6 Comparison of machines w.r.t. magnetic saturation

The dimension of the all the machines have been optimized such that the maximum flux
density in the rotor and stator yoke will not exceed 1.7 T. The reference machine has also
been optimized at same flux density. The higher flux density in core than this value will cause
saturation of the core and will lead to higher core losses. Excessive noise and vibration are
also the consequences of saturation of core. The flux density in the yoke of the machines
displayed in Figure 5.7 varies from lower to higher value as the color changes from blue to
red. The small white spots in the Figure 5.7 are beyond 1.7 T. The relative permeability of the
machine will also vary accordingly and the corresponding figures are attached in Appendix.
From the Figure 5.7, it can be observed that all the machines are magnetically equally
stressed. Any further improvement in any one of the machines will demand almost similar
change to other machines. Hence, on the basis of magnetically saturation, all the machines
are fully optimized.
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Reference machine Machine 1
(198 pole/216 slot (176 pole/192 slot
combination) combination)
Machine 3
Machine 2 (132 pole/144 slot
(154 pole/168 slot combination)
combination)

Figure 5.7: Comparison of magnetic saturation (B=0 to 1.7 T for all machines).
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5.7 Comparison of losses in the machines

Further to the comparison between the machines, it is important to discuss the no-load
losses and full load losses of the machines. Finite element analysis results have been taken
as reference for more precise information. The losses in the machines have been extracted
in Table 5.5 from the complete results presented in Appendix D, E, F and G.

Table 5.5: Summary of losses in all machines.

Reference

Parameters Machine Machine 1 Machine2 = Machine 3
FEA results
Iron loss in stator at no-load (kW) 23.593 14.641 14.682 14.650
Iron loss in rotor at no-load (kW) 1.5612 0.224 0.2374 0.331
:E&‘)Ced loss in magnets at no-load | 2 /¢ 17.924 16.744 14.093
Iron loss in stator at full load (kW) 60.757 36.722 40.621 43.462
iron loss in rotor at full load (kW) 36.787 27.327 30.873 36.650

tglvsted e e s Ll 1526.113 891.624 1126.868 | 1497.059

load (kW)
Losses in winding (kW) 334.380 o* o* 0*
Total losses at full - load(kW) 1958.037 955.653 1198.362 1577.171

*Note: AC losses in superconducting machines are not included.

From Table 5.5, it can be observed that the total loss at full load in a 10 MW of reference
machine is about 2 MW which is excessively high and very abnormal for a practical machine.
The major contributor of the loss is induced loss in magnets. In these machines, the
magnetic poles have been simulated as a single piece of magnet which are effected by eddy
current loss and time harmonics of the stator currents [45]. Therefore, these FEA results can
be taken only as a reference for comparison purpose. Even the losses of all the machines are
excessively high, for similar structure of magnet i.e. single piece of magnet per pole for all
the machines, the machine - 1 with superconductor incurs the least loss and is about 50% of
the reference machine.

The induced losses in magnets can be reduced greatly by segmentation of the magnets as
shown in Figure 5.8. The segmenting can be in axial and circumferential and the number of
segments can be decided depending upon the type of magnet and the possible length of
manufacturability as shown in Figure 5.9. Both the axial and circumferential segmentation
significantly reduces the losses and the combined effect will be even better in the direction
of reduction of induced losses in magnets [46].
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Figure 5.8: Effect of segmentation on magnet losses [47]. Figure 5.9: Axial and circumferential

segmentation of magnet [48].

The improvement in full load losses for reference machine obtained from the FEA simulation
with 17 segments (pole width is 17 cm and 1 cm of each segment) of the magnet along
circumferential direction is presented in Table 5.6

Table 5.6: Losses in reference machine with and without segmentation of magnet.

Reference Reference machine with 17
Parameters .
Machine segments of magnet
FEA results
Induced loss in magnets at no-load 677.42 13.01
(kw)
Iron loss in stator at full load (kW) 60.76 60.99
iron loss in rotor at full load (kW) 36.79 37.31
Induced loss in magnets at full load 1526.11 18.41
(kw)
Losses in winding (kW) 334.38 335.25
Total losses at full - load(kW) 1958.04 451.96

The results in Table 5.6 and the graphical representation in Figure 5.10 evidently assert that
the induced loss in magnet at full load with segmentation is only 7 % of the same without
segmentation. The stack length of the machine is 1.2 m and due to manufacturability limits,
there will be some further segmentation in axial direction as depicted in Figure 5.9 and
hence further reduction in induced losses can be achieved.
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Induced losses in magnets in reference machine
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Figure 5.10: Induced losses in magnets of reference machine with and without segmentation.

Based on the results listed in Table 5.6 and Figure 5.8, it can be assumed that the similar
segmentation for the SC machine will yield similar reduction in induced losses and will have
very low total loss at full load. Since the major objective of this work was to study the effect
of superconducting windings on dimensions of the machine, the segmented magnet has not
been implemented and simulated. In the way to further development of superconducting
machine, it is regarded as a future work to analyze the machine with segmentation of
magnet or a conducting foil around the rotor to avoid the induced losses in magnets.

5.8 Harmonics and cogging torque

5.8.1 Harmonics

Harmonic content in voltage or current is used to measure the power quality of any system.
Harmonics is the presence of component multiple of fundamental frequency component in
voltage or current of a machine. Total harmonic distortion (THD) is one of the most
important parameter to measure the harmonic content in output emf of any machine. THD
is the summation of all the harmonic component of voltage compared to the fundamental
component. It can be expressed mathematically as in eq. (5.1).

CNVEAVEAVE 4+ V2 (5.1)

THD % %100 %

Where, V,, V3, V4 ... V, are harmonic component and V; is the fundamental component of the
emf of a machine.

A regulation promulgated by Danish Energy Authority mentions that THD for large wind
power generators should be smaller than 1.5 % [49].

The THD present in the phase voltage and line voltage of the reference machine and
proposed SC machines are listed in Table 5.7.
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Table 5.7: THD in phase and line voltage of all machines.
Parameters Reference machine Machine-1 Machine -2 Machine - 3
st
Phase voltage, 1 1628 1433 1404 1370
harmonics (rms), V
Phase voltage 1610 1277 1234 1186
maximum (rms), V
THD (%) 1.14 % 11.70 % 13.20 % 15.00 %
. st
Line voltage, 1 2820 2482 2432 2372
harmonics (rms), V
Line voltage maximum 2847 2467 2409 2336
(rms), V
THD (%) 1.13% 0.95% 1.15% 1.52%

It can be observed from the Table 5.7 and Figure 5.11 that there is quite high content of
harmonics in phase emf of superconducting machines compared to the reference machine. It
is due to the presence of high amplitude harmonic emf, predominantly due to 3" harmonics.
But, in three phase power system, line voltage is the important parameter rather than the
phase voltage and evidently as shown in Figure 5.12, the 3" harmonic component is
completely eliminated due to star connection of the generator terminals. Consequently, the
total harmonic distortion of the SC machines reduces to 1.0 — 1.5 % which is in range of the
tolerable limit recommended by Danish Energy Authority for wind power machines.

Phase EMF

EMF, Maksverdi: emf2 = 18053063
S T T 1

ampl.
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Figure 5.11: Waveform and harmonic content of phase
voltage of Machine - 1.
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Figure 5.12: Waveform and harmonic content of line
voltage of Machine - 1.

From Table 5.7, the numerical values of THD for machine — 1 is even lower than that of

reference machine and the other SC machines.
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5.8.2 Cogging torque

Cogging torque is the torque due to the interaction between the permanent magnet poles
on the rotor and the stator slots. Such torque causes ripple in mechanical torque produced
by the machine which leads to mechanical vibration, acoustic noise and problems [50, 51].
Therefore, cogging torque should be minimized during the design process.

The cogging torque in the reference machine and the proposed machines with
superconductors obtained from FEA results are shown in Table 5.8.

Table 5.8: Cogging torque and torque ripple of all machines.

Parameters Reference machine Machine-1 Machine-2 Machine-3
Cogging torque amplitude 393.2 302.8 1587 4744.7
at no-load (N.m)
Mean torque at full load 7640.16 7647.11 7671.71 7756.74
(kN.m)
Torque ripple amplitude 0.84 % 0.76 % 1.11% 1.60 %

at full load (pu)

Here, it can be observed that the no-load cogging torque and torque ripple at full load
produced in proposed SC machine -1 is lowest among all the SC machines and the reference
machine.

5.9 Selection of machine

The analysis in Section 5.1 to 5.8 compares the several parameters of the reference machine
(copper winding machine) and the three other machines optimized with superconducting
armature winding.

Figure 5.13 summarizes the weight and volume characteristics of all machines. The vertical
axis represents the weight of the machine. Here, the SC Machine — 1 is at lowest level
representing the least weight and has smallest outer diameter among all the machines. It
can also be noticed in the figure that moving from Machine — 1 in direction to Machine — 3,
the yoke thickness is increasing. The decreasing number of pole and slot combination
consequently increases the flux density in the core which causes the yoke to become thicker
and the overall machine weight to be heavier. Hence, Machine — 1 has the best
characteristics among the all machines discussed here.

As compared in previous sections, the superconducting machine -1 can be compared to the
reference machine in Figure 5.14. The figure displays the advantage of SC machine with
reduction in the volume of the nacelle corresponding to the reduction in volume of the
generator. The volume and weight reduction in case of offshore wind power application
have further indirect benefits like cost reduction in transport weight and in material cost of
the nacelle.
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Figure 5.13: Comparison of diameter and weight of all machines.
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Figure 5.14: Comparison of Copper winding machine and SC winding machine.
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The other characteristics can also be mapped as in Table 5.9. The mapping shows that
Machine 1 (with 176 pole and 192 slots) has almost all characteristics better than the rest of
the alternatives. The Torque resulted from FEA simulation is 7647.1 kN-m for Machine — 1
and 7756.7 kN-m for Machine — 3 which is about 1.4 % higher than the first one. Also, the
weight of the magnet used in machine — 3 is 5172 Kg whereas that for machine — 1 is 5206 Kg
A merely 34 Kg extra weight of magnet cannot be an inferior quality since the machine -1 has
very low weight compared to machine — 3 and all other features.

Table 5.9: Map of the characteristics of superconducting machines.

Parameters Machine -1 | Machine - 2 | Machine -3 Remarks
Power (kW) 10000 10000 10000
Torque (N.m) < Highest based
on FEA results

Weight (Kg) X Lowest
Power to Weight ratio « Highest
(W/Kg)
Torque to Weight ratio « Highest
(N-m/Kg)
Outer volume X Lowest
Weight of the magnet used X Lowest
Power factor X Best
Synchronous reactance X Lowest
Utilization factor based on .

X Highest
Torque (k)
Utilization factor based on .

X X Highest
apparent power (C)
Size of converter required X Smallest
Total harmonic distortion

X Least
(THD)
Torque ripple X Least

Based on all of the design characteristics of superconducting machines presented in this
chapter, Machine — 1 can be selected as the best alternative with superconducting armature
winding.
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5.10 Limit of AC loss in superconductor

All the no-load loss components for SC machine are lower than that of reference machine.
The SC machine draws smaller current at no-load than that of reference machine and
therefore, has lower losses at no-load. In full load operation, the copper winding has a higher
losses due to its finite resistivity and in this case, the reference machine has a copper loss of
334.38 kW where as there is no loss in SC machine (the 11.37 W of loss displayed in output
panel of SmartTool is due to the finite conductivity of 58x10™ S/m set in SmartTool). There
must be some AC losses due to varying magnetic field inside the slot i.e. inside the conductor
area. The experimental results was supposed to take into account to determine the actual
loss in the SC machine and to calculate the efficiency but it could not be received from
SINTEF due to some delay in measurements. The measurements of AC losses for MgB,
superconducting wire from Columbus Superconductor, Italy are yet to be carried out.
Therefore, the permissible losses in the SC wire that can be tolerated for this design in
comparison to reference machine have been determined.

According to [52], MgB, wires would be suitable for applications at 20 K in low magnetic
fields (critical temperature, T, of MgB, is 39 K [53]) which is easily obtainable using
commercially available cryocoolers. Therefore, 20 K has been taken as operating
temperature of MgB, superconducting wire.

T, - T 300 — 20
Carnot factor,  Ncarnor = aml;l low o =14
ow

The actual efficiency of real refrigerators is often only 10% of the Carnot efficiency [54].
Therefore, taking into account the cooling efficiency of cryogenic refrigerator as 10%,

Cooling penalty factor, Nep = Nearnot ——— = 14 X = 140

ncooling 10%

Since the superconductors in the AC armature winding will be thermally isolated from the
rest of the machine parts, the losses in the windings will only be accountable for the
cryogenic cooling system. The comparable loss for the SC machine w.r.t. copper winding
machine is only the losses in winding. The relation between AC losses in SC (P,.) and
equivalent losses in copper winding (P.,,) can be established as:

Pac X Nep < Py

p P _334380W
= —_— =
S e 140

i.e. 2388 W of full load AC losses can be tolerated in SC machine at a varying field with peak
flux density of 0.39 T.

One of the comparable parameter of AC losses in superconductor is per unit current and per
unit length losses in mW/A-m.

Active length of the machine (L) = 1008 mm
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Straight tooth width (W) = 105 mm
Slot width (Ws) = 30 mm

The mean length of the end turn outside the slot can be assumed to be half circle with a
diameter of (W + W) = 135 mm diameter.

Length of end winding of one turn of SC machine (l,,4) = (L + ™x135/2) mm = 1220 mm
Total length conductor used in the machine (l;,;) = long* NUmMber of turns x number of slots

=1.22mx34x192

=7965m
Full load current (I¢;) = 2178 A
Number of parallel paths (z) =6
Full load current throught each conductor (I¢;.) = 1;_1 = 21768 4 =363 A
P, 2388 W

P it t it length 1 in SC = =
er unit current per unit ieng osses 1In Iflc < ltot 363 A4 X 7965 m

= 0.82 mW
T Am

According to [55], the AC loss measurement on Ag/Bi (2223) at 77 K, frequency of 47 Hz and
an applied field of B = 63 mT, the normalized power loss (P.. /Ic) per metre of conductor
length without twisting is 0.68 mW/Am and 0.53 mW/Am with twist, respectively.

Calculations of AC losses using mathematical equations presented in Table 2.1

Taking reference of the Inspection Report of DC superconductor from Columbus
superconductor attached in Appendix B,

Cross-section of superconductor wire (A) = 1.476 mm?*

Then, the radius of the conductor,

A /1.476
Rz\/iz — = 0.685mm
T T

At an operating temperature of T = 20 K, Critical current density J. = 281.2 A/mm? and critical
transport current I =415 A.

