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Abstract

Ocean wave energy is an attractive renewable energy source, which exists a great
worldwide resource and offers the highest energy density among the renewable energy.
Wave energy converters (WECSs) have been developed to convert wave energy into electric
power. Among them, direct-drive devices are considered more reliable and robust than
gearbox or hydraulic systems due to the absence of intermediate mechanical conversion parts.

Permanent magnet linear generators (PM-LGs) are generally adopted to direct-drive wave
energy converters (WECs). Nevertheless, these machines are physically large and heavy due
to the low moving speed of waves, and they also suffer from the drawbacks of PM
demagnetization, uncontrollable airgap flux, and high PM cost. On contrary, high-
temperature superconductors (HTSs) exhibits high current-carrying capability, which can
generate a higher magnetic field than that achieved by using copper wires or PMs, thus
compensating for the low speed of the translator. Therefore, the HTSs have the potential of
achieving compact and light machine, which causes little mechanical tension on the heaving
buoy if used in WECs. The research in this thesis aims to breakthrough some key design
technologies of HTS linear generators used for direct-drive WECs, and explore their
advantages in WEC application.

This thesis consists of six chapters, and the contents are organized as follows:

In Chapter I, state of the art of WEC systems and the linear generators (mainly the different
types of PM-LGs) used in direct-drive WECs are firstly introduced. Then, the fundamental
properties, development and applications of HTSs are described. And two concepts of HTS
linear generators proposed for WECs are presented, with the advantages and disadvantages
discussed.

In Chapter II, characteristics of ocean waves are firstly investigated to make sure that the
studies in this thesis are based on realistic wave data. Then, electrical system of a direct-
drive WEC is presented, and the structural merits of the WEC device are highlighted. Next,
the buoy movement during one-cycle operation is analyzed, and the relation of maximum
output power and buoy size is clarified.

In Chapter 111, PM tubular linear generators (PM-TLGs) are designed for the WEC. This
chapter focuses on the electrical design method of PM-TLGs and the design results of
different PM-TLGs (with PM thickness of 50 mm, 60 mm, and 70 mm, respectively). The
electrical design method is described in detail, especially the methods of determining main
machine parameters, calculating leakage coefficients with three-dimensional (3-D)
simulation, and evaluating PM operating point. Optimum design results of the PM-TLGs are

presented and discussed to select a most desirable one. And the magnetic flux density



distribution of the PM-TLG with 60 mm PMs is analyzed to verify the correctness of the
design method.

Chapter IV aims to present the key design technologies of HTS-TLGs, clarify the induced
voltage characteristics of the HTS-TLGs, introduce the cooling system and describe the
evaluation of input power of cryocooler. The contents are organized as follows. Firstly,
conceptual structure of the HTS-TLG is described in detail. Then, the key electrical design
technologies of HTS-TLGs are presented, including the electrical design process, the
determination of main machine parameters, the calculation of magnetomotive force (MMF),
and the approaches of obtaining leakage coefficients and HTS heat loss with 3-D simulation.
By using this electrical design method, a I MW HTS-TLG is designed for the WEC, and the
design results are shown. Then, waveforms of electrical frequency, induced phase voltage,
and rectified 3-phase voltage of the HTS-TLG are plotted to show its induced voltage
characteristics. Besides, an economic way of connecting output power to grid is proposed,
which benefits for reducing expensive filters. Moreover, cooling system of the WEC device
is introduced, with the cryogenic vessels presented, various heat loss calculated, and input
power of cryocooler evaluated.

In Chapter V, different TLGs designed for the WEC are compared and discussed. Firstly,
three types of TLGs are described, which are HTS-TLG, PM-TLG, and Cu-TLG (with field
exciting component made of copper wires). These TLGs are compared from the aspects of
machine performance including the physical and electromechanical characteristics, and the
costs. Furthermore, a 2 MW HTS-TLG is designed based on a different set of wave data,
which is compared to another HTS-LG designed with approximate wave data to show the
advantages of the proposed structure, and is further compared to the 1 MW HTS-TLG to
show the influence of wave data on the generator design.

Chapter VI summarizes the research conducted and results presented in this study. The
contributions in this thesis are highlighted. Moreover, the possible improvements are
proposed for the future research.



Chapter I Introduction

1.1 State of the art of wave energy conversion systems

In the light of increased environmental concerns, renewable energy conversion
technologies have attracted attention from governments, academy and utilities. As reported
by IEA, the gross electricity production from non-combustible renewables (including wind,
solar, geothermal, and others) in OECD countries accounted for 21.5% of all generation in
2015 [1]. However, there is still an unexploited renewable energy resource that waits to be
harnessed, which is ocean wave energy. Ocean waves offer higher energy density (2-3
kW/m?) than other renewable resources (wind 0.4-0.6 kW/m?, solar 0.1-0.2 kW/m?) [2][3].
Other benefits include: 1) little energy loss under large travel distance [4]; 2) larger
predictable capability than both wind and solar energy [2]; 3) good correlation between
source and demand (Natural seasonal variability of wave energy follows the electricity
demand in temperature climate.) [4]; limited negative environmental impact in use [5].

Wave energy conversion technology attracted attentions because of not only above merits
of ocean waves, but also a great worldwide resource of wave energy, which has been
estimated to be greater than 2 TW [6]. Interests in wave energy conversion technology was
firstly spurred by the emerging oil crisis of the 1970s [7], but did not last long as the oil price
went down. Recently, following the issues of climate change and the rising level of CO», the
focus on generating electricity from ocean waves is once again an important area of research,
and a wide variety of wave energy converter (WEC) prototypes have been developed [8][9].
In the following, the predominant types of WECs and the main power take-oft devices are

presented.

1.1.1 Predominant types of wave energy converters (WECs)

During the last years, a large number of WECs have been presented in publications,
developed, constructed and tested, which could be classified into: 1) onshore, nearshore and
offshore devices depending on the distance from the coast; 2) attenuator, point absorber, and
terminator according to the size and direction of the device regarding the incoming wave; 3)
pressure differential, overtopping device, floating structure, and oscillating wave surge based
on their working principle [2][10]. Fig. 1-1 shows the WEC prototypes and their developers
based on above classifications, with schematic diagrams shown on top to depict their
working principles. The typical WECs and the main types of power take-off (PTO) devices

are described in detail as follows.
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A. Pressure differential
WEC:s belonging to this category can be subdivided into Archimedes effect converters and
shoreline oscillating water columns (OWCs). The former is a submerged point absorber that
uses the pressure difference generated between the wave crests and troughs over the device.
As a wave crest 1s over the device, the water pressure compresses the air inside of it and
moves the device down. As a through passes over, the water pressure will be reduced and
the device rises. A classic example of this type of WEC is the 250 kW Archimides Wave
Swing (AWS) [11]. The latter consists of a semi-submerged chamber with an opening at the
bottom. The reciprocating movement of the waves raises and lowers the level of water
therein, moving the internal air volume. This air flow drives a low-pressure Wells turbine
which rotates in the same direction even though the air flow is bidirectional. The shoreline
LIMPET 500 kW power plant represents one OWC system that is currently producing power
for the National Grid, installed at Islay, Scotland, in 2000 [12]. The OWC concept could also
be found in Oceanlix 3 MW products (BlueWAVE) [13]. Advantages of the OWC wave
power device are simplicity, robustness, and high reliability.
B. Floating structure
This type of devices is based on a floating body, which is slack-moored to the sea bed, and
moved by the waves. The usable oscillatory movement may be vertical, horizontal, pitch or
a combination of them, such as the OPT (Ocean Power Technologies) PowerBuoy (vertical
oscillation) [14] and the Pelamis Wave Power (pitching device) [15]. The Pelamis became
the world’s first offshore wave machine when it was first connected to the UK grid in 2004
[16], followed the world's first commercial Pelamis Wave Power's Agucadoura Wave Farm,
which started operating and delivering 2.25 MW in Northern Portugal in 2008 [17].
C. Overtopping wave power device
Overtopping systems force water to a reservoir above the sea level, and then releases the
water back to sea through head turbines. A typical such converter is the 4-10 MW Wave
Dragon depending on the wave climate at deployment sites [18][19]. Another example is the
Sea-wave Slot-cone Generator (SSG), a 150 kW WEC pilot project in the island of Kvitsoy,
Norway [20].
D. Oscillating wave surge device
An oscillating wave surge converter is generally comprised of a hinged deflector,
positioned perpendicular to the wave direction (a terminator). The deflector moves back and
forth, exploiting the horizontal particle velocity of the wave. An example is the 800 kW
Aquamarine Power Oyster [21], a nearshore device, which had been grid-connected at
EMEC’s Billia Croo test site from June 2012 until 2015.


https://en.wikipedia.org/wiki/Pelamis_Wave_Power

1.1.2 Power take-off devices

As WEC devices are generally heaving or nodding, electrical power must be generated by
either a direct-drive linear generator or a conventional rotary generator with a mechanical
interface that converts the alternative motion into a continuous one-directional motion. In
the latter case, the mechanical interface is generally a pneumatic or hydraulic turbine. Some
of these PTO elements are described as follows.

A. Air turbines

Using air turbines in WECs has the advantage of increasing the slow velocities of waves
to high air flow rates. Nevertheless, as the flow through the turbine is reciprocating, random,
and highly variable over time, conventional turbines are not appropriate for WECs. Thus,
several types of air turbines like the Wells air-turbine, the Dennis-Auld turbine, and the
impulse air-turbine have been proposed for WECs. Fig. 1-2 shows the schematic diagrams
of these three types of air turbines, which are all self-rectifying turbines.

The Wells air-turbine is the most popular air turbine in OWCs [22] because of its ability
to rotate in the same direction despite of airflow direction, and the features of relatively high
velocity ratio of rotational blade to air-flow and low cost to construct. Nevertheless, it has
disadvantages like: low or even negative torque at small flow rates; low efficiency (around
60%-65%) [23][24]; high noise; poor starting; and relatively large diameter for its power
(2.6 m for the counter-rotating 500 kW turbine of the LIMPET Islay II plant) [22].

2
-}

Fig. 1-2 Schematic diagrams of air turbines for WECs. (a) Wells turbine with guide vanes (b)

Denniss-Auld turbine and (¢) impulse turbine.

The Dennis-Auld air-turbine was developed in Australia and installed in the Oceanlinx
OWC [25], as shown in Fig. 1-3. The blades are located on the periphery of the rotor hub in
a neutral position, parallel to the axial direction of the flow. The Dennis-Auld turbine has a

much larger pitching range than the variable pitch Wells turbine, so it has a much greater



solidity (total blade area divided by turbine sweep area) which increases the efficiency of the
device [26].

The impulse air-turbine is a self-rectifying turbine with an axis of rotation aligned to the
direction of an air flow. An example of its utilization is the wave energy plant of Niigata-
Nishi port [27][28], as shown in Fig. 1-4. The air turbine has guide vanes both upstream and
downstream. These guide vanes are symmetrical with respect to the rotation axis to achieve
rotation in a single direction from bi-directional airflow generated by OWC. The advantages
and disadvantages of impulse turbines compared to Wells turbines are not clear, depending

on which versions of each are being compared [10].

Denniss-Auld turbine

Fig. 1-4 OWC device and impulse air turbine at Niigata-Nishi Port, Japan [30].



B. Hydraulic turbines

The significant advantage of using sea water turbines is that leakage of fluid causes no
environmental problems. Hydraulic turbines are mainly impulse hydro-turbines and reaction
hydro-turbines. The most common type of impulse turbine is Pelton turbine, which is used
in the Oyster WEC. As shown in Fig. 1-5 (a), this turbine is composed of a wheel with several
split buckets mounted around its rim. High velocity water jets are directed onto the split
buckets, and the momentum of the water jets is transferred to the turbine, so that the turbine
rotates. Pelton turbines are very efficient in high-head and low-flow applications. Therefore,
they are not suitable for overtopping devices, but suitable for oscillating wave surge devices
[31]. For the reaction hydro-turbine, the two most common types are the Kaplan and Francis
turbine, as displayed in Fig. 1-5 (b) and (c). The Kaplan turbines are suited best to ocean
energy devices as they can produce a highly efficient output power in low head applications,
as in Wave Dragon [29] and SSG [20]. On the contrary, Francis turbines are suitable for
high-head applications, therefore, they are not usually employed for WEC applications.

Fig. 1-5 Hydro turbines for WECs: (a) Pelton turbine, (b) Kaplan turbine and (c) Francis turbine

C. High-pressure or oil-hydraulics cylinders

Another method of converting the low-speed oscillating motion is to employ high-pressure
or oil-hydraulics cylinders, like the PowerBuoy [14]. Fig. 1-6 shows a schematic
representation of the hydraulic PTO. The motion of a heaving buoy is firstly converted into
hydraulic energy via a hydraulic cylinder, moving a fast-hydraulic motor, which drives an
ordinary electrical generator. In this way, the oscillating motion of the buoy is converted into
electric energy. In order to generate a regular output power, the hydraulic motor has variable
capacity to drive the generator at a constant speed despite a variable flowrate. Usually,
between the cylinder and motor, there are accumulators to provide energy storage and to

maintain constant flow to the hydraulic motor.
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Fig.1-6 Schematic representation of the hydraulic PTO [2].