Using the expression mentioned in Table 2.1,

) - 2uo/;R (2 x4m-1077 x 281.2- 107 x 0.685 - 107%)
») = -

Penetration depth (b -

=0.154T

56



Chapter 5 Discussion

From the results shown in Figure 5.15, the peak magnetic field inside the slot is 0.39 T,

i.e.bo=0.39T.
Magnetic Aux density, narm [T]
04 : r

0.35

0.3
E

E 025
2

E 0.2
2
%

5015
L
=

0.1
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o : . . : . .
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Time
Figure 5.15: Variation of flux density at the center of a slot.
Now,
b, 039T 553
b, 0.154T = °

The hysteresis loss per unit volume per cycle will be
4b; ((2—B71)

BE < B >

=102.36- 103 J/m3/cycle

h

The total loss can be calculated using the eq. (2.3)
PoclW/m]=f-Cr-A-Qn=287W/m

Here, the fitting parameter, G has been taken as 1 in this case since the sample
superconductor from Columbus Superconductor is of DC type and the coupling effect is quite
dominant in such type making all the filament matrix to behave has a single conductor.

Normalized AC loss per unit length per ampere,

w w
p [ |1/74 ]_Pac[_]_2'87m_ mWw
“lA-ml™ Iy 3634 TTA-m

Similarly, the AC loss due to transport current (Q;) can be calculated using eq. (2.2)
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.Uolcz , , (2—-10)i
= 1—1)-In(1 -
Q¢ - l( )-In(1—-10)+ >

where,

I, 3634 0.875

1. 4154

41 -1077 X 4152 (2 -0.875) - 0.875

Q, = - (1-0.875) - In(1 — 0.875) + >
=0.016 J/m*/cycle

Since this calculated loss due to transport current is very small compared to hysteresis loss, it
can be neglected for this analysis.

The experimental measurements for a mono-filamentary MgB, wire as shown in Figure 5.16
shows a loss of 4x10% J/m3/cycle at an AC magnetic field of 400 mT and an operating
temperature of 30 K [56]. The normalized loss according to this measurement in this case
using the eq. (2.3) results to be 1.12 W/m and for a current of 363 A, it will be as 3 mW/A-m.

Figure 5.16: Cross-section of a mono-filamentary wire [56].

The above calculations can be summarized as follows:

Context Normalized loss in mW/A-m

Tolerable loss in proposed superconducting machine at an
operating temperature of 20 K, AC field of 0.39 T and with a 0.82 mW/A-m
round cross-section of conductor to be 1.476 mm?

Hysteresis loss in the proposed machine — 1 with DC
superconductor wire where maximum coupling between 7.90 mW/A:m
filament has been considered (using eq. in Table 2.1)

Hysteresis loss in proposed machine - 1 calculated using the

experimental measurements in [56] 3.0 mW/A‘m
AC loss on Ag/Bi (2223) at 77 K, frequency of 47 Hz and an

applied field of B = 63 mT without twisting [55] 0.68 mW/A:m
AC loss on Ag/Bi (2223) at 77 K, frequency of 47 Hz and an 0.53 mW/Am

applied field of B = 63 mT with twisting [55]
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From the calculations above, it can be conferred that to have same losses as in copper
conductor machine, the AC superconductor wire should be manufactured such that it will
possess at least 10 times lower loss than the dc superconductor attached in Appendix B. This
requirement can be met by making thinner filament and applying twisting configurations or
some other new technology to avoid coupling between the filaments.

The calculated value of 0.82 mW/A-m refers to 0.39 T of magnetic field which is 6 times
higher than the losses measured in [55] and, therefore, the calculated loss requirement is
challenging. But, the data corresponding to 20 K of operating temperature and the
experimentally measured data from SINTEF would have been relevant for comparison. Since,
further research is still going on in field of AC superconductors, the loss of 0.82 mW/A-m for
an applied field of 0.39 T may be envisaged for a viable ac machines with superconducting
armature windings.

Even the machine can achieve a utilization factor of about 2.5 times higher with the use of
superconductor, the cost associated with it is relevant to discuss. The additional costs
associated are mechanical arrangement of coils and cooling ducts, cooling of end turns and
the cost of the cryo-cooler. In case of offshore wind power where the transportation cost
and volume of the equipment also increase the cost significantly, the reduction in volume
and weight of wind power generator with application of SC may lead to practical ease in the
development.

5.11 Effect of increased thickness of magnet

As discussed earlier in Section 5.5, superconducting machines have lower power factor and
consumes higher reactive power than the copper winding reference machine. This effect can
be minimized to some extent by using some additional magnet on the rotor which is
equivalent to increasing the excitation in a wound rotor machine.

The significant parameters affected by the change in magnet thickness can be summarized
as in Table 5.10. The complete result is attached in Appendix H.

Table 5.10: List of parameters changed with increase in thickness of magnet.

Reference SC machine-1 SC machine-1
Affected parameters . . .

machine (with 30 mm magnet) (with 50 mm magnet)
Power factor 0.84 0.80 0.91
Synchronous reactance 0.55 0.59 0.42
Weight of magnet used 6020 Kg 5206 Kg 8653 Kg
Total weight of active 90460 Kg 62590 Kg 53444 Kg
materials of the generator
Reactive power 5.48 MVAr 5.94 MVAr 4.17 MVAr

requirement
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From the Table 5.10, it can be observed that the weight of the proposed machine can further
be decreased by about 9 ton using higher amount of magnet. Referring to eq. (3.12), the
increase in magnet thickness increases the air-gap flux density (Bs;) and a smaller current
density (A) is required to achieve the same power. The smaller current density adds up
smaller field in the core and it helps to reduce the stator and rotor yoke thickness; and hence
the total weight of the machine also comes down.

Weight of magnet (Kg) 14.00
10000 12.00
10.00
8000
8.00
6000
6.00
4000 200 B
2000 500 B
0 ' 0.00
Reference SCmachine SC machine Reference 5C machine SC machine
machine (30 mm magnet) (50 mm magnet) machine (30 mm magnet) (50 mm magnet)
W Weight of magnet (Kg) m Rated Power (MW) m Apparent Power (MVA) m Reactive Power (MVAr)
Figure 5.17: Effect on weight of magnet. Figure 5.18: Effect on reactive power due to magnet thickness.

As presented in Figure 5.17, the weight of the magnet increases by weight by 3447 Kg (from
5206 Kg to 8653 Kg) and can be the additional burden in cost but it may be overcome by the
reduction in total weight and size of the machine and consequently in reduction of the size
of the nacelle and reduction in weight burden of the tower.

The increase in magnet thickness leads to increased induced voltage and hence better power
factor than the proposed machine — 1 with 30 mm of magnet. The power factor of the
machine improves from 0.80 to 0.90 which will help to decrease the size of the converter as
well compared to the size required in combination with the copper winding reference
machine. As displayed in Figure 5.18, the reactive power requirement decreases by almost 2
MVAr than that in case of SC machine with 30 mm of magnet.

Based upon the above comparisons, a SC machine with 50 mm of magnet can also be an
alternative which needs to be further analyzed for economic parameters, especially the cost
comparison of magnet weight versus cost of converter capacity for reactive power demand.
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6 Conclusion and future work

6.1 Conclusion

As presented in this work, using superconductor, a 10 MW wind power generator with outer
diameter of 12.1 m and a weight of 90 ton can be squeezed to a size with diameter of 8.8 m
and a weight of 62 ton. Evidently, it seems promising in application of wind power machine
where the weight burden on tower, transportation weight and volume of the appurtenances
are of great importance. The reduction in volume of the superconducting machine increases
the utilization factor by almost 2.5 times of the conventional copper winding machine based
on both the mechanical torque and apparent power.

The AC losses associated with superconductors while employed in armature winding is a
matter of serious concern. A penalty factor of 140 has been calculated for MgB,
superconductor at an operating temperature of 20 K. It has been found that a
superconductor with normalized AC loss of 0.82 mW/A‘m can make a 10 MW
superconducting machines to have equal loss as of copper winding machine. Therefore, any
superconductor with a unit loss lower than 0.82 mW/A-m can be an alternative of copper
winding machine in compact volume and reduced weight.

The mathematical calculation shows that a DC type MgB, superconductor will have a loss of
7.9 mW/A-m with a cross-section of 1.476 mm? at 20 K in presence of an AC magnetic field of
0.39 T. Hence, referring to the tolerable loss limit of 0.82 mW/A-m, it can be deduced that
AC superconductors need some technology to reduce the losses in DC superconductors by at
least 10 times to be feasible in comparison to copper winding machine.

Some negative aspects of the superconducting machines can also be observed are the poor
power factor and the requirement of additional equipment for cooling of superconductors.
These negative aspects of the machine can be compensated from a huge reduction of 28 ton
weight in active parts of the generator and a 2.5 times reduction in its volume.

Another approach to have a further improvement in electrical characteristics of the
superconducting machine is to increase the thickness of permanent magnet by 20 mm (from
an earlier design with 30 mm to 50 mm) which yields a reduction of further 9 ton of weight
than the SC machine with 30 mm of magnet and an improved power factor in the machine
Further to this, it demands about 2 MW of lesser reactive power than of copper winding
machine but with an additional magnet of 2633 Kg. Therefore, the SC machine — 1, either
with 30 mm or 50 mm of magnet can be selected depending upon the cost per unit of
reactive power and magnet.

Finally, it can be concluded that wind power generators with superconducting armature
windings can be an attractive alternative in future as the reduction in weight and volume of
the machine saves significant material and cost.
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6.2

Future work

The conclusion lacks the comparison of electrical losses between the copper winding
machine and that with superconductors due to unavailability of experimentally
measured data of AC superconductors. The experiment is being carried out at SINTEF.
The actual value of AC losses will give idea of cooling equipment and the feasibility of
superconducting machines.

The exact size and cost of cryo-cooler should be considered for final selection of the
system. The analysis shows that the converter size may increase due to higher
demand of reactive power and therefore, cost and efficiency of converter should also
be taken into account for selection of an overall system.

The increase in magnet thickness shows the system to be even more compact but the
cost of magnet may be a burden. Detail cost analysis should be carried out of the
machine.

Superconducting machine seems to be attractive in context of weight and dimension
but the mechanical assembly seems to be challenging. The arrangement of cooling in
the slots, connecting the series coils, cooling of end turns need further research to
execute in practice. Cooling seems even more challenging if the conductors are glued
inside epoxy to avoid vibration due to electromagnetic forces acting on it.

Since this work has been carried out with an imagination of superconductor inside
the steel core slots with insulation around it. The FEA simulation with exact
configuration i.e. insulation around the conductors inside the slots and with
segmentation of magnets is also necessary to refine the presented results in this
work.

62



References

[1]

[2]

[3]

[4]

[5]

[6]

[7]
[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

J. Eck. (2010). Type 1 Superconductors. Available:
http://www.superconductors.org/Typel.htm

R. W. Dull. (1994). A Teachers Guide to Superconductivity for High School Students.

T. Vieru. (2012, 2012.05.16). Superconductivity Understood at a Microscopic Level.
Available: http://news.softpedia.com/news/Superconductivity-Understood-at-a-
Microscopic-Level-262433.shtml

(1996, 2011/08/25). Fundamentals of Superconductor. Available:
http://www.ornl.gov/info/reports/m/ornlm3063r1/pt3.html

S. S. Kalsi, "HTS Superconductors," in Applications of High Temperature
Superconductors to Electric Power Equipment, ed: John Wiley & Sons, Inc., 2011, pp.
7-34.

M. Tinkham, Introduction to Superconductivity: Dover Publications, 2004.
Meissner effect. Wikipedia, The free encyclopedia, 2012, p.*pp. Pages.

R. Nave. Superconductivity. Available: http://hyperphysics.phy-
astr.gsu.edu/hbase/solids/scond.html

M. P. Oomen, "AC loss in superconducting tapes and cables," Enschede, The
Netherlands, 2000.

R. M. Scanlan, A. P. Malozemoff, and D. C. Larbalestier, "Superconducting materials
for large scale applications," Proceedings of the IEEE, vol. 92, pp. 1639-1654, 2004.

M. Chen, L. Donzel, M. Lakner, and W. Paul, "High temperature superconductors for
power applications," Journal of the European Ceramic Society, vol. 24, pp. 1815-1822,
2004.

M. Tomsic, M. Rindfleisch, J. Yue, K. McFadden, J. Phillips, M. D. Sumption, M. Bhatia,
S. Bohnenstiehl, and E. W. Collings, "Overview of MgB2 Superconductor
Applications," International Journal of Applied Ceramic Technology, vol. 4, pp. 250-
259, 2007.

J. Eck. (2010). Uses for Superconductors. Available:
http://www.superconductors.org/Uses.htm

A. Grauers, "Design of Direct-driven Permanent-magnet Generators for Wind
Turbines," Institutionen for elkraftteknik, Elmaskinteknik och kraftelektronik,
Chalmers tekniska hogskola, 1996.

O. Anaya-Lara, N. Jenkins, J. Ekanayake, and P. Cartwright, "Wind Energy Generation:
Modelling and Control," ed: John Wiley & Sons, 2009, pp. 99-103.

S. S. Kalsi, "Rotating AC Machines," in Applications of High Temperature
Superconductors to Electric Power Equipment, ed: John Wiley & Sons, Inc., 2011, pp.
59-128.

A. M. L.-. Energy. (2009). Superconducting Generators, an “Industrial Revolution” in
Energy. Available: http://www.amlcleanenergy.com/why-offshore-first/page-4/

63


http://www.superconductors.org/Type1.htm
http://news.softpedia.com/news/Superconductivity-Understood-at-a-Microscopic-Level-262433.shtml
http://news.softpedia.com/news/Superconductivity-Understood-at-a-Microscopic-Level-262433.shtml
http://www.ornl.gov/info/reports/m/ornlm3063r1/pt3.html
http://hyperphysics.phy-astr.gsu.edu/hbase/solids/scond.html
http://hyperphysics.phy-astr.gsu.edu/hbase/solids/scond.html
http://www.superconductors.org/Uses.htm
http://www.amlcleanenergy.com/why-offshore-first/page-4/

References

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]
[28]

[29]

[30]

[31]

[32]

W. Cao, "High-Temperature Superconducting Wind Turbine Generators," in Wind
Turbines, D. |. Al-Bahadly, Ed., ed: InTech, 2011, pp. 623-638.

M. Daumling, S. K. Olsen, C. Trazholt, D. W. A. Willen, and A. Kuhle, "AC loss in
superconducting power cables," Studies of High Temperature Superconductors (A.
Narlikar, ed.), vol. 33, p. 39, 2000.

N. Magnusson, "AC Losses in High-temperature Superconducting Tapes: Calorimetric
Measurement System and Semi-emperical Modelling," Ph.D. Dissertation, Electrical
Power Engineering, Royal Institute of Technology, Stockholm, Sweden, 2000.

W. T. Norris, "Calculation of hysteresis losses in hard superconductors carrying ac:
isolated conductors and edges of thin sheets," Journal of Physics D: Applied Physics,
vol. 3, p. 489, 1970.

M. Ciszek, A. M. Campbell, S. P. Ashworth, and B. A. Glowacki, "Energy dissipation in
high temperature ceramic superconductors," Applied Superconductivity, vol. 3, pp.
509-520, 1995.

C. Kittel, "Introduction To Solid State Physics," ed: John Wiley & Sons, 2005, pp. 273-
278.

C. P. Bean, "Magnetization of High-Field Superconductors," Reviews of Modern
Physics, vol. 36, pp. 31-39, 1964.

N. Magnusson, "Semi-empirical model of the losses in HTS tapes carrying AC currents
in AC magnetic fields applied parallel to the tape face," Physica C: Superconductivity
and its Applications, vol. 349, pp. 225-234, 2001.