Despite the advantages of the different types of PTO devices, some severe drawbacks of
the pneumatic and hydraulic systems in WECs have been obstacles to the development and
application of WEC systems, which are summarized as:

* Both the pneumatic and hydraulic system involve many stages to interface the low-
speed reciprocating motion of waves to the high-speed rotary motion of an electrical
generator. All these stages have moving parts requiring maintenance, and the off-shore
maintenance is more difficult and restricted by weather conditions.

* Turbines are expensive and do not exhibit high efficiencies over a wide speed range.

* For the hydraulic turbine systems, sea water is a complex fluid with various
unpredictable constituents. The abrasive particles in sea water could damage seals and
valves of devices.

* There are conflicts with fisheries interests on low-head schemes, and with irrigation
needs on high head schemes.

D. Direct Drive

As mentioned above, the reliance on conventional high-speed rotary electrical generators
inevitably involves complex and inefficient pneumatic or hydraulic PTO systems. If the
electrical generator could be directly coupled to the wave energy device there would be fewer
intermediate conversion stages, thus simpler structure and lower maintenance requirements.

AWS, developed in the Netherlands and first tested in the sea off the coast of Portugal in
2004, is the first direct-drive WEC device which adopts a double-sided permanent magnet
linear generator (PM-LG) [32][33]. The AWS is basically a cylindrical air-filled chamber,



the lid of which, can move in vertical direction. As a wave crest passes over the device,
pressure inside of the chamber is increased, reducing the volume of the air chamber, hence
the device will fall. The device will rise again when a trough passes over the device. The
AWS device is survivable and reliable whilst providing best-in-class efficiency and cost and
a minimal environmental foot-print due to the use of direct-drive technology and the sub-sea
location. The inventors intend to offer their 25 kW Waveswing on a pre-commercial basis
from mid-2017.

Another attractive direct-drive WEC device is the Edinburgh Duck [34], which consists of
a rocking cam shaped device reacting a force against a stationary spine, as depicted in Fig.
1-7. A custom-made rotary machine could be used as the PTO, in which the generator stator
is integrated into the spine and the rotor in the nodding cam. It is worth noting that it is one
of the few devices that is suitable for direct drive but produces rotary motion. An important
feature of this device is its capability of converting both the kinetic and potential energies of
the wave to mechanical energy, thus achieving very high absorption efficiencies
(theoretically over 90%) [35].

Other direct-drive WEC systems employing PM-LGs have been developed at the kW level,
such as the Trident Energy TE 5 in UK, which adopts a single-sided linear tubular air-cored
generator [36], the linear converter in Uppsala University, which employs a multisided linear
generator [37], the WEC system developed by Oregon State University, which uses a tubular
PM-LG [38], and so on.

Stationary

Spine \

Nodding
Motion

Mooring

e

Fig. 1-7 Sketch of the Edinburgh Duck [39].



1.2 Linear generators used in direct-drive WECs

As mentioned above, the direct-drive concept is more promising in WEC application due
to the absence of linear-to-rotary conversion mechanisms. At present, PM-LGs are generally
used in direct-drive WECSs, which produce higher power density than copper machines. In
the following, different types of PM-LGs for direct-drive WECs are presented, with their
advantages and disadvantages discussed.

A. Double-sided / Multi-sided PM-LG

The AWS employs a double-sided PM-LG, with magnets on the translator [32][33], as
displayed in Fig. 1-8. It is reported that major merits of the PM-LG include a rather high
force density and the elimination of electrical contact to the translator. However, the double-
sided PM-LG used in the AWS has several disadvantages, like the severe bearing loads
caused by the attractive force between stator and translator, the large size and high cost, and
the high losses [40]. In addition, the PM-LGs suffer from demagnetization of PMs and
uncontrollable airgap flux.

To eliminate load on the structure of generators, N. Hodgins et al. proposed a C-GEN
machine for the AWS, which is basically a double-sided air-cored PM-LG [41]. Fig. 1-9
shows the 50-kW prototype of the C-GEN generator with the C-Core modules [42]. The C-
GEN machine features no attractive forces between the stator and the PM translator as a C-
shape translator is adopted, which eliminates the bearing load. However, there are still large
attraction forces between facing magnets, which increase the mechanical challenges. A 50-
kW prototype has been manufactured and tested at both no-load and half-loaded conditions
with velocities controlled by a hydraulic system, which proves the concept to AWS

applications.

]
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(b)
Fig. 1-8 (a) The PM-LG in the AWS; (b) a sketch of the cross section [43].




Fig. 1-9 The 50-kW C-GEN generator: (a) flux paths within the C-Core module and between
modules; (b) Completed linear module; (c) prototype of the generator [42].

M. Leijon et al. in Uppsala University proposed a 100 kW PM-LG with an octagonal stator
for a direct-drive WEC [44], aiming to find a robust construction that optimizes price,
maintenance cost and environmental impact. Then, they constructed a 10-kW laboratory
four-sided linear test generator, as shown in Fig. 1-10, to verify computer simulations and
investigate the mechanical and electromagnetic properties of the prototype [45]. And the
experimental result shows excellent agreement between measured data and simulations.
Nevertheless, compared to a double-sided LG or a tubular LG, this structure is more

complicated, and there would be more leakage fluxes due to the coil ends.

Fig. 1-10 A 10 kW laboratory four-sided, three-phase synchronous linear generator [45].
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B. Variable reluctance PM machines

Variable Reluctance Permanent Magnet (VRPM) machines such as transverse flux
machine (TFM) and vernier hybrid machine (VHM) exhibit much higher airgap shear stress
(a shear stress of 100 kN/m? reported for the TFM [46]) than conventional PM synchronous
machines (with shear stress in the region of 20-30 kN/m?). Such a VRPM machine could
reduce the airgap surface area by a factor of 5, which lead to small machines for marine
applications. Mueller & Baker have built a linear vernier hybrid PM machine to investigate
its suitability for direct-drive WECs [39][47]. As shown in Fig. 1-11, stator of this machine
consists of iron C-cores placed in pairs facing each other, with armature windings wound
around the limbs of the C-cores. As shown in the schematic sketch of the single phase, PM
magnets are mounted on the limbs of the stator with alternating polarities, and the magnets
on the facing limbs have opposite polarities. Translator is sandwiched between the stationary
C-core stator. When the translator moves one tooth pole pitch the polarity of flux changes,
producing a rapid flux reversal, in which way, the low velocity of the translator is geared up
to a high electrical frequency. During the flux reversal, an energy change takes place over a
small distance, resulting in high thrust forces at the airgap. A shear stress of 106 kN/m? has
been measured [48]. Another example of VRPM machine is proposed by Y. Du et al. in [49].

Despite the remarkable advantage in airgap shear stress, VRPM machines have the
following characteristics, which limit their application to large-scale WECS:

» very high inductance due to the dominant leakage fluxes, thus a low power factor;

 large attractive forces, which should be overcome by using a support structure, thus

leading to very complex machines;
» very small airgaps (< 1 mm) with small magnet pitch.

coil C-core stator
sectic'm

Steel Core

Coil

Moving
part [rotor]

Magnets

A single phase

Laminated translator

(b) (b)
Fig. 1-11 A linear vernier hybrid PM machine: (a) the prototype; (b) the structural diagram of a
single phase [39][46].
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C.  Tubular PM-LG

Tubular PM-LGs were payed attention as they have little attractive forces between stator
and translator, low per unit self-inductance, and simple structure. A PM tubular linear
generator (PM-TLG) is designed and manufactured for ocean wave energy conversion by
Oregon University, with novelties of a seawater air gap between the magnets and armature,
cogging force reduction techniques in the lamination design, and radially oriented
laminations for reduction of eddy current loss. As shown in Fig. 1-12, the PM-TLG buoy
system has three main components, which are the spar (3.3 m in height), the float (2.3 m in
height), and the PM-TLG. The PM-TLG consists of a 1196 mm long magnet section located
on the inside diameter of the float and a 286-mm long armature located on the outside
diameter of the spar. The linear generator was tested on the pier in Yaquina Bay off the coast
of Newport Oregon in the fall of 2007, with controlled actuation of the spar using the dock-
side crane. The testing results indicated that the system can generator over 1 kW at 0.3 m/s.
Ocean testing of a 10-kW direct-drive wave energy conversion system SeaBeav I was
conducted but not succeeded due to the swelling of the bearing strips. Besides, the PM-TLG
used in the SeaBeavI has the disadvantage of relatively large effective air gap, which requires

a more magnetic material and more armature turns.
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Fig.1-12 Cross-sectional view of buoy and PM-TLG proposed by Oregon University [50].
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Trident Energy and Cambridge University designed a single-sided linear tubular air-cored
generator for the Trident Energy TE 5, with the schematic diagram presented in Fig. 1-13.
The Trident Energy TE 5 operates on the principle of having direct-drive linear generators
mounted above the water surface, coupled to floats moving under the rig deck. The Trident
Energy TE 5 comprises four floats, with each float coupled by a rigid thrust pole to two
linear generators in tandem. Fig. 1-13 shows the schematic diagram of the tubular linear
machines (TLMs) used in the Trident Energy TE 5, which have fixed permanent magnet
stacks with alternating polarities. The generator coils are air-cored and in the form of a two-
phase system, with a ferromagnetic screen located around the coils to gain more output
power. Total length of the magnet stacks is 4.75 m, and stroke of the TLM is 3.3 m.

The TLMs used in the Trident Energy TE 5 features a ferromagnetic screen located around
the coils, which improves the output of the air-cored TLMs, however, the air gap flux density

dramatically decreases away from the PM translator due to the lack of iron in the stator.

LPhasc A coils
Phase B coils Resin backed
Phase A Hall sensor Magnetic shield (back-iron) stainless steel running surface
Phase B Hall sensor

Machine casing

Steel spacer Stainless steel core

Magnet
Steel spacer

Fig. 1-13 Schematic diagram of the TLMs used in Trident Energy TE 5 [36].

D. Other types of PM-LG

As PM machines suffer from the drawbacks of uncontrollable airgap flux due to the PM
excitation [51], very recently, some novel PM-LGs have been proposed to improve voltage
waveform of the WEC device, such as those proposed in [52]-[54].

As presented above, different types of PM-LGs have been designed and developed for
direct-drive WECs. In spite of the advantages of each machine mentioned before, some
significant drawbacks existing in these machines are summarized as follows:

» The PM-LGs have the problem of PM demagnetization.

* Due to the slow speed of waves, these machines are physically large, and hence in high

mass and high cost.

» As the magnetic field of PM-LGs cannot be adjusted, it results in high output voltage

regulation and low power density.
These drawbacks brought the requirement for high current-density materials to make

compact and light machines, and enhance the power density of direct-drive LGs.



1.3 Development and application of high-temperature
superconductors (HTSs)

1.3.1 Fundamental properties of superconductors

(a) Electromagnetic properties of superconductors

Superconductivity has come a long way since first being discovered in 1911 by H.
Kamerlingh Onnes. He found that at 4.2 K the resistance in a solid mercury wire immersed
in liquid helium suddenly vanished. In the following observation, other metals such as lead
and tin also exhibit zero resistance below a certain temperature, known as the critical
temperature (T.). Perfect conductivity (zero resistance) is one aspect of the properties of
superconductors, and the other aspect is the perfect diamagnetism, which means that a
superconductor completely expels an applied magnetic field except for a distance of 4, the
penetration depth [55]. The perfect diamagnetism was discovered by Meissner and
Ochsenfeld in 1933, and was known as the Meissner effect [56].

The disappearance of resistance and the complete expulsion of an applied magnetic field
are the two principal properties to prove the existence of superconducting material. All
superconductors must operate within a region determined by three inter-related parameters:
critical current density Jc, critical temperature T¢, and critical magnetic field Hc. These
parameters define the upper limits for the superconductivity in a material, exceed which a
superconductor will revert to its normal state [57]. As shown in Fig. 1-14, the shaded volume
shows the superconducting region of superconductors.

Current Density, J

A

Jo

Normal state

Superconducting state

[
L

‘ Temperature, T

He

Magnetic Field, H

Fig. 1-14 Critical surface of a superconductor, defined by current density, temperature, and
magnetic field.
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(b) Type | & type Il superconductors

Superconductors are classified into type-I and type-11 superconductors according to the
different normal to superconducting transition processes. The type-l superconductors are
mainly comprised of metals and metalloids that show some conductivity at room temperature.
They exhibit a very sharp transition from a normal state to a superconducting state, namely
the Meissner effect (perfect diamagnetism below Hc). Type-l1 superconductors have a
relatively low Hc, which limits their applications. Type-Il superconductors are comprised of
metallic compounds and alloys. Different with type-1 superconductors, the transition from a
normal to a superconducting state of type-11 superconductors is gradually across a region of
"mixed state”. Type-1l superconductors have two critical magnetic field, the lower critical
field Hc1 and the upper critical field Heo. Type-11 superconductors expel magnetic fields up
to a lower limit Hci. As the field increases beyond the Hci, the type-I1 superconductors enter
a mixed state, during which the magnetic field gradually penetrate the material until the Hcz
is reached. At Hc, the material is already fully penetrated and returns to the normal
conducting state. The Hcz is much higher than the Hc of type-I superconductors, therefore,
type-11 superconductors can work in high magnetic fields and have wide practical
applications.