S. P. Ashworth and D. W. Reagor, "A novel cooling scheme for superconducting
power cables," Cryogenics, vol. 51, pp. 161-167, 2011.

D. C. Hanselman, Brushless permanent-magnet motor design: McGraw-Hill, 1994.

J. Pyrhénen, T. Jokinen, and V. Hrabovcova, Design of rotating electrical machines:
Wiley, 2008, pp. 281.

D. Bang, H. Polinder, G. Shrestha, and J. A. Ferreira, "Review of Generator Systems for
Direct-Drive Wind Turbines," presented at the Electrical Power Processing / DUWIND,
Delft University of Technology, Mekelweg 4, 2628 CD Delft, The Netherlands, 2008.

H. J. Gutt and A. Griner, "Definition of power density as a general utilization factor of
electrical machines," European Transactions on Electrical Power, vol. 8, pp. 305-308,
1998.

M. Lindner, P. Brauer, and R. Werner, "Increasing the Torque Density of Permanent-
Magnet Synchronous Machines using Innovative Materials and Winding
Technologies," in 9th International Multi-Conference on Systems, Signals and Devices,
Chemnitz, Germany, 2012.

T. Haring, K. Forman, T. Huhtanen, and M. Zawadzki, "Direct drive-opening a new era
in many applications," in Pulp and Paper Industry Technical Conference, 2003.
Conference Record of the 2003 Annual, 2003, pp. 171-179.

64



References

[33]

[34]

[35]
[36]

[37]

[38]

[39]

[40]
[41]

[42]
[43]

[44]

[45]

[46]

[47]

[48]

F. Libert and J. Soulard, "Design Study of a Direct-Driven Surface Mounted Permanent
Magnet Motor for Low Speed Application," Proceedings of Symposium on Advanced
Electromechanical Motion Systems Electromotion, vol. 1, pp. 252-257, 2003.

J. E. Rucker, "Design and analysis of a permanent magnet generator for naval
applications," Dept. of Electrical Engineering and Computer Science, Massachusetts
Institute of Technology, Massachusetts Institute of Technology, 2005.

B. Kristoffersen, "Electrical machine," United States Patent, 2003.

F. Libert and J. Soulard, "Investigation on Pole-Slot Combinations for Permament
Magnet Machines with Concentrated Windings," Proceedings of the International
Conference on Electrical Machines, ICEM 2004, pp. 530-535, 2004.

M. G. Say, The performance and design of alternating current machines;
transformers, three-phase induction motors and synchronous machines: Pitman
paperbacks, 1968.

A. Matveev, R. B. Ummaneni, E. M. Husum, B. Noddeland, N. Rotevatn, and A. Rgkke,
"SmartTool," 2011.

(2011.10.22). COMSOL Multiphysics. Available:
http://www.comsol.com/products/multiphysics/

H. E. Leiseth and R. Nilssen, "10 MW Reference Wind Turbine," 2010.

N. Bracikowski, D. llea, F. Gillon, M. Hecquet, and P. Brochet, "Design of permanent
magnet synchronous machine in order to reduce noise under multi-physic
contraints," in Electric Machines & Drives Conference (IEMDC), 2011 IEEE
International, 2011, pp. 29-34.

D. J. Griffiths, Introduction to electrodynamics: Prentice Hall, 1999.

(2012). Shape, dimensions and materials. Available:
http://www.columbussuperconductors.com/shape.asp

Z. Zhaogiang, A. Matveev, S. Ovrebo, R. Nilssen, and A. Nysveen, "State of the art in
generator technology for offshore wind energy conversion systems," in Electric
Machines & Drives Conference (IEMDC), 2011 IEEE International, 2011, pp. 1131-
1136.

H. Polinder and M. J. Hoeijmakers, "Eddy-current losses in the segmented surface-
mounted magnets of a PM machine," Electric Power Applications, IEE Proceedings -,
vol. 146, pp. 261-266, 1999.

K. Yamazaki and Y. Fukushima, "Effect of Eddy-Current Loss Reduction by Magnet
Segmentation in Synchronous Motors With Concentrated Windings," [EEE
Transactions on Industry Applications, vol. 47, pp. 779-788, 2011.

J. Kl6tzl, M. Pyc, and D. Gerling, "Permanent magnet loss reduction in PM-machines
using analytical and FEM calculation," in 2010 International Symposium on Power
Electronics Electrical Drives Automation and Motion (SPEEDAM), 2010, pp. 98-100.

M. Mirzaei, A. Binder, and C. Deak, "3D analysis of circumferential and axial
segmentation effect on magnet eddy current losses in permanent magnet

65


http://www.comsol.com/products/multiphysics/
http://www.columbussuperconductors.com/shape.asp

References

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

synchronous machines with concentrated windings," in Electrical Machines (ICEM),
2010 XIX International Conference on, 2010, pp. 1-6.

Wind Turbines Connected to Grids with Voltages above 100 kV, Technical Regulations
for the properties and the regulation of Wind Turbines, Danish Energy Authority,
2004.

Z. Q. Zhu and D. Howe, "Influence of design parameters on cogging torque in
permanent magnet machines," in Electric Machines and Drives Conference Record,
1997. IEEE International, 1997, pp. MA1/3.1-MA1/3.3.

L. Dosiek and P. Pillay, "Cogging Torque Reduction in Permanent Magnet Machines,"
in Industry Applications Conference, 2006. 41st IAS Annual Meeting. Conference
Record of the 2006 IEEE, 2006, pp. 44-49.

K. Kajikawa, T. Kawano, R. Osaka, T. Nakamura, M. Sugano, M. Takahashi, and T.
Wakuda, "AC losses in monofilamentary MgB 2 round wire carrying alternating
transport currents," Superconductor Science and Technology, vol. 23, p. 045026,
2010.

J. Nagamatsu, N. Nakagawa, T. Muranaka, Y. Zenitani, and J. Akimitsu,
"Superconductivity at 39 K in magnesium diboride," Nature, vol. 410, pp. 63-64, 2001.

T. P. Sheahen, "Introduction to high-temperature superconductivity," ed: Plenum
Press, 1994, pp. 63-64.

X. D. Su, G. Witz, K. Kwasnitza, and R. Flikiger, "Fabrication of square and round
Ag/Bi(2223) wires and their ac loss behaviour," Superconductor Science and
Technology, vol. 15, p. 1184, 2002.

C. Seyong, T. Kiyoshi, K. Jung Ho, and D. Shi Xue, "AC Loss in MgB, Superconducting
Wires at Various Operating Temperatures," Applied Superconductivity, IEEE
Transactions on, vol. 21, pp. 3342-3346, 2011.

66



Appendices

67



This page is intentionally left blank.



Table of contents

Appendix A Possible pole slot combinations ..........cceiviecciiiei e, 73
Appendix B Specification of MgB, superconductor........cccccuvveiiciiiee e 74
Appendix C Derivation of power 1055 iN SIOt.......ccccuiiiiiiiiiie e 75
Appendix D FEA results of reference maching.........cccooeciveeiecieee e 76
Appendix E FEA results of Machine — 1 (176 pole 192 SIotS)......cccccvveeeiiiieeeeiciieee e, 88
Appendix F FEA results of Machine — 2 (154 pole 168 SIotS).......cccccvveeeeciieeeecciieee e, 101
Appendix G FEA results of Machine — 3 (132 pole 144 SI0tS) ...ceeevecieeeeeiciieee e, 113
Appendix H FEA results of Machine — 1 (176 pole 192 slots with 50 mm magnet)......... 125
Appendix | FEA results of reference machine with segmentation of magnet................ 137
List of figures

Figure D.1: Combined input and output panel of reference machine..........cccccoceeeeiiveeennnnn. 76
Figure D.2: Input parameters of reference machine. .........ccccovveieiiiiie e, 77
Figure D.3: Magnetic flux density at N0-10ad. .......c.eevveiiiiiiieie e 77
Figure D.4: EMF plot under no-load condition..........coocciiiiiiiiiiie e 78
Figure D.5: EMF waveform and harmonics of phase 1 EMF. ........cccoceviiiiieiiiniieee e 79
Figure D.6: EMF and harmonics of line voltage 1. ......cccveveeiiiiecceeee e, 79
Figure D.7: EMF waveform and harmonics of phase 2 EMF. .......ccccceeieeiiiicciiiieeeee e, 79
Figure D.8: EMF and harmonics of [ine voltage 2. .......ccveveiiei e, 79
Figure D.9: EMF waveform and harmonics of phase 3 EMF. .......cccoveeeeeiiiiiciiiieeeeee e, 79
Figure D.10: EMF and harmonics of lin@ VOItage 3. .....ccovveeeiiiiieiiieeeeeee e 79
Figure D.11: Zoomed in part of core with maximum flux density under full load condition. . 80
Figure D.12: Plot of full 10ad tOrqUE. ... e 80
Figure D.13 Plot of amplitude and harmonics of full load torque. ......cccoevecciiiieeeeirecee, 81
Figure D.14: FUll [0Ad PIM IOSSES. ...uvveeieeeieiecirieeeee e e ettt e e e eeseiarreeeeeeeessansreeeeesessennnnrseneees 81
Figure D.15: Plot of full load rotor core flux density.......ccccceeeeeiiciireeeiee e, 82
Figure D.16: Summary of FEA simulation results. ...........ccceeiiiieiiciieeiee e, 82
Figure D.17: COMSOL plot of magnetic flux density under full load. ..........ccccvvvveeeirriennnnneen. 84
Figure D.18: variation of flux density in stator core at a point close to slot........ccccceeuuenneeen. 84
Figure D.19: Plot of magnetic flux densityinarange of 0to 1.7 T.ueeeeveeiiviiciinreeeee e, 85
Figure D.20: Plot of relation permeability in a range of 1 to 500 at full load condition.......... 86
Figure D.21: Plot of relation permeability in a range of 1 to 200 at full load condition.......... 87
Figure E.1: Combined input output panel of optimized parameters of SC Machine —1......... 88
Figure E.2: Input parameters of SCMachine - 1. ......ccuiiiiiiiiii e 89
Figure E.3: EMF simulation plot under no-load condition. .........ccccvveeeeeiieiiciiiieeeee e, 89
Figure E.4: EMF plot under no-load condition. ........cccccvieieiiiiiiiiiiiiieeeeee e 90
Figure E.5: EMF waveform and harmonics plot of phase 1. .....ccccovvveeiiiiiiiiiiiiieeeeecce e, 91

69



Figure E.6:

EMF waveform of [in@ VOItage 1. ......cooivviiiiieiiie et 91

Figure E.7: EMF waveform and harmonics plot of phase 2. ......cccecviiiiiiiieice e, 91
Figure E.8: EMF waveform of [ine VOItage 2. ......cccuueviviiiie et 91
Figure E.9:EMF waveform and harmonics plot of phase 3. ......cccoeoiireeceee e, 91

Figure E.10:
Figure E.11:
Figure E.12:
Figure E.13:
Figure E.14:
Figure E.15:
Figure E.16:
Figure E.17:
Figure E.18:
Figure E.19:
Figure E.20:
Figure E.21:
Figure E.22:

Figure F.1:
Figure F.2:
Figure F.3:
Figure F.4:
Figure F.5:
Figure F.6:
Figure F.7:
Figure F.8:
Figure F.9:

Figure F.10:
Figure F.11:
Figure F.12:
Figure F.13:
Figure F.14:
Figure F.15:
Figure F.16:
Figure F.17:
Figure F.18:
Figure F.19:
Figure F.20:
Figure F.21:

Figure G.1:
Figure G.2:
Figure G.3:

EMF waveform of line VOItage 3. ........veee i 91

Full load simulation plot. ... 92
Plot of full 10ad tOrQUE. ....eveiiiieee e e 92
Plot of amplitude of full load torque and harmonics........ccccceveiviciveeeiniiieee e, 93
Plot of full 10ad PM OSSES. .....uuuriiiiieeieececiieeeee ettt crree e e e e e e e 93
Plot of full load rotor flux density. .......ccceecuiiee e 94
Summary of FEA simulation results. .......ccccovveciiiiieee e 94
COMSOL plot of magnetic flux density at full load. ........ccccovveeeeeieiiiiieeee, 96
Variation of flux density in stator core at a point close to slot........ccccecvvevrennnnee. 96
Plot of magnetic flux density in arange from 0to 1.7 T...coooviiriieeeeiee e, 97
Plot of relative permeability in a range from 1 to 500 at full load condition. ..... 98
Plot of relative permeability in a range from 1 to 200 at full load condition. ..... 99
Variation of flux density at the centre of the slot.......cccceeeeeeecciiieieiiie, 100
Combined input and output panel of optimized parameters........ccccccceeecunrnnenn. 101
Input parameters for SCMaching - 2. .....oovi i 102
EMF simulation plot at no-load condition..........cccceeveieiiieccciiiee e, 102
EMF waveform at no-load condition.........ccooeciiiiieiii e, 103
Plot of EMF and harmonics of Phase - 1. .....cooiiiiiiiie et 104
EMF waveform of line voItage 1.......cceeeeiiiiiiiccieeeee e 104
Plot of EMF and harmonics of Phase - 2. ......c.eeeiveiiiee e 104
EMF waveform of line voltage 2..........uveeeieei e 104
Plot of EMF and harmonics of Phase - 3. ...t 104
EMF waveform of [ine VOItage 3. 104
Magnetic flux density in stator and rotor yoke at full load............ccccevvvveeeeennn. 105
V1| I To¥: o I o] o [V TP PURPRIIN: 105
Plot of full load torque amplitude and harmonics. .........cccovveeeeeeeeieciciinreeeeeee, 106
VY| I ToY: To I ad VI o Y YU SRURRN: 106
Rotor core flux density at full load. ..o, 107
Summary of FEA simulation results........ccoveeeveeiiiiiiiiiieeiee e, 107
COMSOL plot of magnetic flux density at full load. .........ccoovvemrveeeieieeiiiiirnnnen, 109
Magnetic flux density in stator and rotor yoke at full load...........cccceeuvvvveennennn. 109
Plot of magnetic flux density at full load in range from0to 1.7 T..................... 110
Relative permeability in a range from 1 to 500 at full load. ..........cccceeveerrnnes 111
Relative permeability in a range from 1 to 200 at full load. ........cccovveeeeeierinnnnns 112
Combined input and output panel of optimized parameters. ......ccccccceveeurrrneenn. 113
Input parameters for Maching = 3. ... 114
EMF SimuUlation Plot......cee i s 114

70



Figure G.4:

EMF plot at N0-10ad CONAItION. c.c..euvviiiiieiiiiiiiiieeeec e e 115

Figure G.5: Plot of EMF and harmonics of Phase - L.......ccccoviieiiiiiiini e 116
Figure G.6: EMF waveform of [ine vOItage 1. ......cccceiviiiiiiiiiiiei e 116
Figure G.7: Plot of EMF and harmonics of Phase - 2........ccccccuieeiiiiiii i 116
Figure G.8: EMF waveform of [ine VOItage 2. ..........cooviiii i 116
Figure G.9: Plot of EMF and harmonics of Phase - 3........cccoccuieiiiiiiiei e 116
Figure G.10: EMF waveform of [ine VOItage 3. ........cooviiiiiiiiiei e 116
Figure G.11: Magnetic flux density at full load. ........coocvieiiiiiiiii e, 117
Figure G.12: Torque at full [0ad. ......cccuviiiiiiiiieece e e s 117
Figure G.13: Plot of full load torque and harmonics amplitude. .........cccoveeeeiiieiecciieee e, 118
Figure G.14: FUll 1020 PIM OSSES......uiiieieeiieicciiiiteeee e e e seccttee e e e e e e s svtaee e e e s e e s esnnnneaeeeeeseesnnnnes 118
Figure G.15: Plot of flux density in rotor COre. ... e 119
Figure G.16: Summary of FEA simulation results. .........ccccceeeiieiiniiiin e 119
Figure G.17: COMSOL plot of magnetic flux density at full load..........ccccvveevviiieeiinciieee e, 121
Figure G.18: Variation of flux density in stator core at a point close to slot. .......cccceeennnees 121
Figure G.19: Plot of magnetic flux density in a range from 0to 1.7 T at full load. ................ 122
Figure G.20: Relative permeability in range of 1 to 500 at full load. .........ccccccvvveevrieeennnnen. 123
Figure G.21: Relative permeability in range of 1 to 200 at full load. .........cccceevveeeirrienecnnnee. 124
Figure H.1: Combined input output panel of SC machine - 1 with 50 mm magnet............... 125
Figure H.2: Input parameters of machine -1 with 50 mm magnet. .......cccccceevcveeeeecieee e, 126
Figure H.3: EMF simulation plot at N0-10ad. ........cccooiieiiiiiie e, 126
Figure H.4: EMF waveform of 3-phases at no-load...........cccceeeeieicciiieee e, 127
Figure H.5: EMF and harmonics of phase voltage of phase 1........cccoovveeeeeiiiiiiiiineeeeeee e, 128
Figure H.6: EMF waveform of [in@ VOItage L. .....eeeeeeeiiciiiiieeeeee ettt eenrree e e e e 128
Figure H.7: EMF and harmonic of phase voltage of phase 2. ..., 128
Figure H.8: EMF waveform of [ine VOItage 2. ...t 128
Figure H.9: EMF and harmonic of phase voltage of phase 3. ..., 128
Figure H.10:: EMF waveform of lin@ VOItage 3.......cooo it 128
Figure H.11: Magnetic flux density at full l0ad. ..........ccoevvmvieeiieiieicc e, 129
Figure H.12: Torque at full load condition. ........ccceeeeiieiiiiiiieeiec e e 129
Figure H.13: Torque and harmonic content at full load...........coooveeiiiiieiiii e, 130
Figure H.14: PM losses at full 10ad. .........oooiiiiiiiiie e e e e e 130
Figure H.15: Rotor core flux density at full 10ad. ........ccooevvieiiiiiiiiii e, 131
Figure H.16: SUMMary Of FEA F@SUILS. .....cooiviiirieiiee ettt eecerree e e e e e eenanraeeeeeseeeeannes 131
Figure H.17: Surface plot of magnetic flux density at full load. ........ccceeeeiieiiiiiiiivieeiieieins 133
Figure H.18: Variation of flux denstiy in stator yoke (just above the slot). ........ccccuveeenneee. 133
Figure H.19: Surface plot of magnetic flux density in range of 0 to 1.7 T at full load. .......... 134
Figure H.20: Relative permeability in range of 1 to 500 at full load. .........ccoeevervvvereeeiennnennns 135
Figure H.21: Relative permeability in range of 1 to 200 at full load. ..........ccoevevrvveeeeeieenecnnns 136
Figure H.22: Variation of flux density at the center of a slot........cccovveeeeiiiiiiiiiiiiiee s 136
Figure I.1: Combined input/output panel of reference machine with segmentation. .......... 137

71



Figure 1.2: FEA results of reference machine with segmentation.........cccccccoevvvinveerieeieeinnnnnns 138

72



Appendix A Possible pole slot combinations

Appendix A Possible pole slot combinations
S.N.| n*m Number of slots n m s-p=2*m I\lu;ﬂlotl)gsr ! LCM of pole and slot
s=(12*n*m) 0)

1 18 216 1 18 36 180 1080
18 216 2 9 18 198 2376
18 216 3 6 12 204 3672
18 216 6 3 6 210 7560
18 216 9 2 4 212 11448

2 16 192 1 16 32 160 960
16 192 2 8 16 176 2112
16 192 4 4 8 184 4416
16 192 8 2 4 188 9024

3 14 168 1 14 28 140 840
14 168 2 7 14 154 1848
14 168 7 2 4 164 6888

4 12 144 1 12 24 120 720
12 144 2 6 12 132 1584
12 144 3 4 8 136 2448
12 144 4 3 6 138 3312
12 144 6 2 4 140 5040

5 10 120 1 10 20 100 600
10 120 2 5 10 110 1320
10 120 5 2 4 116 3480

(Ref: SmartMotor patent US6664692 B1)
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Specification of MgB, superconductor Appendix B
Appendix B Specification of MgB: superconductor
STAC010
~z RAPPORTO DI CONTROLLO N
,“f—f?‘“ Inspection Report MC
IHNGNUHICONDUCTO R S
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COMMESSA/Job LOTTO/Lot | COMPONENTE/Item code DISEGNO/Drawing i POS/Item REV./Rev ; BOLLALAVORAZ./Work note
CS0501 MULTI1 651RC10501 | 0
IMPIANTO plant CLIENTE /customer PCF N° = REV./Rev. POS/Item
PCF8010501/C???? 3
SPECIFICA/Specification REV./Rev. STAMPIGLIATURE/Stamps
DESCRIZIONE PRODOTTO/Item Description MFT233 o 75
Cavo multifilamentare stabilizzato MgB, —
Temperature T (K) and magnetic field B(T):
T\B 0 01 Jo2 [03 Jo4 Jo5 o fo7 Jos Jog |1 11 12 1.3 1.4 [15 [16 J17 |18
16 |ic 496 433 381 340 299 260 234
Jo 336 293.4 258.1 230.4 2026 176,2 158,5
Jes 2120 1850 1628 1453 1278 1111 1000
18 |ic
Jc
Jcs
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Jc 281.2 233,1 195,1 159,2 138,9 115,9 97,56 82,66
Jcs 1774 1470 1231 1004 876.1 730,8 6154 521,4
22 Ic
Jc
Jcs
24 |ic 304 223 166 128 97 75 56 43 30
Jc 206 151,1 112,56 86,72 65,72 50,81 37.94 29,13 20,33
Jcs 1299 953 708,4 547 414,5 320,5 239,3 183,8 128,2
26 Ic
Jc
Jcs
28 Ic
Jc
Jcs
30 [ic 71|50 |28 |17 [11 |7
Jc__ |41 [33.88 [18,97 [11,62 |7.453 [4,743
Jcs  |303.4 [213,7 |119,7 [72,65 [47.01 [29,91
32 |ic
Je
Jcs
Critical Temperature T(K) Vs Magnetic Field B(T).
B | o 01 J02 [o3 Jo4 Jos Joe Jo7 o Joos |1 [ 12 13 e 15 l16 [1.7 J18
1 {335 | | | | | { 1 | 1 | |
hickness (mm): 0,76 Width (mm): |2
Tot.Cr.Sect.(mm2): [1,476 | Sup.Cr.Sect.(mm2); ]0,234 | | i
.,.;;*,& Filling Factor (%): 15,8 Total Cable Length (m): |
SN Ty .
S SRR Net weigth (kg):
3 “,{' ’ o Annotations:
\ o 3 2
fRu
NSNS
Ay
.,
COGNOME
FIRMA
Srznatum
DATA 14.10.2011
Dote
Depariment Quality dept.

(Courtesy: Columbus Superconductor, Italy via SINTEF Energy AS, Trondheim, Norway)
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Appendix C Derivation of power loss in slot

Appendix C Derivation of power loss in slot

Let, the area of the slot = Ay; and length of the slot =L

Since the whole area is not filled with copper winding, assume the filling factor of copper =F
The effective area of slot containing copper = Aot eff = Asiot X F

Power loss (P) = I’R

Here, Copper density = J,c and conductivity of copper=o

Current in the slot (I) = Ju¢ * Asioteff

And, the resistance of the winding in one slot (R) = L/ (0 Aot eff)

Now,
. 2 L
Power loss in one slot (P) = (Juc * Asiotefs) - ———
2 Aslot,eff
A
=]§c . sloot-,eff . L
Aslot,eff

Power loss in slot per unit length (Pj,ss) = J2. -
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FEA results of reference machine Appendix D

Appendix D FEA results of reference machine
1. Input/output panel

B smartTool V3.3

Input panel Control OQutput panel
(@ inner [Rotor| outer ) (7) motar | generstor (@) ’ Caleulate ] Geometry (main) and winding
Wachine key numbers Stack lencth: 12184 mm
f . Length with end windings: 14793 ]
Rated hi | : 10000 [ -

R [ Optimize | [| outer active dismeter 121912 mm
Rated rotational speed: 1235 | rpm Inner active diameter; 11600 mm
Desired rated voltage: 3310 [y —war [ ‘Optimization limits ] Diameter at air gap: 11857 1 mm

Slat pitch: 1726 mm
Air gap length; 10 mm |:| Pole pitch: 188  mm
Copper operating temperature: 20 e © [ Slot/Fole advice ] g:ﬁ 3\32::: gg; mm
. P ; ot Stator back iron thickness: 926  mm
Winding vis ualization
=SS EEERy ’ ] Rator back iron thickness: 1036 i
() Machine cuter diameter: Wizigth of active materials: 9045986 ki
(@ Machine inner diameter: 11800 | mm | [ e ] Eﬂtﬁﬁ ;r:oor?i:l:no; inertia; 148093; kg*m*2
. 20 4
NEEE lEmEjin - mm D Copper operating temperature; g0 deg C
Magnet pitchipole pitch: 02 ] .
i L Py [ Costdaia ] Characteristics
Sl el b Taraue: 7373974 Mim
Slat depthizlot width: 0.5 D Efficiency: 951 o,
Mumber of poles: 188 |:| [ — ] cos_fi 0.8366
Mumber of slots: 218 Electromagnetic values
) ) o Freguency: M3 Hz
Vary polefslot configuration (optimization only): [l [ Save to Excel ] RS line voltage: 33659 W
RMS phasze induced voltage: 16929 W
Energy denzity RMS phase currert: 195717 &
& Cay current dens ity {rms): |:| Flux density in toath 118 T
§ pPEt SR 47247 1 [ iuchioliotopace ] Average flux density in air gap 053 T
[ B D = Active power: 95455 Kw
(") Stator loss per area: Phase inductance: 40817 pH
Fluz density in stator yoke: 0.55 T |:| Synchronous pu reactance: 0.5475
o .
Flu density in ratar yake: 0.55 T | Emg ESE,F::; EL:E;;E. densty: 4?;43?81 imm 2
Winding data Lozses
Copper fill factor under wedge: 0.5 Loz=es in winding: 334350, W
Number of parallel branches: & Mo Load Losses in magnets: 3614945 W
’ Mo Load Lozses in teeth: 1214347 W
Mo Load Losses in stator yoke: 11527.05 W
Mo Load Los=ses in rotar yoke: 20604 W
Stator loss per area: T8I Winh2
Slot wedge Coefficients
Thickness slot wedge o mi Distribution factor: 0.955
Semimagnetic vwedge? ] ACIDC Lozz factor: 1.2
Magnetic air gap shear force; 43047 M2
Cost
Material cost of wwindings: G092 MOk,
Material cost of magnets: G020 MOk,
; . @ Regulsr input: Material cost of stator laminate: 41836 ROK
|52t existing machine psra._i i - Material cost of rotor backiron: 38512 NOK
e) EmEiy L T Tatal active cost: S04B0  MOK
’ Save design ] [ Load des ign

Figure D.1: Combined input and output panel of reference machine.

10000
S /0.8366 _c37

C = = =
D?2-L-n 11.862-1.22-12.95

Note: The parameters in red color indicate that losses due to harmonics are not included.
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Appendix D FEA results of reference machine

2. Machine Parameters:
n Set Existing Machine Parameters . ol S
Electrical parameters: ) ] Dimensions: -
(0 mator | generstor @) @ inner |[Rotor] outer
Mumber of slots, M=z 218 Outer stator radius, r_sa S070.5828 | [mm)]
Mumber of pales, Mg 188 Inner statar radius, r_si £822.5881 | [mm)]
(@) Electrical frequency, f: 21.3878 | [Hz] Taooth wicth, straight e ta 86.2225 | [mim]
() Rotational s peed, m 12.95 [rpm] Slot shape @ Rectangular () Parallelogram
(@ RMS phase current I_ph_rms: 1857.1689 | 4 St wricth, w_a! 88.2304 | [mm]
() Current loading ac 472471 Adm Slot depth, d_= 421452 | [mm]
Slat wedge thickness, th_swe: ] [mm]
Wlndlng details: Semi magnetic slot wedge? mag_sw: &
Mumber of parallell branches, n_pk [ Ajr gap lenath, o 10 [mm]
Slot fill factar, excl. shat wedge, k_cu_novvedoe: 0.5 Pertmanent magnet thickness, th_pm: 20 [mim]
Mumber of turns, n_s: 25 Permanert magnet wicth, e 188.5888 | [mm]
Rotor yoke thickness, th_ar: 1025812 | [mm]
Temperatures: Active length L 1212.4115 | [mm]
Machine operating temperature, termp_win: 50 ["C]
Cancel ] l Calculate

Figure D.2: Input parameters of reference machine.

Simulation results:

3. EMF Simulation Plot

Sudace: Magnetic fux density, norm [T)

Figure D.3: Magnetic flux density at no-load.
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4, One period EMF Excitation

Cne period extraction of EMF
2500 T T T J T

raw data emf1
raw data emf2
raw data emf3
—#— data used in pp. emfl
—#— data used in pp. emf2
data used in pp. emf3

2000

1500

1000 -
500
0
500
-1000
-1500
-2000
3500 ] | ] ] ]
0 0.01 0.02 0.03 0.04 0.05 0.06
Figure D.4: EMF plot under no-load condition.
5. FEA results of EMF simulation
Reference machine Reference machine
Parameters
Phase EMF Line EMF
Mean first harmonic peak, V 2302.9 3988.8
Mean peak voltage, V 2276.2 4026.7
Phase voltage, 1. harmonics (rms), 1628 2820
\"
Phase voltage maximum (rms), V 1610 2847
THD (%) 1.14% 1.13%
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Appendix D FEA results of reference machine

6. Phase and line EMF waveforms

Phase EMFs Line EMFs

EL7 UEIEEE GIL SEEAGR EMF, Maksverdi: emf = 4026.7649

5000[--+ ‘ ! f : : f : :

2000

ampl
o

ampl

-2000

5000 |- e emedomenaes LI S AU [ [ SN
i i i | i | i
015 002 0025 003 0035 004 0045 005 0055 0015 002 0025 003 0035 004 0045 005 0055
tid tid
THD = 1.2146 % THD = 1.1795 %

=}

2000 |-~ Besenoooeees boooooeea doeoooenn booeooeeias foemoeene —

ampl.