Superconductors are distinguished as low temperature superconductors (LTSs) and high
temperature superconductors (HTSs) depending on their critical transition temperature.
HTSs generally have a T¢ higher than around 23 - 30 K, and all other superconductors which
have a T¢ lower than this value are LTSs. Both LTSs and HTSs belong to type-Il
superconductors.

(c) Flux flow and flux pining of superconductors

As mentioned above, superconductors allow magnetic flux to penetrate the material above
their critical field (Hc for type-1 superconductors and He: for type-I1 superconductors). The
magnetic flux penetrates the material in such a way that individual magnetic flux quanta
enter the material and form cylindrically symmetric domains called vortices. Each vortex is
composed of a circular shielding current flowing around a single flux quantum, as shown in
Fig. 1-15. The superconducting shielding current is composed of a pair of superconducting
electrons known as a Cooper pair. These vortices interact with each other in such a way that
they repel each other by means of a Lorentz force F, given as:

FL=JxB (1-1)

This Lorentz force comes from the interaction between one vortex’s magnetic field and
the circulating shielding current of its neighbor’s vortex. The vortices move under the
influence of the Lorentz force, but are trapped at defects in the lattice called pinning centers.
This phenomenon is known as flux pinning. The pinning centers exert a force on the vortices
known as the pinning force Fp. The pinning force acts on the core of a vortex and is equal to
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the Lorentz force required to depin the vortex. When there is a transport current J, the
Lorentz force becomes great enough to depin the vortices and causes a collective flux motion.
If the pinning forces dominate, the flux motion is slow and is called flux creep. If the Lorentz
forces dominate, the flux motion is fast and is known as flux flow.
Pz

At 4
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\

side view

Normal core Normal region = 300 nm

Fig. 1-15 Flux pinning for type-1l superconductors.

(d) Loss in a superconductor

Due to the flux pinning in critical state, the magnetic flux in a superconductor will not
change in a reversible way as the external applied field changes, and the work needed to
overcome the pinning force relates to some losses in the superconductor. In applications,
losses of type-11 superconductors are distinguished as the transverse alternating applied field
loss, the alternating current loss (AC loss), and the direct current loss (DC loss) depending
on the power supply. The transverse alternating applied field loss results from applying a
transverse alternating magnetic field to superconductors. The AC loss comes from the
connection of a superconducting wire to an AC power supply with normal leads (with peak
current of the superconducting wire below its critical value). Once the peak current of the
superconducting wire is above its critical current, a large loss would be generated in the
superconducting wire, in addition to the loss caused by the changing self-field. The DC loss
occurs in a superconducting wire in the case that it is connected to a DC power supply with
normal leads. The DC loss is small if the current is less than a critical value, but can become
quite large if the DC current considerably exceeds the critical value.

The losses which occur in a superconductor must usually be kept to a very low level to
maintain the superconductivity, which are much lower than the resistive loss in a normal
conductor under the same circumstances. However, the losses are dissipated as heat in a low



temperature environment, leading to evaporation of the coolant or an increased thermal load
on the cooling system. The use of HTS over LTS greatly reduces the problem of heat removal
due to the higher operating temperature, but does not eliminate it. Therefore, calculating the
losses of a superconductor allows for more detailed design of applications that make use of
superconductors to justify the extra investment in the superconductor and the cooling
equipment. In addition, superconductors must meet several other requirements to compete
with the presently used normal conductors, including a high critical current and a low $/kAm
price. The decision to utilize superconductors in electrical power devices is usually based on
financial considerations: energy costs, superconducting material costs, cooling system costs,
and maintenance and reliability [58].

1.3.2 Development of HTSs

(a) Discovery and main properties

HTSs were discovered by Georg Bednorz and Alex Muller in 1986 [2] when they studied
the conductivity of a Lanthanum-Barium-Copper-Oxide (LaBaCuO) ceramic, which has a
critical temperature of 30 K. This discovery started a surge of activity which discovered
superconducting behavior as high as 125 K. HTSs are all ceramic-based copper oxide
compounds and are coated superconductor tapes, known as the second generation (2G)
superconductors.

YBCO (Yttrium-Barium-Copper-Oxide, YBa2CuzOy) is the most famous HTS material. It
has a critical temperature of 95 K, which can be cooled to below by using the liquid nitrogen
(LN2, boiling point of 77 K). By contrast, LTSs become superconducting at temperatures
near the boiling points of liquid helium or hydrogen (4.2 K and 20 K, respectively), which
are both more expensive and difficult to obtain than LNa.

YBCO also appeals to researchers because it is the cleanest and most ordered crystal. Fig.
1-16 shows the crystalline structure of YBCO. The crystal structure of YBCO is highly
anisotropic, with much higher conductivity within the CuO than perpendicular to the planes.
Thus, supercurrents flow mainly within the CuO. (a-b) planes, and the trapped field
generated by these supercurrents is directed along the c-axis.

Table 1-1 lists the main properties of four widely used HTS materials, which are YBCO-
123, BSCC0-2212, BSCCO-2223, and Magnesium-diboride (MgB.). Here, BSCCO is short
for Bismuth-Strontium-Calcium-Copper-Oxide. These superconductors offer the promise of
higher efficiency and lower operating cost than LTSs for the electrical industry. YBCO-123
and BSCCO-2223 are capable of operation in the temperature range of 20 K to 77 K, which
have achieved widespread application. Despite the high-field properties at 4.2 K, BSCCO-
2212 exhibits a very low current-carrying capability at 77 K. MgB2 has lower critical
temperature and current-carrying capability than the other HTS materials.
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Fig. 1-16 Crystalline structure of YBCO [59].

Table 1-1 Main properties of four widely used HTS materials. (The electrical current and the
magnetic field are oriented parallel to the CuO-layers.) [60][61][62]

Conditions szltferials Y-123 | Bi-2212 | Bi-2223 | MgB;
Critical temperature [K] 93 85 110 39
Upper critical field uoHc, [T] ~300 | =400 >100 | 35-60
Thin films at | Irreversibility field goHirrev [T] > 30 > 30 > 30 8
42K Critical current density in self-field

5 4 5 ~10%
(boiling He) | J [A/mm] 5X10° | 2X10* | 1X10 10

Critical current density at 0.1 T J¢

5X10° | 2X10* | 2X10 -

[A/mm?]
Upper critical field woHc [T] =56 ~ 35 > 20 -
Thin films at | Irreversibility field goHirrev [T] >10 | =0.005 ~0.2 -
77K Critical current density in self-field 4 3 " -
(boiling N2) | Joo [A/mm?] 4X10* | 1X10% | 1X10
Crltlcal2 current density at 0.1 T J; 2% 10 0 1% 10° -
[A/mm?]
Long-length | Engineering Laboratory -
flexible tapes | critical current | scale 0.01-1 m 200 80 200
at 77 K density in self- | Industry scale i i 100 -
field Je [A/mm?] | 1-100 m

(b) Commercial HTS wires

As mentioned above, the four main HTS materials are YBCO-123, BSCCO-2212,
BSCCO-2223, and MgB2. Among them, BSCCO-2223, YBCO-123, and MgB: wires are
currently commercially available. Particularly, the commercially availability of long-length
HTS wires has made it possible to wind coils and cables for large scale applications.
BSCCO-2223 is the most developed, but it is limited to long lengths due to the



manufacturing process. This material is mechanically weak, which must be laminated to
stronger material for application. Sumitomo Electric Industries is one of the main companies
which supply BSCCO-2223 wires [63]. MgB2 could be independent of the magnetic field
orientation because it can be made in a round shape. However, the low critical temperature
and low critical temperature limit their applications. And their availability in long lengths is
also limited. YBCO-123 coated conductors are available in manufacturing long-length wires
as they contain some strong materials (e.g., stainless steel, brass or copper). American
Superconductor (AMSC) [64] and SuperPower [65] are the two main companies that supply
long-length YBCO-based HTS tapes/wires. The manufacturing techniques differ between
the two, which results in a different configuration for the final product, as shown in Fig. 1-
17 and Fig. 1-18, respectively.

Ag (~1 pm)
YBa,Cu,0, , (~1 um)

CeO, (~75 nm)
YSZ (~75 nm)

Y,0; (~75 nm)

Metal alloy substrate
(50 - 75 um)

Fig. 1-17 American superconductor corporation’s 2G HTS wire structure.

Electroplating

Copper Stabilizer

Sputtering
Silver Overlayer

MOCVD
(RE)BCO - HTS (epitaxial)

IBAD/Magnetron Sputtering
Buffer Stack

Electropolishing
~0.2 ym Substrate

20 pm

Fig. 1-18 SuperPower 2G HTS wire configuration.
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AMSC’s Amperium HTS wire conducts approximately 200 times the electrical current of
copper wire of similar dimensions. This 2G wire is available in copper (Cu), brass and
stainless-steel laminate. Used in power dense coils for applications such as synchronous
motors, generators and magnets, the Amperium copper-laminated wire can dramatically
reduce the size and weight of large-scale electrical equipment. This product provides
significantly greater power throughput and efficiency than copper wires as well as high
strength and stability with outstanding bend tolerance. The properties of the AMSC copper-
laminated YBCO tapes are listed in Table 1-2.

Table 1-2 Mechanical and electrical properties of the AMSC copper-laminated YBCO tapes.

Type 8501 8502 8502-350
Average thickness (mm) 0.17-0.21 0.18-0.22 0.18-0.22
Minimum width (mm) 4.70 11.9 11.9
Maximum width (mm) 4.95 12.3 12.3
Minimum double bend 30 30 30
diameter (mm)
Minimum double bend 100! 100! 100'
diameter for spliced wire
(mm)
Maximum rated tensile 150 150! 150'
stress (MPa)
Maximum tensile strain at 0.25%' 0.3%! 0.3%'
77K
Continuous piece length 500 500 500
(m) __
Minimum I (A)" 80 90 100 250 275 300 350
Average Je (A/cm?)' 8700 | 9800 | 10900 | 10300 | 11330 | 12360 14400

i Greater than 95% I, retention
ii Critical current at 77 K, self-field, 1 xV/cm, 1 m resolution

iii Engineering current density

SuperPower manufactures long lengths (kilometer-class) of robust and high performing
2G HTS wire (coated conductors), based on ReBCO (rare earth barium copper oxide
elements), with variations in width, substrate thickness, silver and copper stabilizer thickness,
plus optional insulation. Characteristics of two types of SuperPower HTS wires is presented
in Table. 1-3.

It is worth mentioning that these YBCO-based HTS wires have high anisotropy, and the
tape performance is greatly affected by magnetic fields perpendicular to a-b plane of the
tapes, as shown in Fig. 1-19.
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Table 1-3 Characteristics of SuperPower 2G wires (Copper Stabilized).

Type SCS4050 SCS12050
Width (mm) 4 12
Average thickness (mm) 0.1 0.1
Minimum bend diameter (mm) 11 11
Maximum rated tensile stress (MPa) > 550 > 550
Maximum tensile strain at 77 K 0.45% 0.45%
Minimum I (A) > 100 >300
Continuous piece length (m) Up to 500 Up to 500
B
c
A T * .
/ /_» 3 / Thickness
( b » Width
¥
B,

Fig. 1-19 Definition of perpendicular (B ) and parallel (B ;) magnetic fields with respect to the
superconducting tapes’ cross section.

1.3.3 Applications of HTSs to electric power equipment

The advent of commercial HTS wires/tapes has spurred the employment of HTSs to
practical application. The much higher current-carrying capability and the promise of low-
cost HTS conductors coupled with reasonably priced refrigeration systems have further
encouraged application of this technology to a variety of magnets and power equipment.
Many prototypes have been constructed for electric power applications such as motors and
generators, transformers, power transmission cables, fault current limiters (FCLS),
Superconducting Magnetic Energy Storage (SMES). R&D status and advantages of HTS
materials to electric power application are illustrated as follows:

(a) HTS motors and generators

Research on superconducting rotary machines has boosted after the discovery of HTS

materials. Since the first 125-hp HTS motor was tested in 1996, various HTS machines

(both generators and motors) have been proposed. AMSC has engaged in designing and

manufacturing HTS motors since 2001. After a 5 MW, 230 r/min HTS ship propulsion

motor being successfully completed and tested in 2004 [66], AMSC developed a 36.5 MW,

120 r/min HTS propulsion motor, and the full-power testing is completed in 2008 [67].

Siemens also reported about the successful manufacturing and testing of a 400 kw HTS
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motor in 2004 [68]. It is worth noting that all these prototype machines employed
expensive BSCCO-2223 HTS tapes, therefore, it is impossible to transition them into
products in the viewpoint of economics.

However, currently available YBCO-123 coated conductors promise low-cost and
higher current-carrying capability, which encourages renewed interest in developing HTS
electric machines. Several concepts of HTS synchronous generators have been proposed
for wind power generation, and prominent examples include: the 10 MW SeaTitan wind
turbine, which adopts a generator with HTS field coils wound by AMSC’s Amperium
wires [69]; the 10 MW salient-pole wind turbine HTS synchronous generator [70], which
employs race-track YBCO coils to make the field windings; the 5 MW superconducting
wind turbine generator, which suggests using Superpower 2G 4050 tapes to manufacture
the superconducting field windings [71], and so on.

Majority of developed HTS electric machines adopt HTS wires as field windings. Such
machines have plentiful advantages over the conventional ones, which include:

* Smaller and lighter;

* Higher efficiency;

* Higher output power density;

* Longer coil life;

* Less vibration and quieter;

(b) HTS cables

With the increasing demand of improving the electrical capacity and flexibility of the
electric grid, it has become an urgent issue to replace the current existing cables or
overhead lines with high current-carrying materials. HTS cables are promising to address
this issue. And some HTS cables have been demonstrated all over the world [72][73].
Listed below are the key benefits of employing HTS cables to electric grid:

* High power capacity: HTS cables could carry 3-5 times more power than the

conventional copper cables of similar physical size.

* Low impedance: HTS cables has lower impedance than conventional cables and
overhead lines.

* Low voltage operation: Thanks to the high current capacity, HTS cables can
operation at lower voltage than equivalently rated copper cables, which enables
reduction on the quantity of transformers and associated ancillary equipment.

* Ease of installation: HTS cables can be installed either in existing circuit or in deep
underground.

* Elimination of resistance loss: HTS cables exhibit minimum waste heat or electric
losses, and have no soil heating.

(c) HTS fault current limiters
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The electric grid inevitably experiences extreme natural events and faults. Fault current
limiters (FCLs), such as fuses, are employed to allow an electric grid to keep operating
when a fault occurs. However, fuses require manual replacement after a fault. The HTS-
FCLs are self-acting and resetting devices that allow the grid to recover quickly following
a fault. HTS FCLs have been widely demonstrated [74][75]. Significant advantages of
HTS-FCLs include:

* Rapid Response;

* Self-triggering and fail-safe;

* Negligible loss during normal system operation.

(d) HTS transformers

Transformers are the most widely used equipment in an electric grid. Longstanding
efforts have been done to demonstrate HTS transformers [76][ 77 ], however, their
development still lags HTS cables and FCLs. Compared to conventional transformers,
potential advantages of HTS transformer are listed below:

* More compact and lighter;

* Longer life;

* Higher efficiency achieved with low AC-loss wire;

* Safer and more reliable;

* Fault current limiting;

* Environmentally friendly
(e) HTS electromagnetic storage

Energy storage devices plays a significant role in storing the energy generated from
some intermittent energy sources, such as solar, wind, wave, and so on. HTS materials
may be used in two important energy storage devices: flywheels or superconducting coils.
The application of HTSs to flywheels, known as the flywheel energy storage system
(FESS), is based on the use of HTSs in superconducting bearings [78][79]. And the
application of HTSs to superconducting coils, known as SMES, is based on their zero
resistance characteristics, which maintaining persistent currents in a superconducting coil
[80].

1.4 Concepts of HTS linear generators for wave energy
conversion

The successful development and testing of HTS rotary machines have paved the way for
developing HTS linear machines. Up to now, HTS linear machines have been proposed for
applications to electromagnetic aircraft launch system [81][82] and Maglev trains
[83][84][85]. Among them, the machines presented in [82] and [85] employ HTS bulks. HTS
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bulk magnets, which can be much stronger that rare-earth permanent magnets, are an
efficient way to create excitation field in the machine, but the superconducting magnets are
demagnetized if a fault occurs in the cooling system. Without an in-situ magnetizing system,
they are not suitable for wave energy converters because of reliability issues. Alternatively,
superconducting wires can be used to excite the linear machine. In very recent years, the
application of HTS linear generators to direct-drive wave energy conversion has been paid
attention by researchers, and several concepts have been proposed [86]-[89].
(a) Superconducting Homopolar / Bipolar Linear Machine

O. Keysan and M. Mueller in University of Edinburgh presented a 640-kW air-cored
superconducting linear generator (SCLG) for wave energy converters [87], as presented in
Fig. 1-20. Simulations on magnetic flux distribution and induced phase voltage were
conducted, and AMSC’s copper laminated Amperium wire is used in the HTS field winding
in the simulations. Simulation results show that the peak value of airgap flux density is up
to 1.43 T, and the phase voltage waveform are plotted with a sinusoidal velocity profile input
(peak value of 2.2 m/s). The total mass of the generator is 21.5 tons including the cooling
system and mechanical structure. Length of the stator is 7.2 m and that of the translator is
9.6 m. Thrust density of the machine is calculated as 30.3 kN/m? at full load.

Biggest advantage of the SCLG is having a stationary superconducting coil, which
simplifies the cooling system. Besides, the iron cores divert the magnetic flux so that the
HTS wires are subjected to minimum magnetic flux, which maximize the current density of
the HTS wires. Furthermore, the translator of the generator is air-cored, which eliminates
the attraction forces between stator and translator. However, the SCLG is heavier than a PM

counterpart due to the heavy magnetic cores.
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Fig. 1-20 (a) CAD model of the bipolar air-cored superconducting linear generator (isometric

view). (b) Flux density vectors in the magnetic cores (front view).
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(b) Tubular superconducting flux-switching linear generator

In 2005, Lei Huang et al. from Southeast University, Nanjing, China proposed a tubular
superconducting flux-switching linear generator (TSFSLG) based on the VHMSs for direct-
drive WECs [89][90], as shown in Fig. 1-21. The structure features both 3-phase AC
superconducting armature windings and DC superconducting field windings located in the
stationary primary, which simplifies the cooling system and avoids the movement of
transmission cables. MgB. are used to make the armature windings and field windings.
Besides, the air gap flux density of the proposed TSFSLG is higher and controllable
compared to the permanent magnet flux-switching linear generator (PMFSLG). Moreover,
the tubular structure is helpful to reduce the attractive forces between the stator and the
translator. No-load and load performance comparison of the TSFSLG with a VHM and a
PMFSLG demonstrated that the proposed linear generator has less cogging force, lower
voltage regulation, higher efficiency, and higher power density.

However, we suspect that it may need long time to launch the large-scale practical test

facilities of such kind of machines due to the complex structure and AC loss of HTSs.
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Fig. 1-21 (a) Structure of the TSFSLG. (b) Structure of the superconducting windings.
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1.5 Conclusion

In this chapter, the WEC prototypes and the main power take-off devices are presented,
which indicates that: 1) a large amount of WEC prototypes has been proposed and
manufactured, however, the technology of capturing the energy contained in waves is still at
the R&D stage, and only a small range of devices have been tested at large scale; 2) for the
developed WECs, gearbox or hydraulic systems are often used to interface the slow moving
prime mover to the conventional high-speed rotary machines, which increase maintenance
costs, and maintenance in sea water is more difficult, expensive and limited by weather
conditions; 3) direct-drive devices are considered to be more reliable and robust than gearbox
or hydraulic systems, which allow generators to respond directly to the movement of ocean.

Nevertheless, due to the low moving speed of waves, the PM-LGs used in direct-drive
WECs are physically large and heavy. Besides, the PM-LGs suffer from the drawbacks of
PM demagnetization, uncontrollable airgap flux, and high PM cost. These drawbacks
brought the requirement for high current-density materials to achieve compact and light
machines, and enhance the power density of LGs.

Fortunately, the high current-carrying capability of HTS coils makes it possible to produce
high magnetic flux density when they are adopted to electrical machines, which leads to light
machine with small volume. Fundamental properties of superconductors, development of
HTSs, and application of HTSs to electric power equipment are introduced, which show the
state-of-the-art of HTS technologies. The advantages of HTS machines have been
demonstrated in ship-propulsion systems, direct-drive wind turbines, electromagnetic launch
systems, and Maglev trains. And the successful development and testing of these machines
have paved the way for developing HTS-LGs for WECs.

Two HTS-LGs proposed for WECs are presented, despite their advantages of light
translator and stationary both armature windings and HTS field windings, we suspect that it
may need long time to launch the large-scale practical test facilities of these machines due
to their possible drawbacks of complex structure, high AC loss of HTSs, and heavy iron

Corcs.
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Chapter II Ocean waves and WEC systems

2.1 Ocean wave parameters

Waves at different places have certain character and energy density. WECs should be
designed for the specific location, taking into account the available wave energy resources
there. A wave resource is typically described in terms of power per meter of wave crest
length. Fig. 2-1 shows an Atlas of the global power density distribution of ocean waves. It
is observed that the north and south zones have the largest wave energy resource. However,
Europe and Australia have the best sites for capturing wave power because the large wave
energy resource and the short distance from deploying sites to users.

In deep water, periods of ocean waves are within the interval from 5 to 15 s, with
corresponding wavelengths from 40 to 350 m [91], where are suitable for large-scale WEC
devices. Wave height and wave period are the most two important parameters, which
determines the wave power density [86][92]. For WEC application, these two parameters
determine the peak velocity of heaving buoys, which directly affects the induced voltage
characteristics. Besides, wave height affects the oscillating height of the buoy, also the stroke
of LGs, thus determining the length of LGs used in WECSs.
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Fig. 2-1 Approximate global power density distribution of ocean waves (kW/m of wave crest
length) [© WorldWaves data] [93].
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Fig. 2-2 exhibits the mean significant wave height Hmo worldwide for 1997 to 2006, which
is based on statistical analysis of the 10-year WorldWaves time series. Hmo is an important
parameter for the statistical distribution of ocean waves, which is higher than the most
common waves, however, it is possible to encounter a wave that is much higher than the
significant wave. From Fig. 2-2, it is observed that mean Hmo in Atlantic Ocean and South
Pacific Ocean is up to 4 m, while off the west coast of Ireland and the southwest coast of
Australia the mean Hmo is about 3-3.5 m. According to Ref. [94] and Fig. 2-1, the estimated
average wave power around Ireland and Southwest Australis is greater than 50 kW/m.
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Fig. 2-2 Mean significant wave height for 1997 to 2006 in all WorldWaves grid points worldwide
[© WorldWaves data] [95].

In addition, Tables 2-1 and 2-2 show the occurrence of waves with certain parameters and
energy flux density transported by waves at Shannon, Atlantic Ocean near south — west coast
of Ireland [96], where was chosen in Ref. [96] to simulate an octagonal-shaped linear
generator. In those studies, harmonic sinusoidal wave propagation is considered with 5 m
wave height and 11 s wave period because this kind of waves take place during 131.4 h per
year at Shannon. Moreover, these waves have large energy as seen from Table 2-2.