1000 | J0------ b b e b e -

harm

Figure D.5: EMF waveform and harmonics of phase 1 EMF. Figure D.6: EMF and harmonics of line voltage 1.

EMF, Maksverdi: emf2 = 2276.2572
T T T T T T T EMF, Maksverdi: emf2 = 4026.5502

R =

2000

ampl.
o

ampl

-2000

2000

ampl

1000

Figure D.7: EMF waveform and harmonics of phase 2 EMF. Figure D.8: EMF and harmonics of line voltage 2.

EMF, Maksverdi: emf3 = 2276.2292 X
EMF, Maksverdi: emf3 = 4026 6703

2000

ampl.
[=]

ampl.

-2000

2000

ampl

1000

harm

Figure D.9: EMF waveform and harmonics of phase 3 EMF. Figure D.10: EMF and harmonics of line voltage 3.
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FEA results of reference machine Appendix D

7. Full Load Simulation plot

Surface; Magnetic fux density, norm [T)

Figure D.11: Zoomed in part of core with maximum flux density under full load condition.

8. Full load torque

%10 Torque
_E.g T T T T T

Faw data
-TE —#— [ata used in postprocessing (1 el. per.)

[
.
[

T

1

Ly
P
|
|

| | 1 1 1
0 0.01 0.02 0.03 0.04 0.05 0.06

Figure D.12: Plot of full load torque.
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Appendix D FEA results of reference machine

9. Full load torque Harmonics
x 10" Tz
R
] R e e S S S S
- - boonnoes omeee I joeeoees SR R R D
m 1 : : 1 : 1 1 1 1
L RN NN NS SRSttt O S RS S S
-1 _|| """" | """" I R [ [ R R
0015 002 0025 003 0035 004 0045 005 0.055
t
« 10} Harmonic content
! ! ! ! ! ! ! ! !
L_m ] ] | ] ] ] |
10 15 20 25 30 35 40 45 50
harm

Figure D.13 Plot of amplitude and harmonics of full load torque.

10. Full load PM losses

% 10° PMlosses
16
14+
12
Raw data
10 —+— [Data used in postprocessing (1 el per.) | |
B -
E, ]
4 i
2 -
U | | 1 | |
0 0.01 0.02 0.03 0.04 0.05 0.06

Figure D.14: Full load PM losses.
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FEA results of reference machine Appendix D

11. Full load rotor core flux density plot 1

0.5

2 I 1 1 1 1
0 0.0 0.02 0.03 0.04 0.05 0.06
Figure D.15: Plot of full load rotor core flux density.
12. Smarttool FEA simulation results

Phase inductance 3987 uH
Induced wvaoltage

Phase voltage, 1. harmonic (rms) 1628 %
Phasze voltage, maximum (rms) 1610 %
Total harmanic distartion (THD) 1.142 %
Torgue

Cogging torgque amplitude at noload 393.2422
hean targue at full load -7B40158.4
Torgue ripple amplitude at full load (pu)  -0.84046 %
Losses

Iron loss in stator at noload 23502 9452
Iran lass in rotor at noload 1561.7988
Induced loss in magnets at noload BF7415 676
lron loss in stator at full load BO757 1016
Iron loss in rotor at full load J67E7.0475
Induced loss in magnets at full load 1626113.25

oK | | Write to command window

Figure D.16: Summary of FEA simulation results.
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Appendix D FEA results of reference machine

13. Simulation results
Cogging torque results:
Cogging torque amplitude at no-load :393.2 N'm

No-load Loss results:

Average PM loss 1677416 W
Max stator core loss :23592.9 W
Max rotor core loss :1561.8 W

Where Bmax = 0.609154 T and Boff =0.575204 T
Full load simulation results:

Total torque results:

Mean torque (offset) :-7640.1 kN-m

Peak torque :-7576.8 kN-m

Torque ripple amplitude at full load (pu) :-0.84 %

Full load Loss results:

Average PM loss 11526113 W
Max stator core loss :60757.1W
Max rotor core loss 136787 W

Where Bmax = 1.6545 T and Boff =0.596516 T

83



FEA results of reference machine Appendix D

14. Surface plot of magnetic flux density at full load

Time=0.0598  Surface; Magnetic Aux density, norm [T] Max: 2.34

55 6 65 7 75 8
Min: 7,612e-4

Figure D.17: COMSOL plot of magnetic flux density under full load.

15. Flux variation in Stator yoke

Magnetic Aux density, norm [T]
T T T

1.8 T !

._.
]

08

Magnetic Aux density, norm [T]

=
o™

04

0 001 0.02 0,03 0.04 0.05 006
Time

Figure D.18: variation of flux density in stator core at a point close to slot.
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Appendix D FEA results of reference machine

16. Magnetic flux density in range B=0to 1.7

Time=0.0598  Surface: Magnetic Aux density, norm [T] Max: 1,70

r o8

r 06

04

55 6 6.5 7 7.5 8 0

Figure D.19: Plot of magnetic flux density in a range of 0 to 1.7 T.
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FEA results of reference machine Appendix D

17. Relative permeability plot at full load condition

Time=0.0598 Surface: Relative perm sability Max: 500
500

450

400

1350

1300

1250

1200

150

100

50

55 ] 65 7 75 8
Min: 1.00

Figure D.20: Plot of relation permeability in a range of 1 to 500 at full load condition.
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Appendix D

FEA results of reference machine

18.

Relative permeability plot at full load condition (Range: 1 to 200)

Time=0.0598 Surface: Relative perm eability

Figure D.21: Plot of relation permeability in a range of 1 to 200 at full load condition.

Max: 200
200

180

160

7140

7120

7100

Min: 1.00
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FEA results of Machine — 1 (176 pole 192 slots) Appendix E

Appendix E FEA results of Machine - 1 (176 pole 192 slots)
1. Input/output panel

B smartTool V3.3

Input panel Control Qutput panel
(@) innet [Ratar] outer (7 () maotar | generstar @) [ Calculate EERTIETRy i) 2 ST
Machine key numbers Stack length: 10075 mm
) . Length with end windings: 11743 mm
Fated mechamcal LR 10000 | W ’ Optimiz e Outer active distmeter: g645.2  tmm
Rated rotational speec: 1285 | rpm Inner active diameter: G000 mm
Desired rated voltage: 2200 4 — war ’ Optimization limits Diameter at sir gap: 83019  mm
Slot pitch: 136 it
Ajr gap lenath; 10 mim [l Fale pitch: 1483 mm
Copper operating temperature: &0 deg C ’ FEEITEeES gg S\.:ztt: :gz ::
. —r : iz ati Statar back iron thickness: 1294 i
Mach et Winding vis ualization
B Ty ’ Rotor back iron thickness: 1139 mm
(Z) Machine outer diameter: Weigth of active materials: 25805358 kg
(@ Machine inner diameter: 500002 | mm | [ [ — Raotar mament of inertia: 474343, kg'm*2
Wagnet length: 20 mm D Mumber of turns: 34
) Copper operating temperature: 80 degC
hiagnet pitchipole pitch: 0.8 | characteristics
Slat weickhislot piteh: 0.222 [l l Cost data
B Torgue: 7373074 Mm
Slat depthiziot width: 1.287 |:| Efficiency: ag.g o,
Mumber of poles: 176 |:| ’ = cos_fi: 0.5047
Mumbet of slots: 192 Electromagnetic values
Frequency: 18939 Hz
Yary polefslot configuration (optimization anly): | [ Save to Excel RMS line voltage: 32847 W
] RMSZ phase induced voltacge: 15251 W
Energyy density RMS phase current: 7834 A
(@) Copper current dens ity {rms): 145 D2 ] ’ Siruct to Workspace Fluz density in too’[h o 0as T
_ . Soverage flux density in air gap oy T
) (B mingy Active power: 98723 KA
() Stator loss per area: Phaze inductance: 43315  pH
Flux density in stator yoke: 0.4 T |:| Synchronous pu reactance: 0.59357
Lo i RMS Copper current density: 145 A S
Pl density in rotor yoke: os |1 B RMS current loading: TEIS A
wWinding data Losses
Copper fill factor under wedge: 0.08 Losses in winding: 1137w
. - Mo Load Lozses in magnets: 354975 W
R O = e = Mo Load Losses in testh: STTEAT W
Mo Load Losses in stator yoke: 4492 W
Mo Load Lozses in rotor yoke: 1445 W
Stator loss per aresa: 3800 Wit
Slot wedge Coefficients
Thickness siot vwedge 2 it Distribution factor: 0.958
Semirmonetic wedge? |:| LCDC Loss factor: 12
hagnetic air gap shear force: 106190 Rim*2
Cost
Material cost of windings: 183 MNOK
Material cost of magnets: 5206 MOk,
(@ Regular input: Material cost of stator laminste: 33753 MOK,
|BE’( exis ting machine pars. : - Material cozt of rator back irone 23442 ROK
(© Geometry input: Tetal active cast: 2500 NOK
’ Save design l Load des ign

Figure E.1: Combined input output panel of optimized parameters of SC Machine — 1.

C = =
D2Ln  8.32-1.007-12.95

S

10000/0 805

= 13.83

Note: The parameters in red color indicate that losses due to harmonics are not included.
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Appendix E

FEA results of Machine — 1 (176 pole 192 slots)

2.

Machine Parameters:

B} Set Existing Machine Parameters

Electrical parameters:

mator | generator (@

Mumber of slots, s 1892
Mumber of poles, 8 176
@) Electrical frequency, 1. 18.8833 | [Hz]
" Rotaticnal s peed, n 12.95 [rpm)
@) RMS phase current I_ph_rms: 2178.3382 | A
_) Current loading ac SO07E1 4877 | Afm
Winding details:
Mumbet of parallel branches, n_pbe <]
Shat fill factar, excl. slot wedge, k_cu_nowedge: 0.08
Mumbet of turns, n_s 34
Temperatures:
lachine operating temperature, temp_wvin: 50 ["C]

3.

1.8+

16+

1.4+

08r

06

0.4+

Figure E.2: Input parameters of SC Machine - 1.

EMF Simulation Plot

Surface: Magnetic flux density, norm [T]

Figure E.3: EMF simulation plot under no-load condition.

= | (B S
- -
Dimensions:
@ inner [Rotor] outer
Outer stator radius, r_so 42324.0758 | [mm]
Inner stator radiug, r_si 4155.8893 | [mm]
Toath width, straight we_tsr 105.0002 | [mm]
Slot shape @) Rectangular | Parslelogram
Slot width, WS 30.1888 [rmm]
Slot depth, d_s 38.2432 | [mm]
Slot wedge thickness, th_sw: 3 [trirm]
Semi magnetic slot wedge? MEg_Swv: |:|
Ajr gap length, o 10 [mim]
Permanent magnet thickness, th_pm: 20 [rmm]
Permanent magnet wicth, s LT 132.2401 | [mim]
Fotor yvoke thickness, th_br: 1152484 | [mm]
Active length L 1007.5348 | [mm]
Cancel ] [ Calculate
2.2
2
1.8
Fq1.6
Foq1.4
o
E 1
- 0.8
0.5
0.4
0.2
1 1
45 5
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FEA results of Machine — 1 (176 pole 192 slots) Appendix E

4, One period EMF Excitation

One period extraction of EMF
2000 T T T T T T

raw data emf1
raw data emf2
raw data emf3 U
—+— data used in pp. emf1
—#— data used in pp. emf2
data used in pp. emf3 ||

1500

1000

500

-500

-1000

-1500

2000 ] 1 ] ] 1 ]
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Figure E.4: EMF plot under no-load condition.

5. FEA results of EMF simulation

Machine -1 Machine -1
Parameters

Phase EMF Line EMF
Mean first harmonic peak, V 2026.8 3510.5
Mean peak voltage, V 1805.3 3487.7
Phase voltage, 1. harmonics (rms), 1433 2482
\"
Phase voltage maximum (rms), V 1277 2466
THD (%) 11.7 % 0.95%
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FEA results of Machine — 1 (176 pole 192 slots)

6. Phase and line EMF waveforms
Phase EMF
EMF, Maksverdi: emft = 1805.3002
2000 |
1000
£ o
e
-1000 f---
-2000 1 R Ay demnee poeooe Foooses e i -
| | | | | | | | | | |
0015 002 0025 003 0035 004 0045 005 0055 D006 0065
tid
THD = 11.5554 %
T T ! T T
2000 :
. 1500
& 1000
500
0
5 10 15 20 25 30
harm

Figure E.5: EMF waveform and harmonics plot of phase 1.

EMF, Maksverdi: emf2 = 1805.3063

20004
1000
: o
E
1000
2000} : : : : : , , : !
| | | | | | | | | | |
0.015 0.02 0.025 003 0035 0.04 0045 005 0055 006 0.065
tid
THD = 11.7236 %
2000 -
. 1500 -
=
& 1000 -
500
0
5 10 15 20 25 30
harm

Figure E.7: EMF waveform and harmonics plot of phase 2.

EMF, Maksverdi: emf3 = 1805.3051

2000 |
1000 |-

ampl
=

1000 f
2000

|
15 002 0025 003 0035 004 0045 005 0055
tid
THD = 11.7748 %

=1
= T

2000
1500
1000

500

15
harm

Figure E.9:EMF waveform and harmonics plot of phase 3.

Line EMF

EMF, Maksverdi: emf1 = 3487 6958
5000 ===~ T T T Feoeees Freemes Feem ] Fme EEEEE T EEE

5000 bbb bbb

0015 002 0025 003 0035 004 0045 005 005 006 0065
tid
THD =1.1704 %

Figure E.6: EMF waveform of line voltage 1.

EMF, Maksverdi: emf2 = 3487 6732

5000 H------ EEPP forooo- fooose- fomoooe (S boooooo boooood ooooe- dooooood- -

0015 002 0025 003 0035 004 0045 005 0055 006 0065
tid

THD = 0.83544 %

4000

3000

2000

ampl

1000

Figure E.8: EMF waveform of line voltage 2.

EMF, Maksverdi: emf3 = 3487.7172

5000 =¥
i 5
& :
5000 Heoe - doooees feoooes foooo.- boooee. beoooe poooood fooooo. . I i
0015 002 0025 003 0035 004 0045 005 0055 006 0065
tid

THD = 0.83579 %

Figure E.10: EMF waveform of line voltage 3.
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FEA results of Machine — 1 (176 pole 192 slots)

Appendix E

7.

8.

Full Load Simulation plot

161

14+

121

081

06

0.4r

Surface: Magnetic flux density, norm [T]

H0.8

0.6

0.4

0.2

45 5

Figure E.11: Full load simulation plot.

Full load torque one period data 1

% 10 Torque
_?.4 T T T T T T
Raw data
7 45 —#— Diata used in postprocessing (1 el. per.)
g5 4
-T.55 - .
-TBr £ 3 3 .
-7.65 .
iy A n = H ‘ 4
_?_?5 1 | 1 | 1 1
0 0.01 0.02 0.03 0.04 0.05 0.08 0.07

Figure E.12: Plot of full load torque.
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Appendix E FEA results of Machine — 1 (176 pole 192 slots)

9. Full load torque Harmonics
x 10 Tz
[]5 n-=-=---- ‘i """ 'i """ A=-==-==" T-==°-== r=-===-== rTTs==" ;' """""" b B 1"
_E_ U n-=-=---- ‘i """ 'i """ A=-==-==" T-==°-== r=-===-== rTTs==" ;' """""" b B 1"
o H H H
—U 5 n---=-=-- 'i """ 'i """ b T====== r====== [ E' """""" b D Bl
A | ||| """ [ [ | """" [ I
0015 002 0025 003 0035 004 0045 005 0055 006 0.065
t
x10* Harmonic content
! T T T ! T T T T
E_______?____________________________l __________________________________ —
= .q__------% -------------------------------------------------------------- —
g .
G SUSR1 NUU N S SN SUUNUN RSN SO -
0 e | | | | | | | |
0 g 10 15 20 25 30 35 40 45 50
harm
Figure E.13: Plot of amplitude of full load torque and harmonics.
10. Full load PM losses
% 10° PMlosses
1[] T T T T T T
9‘ = -
B = -
?’ = -
E n .
FRaw data
el —#— Data used in postprocessing (1 el. per.) | |
;_1_ = -
3 | -
2 -
1 1 1 1 1 1 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Figure E.14: Plot of full load PM losses.
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11. Full load rotor core flux density

X 0.02432
Y -1.736

| Ead

1 1 | 1 1 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Figure E.15: Plot of full load rotor flux density.

12. Smarttool FEA simulation results
FPhase inductance 5124 pH
Induced valtage
Phase valtage, 1. harmanic (rms) 1433 W
Phase voltage, maximum (rms) 1277 W
Tatal harmonic distortion (THD) 11.6846 %
Taorgue
Cogging torgque amplitude at noload 3028753
bean torgue at full load -B47105.6
Torgue ripple amplitude at full load (pu)  -0.76093 %
Losses
Iron loss in stator at noload 14640.6378
Iron loss in rotar at noload 2234747 W
Induced loss in magnets at noload 175923.8996
Iron loss in statar at full load S6721.8251
Iron lass in rotor at full load 27327 075
Induced loss in magnets at full load 8591624041

QK Wirite to command window

Figure E.16: Summary of FEA simulation results.
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Appendix E FEA results of Machine — 1 (176 pole 192 slots)

13. FEA simulation results

No-load Loss results:

Average PM loss =17923.9 W

Max stator core loss =14640.6 W

Max rotor core loss = 223.475 W

Where Bmax = 0.534045 T and Boff =0.52795 T
Full load simulation results:

Loss results:

Average PM loss = 891624 W

Max stator core loss =36721.8 W

Max rotor core loss  =27327.1 W

Where Bmax = 1.73587 T and Boff = 0.533757 T
SmartTool FEA simulation results:

Phase inductance = 5124 uH

Induced voltage

Line voltage, 1. harmonic (rms) = 1433V

Line voltage, maximum (rms) = 1277V

Total harmonic distortion (THD) = 11.6846 %

Torque

Cogging torque amplitude at noload = 302.8753 Nm
Mean torque at full load = -7647105.6256 Nm
Torque ripple amplitude at full load (pu) = -0.76093 %
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FEA results of Machine — 1 (176 pole 192 slots) Appendix E
14. Surface plot of magnetic flux density at full load
Time=0067275 Surface: Magnetic lux density, norm [T] Max: 2.384
%

Figure E.17: COMSOL plot of magnetic flux density at full load.

15. Variation of flux density in Stator yoke

Magnetic Aux density, norm [T]

L8 T T T T T T

Magnetic Aux density, norm [T]

[} 0.01 0.02 0,03 0.04 0.05 0.06
Time

0.07

Figure E.18: Variation of flux density in stator core at a point close to slot.
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Appendix E FEA results of Machine — 1 (176 pole 192 slots)

16. Surface plot of magnetic flux density in range of B=0to 1.7

Time=0,067275  Surface: Magnetic Aux density, norm [T]

r oe

36 3.8 4 4.2 44 4.6 4.8 5 5.2 5.4

Figure E.19: Plot of magnetic flux density in a range from0to 1.7 T.

F 06

0.4

Min: 0

Max: 1.70
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17. Relative permeability plot at full load condition (Range: 1 to 500)

Time=0.067275 Surface: Relative perm esbility Max: 500
500

400

7350

1300

7250

7200

150

100

50

38 4 4.2 44 46 48 5 52 54 5.6 5.8
Min: 1.00

Figure E.20: Plot of relative permeability in a range from 1 to 500 at full load condition.
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Appendix E FEA results of Machine — 1 (176 pole 192 slots)

18. Relative permeability plot at full load condition (Range: 1 to 200)

Time=0.067275 Surface: Relative perm eshility Max: 200
200
180
160
140
120
100

80

60

40

20

] 3.8 4 4.2 44 46 4.8 5 5.2 54 5.6 5.8

Min: 1.00

Figure E.21: Plot of relative permeability in a range from 1 to 200 at full load condition.
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19. Flux density at the center of the slot

Magnetic Aux density, norm [T]
T

04 ! !

035

03

=]
wJ

015

Magnetic Aux density, norm [T]
(=]
Isa

01

0 0.01 0.0z 0.03 0.04 0.05 0.06 0.07
Time

Figure E.22: Variation of flux density at the centre of the slot.
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FEA results of Machine — 2 (154 pole 168 slots)

Appendix F

1. Input/output panel
Bl smartTool V3.3

FEA results of Machine - 2 (154 pole 168 slots)

Input panel

(@ inner [Rotor] outer ()

lachine key numbers

Rated mechanical power: 10000
Rated rotational speed: 12.95
Desired rated voltage: 3300
Air gap length: 10
Copper operating temperature: 80

hMachine geometry

() Machine cuter diameter:

(@ Machine inner diameter: £000.02
Iagnet length: 30
IMagnet pitchipole pitch: 09
Slot wwickhislot pitch: 0.193
Slot depthisiot width: 1.287
Mumber of poles: 154
Mumber of slots: 188

Energy density
0 Copper current dens ity {rmsj: 160
[ | Current loading {rms}:

() Stater loss per area:

Flux density in stator yoke: 0.4
Fluzx density in rotar yoke: 0.45
Winding data

Copper fill factor under wedge: 0.08

@

Mumber of parallel branches:

Slot vwedge
Thickness slot wedge 3
Semimagnetic wedge? |:|

[Bet existing maching pE.lE....]

() motar | generator (@)

rpm

mim

deg C

mm

mim

Wary polefzlot configuration (optimization only):

Admm”2

T

0 Regular input:

[ | Geometry input:

— war

OoOooOoO

O

OO

Control

Caleulate

Optimiz e

Optimizaticn limits

Slet/Pole advice

‘Winding vis ualiz ation

Advanced

Cost data

FEA

Save to Excel

Struct to Works pace

[ swesmen | |

Load des ign

Qutput panel

Geometry (main) and vwinding

Stack length; 1009.4
Length with end windings: 1197 8
Cuter active diameter: g739.3
Inner active diameter: 000
Diameter at air gap: G366 .6
Slot pitch: 156.6
Paole pitch: 1705
Slot depth: 353
Slot wictth: 0.2
Stator back iron thickness: 15243
Rator back iron thickness: 145.3
Wieigth of active materials: 74947 77
Rator moment of inettis: 291740,
Mumber of turns: 37
Copper operating tempersture: an
Characteristics

Torgue: F373974
Efficiency: 994
coz_fi 07927

Electromagnetic values
Fregquency: 16.62

RMS line woltage: F280.5
RMS phase induced voltage: 13034
RMS phase current: 221456
Fluz density in tooth 0497
Average flux density in air gap 0.7
Active poveer: 99758
Phase inductance: 4993
Synchronous pu reactance: 06036
RMS Copper current density: 160
RMS current loading: 871825
Lozsges

Loszes in winding: 1247
Mo Load Losses in magnets: 241065
Mo Load Losses in teeth: 2055 45

Mo Load Loszes in stator yoke: 4628.82

Mo Load Losses in rotar yoke: 35
Stator loss per area: 365
Coefficients

Distribution factor: 04955
ACDC Loss factar: 1.2
Magnetic sir gap shear force: 104361
Cost

aterial cost of windings: 170
Material cost of magnets: 5256

Material cost of stator laminate: 38367
Material cost of rotor back iron: 30154
Total active cost: 74945

Eg—'—'}{{ﬁ

Afmm2

I=
E

EEEEE

Wim~2

P2

MOk
MOK,
MOk
MOK,
MOk

Figure F.1: Combined input and output panel of optimized parameters.

S

10000/0 30

C = =
D?Ln  8.4%-1.00-12.95

Note: The parameters in red color indicate that losses due to harmonics are not included.

=13.7
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FEA results of Machine — 2 (154 pole 168 slots) Appendix F

2. Machine Parameters:

n Set Existing Machine Parameters — = | B |

- -
Electrical parameters: Dimensions: _
motor | generator @ @ inner |FRotor| outer
umber of slots, s 188 Cuter stator radius, r_so 4378.8281 | [mm]
fumiber of poles, T 154 Inner stetar radius, r_si: 4188.2574 | [mm]
@) Electrical frequency, f: 18,8182 | [Hz] Tooth wicth, straight we_ts 1252477 | [mm]
_ Rotaticnal s peed, n 12.95 [rerm] Slot shape @ Rectangular ") Paralielogram
@) RMS phas e current I_ph_rms: 22145885 | A Slot wyicth, S 30.2266 [rm]
") Current loading [l 87182.543 | Am Slat depth, o_s: 38.2971 [mm]
Slot wedge thickness, th_sw: 3 [mm]
Wlndlng details: Semi magnetic siot wedge mag_m; =
tumiber of parallell branches, n_kx il Ajr gap length, o 10 [mm]
Slat fill factor, excl. slot wedge, k_cu_novvecdge: 0.05 Permanent magnet thickness, th_pm: 20 [mim]
Mutnker of turns, n_s: v Permanent magnet wickh, e 1522168 | [mm]
Rator yoke thickness, th_br: 1482722 | [mm]
Temperatures: Active lsnath L 1009.2088 | [mm]
lachine operating temperature, temp _swin: 20 ["C]
Cancel l ’ Calculate

Figure F.2: Input parameters for SC machine - 2.

3. EMF Simulation Plot

1.4

1.35]

1.3

1.25

{2

1.15

Surface: Magnetic flux density, norm [T]

39

4.1

405

Figure F.3: EMF simulation plot at no-load condition.
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Appendix F FEA results of Machine — 2 (154 pole 168 slots)

4, One period EMF Excitation

One period extraction of EMF
2000 T T T J T

raw data emf1
raw data emf2
raw data emf3
—#— data used in pp. emf1
—+— data used in pp. emf2 ||
data used in pp. emf3

1500

1000

500

-500

-1000

-1500

_2000 | | | | | | |

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.0a
Figure F.4: EMF waveform at no-load condition.

5. EMF Simulation results

Machine - 2 Machine - 2
Parameters

Phase EMF Line EMF
Mean first harmonic peak, V 1986.2 3440.2
Mean peak voltage, V 1745.8 3406.7
rlhase voltage, 1. harmonics (rms), 1404 2432
Phase voltage maximum (rms), V 1234 2409
THD (%) 13.2% 1.15%
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FEA results of Machine — 2 (154 pole 168 slots) Appendix F

6. Phase and line EMFs

Phase EMFs Line EMFs
EMF, Maksverdi: emfl = 17457474 EMF, Maksverdi: emfl = 3406.6518
T T T T T T 5000 T T T T T T
2000 ' ' . . j . . j
1000
g0 g
@ @
-1000
-2000 H H | H H |
5000 bemedooeaoo. . bocooooooens becooooeooo. bocooooooen. bocooooooens beoooo. _

2000
1500
=
& 1000
500
0
Figure F.5: Plot of EMF and harmonics of Phase - 1. Figure F.6: EMF waveform of line voltage 1.
EMF, Maksverdi: emf2 = 17457536 EMF, Maksverdi: emf2 = 34066497
5000 T T T T T T
2000 i i i : : :
1000 | ! ! : : :
E oo e A —
& 5 ! :
-1000 ' '
2000 : : : : : :
5000k oo | L. | L. 7
0.02 0.03 0.04 0.05 0.06 0.07
tid
THD = 1.061 %
4000 ==~ P P T T | EEEEREEEEE ]
2000 : i i : |
3000 -@-------- [RRREEEEREE [RRREEEEREE deommomooees Aeommmmooes AR B
. 1500 5 ; ! ' ' :
= =
§ 1000 £ 20001
500 1000 -
0 0
0 5 10 15 20 25 30
harm harm
Figure F.7: Plot of EMF and harmonics of Phase - 2. Figure F.8: EMF waveform of line voltage 2.
EMF, Maksverdi: emf3 = 17457484 EMF, Maksverdi: emf3 = 34066485
5000 T T T T T T
2000 ! : : : : :
1000
- 3
= &
-1000
-2000 H | H H H H
B000 b | oo oo oo I .
2000
1500
=
£ 1000
500
0
15
harm harm
Figure F.9: Plot of EMF and harmonics of Phase - 3. Figure F.10: EMF waveform of line voltage 3.

104



Appendix F FEA results of Machine — 2 (154 pole 168 slots)

7. Full Load Simulation plot

Surface: Magnetic flux density, norm [T]

1.85

175

17

165,

16

365 37 375 38 385 39 3.95

Figure F.11: Magnetic flux density in stator and rotor yoke at full load.

8. Full load torque

%10 Torgue
_T.35 T T T T T T T

Raw data
—#— Data used in postprocessing (1 el. per.)

~
=

i
o
|

T

1

1 1 | 1 1 | 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.0v7 0.08

Figure F.12: Full load torque.
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Appendix F

FEA results of Machine — 2 (154 pole 168 slots)

Full load torque Harmonics

9.

Tz

%10

e e B il il el el

0.07

05

05F--

0.03 0.04 0.05 0.06

0.02

|||||||||||||||||||||

Harmonic content
T

x 10°

50

45

40

35

30

25

20

15

0

harm

Figure F.13: Plot of full load torque amplitude and harmonics.

Full load PM losses

10.

PMlosses

Raw data
—#— Data used in postprocessing (1 el. per.)

0.02 0.03 0.04 0.05 0.06 0.07 0.08

0.01

Figure F.14: Full load PM losses.
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Appendix F FEA results of Machine — 2 (154 pole 168 slots)

11. Full load rotor core flux density

| 1 1 1 1 1 |
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Figure F.15: Rotor core flux density at full load.