In our study, we prefer choosing the waves with 4 m in height and 10 s in period, which
occur more frequently than the waves with 5 m in height and 11 s in period at Shannon, even
a little lower energy. As mentioned previously, the mean Hmo off the West coast of Ireland
and the Southwest coast line of Australia is 3-3.5 m, which also reveals that the 4 m waves
occur more frequently than 5 m waves in these regions. Therefore, studies in this thesis are
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Table 2-1 Occurrence of significant wave height H and wave period T per year at Shannon. [96]

H (m) T (s)
0 2 3 4 5 6 8 9 10 11 12 13 14 15 18
2 3 4 6 7 9 10 11 12 13 14 15 18 20

0.0-05 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0.5-1.0 0 0 0 1 4 6 1 0 0 0 0 0 0 0 0
1.0-15 0 0 0 0 11 32 55 26 3 0 0 0 0 0 0 0
1.5-20 0 0 0 0 6 40 51 44 25 5 0 0 0 0 0 0
2025 0 0 0 0 1 23 38 36 30 19 3 0 0 0 0 0
2530 0 0 0 0 0 6 30 32 36 2 7 1 0 0 0 0
3.0-35 0 0 0 0 0 0 14 27 22 19 11 2 0 0 0 0
3540 0 0 0 0 0 0 3 18 19 16 13 7 1 0 0 0
4045 0 0 0 0 0 0 0 8 17 15 12 7 2 1 0 0
45-50 0 0 0 0 0 0 0 3 12 15 w7 3 0 0 0
5055 0 0 0 0 0 0 0 1 8 11 8§ 6 2 1 0 0
5560 0 0 0 0 0 0 0 0 4 9 6 5 2 1 0 0
6.0-65 0 0 0 0 0 0 0 0 1 6 6 5 3 1 1 0
6.5-70 0 0 0 0 0 0 0 0 0 3 4 4 3 1 0 0
7075 0 0 0 0 0 0 0 0 0 1 4 3 2 1 0 0
7.5-80 0 0 0 0 0 0 0 0 0 0 1 2 1 1 1 0
8.0-85 0 0 0 0 0 0 0 0 0 0 1 2 1 1 0 0
8.5-90 0 0 0 0 0 0 0 0 0 0 0o 2 1 0 0 0
9.0-95 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0
9.5-10 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0

10-11 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0

11-12 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Table 2-2 Energy table for significant wave height H and period T per

is [KWh/m year]) [96].

year at Shannon (energy unit

H (m) T (s)
4 5 6 7 8 9 10 11 12 13 14 15 18
5 6 7 8 9 10 11 12 13 14 15 18 20
0-0.5 0 0 0 0 0 0 0 0 0 0 0 0 0
0.5-1.0 0 135 64 111 20.9 0 0 0 0 0 0 0 0
1.0-1.5 0 414 1433 2823 1512 195 0 0 0 0 0 0 0
1.5-2.0 0 443 3488 5131 5017 3186 704 0 0 0 0 0 0
2.0-2.5 0 122 3315 6320 6785 6320 4424 765 0 0 0 0 0
2.5-3.0 0 0 1292 7453 9010 8182 6956 2666 414 0 0 0 0
3.0-3.5 0 0 0 4845 10,618 9669 9230 5852 1157 0 0 0 0
3.54.0 0 0 0 1386 9424 11,118 10,348 9208 5389 832 0 0 0
4.0-45 0 0 0 0 5380 12,777 12,640 10918 6922 2136 1147 0 0
4.5-5.0 0 0 0 0 2520 11,266 15,565 11,365 8647 4002 0 0 0
5.0-5.5 0 0 0 0 1026 9175 13,944 11,107 9054 3260 1750 0 0
5.5-6.0 0 0 0 0 0 5503 13,685 9992 9051 3910 2100 0 0
6.0-6.5 0 0 0 0 0 1625 10,779 11,805 10,693 6929 2481 2823 0
6.5-7.0 0 0 0 0 0 0 6286 9180 9978 8082 2894 0 0
7.0-715 0 0 0 0 0 0 2417 10,590 8633 6216 3338 0 0
7.5-8.0 0 0 0 0 0 0 0 3025 6577 3551 3815 4341 0
8.0-8.5 0 0 0 0 0 0 0 3428 7453 3995 4323 0 0
8.5-9.0 0 0 0 0 0 0 0 0 8384 4527 0 0 0
9.0-9.5 0 0 0 0 0 0 0 0 4685 5059 5434 0 0
9.5-10 0 0 0 0 0 0 0 0 5205 5621 6037 0 0
10-11 0 0 0 0 0 0 0 0 0 6519 0 7968 0
11-12 0 0 0 0 0 0 0 0 0 0 0 0 0

decided to be done based on the wave assumptions of 4 m in height and 10 s in period
addition, ideal waves are considered, which are assumed to be moved in a sinusoidal form
as a function of time in the vertical direction.
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2.2

Wave energy conversion system

In this study, a concept of a direct-drive WEC device is proposed. Fig. 2-3 displays the
electrical system of the WEC. The WEC device mainly consists of a cylindrical buoy and a
tubular linear generator (TLG). The buoy is directly coupled with translator of the TLG, and
stator of the TLG is attached to seabed. When the translator moves up and down together with
the reciprocating buoy, which is directly driven by the waves, voltage can be induced in the
TLG. The induced output power is connected to the grid after the signal processing. Here,
there are two points which are needed to be emphasized:

1)

2)

The translator could be located inside or outer side of the TLG, and designed longer or
shorter than the stator depending on some considerations of generator performance and
cost.

As the buoy velocity in the vertical direction varies with time, electrical frequency of
the TLG varies with time in every wave cycle. As a matter of fact, generators producing
such kind of output power cannot be directly connected together. And such induced
voltage should be first rectified to a direct one.

Moreover, novelties of the WEC device are clarified as follows:

The buoy is chosen as a cylindrical one to extract more power from the ocean than other
shapes, and more maximum output power can be obtained by simply enlarging the
buoy;

The tubular structure is adopted in consideration of reducing the leakage reactance of
armature windings and the attractive force between stator and translator, which reduces
the bearing load.

About the WEC system, three aspects are involved in this thesis, which are the buoy
movement, the electrical design of the TLGs, and the output voltage characteristics of the
WEC. Among them, electrical design of the TLGs and their performances are mainly
focused on.

b
Buo I v
y f0 Converter

i EE E
fe ¢
PZEX:

TLG

Ed|| Inverter

Fig. 2-3 Electrical system of the direct-drive WEC.
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2.3 Buoy movement

Buoy of a WEC device plays an important role in power extraction. Dimension of the
cylindrical buoy is decided by analyzing its movement during operation. For the floating
buoy and translator, the following equation is from the force balance between gravitation
and buoyancy.

(Mg +My)g = pg(Vy, +hS) 2-1)
where my and mp represent the masses of translator and buoy, respectively, which depends
on the design results of the LG and the buoy. g is gravity acceleration. p is the mass density
of sea water. Vi is the volume of the translator. h represents the submerged depth in the sea
water of the buoy in the case that the device is in still water. And S is the cross section of the
cylindrical buoy.

We assume the wave moves in a sinusoidal form of displacement as a function of time in
the vertical direction. The displacement of sea surface is expressed as

Xy = Asin 2z fot (2-2)
where A and fo are the amplitude and vertical movement frequency of waves, respectively. It
is worth noting that the “wave height” is the height difference between a crest and a
neighboring trough, which is twice the wave amplitude.

Per Eq. (2-2), the vertical movement velocity of sea surface is expressed as

Vv, =dx, /dt =27 f,Acos(27 fot) | 2-3)
Consequently, maximum velocity of sea surface is
Vo =27 TA, (2-4)

Next, ascent or descent force of translator and buoy, which is equivalent to input power to
the linear generator, can be expressed as

F = pgSl (2-5)
where | represents the height of subtracting the h from the displacement difference between
the buoy bottom and the sea surface during operation.

On the other hand, reaction force of the linear generator is
Fr=P(v,)/v, (2-6)
where vy is the velocity of translator part and buoy. P(vy) represents the output power of
linear generator.

In the case of neglecting the friction loss between the buoy and the seawater, F =F, . Then,
| is expressed as

I=P(v,)/(Vy pYS) . 2-7)

For synchronous linear generators, in the cases that the induced voltage £ and armature
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current / are proportional to vy, the terminal voltage V is also proportional to v, and the ratio

of output power P(vy) to maximum output power Py, is

P(Vp)/Pn =(vy/ Vom)® (2-8)
where vpm is the maximum velocity of translator part and buoy.
Consequently, referring to (2-2), (2-7), and (2-8), the displacement of bottom surface of
buoy can be expressed as
P, dx,

X, =X.—h—-l=Asin2zft—h— .
v ’ ngpgS dt

(2-9)

where the acceleration power is neglected, which is much smaller than the generator output
power. Then, the following equation is obtained.

C dx .
——-—L2+x, = Asin2z fyt—h (2-10)
Vom
where,
C="PR,/(p9S) . (2-11)
By solving the differential equation (2-10), we obtain
A i
Xb = Sln(Zﬂ' fot—(ﬁ)—h 212
J@rf,C/vE,)2 +1 (2-12)
where,
¢ =tan" (27 foC/Vin) (2-13)
Consequently,
de 272' fOA
V, = = -cos(27 fot — ) ]
dt  Jrf,C/v2,)2+1 ' (2-14)
And the maximum velocity of buoy vsm is derived as
Vi + \jv_fm —4x (27 ,C)?
Vom = 5 (2-15)

According to above analysis, the waveforms of displacement and velocity of sea surface
can be plotted according to Eqg. (2-2) and (2-3). To plot the waveforms of buoy bottom
displacement and buoy velocity, firstly, the h (submerged height of the buoy in still water)
and C (determined by maximum output power and cross-sectional area of the buoy) should
be decided. For instance, for a 1 MW WEC operating at 4 m waves, the total height of the
buoy is approximately 4 m, and the h can be calculated according to Eq. (2-1) with a given
radius of the buoy, thickness of the plates to compose the buoy, and mass density of the buoy

material, where m;- is numerically obtained from the electrical design of the LG. And C is
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obtained according to Eq. (2-11). Consequently, per Eq. (2-12) and (2-14), the displacement
and velocity of buoy bottom during a cycle operation can be obtained. Fig. 2-4 shows the
displacement and velocity waveforms of buoy bottom and sea surface of a | MW WEC
composed of a HTS-TLG and an iron buoy, in the case that A =2 m, fo = 0.1 Hz, S= 7 x 67
m?, buoy height of 4 m, and translator volume and mass obtained from the design results of
the HTS-TLG referring Chapter IV. It is shown that the maximum submerged displacement
of the buoy bottom surface is 3.0 m, then, the total height of the buoy is decided as 3.5 m
considering some margins.

From Fig. 2-4, it is observed that the buoy moves up and down with the same frequency
but a lower magnitude and velocity than those of waves, due to the electric power is taken
off. Magnitude of the buoy is about 1.84 m, and its maximum velocity is 1.16 m/s, which is
decreased by 8 % compared to that of the sea surface due to the electric power is taken off.
Moreover, it is noted that the moving part (the buoy and the translator of the HTS-LG) should
be heavy so that the buoy bottom is immersed deeply enough under seawater during
operation. However, mass of generator translator is desired to be as light as possible to reduce

the mechanical tension on the buoy.

3k —— Sea surface displacement 43
—o— Buoy bottom displacement
—A— Sea surface velocity

—¥— Buoy velocity 12

»

11

Displacement (m)
Q

0 2 4 6 8 10
Time (s)
Fig. 2-4 Displacement and velocity of sea surface and buoy bottom.

2.4 Maximum output power and buoy size

The ratio of maximum output power P, to the cross-sectional area of the buoy § plays a
significant role to the amount of extracted energy. The buoy should be large enough to absorb

the maximum wave energy, but on the other hand, a substantially large buoy could increase
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the construction cost and reduce the mechanical stability. In the following, the relation of
maximum output power and buoy size is studied.

Firstly, assuming vin, /vsm = cosa in Eq. (2-15), we obtain
2 .
Ve Sin2a =4rx f,C (2-16)
Referring to Eq. (2-4) and (2-11), the following expression is deduced
P, = zpgf,A°S -sin 2«

= 72 pgf, A%r? -sin2a (2-17)

where r is the radius of the heaving buoy.

Eq. (2-17) indicates that radius of the buoy has a significant influence on the maximum
output power. Moreover, the Py, is proportional to fo4> when the buoy size is decided, which
means that the amplitude of waves has bigger influence on the maximum output power
compared to the wave frequency. In the following, the way of determining the buoy size is
first studied, then, the influence of wave amplitude and frequency on the maximum output
power is analyzed.

To obtain the required output power, buoy size can be determined according to Eq. (2-17).
For instance, if (Pn)max = 7pgfoA*S is constant, the value of Py / (Pm)max varies from 0.866 to
a peak value of 1 when a is from #/6 to n/4. Considering some margins, we suggest P, /

(Pm)max being 0.866, as a result, the Eq. (2-17) can be expressed as
2.2
Pm =83.8x fOA r [kW] ) (2-18)

Per Eq. (2-18), Fig. 2-5 exhibits the variation of maximum output power P, of the TLG
with wave amplitude 4 in the cases that buoy radius is 6 m, 5 m, 4 m, and 3 m, respectively.
Here, it is worth mentioning that wave frequency varies with wave amplitude, as listed in
Table 1 [96][97], in which the maximum output power for the buoy with radius of 6 m is also
shown. It is further noted that the buoy with radius of 6 m can obtain 1.2 MW maximum
output power in the case that fo = 0.1 Hz and 4 = 2 m. Considering the friction loss of sea
water, it is decided to use the buoy with radius of 6 m to get the 1 MW maximum output
power in Chapter IV. Moreover, Fig. 2-5 shows that the P, increases linearly with the
increase of 4 when 4 > 1 m, because the value of fo4> increases linearly with the increasing
A when 4 > 1 m. Referring to Fig. 2-5, it is easy to decide the maximum output power and

the buoy size by measuring the wave amplitude in a certain location.
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Fig. 2-5 Variation of maximum output power with wave amplitude under different buoy radii.

Table 2-3 Sea condition and maximum output power for the buoy with radius of 6 m.

Wave height (m) Period (s) Maximum output power (kW)
0.5 7 27
1.0 7 108
1.5 8 212

2 8.5 355
2.5 8.5 554
3 9 754
3.5 9.5 972
4 10 1206
4.5 11 1388
5 11 1713

2.5 Conclusion

In this chapter, ocean wave characteristics are firstly investigated to ensure that the studies
in this thesis are carried out based on realistic wave data. The global power density
distribution of ocean waves and the Atlas of mean significant wave height imply that there
are some locations containing a plentiful wave resource and suitable for deploying large-
scale WECs, like the regions off the west coast of Ireland and the southwest coast of
Australia. The waves of 4 m in height and 10 s in period frequently occur in these regions,
therefore, the studies of this thesis are decided to be done based on the wave assumptions of
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4 min height and 10 s in period, and ideal sinusoidal waves are considered.