12. Smarttool FEA simulation results

FPhase inductance &797 pH
Induced voltage

Phase voltage, 1. harmanic (rms) 1404
Phase voltage, maximum (rms) 1234 W
Total harmaonic distortion (THD) 13.1795 %
Torgue

Cogging torque amplitude at noload 1587 0363
Mean torgue at full load -FB71708.6
Torgue ripple amplitude at full load {pu)  -1.1147 %
Losses

Iron loss in stator at noload 14651.5852
Iran loss in rotor at noload 237 378w
Induced loss in magnets at noload 16743 9667
lran loss in stator at full load 40621.2773
Iran loss in rotor at full load 308725645
Induced loss in magnets at full load 1126867 .85

0K Write to command window

Figure F.16: Summary of FEA simulation results.
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FEA results of Machine — 2 (154 pole 168 slots)

Appendix F

No load simulation:

Loss results:

Average PM loss =16744 W
Max stator core loss =14681.9 W
Max rotor core loss =237.373 W

Where Bmax = 0.476345 T and Boff = 0.471694 T

Full load simulation:

Loss results:

Average PM loss =1.12687e+006 W
Max stator core loss =40621.3 W
Max rotor core loss = 30872.6 W

Where Bmax =1.67174 T and Boff =0.471099 T

SmartTool FEA simulation results:

Phase inductance =5
Induced voltage

Line voltage, 1. harmonic (rms) =
Line voltage, maximum (rms) =
Total harmonic distortion (THD) =
Torque

Cogging torque amplitude at noload =
Mean torque at full load =

Torque ripple amplitude at full load (pu) =

797 pH

1404 V
1234V
13.1795 %

1587.0363 Nm
-7671708.6463 Nm
-1.1147 %
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Appendix F FEA results of Machine — 2 (154 pole 168 slots)

13. Surface plot of magnetic flux density at full load

Time=0,076885  Surface; Magnetic flux denstty, norm [T] Max; 2,385

in: 1.015-3

Figure F.17: COMSOL plot of magnetic flux density at full load.

14. Surface plot of magnetic flux density at full load in range of B=0to 2 T

g
H

Time=0076886 _ Surface: Magnetic flux density, norm [T]

Figure F.18: Magnetic flux density in stator and rotor yoke at full load.
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FEA results of Machine — 2 (154 pole 168 slots) Appendix F

15. Surface plot of magnetic flux density at full load in range of B=0to 1.7

Time=0.076886  Surface: Magnetic fux density, norm [T] Max: 1.70

[ 0.8

0.4

35 4 45 5 55 6 0
Min: 0

Figure F.19: Plot of magnetic flux density at full load in range from 0to 1.7 T.
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Appendix F FEA results of Machine — 2 (154 pole 168 slots)

16. Relative permeability plot at full load condition (Range: 1 to 500)

Time=0.076886 Surface: Relative perm eability Max: 500
500

450

400

r q3s0

T 7300

1250

r 200

150

100

50

35 4 45 5 55 ]
Min: 1.00

Figure F.20: Relative permeability in a range from 1 to 500 at full load.
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FEA results of Machine — 2 (154 pole 168 slots) Appendix F

17. Relative permeability plot at full load condition (Range: 1 to 200)

Time=0.076886 Surface: Reative perm eability Max: 200
200

160

7140

q1z20

7100

Min: 1.00

Figure F.21: Relative permeability in a range from 1 to 200 at full load.
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Appendix G

FEA results of Machine — 3 (132 pole 144 slots)

Appendix G
1. Input/output panel

FEA results of Machine - 3 (132 pole 144 slots)

Bl smartTool V3.3

Input panel
(@) inner [Rotor| outer () () motor | generator (@)

Machine key numbers

Rated mechanical power: 10000 K
Rated rotstionsl speed: 12.85 rpm
Desired rated voltage: 3238 N

Ajr gap length: 10 mm
Copper operating temperature: 20 deg C

Machine geometry

[ | Machine cuter diameter:

(@ Machine inner diameter: 7800 mm
Magnet length: 30 mim
Magnet pitchiole pitch: 0.9
Slot wictheslot pitch: 0.168
Slot cepthislat width: 1.2687
Mumber of poles: 132
Mumber of slots: 144

“ary poletsiot configuration (optimization only):

Energy density
(@ Copper current dens ity (rms): 180 Afmm*2
() Current loading {rms):

() Stator loss per area:

Flux density in statar yoke: 0.35 T
Flux density in rotor yoke: 0.4 T
Winding data

Copper fill factor under wecge: 0.08

@

Mumber of parallel branches:

Slot weecdge
Thickness slat wedge 2 it
Semimannetic wedge? |

5 7 0 Reguler input:
|_§':“-E‘l existing machine pa:a...fl

| Geometry input:

— var

e T

O

oo

Control

Calculate

Optimize

Orptimiz ation limits

Sket'Pole advice

Winding vis ualzation

Advanced

Cost data

FEA

Save to Bxcel

Struct to Works pace

[ Save design l [ Load des ign

Output panel
Geametry (main) and winding
Stack length: 1006.5
Lencth with end windings: 1221.9
Cuter active diameter: 7506
Inner active diameter: 700
Diameter at air gap: 5254 3
Slat pitch: 18003
Pale pitch: 196.2
Slot depth: va
Slot wickh: 2399
Stator back iron thickness: 2046
Raotar back iron thickness: 182.1
Wyeigth of active materials: 93T 76
Fotor mament of inertia: B95002.
Mumber of turns: 42
Copper operating temperature: 20
Characteristics
Torgue; 7373974
Efficiency: 999
cos_fi 0.7623
Electromagnetic values
Frequency: 14.25
RS line valtage: 33327
RMS phase induced voltage: 146582
RMS phase current: 2268.33
Flux density in tooth 0493
Average flux density in air gap 078
Active power: 9931 6
Phase inductance: 513389
Synchronous pu reactance: 06472
RS Copper current density: 130
RS current loading: 80667
Losses
Lozses in winding: 1225
Mo Load Lozses in magnets: 1134.95
Mo Load Losses in teeth: 4027 26

Mo Load Losses in stator yoke: 4029 64

Mo Load Lozses in rotor yoke: 379
Stator loss per area: 308
Coefficients

Distribution factor: 0.933
ACIDC Loss factor: 1.2
Magnetic air gap shear force: 107499
Cost

Material cost of windings: 147
Material cost of magnets: 5172

Waterial cost of stator laminate: 50193
Waterial cost of ratar back iron: 38226
Total active cost: 93742

mm
M
mm
mm
mm
mim
M
mm
mm
mm
M
kg

deg

EEEEE

W2

Mim*2

MK
MK
MOK
MK
MK

Figure G.1: Combined input and output panel of optimized parameters.

S

10000/0 762

C = = =
D?Ln  8.2552-1.07-12.95

=139

Note: The parameters in red color indicate that losses due to harmonics are not included.
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FEA results of Machine — 3 (132 pole 144 slots)

Appendix G

2. Machine Parameters:
u Set Existing Machine Parameters " . . - - = | 12 |-
Electrical parameters: Dimensions: _
P matar | generator (@ @ inner [Rator] outer
Mumber of slots, Ms: 144 Outer stator radius, r_so: 4275.2021 | [mm]
Mumber of poles, 8 132 Inner stator radius, r_si 4132.1488 | [mm]
@ Electrical frequency. f: 14.245 [Hz] Toath wicth, straight we_ts: 152.2527 | [mm]
") Rotational s peed, n; 12.95 [rpm] Slot shape @ Rectangular _| Parslielogram
@) RMS phas e current I_ph_rms; 22683347 | A Slot wickh, WY 299222 [mim]
Current lzading ac 880868.729 | AJm Shat depth, d_= 379114 | [mm]
Slot wedge thickness, th_sw: 3 [mim]
Wlndmg details: Semi magnetic shat wedge? MEG_Svw: |:|
Mumber of parallell branches, n_pk [:] Air gap lendgth, o 10 [mim]
Slot fill factor, excl. shat wedge, k_cu_nowedge: 0.08 Permanent magnet thickness, th_pm: an [mim]
Mumber of turns, n_s: 42 Permanent magnet wicth, W _JI; 175.2828 | [mn]
Rotor yoke thickness, th_kr: 1821483 | [min]
Temperatures: Active length Le 10087828 | [mm]
Machine operating temperature, temp _win: 20 ["C]
Cancel J [ Calculate

Figure G.2: Input parameters for Machine - 3.

3. EMF Simulation Plot

Sudace: Magnetic fux density, norm [T)

Figure G.3: EMF simulation plot.
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Appendix G FEA results of Machine — 3 (132 pole 144 slots)

4, One period EMF Excitation

One period extraction of EMF
ZUUU T T T T T T T T

raw data emf1
raw data emf2
raw data emf3
—#— data used in pp. emf1
—#— data used in pp. emf2

1500

1000

500

-500

-1000

-1500

data used in pp. emf3 H

_200[] | | | | | | | |
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
Figure G.4: EMF plot at no-load condition.

5. EMF simulation results

Machine -3 Machine -3
Parameters

Phase EMF Line EMF
Mean first harmonic peak, V 1937.2 33554
Mean peak voltage, V 1677.1 3303.4
rlhase voltage, 1. harmonics (rms), 1370 5372
Phase voltage maximum (rms), V 1186 2336
THD (%) 15.0 % 1.52 %
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FEA results of Machine — 3 (132 pole 144 slots) Appendix G
6. Phase and Line EMFs
Phase EMF Line EMF

EMF, Maksverdi: emfl = 1677.0491

2000
1500

a
£ 1000

harm

Figure G.5: Plot of EMF and harmonics of Phase - 1.

EMF, Maksverdi: emf1 = 3303.3602

4000
2000 |

ampl.
o

-2000 --
-4000 7

4000

3000

2000

ampl

1000

Figure G.6: EMF waveform of line voltage 1.

EMF, Maksverdi: emf2 = 1677.0518

5 10 15 20 25 30
harm

Figure G.7: Plot of EMF and harmonics of Phase - 2.

EMF, Maksverdi: emf2 = 3303.3692

THD =1.4535 %

Figure G.8: EMF waveform of line voltage 2.

EMF, Maksverdi: emf3 = 1677.0504

Figure G.9: Plot of EMF and harmonics of Phase - 3.

EMF, Maksverdi: emf3 = 3303.4483
T T T T T

J L

1010 S SR 1 o S
T L
@

-2000

e — N — T N I

0.02 0.03 0.04 0.05 0.06 0.07 0.08
tid
THD =1.4043 %
4000 T T T T T

Figure G.10: EMF waveform of line voltage 3.

116




Appendix G FEA results of Machine — 3 (132 pole 144 slots)

7. Full Load Simulation

Figure G.11: Magnetic flux density at full load.

8. Full load torque

— Raw data
—#— Data used in postprocessing (1 el. per.}

Figure G.12: Torque at full load.
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FEA results of Machine — 3 (132 pole 144 slots)

Appendix G

9. Full load torque Harmonics
x 107 Tz
P i —— S——— L R—— — T — T N
(RN SN S S SRR S S
R L
m 1 1 1 1

Figure G.13: Plot of full load torque and harmonics amplitude.

10. Full load PM losses

x 10° PMlosses
15 T T T T T T T T
14+
12r — Faw data

—#— Data used in postprocessing (1 el. per.)

10F .
3 -
GBI -
4_ - -
2 1 1 | 1 1 1 1 1

0 001 002 003 004 005 006 007 008 009

Figure G.14: Full load PM losses.
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Appendix G

FEA results of Machine — 3 (132 pole 144 slots)

11. Full load rotor core flux density

| | | | | | |
001 002 003 004 005 006 007

Figure G.15: Plot of flux density in rotor core.

12.  Smarttool FEA simulation results

Phase inductance B953 pH
Induced voltage

Phase voltage, 1. harmonic {rms) 1370
Phase woltage, maximum (rms) 1186 %
Total harmonic distartion (THD) 15.0209 %
Taorque

Cogging torgue amplitude at noload 4744 5994
hean torgue at full load -F7ERYA3.3
Torgque ripple amplitude at full load (pu)  -1.6035 %
Losses

Iran loss in stator at noload 14649.7336
Iran lass in rotor at noload 3306925 W
Induced loss in magnets at noload 140927725
Iron loss in stator at full load 43461.9903
Iran loss in rotor at full load 36649.7419
Induced loss in magnets at full load 1497055.90

Ok | | Write to command w indow

Figure G.16: Summary of FEA simulation results.
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FEA results of Machine — 3 (132 pole 144 slots)

Appendix G

No load simulation:

Loss results:

Average PM loss =14092.8 W

Max stator core loss =14649.7 W

Max rotor core loss =330.692 W

Where Bmax = 0.42093 T and Boff = 0.416171 T
Full load simulation:

Loss results:

Average PM loss =1.49706e+006 W

Max stator core loss =43462 W

Max rotor core loss =36649.7 W

Where Bmax =1.67971 T and Boff =0.41261 T
SmartTool FEA simulation results:

Phase inductance = 6963 uH
Induced voltage

Line voltage, 1. harmonic (rms) = 1370V
Line voltage, maximum (rms) = 1186V

Total harmonic distortion (THD)

Torque

Cogging torque amplitude at no-load

Mean torque at full load

Torque ripple amplitude at full load (pu)

15.0209 %

4744.6994 Nm
-7756743.3977 Nm
-1.6035 %
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Appendix G FEA results of Machine — 3 (132 pole 144 slots)

13. Surface plot of magnetic flux density at full load

Time=0.0897 Surface; Magnetic Alux density, norm [T] Max; 2.386

35 4 45 5 55 3
Min: 1.084e-3

Figure G.17: COMSOL plot of magnetic flux density at full load.

14. Flux variation in stator yoke

Magnetic Aux density, norm [T]

]

0g

Magnetic Aux density, norm [T]

=
o

04

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.02
Time

Figure G.18: Variation of flux density in stator core at a point close to slot.
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FEA results of Machine — 3 (132 pole 144 slots) Appendix G

15. Magnetic flux density in range of B=0to 1.7

Time=00897 Surface: Magnetic Aux density, norm [T] Max: 1.70

35 4 45 5 55 6 o
Min: 0

Figure G.19: Plot of magnetic flux density in a range from 0 to 1.7 T at full load.
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Appendix G FEA results of Machine — 3 (132 pole 144 slots)

16. Relative permeability plot at full load condition (Range: 1 to 500)

Time=0.0897 Surface: Relative parm eability Max: 500
500

450

400

7350

r 300

r 7250

[ 7200

150

100

50

Min: 1.00

Figure G.20: Relative permeability in range of 1 to 500 at full load.
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FEA results of Machine — 3 (132 pole 144 slots) Appendix G

17. Relative permeability plot at full load condition (Range: 1 to 200)

Time=0.0897 Surface: Relative perm eability Max: 200
200

180

160

1140

1120

100

Min: 1.00

Figure G.21: Relative permeability in range of 1 to 200 at full load.
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Appendix H

FEA results of Machine — 1 (176 pole 192 slots with 50 mm magnet)

Appendix H

mm magnet)
1. Input/output panel

B SmartTool V3.3

FEA results of Machine - 1 (176 pole 192 slots with 50

Input panel
(@) inner [Rotor| outer () ) motor | generator @)

Maching key numbers

Rated mechanical power: 10000 K
Rated rotational speed: 12.95 rpm
Desired rated voltage: 3300 W
Ajr gap length: 10 it
Copper operating temper ature; 20 degC
tachine geometry

() Machine outer diameter:

@ Machine inner diameter: 8000 | mm
Magnet length: 50 mim
Magnet pitchipale pitch: 0.2
Slot widthsslot pitch: 0.222
Slot depth/slot wickh: 1.287
Mumber of poles: 178
Mumber of slats: 192

Wary polefslot configuration (optimization only);

Energy density

(@ Copper current dens ity {rms): 120 Admm*2
i | Current lcading {rms}:
() Stator loss per area:
Flux density in stator yoke: 0.82 T
Flux density in rotor yoke: 07 T
Winding data
Copper fill factar under wwedge: 0.08
Mumber of parallel branches: [i]
Slot wedge
Thickness slat wedge 3 mim
Semimagnetic wedge? |

B 7 (@ Regular input:
|Se‘l exis ting machine palal B

) Geometry input:

— war

oooooo

]

OO

Control

Calculate

Optimize

Optimization limits

Slot'Pole advice

Winding vis ualization

Advanced

Cost data

FEA

Save to Excel

Struct to Works pace

[ Save design l l Load design

Qutput panel
Geometry (main) and winding
Stack lencth: 10107
Length with end wvindings: 1178
Outer active diameter: G967 .4
Inner active diameter: gooo
Diameter st air gap: 52941
Slet pitch: 13348
Pole pitch: 147.9
Slet degth: 382
Sl wvicth: 30.2
Stator back iron thickness: 9249
Rotor back iron thickness: 92
Wieigth of active materials: 5344392
Rotor mament of inertia: 451412,
Mumber of turns: 5
Copper operating temperature: 20
Characteristics
Torgue: 7373974
Efficiency: 99.8
cos_fi 0909
Elzctrothagnetic values
Frequency: 18.99
RMS line waoltage: F341 .4
RMS phase induced voltage: 17571
REMS phaze current: 189347
Flux density in tooth 141
Average flux density in air gap 0.85
Active poveet: 95962
Phaze inductance: 35573
Synchronous pu reactance: 04167
RMS Copper current density: 130
RMSE current losding: §1289.4
Lozzes
Loszes in winding: 7.4
Mo Load Losses in magnets: 4420 .46
Mo Load Lozses inteath: 71571
Mo Load Losses in stator woke; 744022
Mo Load Losses in ratar yoke: 13.54
Stator loss per ares: 5251
Coefficients
Distribution factar: 0.855
ACDC Loss factor: 1.2
Magnetic air gap shear force: 106053
Cost
Material cost of windings: 189
Material cost of magnets: 8653
Material cost of stetor laminate: 2355889
Material cost of rator back iron: 18612
Total active cost: 53444

it
it

mim

it

it

mim

it

it

it

mm

ki
ke*m*2

deg C

Mm

Eg-‘-‘}{{&

Ajmm2

%55255 z

M *2

{1878
MOK
MoK
({808
MCK

Figure H.1: Combined input output panel of SC machine - 1 with 50 mm magnet.

S

10000/0 909

C= = =
D?Ln  8.32-1.01-12.95

=12.2

Note: The parameters in red color indicate that losses due to harmonics are not included.
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FEA results of Machine — 1 (176 pole 192 slots with 50 mm magnet) Appendix H
2. Machine Parameters:
u Set Existing Machine Parameters SRR X

- — -

Electrical parameters:

otor | generator @)
Mumber of slats, M= 192
Mumber of poles, Mpx: 176
0 Electrical frequency, f: 18.9922 [Hz]
() Rotational s peed, mn: 12.95 [rrarm]
(@ RMS phase current I_ph_rms: 1893.4745 | A
[ I Current lcading ac: 8128D.3844 | Adm
Winding details:
Mumber of parallel branches, n_ks &
Slot fill factor, excl. slat wedae, k_cu_noenvedge: 0.02
Murmber of turns, n_s: a5
Temperatures:
Machine operating temperature, temp_win: 20 [*C]

Dimensions:

Outer stator radius,

Inner stator radius,

Toath wicth, straight

Slot shape

Slat width,

Slat depth,

Elot wedge thickness,
Semi magnetic slot wedge?
Air gap length,

Permanent magnet thickness,
Pertmanent magnet wicth,
Rotor yoke thickness,

Mctive length

r_so
r_si

wy_ta

@ Rectangular
g

o =

th_svwe:

mag_zw.

th_pm:
e

th_br:

inner |Rotor] outer

4283.8981 | [mm]
4152.0825 | [mm]
1049014 | [mm]
() Parallelogram
20,1804 | [mm]

35.2132 [rmirm]

2 [mm]
]

10 [rmim]

50 [rmitn]

131.472 | [mm]
52,0402 | [mm]

1010.7224 | [mm)]

Cancel

Calculate

Figure H.2: Input parameters of machine -1 with 50 mm magnet.

3. EMF Simulation Plot

1.05 §

0.95

08

0.85

Surface: Magnetic flux density, norm [T]

Figure H.3: EMF simulation plot at no-load.
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Appendix H FEA results of Machine — 1 (176 pole 192 slots with 50 mm magnet)

4, One period EMF Excitation
One period extraction of EMF
2500 T T T T T T
raw data emf1
2000 raw data emf2

raw data emf3

—#— data used in pp. emfl
—#— data used in pp. emf2
data used in pp. emf3

1500

1000 -
500 —
U -
-500 s
-1000 -
1500 .
-2000 i
_2500 ] ] ] ] ] ]
0 0.0 0.02 0.03 0.04 0.05 0.06 0.07
Figure H.4: EMF waveform of 3-phases at no-load.
5. EMF Simulation results:
Machine -1 Machine -1
Parameters (50 mm magnet) (50 mm magnet)
Phase EMF Line EMF
Mean first harmonic peak, V 2273.5 3937.8
Mean peak voltage, V 2038.9 3911.8
Phase voltage, 1. harmonics (rms), V 1608 2784
Phase voltage maximum (rms), V 1442 2766
THD (%) 11.1% 1.13%
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Appendix H

FEA results of Machine — 1 (176 pole 192 slots with 50 mm magnet)

Phase and Line EMFs

6.

Line EMF

Phase EMF

EMF, Maksverdi: emf1 = 3911.8383

2038.8672
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Figure H.6: EMF waveform of line voltage 1.

Figure H.5: EMF and harmonics of phase voltage of phase 1.
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Figure H.8: EMF waveform of line voltage 2.

Figure H.7: EMF and harmonic of phase voltage of phase 2.

3911.8557

EMF, Maksverdi: emf3

2038.8774

EMF. Maksverdi: emf3

5000 fi---- -4+

2000

0.015 0.02 0.025 003 0035 004 0045 0.05 0055 0.06 0.065

0.015 0.02 0025 003 0035 004 0045 005 0.055 0.06 0.065

tid
0.83133 %

tid
THD = 11.1654 %

THD

|

Figure H.10:: EMF waveform of line voltage 3.
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Figure H.9: EMF and harmonic of phase voltage of phase 3.
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Appendix H FEA results of Machine — 1 (176 pole 192 slots with 50 mm magnet)

7. Full Load Simulation plot
Surface: Magnetic flux density, norm [T]

22

1.8

152
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Figure H.11: Magnetic flux density at full load.

8. Full load torque
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Figure H.12: Torque at full load condition.
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FEA results of Machine — 1 (176 pole 192 slots with 50 mm magnet) Appendix H

9. Full load torque Harmonics
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Figure H.13: Torque and harmonic content at full load.

10. Full load PM losses

10" PMlosses
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Figure H.14: PM losses at full load.
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FEA results of Machine — 1 (176 pole 192 slots with 50 mm magnet)

11.

12.

Full load rotor core flux density

X 0.02503
Y -1.66
"

1 1 | 1
0.01 0.02 0.03 0.04

1 1
0.05 0.06

Figure H.15: Rotor core flux density at full load.

Smarttool FEA simulation results

Phase inductance 4635 pH
Induced waltage

Fhase voltage, 1. harmonic (rms) 1605
Phase voltage, maximum (rms) 1442 %
Total harmonic distortion (THD) 11.0763 %
Torgue

Cogging torgue amplitude at noload 107 3969
Mean torgque at full load 7398141 B
Torgue ripple amplitude at full load (pu)  -0.76148 %
Losses

Iran loss in stator at noload 15396.3502
Iran logs in rotor at noload 186.627 W
Induced lass in magnets at noload 18262 3427
Iran loss in stator at full load 27528 8453
Iron loss in rotor at full load 131121575
Induced lass in magnets at full load 40242 555

Ok | | Write to command w indow

Figure H.16: Summary of FEA results.
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FEA results of Machine — 1 (176 pole 192 slots with 50 mm magnet)

Appendix H

No load simulation:

Loss results:

Average PM loss =18282.3 W
Max stator core loss =15396.4 W
Max rotor core loss =156.627 W

Where Bmax = 0.74988 T and Boff =0.744438 T
Full load simulation:

Loss results:

Average PM loss =540243 W
Max stator core loss =275289 W
Max rotor core loss =13112.2W

Where Bmax = 1.66388 T and Boff =0.747241 T

SmartTool FEA simulation results:
Phase inductance = 4635 puH

Induced voltage

Line voltage, 1. harmonic (rms) = 1608V

Line voltage, maximum (rms) = 1442V

Total harmonic distortion (THD) = 11.0763 %

Torque

Cogging torque amplitude at no-load = 107.3969 Nm
Mean torque at full load = -7398141.6876 Nm

-0.76148 %

Torque ripple amplitude at full load (pu)
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Appendix H FEA results of Machine — 1 (176 pole 192 slots with 50 mm magnet)

13. Surface plot of magnetic flux density at full load

Time=0067275 Surface: Magnetic Aux density, norm [T]

Max; 2.389
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Figure H.17: Surface plot of magnetic flux density at full load.

14. Variation of flux density in stator yoke (just above the slot)

Magnetic Aux density, norm [T]
T T

[
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Figure H.18: Variation of flux denstiy in stator yoke (just above the slot).
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FEA results of Machine — 1 (176 pole 192 slots with 50 mm magnet) Appendix H

15. Magnetic flux density inrange of B=0to 1.7 T

Time=0.067275  Surface: Magnetic Alux density, norm [T] Max: 1.70

[ o8

r o6

04

36 38 4 4.2 44 46 4.8 S 52 5.4 5.6 5.8 o

Figure H.19: Surface plot of magnetic flux density in range of 0 to 1.7 T at full load.
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Appendix H FEA results of Machine — 1 (176 pole 192 slots with 50 mm magnet)

16. Relative permeability plot at full load condition (Range: 1 to 500)

Time=0.067275 Surface: Relative perm eability Max: 500
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Figure H.20: Relative permeability in range of 1 to 500 at full load.
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FEA results of Machine — 1 (176 pole 192 slots with 50 mm magnet) Appendix H

17. Relative permeability plot at full load condition (Range: 1 to 200)

Time=0.067275 Surface: Relative perm eability Max: 200

1140

100

80

Min: 1.00

Figure H.21: Relative permeability in range of 1 to 200 at full load.

18. Flux density variation at the center of a slot

Magnetic Aux density, norm [T]

Magnetic Aux density, norm [T]
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Time

Figure H.22: Variation of flux density at the center of a slot.
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Appendix |

FEA results of reference machine with segmentation of magnet

Appendix I

magnet

FEA results of reference machine with segmentation of

The pole magnet of the reference machine is segmented into 17 parts in circumferential

direction.

1.

Input/output panel

] SmartTool V3.3

Input panel

(@ inner |Rotor| outer ()

(7 motor | generstor @)

Machine key numbers

Rated mechanical powwer: 10000 Ky
Rated rotational speed: 12.95 rpm
Desired rated voltage: 3200 i

Air gap lencth; 10 ]
Copper operating temperature; 20 deg C

Machine geometry
[ | Machine outer diameter:

é fachine inner diameter: 11800 mim

Magnet lencth: 20 i
Magnet pitchioole pitch: a8
Shat wickthislot pitch: 0.5
Slat depth/slat wicth: 0.5
Mumbet of poles: 198
Mumber of slats: 218

Yary polesslot configuration (optimization anly):

Energy density

I | Copper current dens ity {rms :
0 Current loading (rms ): 472471 Adm

[ | Stator loss per area:

in
o
=

Flux density in stator yoke:

[=R-=}

in
o
-

Fluz density in rotor yoke:

Winding deta
Copper fill factor under wedge: a.

in

Mumker of paralel branches: g

Slot weedge

=]

Thickness slot wedge it

SEmimannetic wedge? (|

(@ Regular input:
’Se‘t exis ting machine pE.lE...]

[ | Geometry input:

— War

oooooO

O

oo

Control

Calculate

Optimize

Optimization limits

Slot'Pole advice

Winding vis ualization

Advanced

Cost data

FEA

Save to Excel

Struct to Works pace

[ smesmen ] |

Load design

Qutput panel
Geometry (main) and winding
Stack length: 12228
Length with end windings; 14837
Cuter active diameter: 12141 2
Inner active diameter: 11600
Dizmeter st air gap: 11857 .1
St pitch: 1726
Pole pitch: 188
St depth: 431
St weickth: 86.3
Statar back iron thickness: 926
Ratar back iron thickness: 1036
Wigth of active materials: a0750.72
Rotor moment of inertia: 1466186
Mumber of turns: 24
Copper operating temperature: g0
Characteristics
Torgue: 7373974
Efficiency: 96.4
cos_fi 05375
Elzctrothagnetic values
Freguency: 21.37
RMS line vaoltage: 32516
RMS phasze induced voltage: 16311
RMS phase current: 203572

Fluz density in tooth 118
Average flux density in air gap 0.58

Active povver: 5166
Phase inductance: 37473
Synchronous pu reactance: 05464

RMS Copper current density; 4381

RME current loading: 47247 1
Loszes

Lozses in winding: 335249,
Mo Load Losses in magnets: 125.54
Mo Load Losses in testh: 121567.38

Mo Load Losszes in stator yoke: 11565.72

Mo Load Losses in rotar yoke: 206.79
Statar loss per area: 766
Coefficients

Distribution factor: 0.955
ACIDC Loss factar: 12
Magnetic air gap shear force: 42592
Cost

Material cost of windings: 105
Material cost of magnets: G042
Material cost of stator laminsate: 41887
Material cost of rotor back iron: GEE44
Tatal active cost: 90751

min
mim
min
mim
mith
mim
min
mim
mith
mim
mith
kg
kg*m*2

e C

EEEEEE

im*2

Mim*2

MoK
Tk
MOK
Rk
MoK

Figure 1.1: Combined input/output panel of reference machine with segmentation.

Note: The parameters in red color indicate that losses due to harmonics are not included.
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FEA results of reference machine with segmentation of magnet

Appendix |

2.

FEA results of reference machine with segmentation of magnet

Losses

lron loss in stator at noload
l[ron loss in rotor at noload
Induced loss in magnets at noload

lron loss in stator at full load
l[ron loss in rotor at full load
Induced loss in magnets at full load

Phasze inductance J65E pH
Induced voltage

FPhase valtage, 1. harmanic (rms) 1569 %
Phaze voltage, maximum (rms) 1551 W
Total harmonic distartion (THD) 1.1409 %%
Torgue

Cogging torgue amplitude at noload 359958371
bean torgque at full load -FU5EEYS b

Torgue ripple amplitude at full load (pu)  -1.0716 %

242734 9B5E
13290375
130065535

BO951 9356
37311.5837
18411.1526

QK

| | Wirite to command window

Figure 1.2: FEA results of reference machine with segmentation.
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