Then, electrical system of a direct-drive WEC is displayed, and the structural merits of the
WEC device are highlighted. The WEC features a cylindrical buoy to extract significant
output power and a TLG to reduce the attractive force between stator and translator and the
leakage reactance of armature windings.

Next, based on the wave assumptions, the buoy movement during one-cycle operation is
analyzed. It is demonstrated that:

* the buoy moves with the same frequency but lower magnitude and velocity than those of

waves;

* the buoy should be heavy enough to extract more power from ocean waves.

At last, the relation of maximum output power and buoy size is analyzed, which shows an
easy way of determining the maximum output power and the buoy size by measuring the

wave amplitude in a certain location.
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Chapter III Electrical design study of PM-
TLGs for WECs

This chapter aims to present the electrical design of 1 MW PM tubular linear generators
(PM-TLGs) for WECs. Firstly, conceptual structure of a WEC is proposed, which mainly
consists of a cylindrical buoy and a PM-TLG. The main contents are about the self-
developed electrical design method of PM-TLGs, including the design process, the
determination of main machine parameters, the way of calculating leakage coefficient and
the new method of evaluating PM operating point. Design results of three PM-TLGs with
different PM thicknesses are presented, with magnetic flux analyzed to verify the correctness
of the design results.

3.1 Conceptual structure of a WEC with a permanent magnet
tubular linear generator (PM-TLG)

Conceptual structure of a WEC is proposed, which consists of a cylindrical buoy, a PM-
TLG and a base, as displayed in Fig. 3-1 (a). Stator of the PM-TLG is attached to the base,
which is grounded to seabed. Translator is connected to the buoy. When wave moves up and
down, the translator is forced up and down by the heaving buoy, in which way, the energy
generated by vertical motion of sea water can be directly converted to electrical power
without gearbox or hydraulic systems.

Fig. 3-1 (b) depicts the cross section of the PM-TLG. PMs are mounted with alternating
polarities on the translator, and the stator containing conventional copper windings is
attached to the seabed. The advantages of the proposed PM-TLG are as follows.

» The stator containing armature windings is fixed to the seabed, which can avoid the

movement of cables used for transferring the generated electrical power.

» The PM part is designed shorter that the stator for the sake of saving expensive PMs.

» The light PM part is connected to the heaving buoy as a translator to reduce the

mechanical tensions on the buoy.

» The PM part is located outside of the stator, which benefits for increasing the magnetic

flux of field PMs and reducing the resistance loss of armature windings, compared to
the inner PM structure.
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Fig. 3-1 (a) Conceptual structure of the proposed WEC device. (b) Partial cross section of the PM-

TLG.

3.2 Electrical design method of PM-TLGs

3.2.1 Basic specifications and design process

The generator and the buoy are sized according to the wave parameters. Basic
specifications of the PM-TLG are selected considering the assumed wave height of 4 m and
frequency of 0.1 Hz, which are listed in Table 3-1. The maximum output power is decided
as 1 MW taking into account the losses that must be supplied by the buoy, converter
efficiency and generator efficiency. Total air gap length is decided as a relatively large value
of 12 mm in consideration of the long air gap structure and the efficient water cooling of
linear generators. Mechanical clearance between outer surface of the stator and inner surface
of the translator is 8 mm. Main machine parameters, such as number of PM poles, pole pitch,
PM thickness, electric loading, PM width/pole pitch, and armature conductor current density
are given within a certain range, which are decided by studying their influence on basic
generator performance.

Fig. 3-2 shows the electrical design flowchart of PM-TLGs. Step 1 illustrates basic
specifications. Machine parameters of armature and translator part, as well as the air gap flux
density are described in step 2-6. The magnetomotive force (MMF) under no-load condition
is also calculated in step 6. The MMF under load condition is obtained in step 7-8. Then, a
three-dimensional (3-D) model is established to analyze magnetic field and calculate two
leakage coefficients, which play key roles on generator performance and make the design
results adequate, in step 9. The generator performance is finally obtained in step 10.

38



Table 3-1 Basic specifications of a 1 MW PM-TLG.

Item Value
Maximum output power (MW) 1
Wave height (m) 4
Wave frequency (Hz) 0.1
Terminal voltage (V) 660
Line current (A) 875
Airgap length (mm) 12
Slot number / pole / phase N,, 1
Number of PM poles 24-72
Pole pitch (mm) 131-236
PM thickness (mm) 47.5-72.5
Electric loading (A/cm) 800-1200
PM width/pole pitch 0.65-0.85
Current density of armature conductors (A/mm?) 1.75-4.25
Magnetic flux density in armature core back (T) 1.30
Magnetic flux density in PM yoke (T) 1.45

(1) Basic specifications of PM-TLGs
v

(2) Parameters of armature windings

v

| (3) Parameters of PM, Air gap flux density |=
v
|(4) Parameters of stator core and teeth|

v

|(5) Resistance of armature windings|

v

Air gap leakage coefficient

(6) Parameters of translator, no-load MMF [«

|(7) Leakage and armature reaction reactance|

1

A

v

| (8) MMF under load condition | | Field leakage coefficient]
v

|(9) 3-D magnetic field analysis !
Y

|(10) Generator weight, loss and efficiency|

Fig. 3-2 Electrical design flowchart of PM-TLGs.
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3.2.2 Determination of main machine parameters

To get the efficient PM-TLG with less weight and cost, the influence of main machine
parameters on the basic generator performance is studied, and the main machine parameters
are determined iteratively considering the generator weight, PM weight, and generator
efficiency, which is illustrated as follows.
A. Influence of number of poles on generator performance

Firstly, the influence of number of poles on the basic generator performance is studied,
and the results are shown in Fig. 3-3. We found that the generator efficiency increases with
the increasing number of poles, but both generator weight and PM weight decrease. This is
because the ratio of the effective armature length, which generates the induced voltage, to
the total armature length is higher with a larger number of poles. Besides, the increasing
number of poles leads to long generators with smaller diameter due to the determined line
voltage. So, in the viewpoint of lighter generators and PMs, as well as higher generator
efficiency, the larger number of poles is better. However, too long PM-TLGs have the
problems of mechanical strength and attachment. Therefore, the number of PM poles of 42
is preliminarily decided considering the assumed allowable generator length of 11.5 m, in
which case both generator weight and PM weight are relatively low, and the generator
efficiency is more than 80%.
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Fig. 3-3 Variation of generator weight, PM weight, and generator efficiency with respect to number

of poles.
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B. Influence of pole pitch on generator performance

Pole pitch directly determines the length, electrical frequency, and stator slot size of the
PM-TLG. The influence of pole pitch on the basic generator performance, with a given
number of PM poles of 42, is presented in Fig. 3-4. It is found that the pole pitch has a little
influence on the generator weight, PM weight, and generator efficiency if it is beyond 184
mm, in which case the PM-TLG exhibits relatively light weight, low PM weight, and high
efficiency.

Moreover, the number of poles and the pole pitch are given with different values, and each
set of the number of poles and pole pitch keeps the same generator length of about 11.5 m.
Fig. 3-5 shows the variation of generator weight, PM weight, and generator efficiency with
respect to pole pitch. It is worth noting that, different with Fig. 3-4, the number of PM poles
is different for each set of data, which is annotated under the generator weight line in Fig. 3-
5. It is seen that in the case that pole pitch is 184 mm with 42 PM poles, the generator has
lightest PMs, highest efficiency, and a pretty light generator weight. So, pole pitch of 184

mm and number of PM poles of 42 are decided.
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Fig. 3-4 Variation of generator weight, PM weight, and generator efficiency with respect to pole
pitch (with 42 PM poles).
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Fig. 3-5 Influence of pole pitch and number of poles on generator weight, PM weight, and
generator efficiency (generator length about 11.5 m).

C. Influence of PM thickness on generator performance

PM thickness is an important parameter, which plays a role in the reduction of generator
weight and cost. Here, the PM thickness means the length of PMs along the generator radial
direction. Fig. 3-6 shows the influence of PM thickness on the basic generator performance.
It is observed that the generator weight decreases with the increase of PM thickness. PM
weight decreases but begins to increase beyond a PM thickness of 55 mm with the increasing
PM thickness. This is because for tubular PM-TLGs, the PM weight is proportional to the
product of PM thickness and diameter of PM center, with a given PM width/pole pitch and
number of poles. With the increase of PM thickness, the effective PM magnetic flux density
increases, and the diameter of PM center decreases for a given magnetic flux per pole, as
shown in Fig. 3-7, which is the relationship between diameter of stator teeth center and PM
thickness. As a result, the product of PM thickness and diameter of PM center decreases due
to the decreasing diameter of PM center, but begins to increase beyond a PM thickness of 55
mm due to the increasing PM thickness.

The generator efficiency increases with the increasing PM thickness, which is caused by
the higher magnetic flux density of PMs and the decreased loss of armature windings. And
the loss of armature windings is proportional to the diameter of stator teeth part.

As shown in Fig. 3-6, the design result with PM thickness of 60 mm shows pretty light
generator weight and PM weight with a high efficiency more than 80%. Besides, thicker
PMs lead to high costs. Consequently, the PM thickness is decided as 60 mm.
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Fig. 3-7 Relationship between PM thickness and diameter of stator teeth center.
In addition, the influence of electric loading, PM width/pole pitch, and current density of

armature conductors on the basic generator performance has also been studied. And the

determination of the main machine parameters is summarized in Table 3-2.
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Table 3-2 Determination of main machine parameters of a 1 MW PM-TLG.

Item Value
Number of PM poles 42
Number of armature poles 62
Pole pitch (mm) 184
PM thickness (mm) 60
Electric loading (A/cm) 1000
PM width/pole pitch 0.73
Current density of armature conductors (A/mm?) 3

3.2.3 Calculation of leakage coefficient

Two leakage coefficients caused by field windings are defined to make design results more
accurate considering the large air gap of the PM-TLG. One is field leakage coefficient o,
which is expressed as o = @/ D,r. Here, @y is the average interlinkage magnetic flux on field
PM part, and @, is that on armature winding part. The other one is the air gap leakage
coefficient o, = @y Py, where, Dqris the average interlinkage magnetic flux in the air gap.

A 3-D quarter model of the one-pole 1 MW PM-TLG is established by using
MagNet7.4.1.4 (Infolytica Inc.) to analyze magnetic field and calculate the leakage
coefficients o and gy in detail, as shown in Fig. 3-8. Magnetization direction of the PM is set
as radially outward, which provides a main magnetic flux for other parts in the radial
direction. The average interlinkage magnetic flux @, @, and @y can be derived by
calculating the magnetic flux density in different circumferential surfaces of the armature
winding part, air gap region and field PM part in simulation, respectively. Furthermore, the

armature leakage coefticient o and the air gap leakage coefficient o, can be calculated.
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Fig. 3-8 3-D quarter model of the one-pole PM-TLG without armature windings.
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In the case that PM thickness is 60 mm, the simulation work under no-load condition is
conducted. Fig. 3-9 explains the way of obtaining accurate value of ¢ and g,, which exhibits
the magnetic flux distribution in the different circumferential surfaces of armature winding
part, air gap region, and field PM part in the “teeth center case” and the “slot center case”,
together with the average values and design values. Firstly, to get @5 and @y, the armature
winding region and the PM are divided into five equal segments along their radii,
respectively, and the magnetic fluxes in the circumferential surfaces of the center of each
segment are calculated, as indicated by the vertical dashed lines. The magnetic fluxes are
calculated under the “teeth center case” and the “slot center case”, respectively. Then, the
average value of magnetic flux under these two cases is feedback to modify machine
parameters. The process mentioned above is repeated till the difference between the
calculated values ., gg» and the feedback values o1, 6¢n-1) from the previous step is less
than an allowable value, namely, | (4-04-1)/0n | <0.01, and | (Ggn-0g@n-1))/0gn | <0.01.
After iterative calculation, the o and o, are obtained as 1.31 and 1.12, respectively.

Additionally, from Fig. 3-9, we observed that the magnetic flux in the PM part and air gap
region are almost the same for these two cases, which are well agreed with design values.
And the magnetic flux in the armature part are different due to the armature structure.
However, average values of the magnetic flux under these two cases almost coincide with

the design values.
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Fig. 3-9 Magnetic flux in the circumferential surfaces under different radial positions.
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Fig. 3-10 displays the arrow plot of magnetic flux density under no-load condition with
the calculated o and o, under the “teeth center case” and the “slot center case”, respectively.
It is observed that the magnetic flux density in the air gap By is about 0.75 T, effective B; in
stator teeth about 1.8 T, B, in PM field pole about 0.9 T.
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Fig. 3-10 Magnetic flux distribution (a) under the “teeth center case”: the case that the center of
field pole is faced to stator teeth; (b) under the “slot center case”: the case that the center of field

pole is faced to stator slot.

3.2.4 PM operating point

The Neodymium Iron Boron (NdFeB) magnet (HS-40AH, Hitachi Metals Co., Ltd.) is
suggested being used in the PM-TLG, which has a residual magnetic flux density of 1.22 T
and a coercive force of 895 kA/m at 323 K. The operating point of PM reflects the utilization
of PM energy, which directly determines the amount of PMs used in the PM-TLG. The

conventional way of evaluating PM operating point, which is based on the magnetic circuit,
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Fig. 3-11 Setting method of PM operating point.

is difficult in the cases of long air gap and magnetic saturation of irons. In order to make it
easier and more accurate to evaluate PM operating point, we propose a new method, which
is described as follows.

In Fig. 3-11, the PM demagnetizing curve is given, and the PM demagnetizing force H
corresponding to the assumed magnetic flux density B under load condition obtained from
the design results of PM-TLGs are exhibited in the cases that PM thickness are 50 mm, 60
mm, and 70 mm, respectively. The actual operating magnetic flux density B, is determined
from the intersection of above B-H characteristics and the PM coercive force of 895 kA/m.
And the operating point is obtained on the demagnetizing curve corresponding to the Bo.

In the case that PM thickness is 60 mm, the operating point is determined as the magnetic
flux density of 0.59 T and demagnetizing force of 492 kA/m. The thicker PMs lead to the
higher magnetic flux density, which is better for generator performance. However, the

thicker PMs definitely increase the amount of PMs and the cost.
3.3 Design results and discussion

3.3.1 Design results of 1 MW PM-TLGs

Design results of 1 MW PM-TLGs with different thicknesses of PMs are listed in Table
3-3. Due to the wave characteristics, the electrical frequency of the PM-TLGs is determined
as 3.15 Hz. From the design results, it is observed that the PM-TLG with PM thickness of
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50 mm has obvious disadvantages in total generator weight and efficiency, even the
translator weight and PM weight yields lowest values. Furthermore, by comparing the case
that PM thickness is 60 mm to the case that PM thickness is 70 mm, it is found that the total
weight is almost the same, but the PM weight is about 9% off. In the viewpoint of reducing
costs, the PM thickness is desirable to be 60 mm.

In the case that PM thickness is 60 mm, the generator efficiency is about 81%. The weight
is about 51 tons. The length of stator part is 11.5 m, which is 3.7 m longer than the translator
to save PMs. Resistance loss of armature windings occupies around 85% of the total loss,
which validates that the proposed structure of the PM-TLG (with armature windings inside)

contributes to the reduction of total loss.

Table 3-3 Design results of 1| MW PM-TLGs.

Item Value
PM thickness (mm) 50 60 70
Maximum electrical frequency (Hz) 3.15 3.15 3.15
Total air gap length(mm) 12 12 12
Number of PM poles 42 42 42
Pole pitch (mm) 184 184 184
Electric loading (A/cm) 1000 1000 1000
Current density of conductors (A/mm?) 3 3 3
Armature leakage coefficient 1.26 1.31 1.35
Air gap leakage coefficient 1.09 1.12 1.13
PM width/pole pitch 0.73 0.73 0.73
PM flux density (T) 0.50 0.59 0.65
Air gap flux density (T) 0.46 0.53 0.58
Effective stator teeth flux density (T) 1.41 1.65 1.80
Outer diameter of translator (m) 1.4 1.3 1.2
Length of PM part (m) 7.8 7.8 7.8
Length of armature part (m) 11.5 11.5 11.5
No-load MMF (kA/pole) 28.3 36.9 45.1
Load MMF (kA/pole) 44.7 53.7 62.6
Generator weight (ton) 54.5 51.3 50.5
Stator weight (ton) 34.3 30.5 28.5
Copper winding weight (ton) 11.9 10.3 9.5
Iron core weight (ton) 13.6 12.7 12.1
Support, Others (ton) 8.8 7.5 6.9
Translator weight (ton) 20.2 20.8 22
PM weight (ton) 7.8 8.3 9.1
Iron yoke (ton) 52 54 5.5
Support, Others (ton) 7.2 7.1 7.4
Total loss (kW) 266 231 214
Resistance loss of armature windings (kW) 232 200 184
Iron loss (kW) 4 5 6
Others™* (kW) 30 26 24
Efficiency (%) 79.0 81.2 82.4

*Others include stray loss, mechanical loss, and blower power for air cooling.
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3.3.2 Analysis of magnetic flux

For the PM-TLG with PM thickness of 60 mm, under no-load condition, the magnetic flux
density distribution in different radial positions with respect to axial direction is shown in
Fig. 3-12 to Fig. 3-14, including the design values. Fig. 3-12 presents the magnetic flux
density distribution in PM center (marked as 7, in Fig. 3-9) along the axial direction. It is
observed that for both teeth center case and slot center case, the average value of B, with the
length of field pole in 7, is almost same, which is 0.91 T. And the design value under no-load

condition is 0.90 T, almost the same with the simulation result.
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Fig. 3-12 Distribution of B, in r, along axial direction.

The magnetic flux density distribution in air gap center (marked as r, in Fig. 3-9) is
displayed in Fig. 3-13. For both teeth center case and slot center case, the B, distribution in
rg are symmetrical to the center of the pole, and exhibit the slot-tooth distribution
corresponding to the stator structure. The mean value of magnetic flux density with the
effective length of the field pole is 0.76 T for the teeth center case, and 0.74 T for the slot
center case. And the average B, of these two cases is 0.75 T, which is almost same with the
design value of 0.74 T.

Fig. 3-14 presents the distribution of B; in 7; (as shown in Fig. 3-9), where is about 1/3
position of the stator teeth and close to the stator core. It is worth noting that the magnetic
flux density in different radial positions of teeth part is related to diameter of the position,

and the magnetic flux density in 7; is treated as the average value of stator teeth part. The B;
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in 7; yields good agreement with the structural slot-tooth distribution for both teeth center
case and slot center case. Furthermore, it is found that the maximum values of fundamental
waves are 0.89 T for teeth center case, and 0.88 T for slot center case, respectively. The

average effective value of the fundamental waves for these two cases is [(O.88+0.84)/2]/\/§

50



=0.63 T, and it is calculated that the average effective magnetic flux density in stator teeth
15 0.63 x 61.3 (slot pitch) / 21.5 (teeth width) =1.80 T. Considering the 5% insulators of teeth
part, we treat the average effective magnetic flux density in stator teeth as 1.80/0.95 = 1.89
T, which is a little higher than the design value of 1.87 T.

As illustrated above, the design values of the magnetic flux density in different parts are
in pretty good agreement with the calculated ones. Therefore, it is demonstrated that the

design results are adequate.
3.4 Conclusion

In this chapter, a 1 MW tubular PM-TLG is designed for a WEC based on ocean wave
parameters, in which the PM-TLG is directly driven by a cylindrical heaving buoy. The main
conclusions are listed as follows:

(1) Conceptual structure of the WEC is proposed, which features a cylindrical buoy and a

tubular PM-TLG. Translator of the PM-TLG is designed shorter than the stator to save
PMs, and the PMs are located outside of the stator, which benefits for increasing the
magnetic flux of field PMs and reducing the resistance loss of armature windings.

(2) Electrical design method of the PM-TLG is developed and described in detail,
especially the approach of determining main machine parameters, the way of
calculating leakage coefficients, and the easy and accurate method of evaluating PM
operating point.

(3) Optimum design results of PM-TLGs with different PM thicknesses (50 mm, 60 mm,
and 70 mm) are presented, and it is demonstrated that the generator with PM thickness
of 60 mm exhibits the best trade-offs between generator performance and cost.

(4) For the PM-TLG with PM thickness of 60 mm, the magnetic flux density distribution
is analyzed. The good agreements of simulation results with design values verified the
accuracy of the design results.
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Chapter IV  Electrical design study of HTS-
TLGs for WECs

PM linear generators are becoming popular in direct-drive WEC systems [98][99],
however, PM generators with PMs located in the translator suffer from the possibility of PM
demagnetization by armature reaction field. Even the movement of PMs can be avoided by
changing the structure [100], these machines still has the drawbacks of high PM cost and
uncontrollable airgap flux due to the PM excitation. Fortunately, the exceptional high current
density in the superconductors makes it possible to significantly improve the power density
of machines. Especially, the discovery of HTS materials results in the great advancement of
superconductor coils which can be practically applied to electric machines based on the
relatively less stringent refrigeration system [101]. Compared with conventional machines,
the HTS machines have the distinct advantages of higher power density, higher torque
density, higher efficiency and low life cycle cost [102].

This chapter aims to present the key electrical design technologies of a 1 MW HTS-TLG
for the WEC presented in Chapter II. Conceptual structure of the HTS-TLG is firstly
described. Then, the developed electrical design method is described in detail, including the
design process, the determination of main machine parameters, the calculation of MMF, and
the methods of obtaining leakage coefficients and HTS heat loss by using 3-D simulation.
Furthermore, the motion of translator part is analyzed, and the induced voltage waveforms
are plotted to demonstrate the feasibility of using this device to obtain desirable output power.
And an economical way of connecting the output power to grid is proposed. Moreover, the
cooling system is proposed and designed. The various heat losses are calculated and the input

power of cryocooler is evaluated.
4.1  Conceptual structure of HTS-TLGs

Conceptual structure of the WEC device is displayed in Fig. 4-1 (a). There are four main
components: the base, the support, the HTS-TLG, and the buoy. The base is fixed to seabed.
The support connecting to stator of the HTS-TLG is attached to the base. Translator of the
HTS-TLG is coupled with the reciprocating buoy, and is connected to seabed via a spring.
The spring retracts the translator in the wave troughs, preventing the translator from moving
out of the stator in the cases that waves are much higher than the assumed one (wave height
of 4 m, as shown in Table I). The cylindrical buoy is chosen because significant output power

can be obtained, and the output power can be increased by simply enlarging the buoy.
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Fig. 4-1 (b) depicts the cross section of the HTS-TLG. The inside translator is composed
of field iron yoke, field iron poles, HTS field windings, and cryogenic vessels. It is worth
noting that each HTS coil has its own cryogenic vessel, and the HTS coils are connected in
three sections in parallel through the iron pole pieces by using adiabatic tubes. Considering
the electromagnetic forces on the HTS coils, cryogenic vessels are designed to fix the HTS
coils, which will be presented in Chapter V. Besides, a refrigerator is set inside of the heaving
buoy, in which way, positions of the adiabatic tubes and the cryostats are relatively stationary
despite the moving HTS field part. Exciting power of the refrigerator is supplied by the
rectified output power of the HTS-LG, which could be stored in a battery. Both the battery
and power supplies of the HTS coils are also put inside of the buoy. Stator of the HTS-TLG
consists of three-phase armature copper windings and iron back cores. Slot
number/pole/phase is decided as 1 for easy assembly consideration. The armature phase coils
are connected in 2 separate sections in parallel, and the phase coils in each section are
connected in series. During operation, adjacent ring-shaped HTS coils are excited by DC
currents with same amplitude but opposite direction to generate alternating magnetic poles
as indicated in Fig. 1(b). On the other hand, the translator is forced up and down by the
heaving buoy. Consequently, the alternating magnetic poles move past the armature coils,
and voltage is induced.
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Fig. 4-1 (a) Conceptual structure of the WEC device. (b) Cross-sectional view of the HTS-TLG.
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About the connection of HTS coils, robustness of the HTS-LG would be greatly increased
if HTS coils were connected in parallel. However, if all the coils are connected in parallel,
the exciting current would be very large; on the other hand, it may lead to induced circulating
AC currents. The HTS-LG designed in this paper has 18 HTS coils in total. These coils are
connected in 3 separate sections in parallel and use 6 leads with three separate power
supplies. With the 18 HTS coils, 18 (17+1/2 X 2) equivalent field poles are formed by
adopting half iron poles in both ends of the translator, as shown in Fig. 4-1(b).

Features of the HTS-TLG are described as follows.

» Thetubular HTS-TLG is characterized no coil ends for both HTS windings and copper
windings, thereby reducing the amount of HTS and copper wires, leakage flux and
conduction loss.

» The tubular HTS-LG is adopted in consideration of the little attractive forces between
the stator and the translator, which reduces the bearing load. Besides, the tubular
structure makes it easy to support HTS coils and copper coils, which are placed around
iron poles and stator teeth.

» The tubular HTS-LG has ring-shaped coils in both the HTS field windings and copper
windings. These coils do not require the end windings needed for conventional
generator coils that span several slots in the iron core, thereby reducing the amount of
HTS and copper wires, leakage flux, and per-unit armature resistance and inductance.

« The HTS field part is chosen as the translator considering its light weight, which
benefits for reducing mechanical tensions on the heaving buoy, thus reducing
maintenance.

» The translator is designed shorter than the stator part for the sake of saving expensive
HTS wires, thus reducing cost.

» Each HTS coil has its own cryostat instead of putting the whole field within one
cryostat, which benefits for reducing cooling time and making maintenance and repair
easier in failure of the HTS windings.

4.2 Electrical design method of HTS-TLGs

To design a HTS-TLG, there are a lot of variable parameters should be taken into account
at the same time, such as number of poles, pole pitch, leakage coefficient, teeth width/slot
width, magnetic flux density in the armature teeth, HTS operating current, and so on.
Therefore, it is very difficult to design a HTS-TLG in the conventional ways. To make the
design easier and more flexible, we developed a computer program. Novelty of the program
is that electrical design of HTS-TLGs is carried out automatically based on the input
calculation equations of machine parameters. The program presents the generator
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performance in terms of generator weight, efficiency, cost, and so on, corresponding to the
geometric parameters, which makes it easy to obtain accurate machine parameters
considering the basic generator performance. Moreover, 3-D simulation is conducted to
calculate leakage coefficients and HTS heat loss, which are feedback to the design program
to adjust machine geometric parameters. The design process and key design technologies
including the determination of main machine parameters, the calculation of MMF and the
approaches of obtaining leakage coefficients and HTS heat loss, are presented in detail as
follows.

4.2.1 Design process

Fig. 4-2 shows the electrical design flowchart of HTS-TLGs. Basic specifications of HTS-
TLGs are given in step 1, which are listed in Table 4-1. Here, it is worth mentioning that we
decided the maximum output power of HTS-TLGs as 1 MW taking into account the losses
that must be supplied by the buoy, converter efficiency and generator efficiency. Machine
parameters of armature and translator part are calculated in step 2-5. The magnetomotive
force (MMF) under load condition is derived in step 6. Then, 3-D simulation is conducted
to analyze magnetic field in step 7. By using the simulation results, HTS field leakage
coefficient and heat loss are obtained, which are feedback to the program to get adequate
machine parameters. The generator performance is finally obtained in step 8. The realization
of every step is illustrated in detail as follows.

(1) Basic specifications of HTS-LGs
v

(2) Parameters of armature windings,
One pole magnetic flux

v
(3) Parameters of armature part 4—| HTS field leakage coefficient
+ A
(4) Leakage and armature reaction reactance
v

(5) HTS operating current,
Parameters of HTS field windings |

A

¥ HTS experienced
(6) MMF under no-load and load conditions hmee;ginlggts:,fleld,
’ i
|(7) 3-D magnetic field analysisl

v

(8) Generator weight, loss and efficiency

Fig. 4-2 Electrical design flowchart of HTS-TLGs.
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Table 4-1 Basic specifications of a 1 MW HTS-TLG.

Item Value
Wave height (m) 4
Wave frequency (Hz) 0.1
Terminal voltage (V) 660
Line current (A) 875
Air gap length (mm) 12
Slot number / pole / phase 1
Electric loading (A/cm) 1000
Field pole width/pole pitch 0.73
Current density of armature conductors (A/mm?) 3
Magnetic flux density in armature core back (T) 1.6
Magnetic flux density in field iron yoke (T) 2.0

Step 1— Basic specifications of HTS-TLGs

Basic specifications of 1 MW HTS-TLGs are listed in Table 4-1. The wave is assumed

as 4 m in height and 0.1 Hz in frequency as mentioned in Chapter Il. Besides, as the
generator is long, air gap length of 12 mm should be necessary to prevent the contact of
stator and translator, which consists of 8 mm mechanical clearance and 2 mm sealing
sheets in both the outer surface of field poles and the inner surface of armature teeth. And
there are several linear bearings mounted between the stator and the translator to keep
them aligned properly. Moreover, it is worth mentioning that we decided the maximum
output power of HTS-LGs as 1 MW taking into account the losses that must be supplied
by the buoy, converter efficiency and generator efficiency.

Step 2—Parameters of armature windings and required magnetic flux per pole

Slot pitch is decided with a given pole pitch and slot number/pole/phase N,p. Then, the
number of armature conductors/slot connected in series ¢ is calculated with a selected
electric loading and armature conductor current, which is determined by line current
and parallel number of armature conductors a.

Cross-sectional area of armature conductors is further calculated by using a selected
armature conductor current density, and then slot dimension is determined.
Furthermore, the required maximum magnetic flux per pole in armature part @
provided by HTS coils is calculated, which is relative to the terminal voltage, the
maximum electrical frequency, and the effective number of armature conductors

connected in series n.. Here, n. = ¢-PrN,,/ a, where, Pris the number of field poles.

Step 3—Parameters of armature part

With an assumed field leakage coefficient o, we deduce the diameter of field pole
center, which is Dy = o® / (zlrBy). Here, s is the field pole width, and By is the flux
density in the field poles, which is initially assumed. Diameter of air gap center is
further decided.
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*  With the determined slot depth, inner diameter of armature back iron D; is further
decided. Moreover, height of armature back iron /4 is deduced by @/2 = z-(Di+h)-h-B.,
where, B. is the flux density in the back iron. Then, outer diameter of the armature
back iron is determined.

» With the determined dimension of armature teeth, the magnetic flux density in teeth
part can be calculated.

» The length of armature winding/turn is calculated by using the decided diameters of
armature part, and the resistance of armature windings is further obtained.

Step 4—Leakage and armature reaction reactance
Based on the terminal voltage, line current, electrical frequency, and some armature
parameters, the armature leakage coefficient is deduced. The armature leakage reactance
and reaction reactance are further obtained.
Step 5—Parameters of HTS field windings
Exciting current of HTS windings is dependent on the heat loss generated by HTS coils.
Then, number of turns of HTS windings is decided considering the approximate MMF
under load condition. Furthermore, total length of HTS wires is calculated.
Step 6—MMF under no-load and load conditions

» The required MMF of armature teeth, back iron, field pole, and iron yoke is calculated
by using the iron steel B-H characteristics, respectively. The MMF under no-load
condition is the sum of the above values and the MMF of air gap.

*  MMF under load condition is calculated considering the MMF under no-load condition,
and the MMF of the armature reaction and leakage reactance.

Step 7—3-D magnetic field analysis

A 3-D model of the HTS-TLG is established by using MagNet7.4.1 (Infolytica Inc.). To
get accurate design results, two pivotal machine parameters are calculated based on the
simulation results. Firstly, the accurate value of HTS field leakage coefficient is obtained,
which is feedback to Step 3, modifying the geometric and electromagnetic parameters of
the HTS-TLG. Moreover, HTS heat loss is derived based on the simulation results, which
is feedback to Step 5, determining the operating current of HTS coils. It is worth noting
that the HTS operating current affects the number of turns of HTS coils used in the HTS-

TLG, changing the cross-section area of HTS coils. Correspondingly, the height of HTS

coils together with the height of field poles are adjusted.

Step 8—Generator weight, loss and efficiency
After every machine parameter is determined, the weight of the HTS-TLG is calculated.

Different kinds of loss are evaluated, and the total loss and efficiency of the HTS-TLG are

obtained.

Main features of this electrical design method are described here.
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» The electrical design is carried out automatically, and main machine parameters are
determined by studying their influence on basic generator performance.

» The design process contains two feedback loops, in which the leakage coefficient and
HTS exciting current are obtained by simulation to make the design results adequate.

4.2.2 Calculation of magnetomotive force (MMF)

The MMF under both no-load and load conditions is calculated by using the similar
conventional ways. Phasor diagram of HTS-TLGs is displayed in Fig. 4-3 to obtain the MMF,
and the symbols in the phasor diagram are defined as

Eo Induced voltage under no-load condition

Ei —— Internal voltage Vi —— Terminal voltage
la. —— Line current ¢ —— Power-factor angle
Ra Resistance of armature windings

Xa Armature reaction reactance

Xq —— Quadrature-axis armature reaction reactance

Xi —— Leakage reactance 0 —— Loadangle

ATi —— MMF inducing internal voltage Ei

ATa MMF compensating for armature reaction

ATo, AT> MMF under no-load and load condition

IoXa

I

AT, « At » I,
Fig. 4-3 Phasor diagram of HTS-TLGs.
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Referring to Fig. 4-3, the MMF corresponding to the internal voltage is expressed as

AT, = ATyx =L
Y

t

JV €050+ 1,R,)2 + (V,sin 0+ 1,X,)?
Vi (4-1)

:ATox

= AT, ><\/(ra +c0s6)% + (X +sin6)*

where

I = IaRa/Vt , X = Iaxl/\/t .

On the other hand, the MMF corresponding to the armature reaction flux is shown as
Ky -n
a .
P; (SiN G+ X, +X4)° +(cosO+1,)°

Kgn(SiN0+X, +X,)° + K& (cos 0+, )

AT, =1.35x e | 42)
where K,, is the winding factor. 7. is the series number of effective armature conductors per
phase, where, effective armature conductors mean the conductors which are overlapped with
the field part in position. P is number of field poles. Xq IS the quadrature-axis armature
reaction reactance in per unit, expressed as Xq = laXq / Vi. Kam and Kgm are direct-axis and
quadrature-axis magnetic flux reduction factor caused by armature reaction, respectively,

which are expressed as

. 2 ar
_ar+sin(ar) aﬁ—SIn(aﬂ)+§COS(7)

Kdm -
4sin(0‘2”) :

gm = . ar
4sin(—
( 5 )
where a is the field pole width/pole pitch. Here, field pole width means the length of field

iron pole along the generator axial direction.
Then, the MMF under load condition is expressed as

AT, = | AT? + AT,% + 2AT, AT, sin(6+ )

: (4-3)
— AT + AT, + 2AT,AT, (X, +sin 6)

4.2.3 Parameter survey

Based on the developed electrical design method, main machine parameters are firstly
determined by studying their influences on the basic generator performance. Here, the basic
generator performance is presented in terms of weight of HTS-TLGs, HTS length, and
efficiency of HTS-TLGs, which are considered because 1) heavy machines increase the
difficulty in construction, transportation and installation, as well as high costs; 2) HTS tapes
are expensive, and shorter HTSs mean lower costs; 3) generator efficiency should be as high
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as possible to make full use of wave energy. The main machine parameters, such as the
number of poles, pole pitch, magnetic flux density in field iron pole, magnetic flux density
in armature teeth, and HTS operating temperature play significant roles in determining the
geometric and electromagnetic characteristics of HTS-TLGs, thus affecting the basic
generator performance. Selection of these parameters is illustrated in detail as follows.
A. Influence of generator length on performance of HTS-TLGs

Long generators have the difficulty to keep air gap uniform, but benefit for reducing
generator weight. Fig. 4-4 exhibits the generator weight, the total HTS length, and the
generator efficiency derived from the design results as a function of generator length. Here,
the generator length is the length of outer armature part of HTS-TLGs. We observed that
with the increase of generator length, the generator weight decreases then increases, which
is explained as follows. For TLGs, the output power PocD-L, and the weight Woc D?-L (o<
1/L at constant P), therefore, the generator weight decreases with the increasing generator
length. However, limited by the inner diameter of the HTS-TLG, the diameter of the HTS-
TLG cannot be decreased to a required value when the generator is longer than 12.4 m.
Therefore, increasing generator length at a constant minimum diameter causes increasing
generator weight. It is further noted that the HTS length increases with the increasing
generator length. Additionally, the efficiency decreases with the increasing generator length,
which is caused by the increasing resistance loss of armature windings and the increasing
input power of cryocooler for more HTS coils.

70 88
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Fig. 4-4 Variation of HTS generator weight, HTS length, and generator efficiency with respect to
length of the HTS-TLG.
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The generator length is decided as about 8 m (with HTS field part about 4 m, containing
18 HTS coils) considering the mechanical stability of WECs in off-shore application, even
the generator is not lightest in this case. However, the HTS tapes are shortest (29.8 km), and
the generator efficiency is highest (86.0%), which makes this selection promising for large-
scale WEC application.

B. Influence of pole pitch on performance of HTS-TLGs

Pole pitch directly determines the electrical frequency of HTS-TLGs. Smaller pole pitch
leads to higher electrical frequency, but on the other hand results in less number of eftective
armature conductors. The required magnetic flux per pole is inversely proportional to the
product of these two parameters with the given terminal voltage, and determines the design
results of HTS-TLGs.

Fig. 4-5 shows the variation of generator weight, HTS length, and generator efficiency
with respect to pole pitch of HTS-TLGs, and the required magnetic flux per pole under each
pole pitch is also given. It is noted that under each pole pitch, the generator length keeps
about 8 m. From Fig. 4-5, we observed that with the increasing pole pitch 1) the generator
weight decreases then increases; 2) the generator efficiency increases then decreases; 3) and
the HTS length keeps decreasing. Besides, it is worth mentioning that both the generator
weight and the efficiency changes quickly when the pole pitch is beyond 236 mm, resulted
from the sharply increased magnetic flux per pole. The pole pitch is decided as 236 mm

considering the relatively light machine, short HTS wires, and high generator efficiency.
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Required magnetic flux per pole (Wb)

Generator weight (ton), efficiency (%)
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Fig. 4-5 Variation of generator weight, HTS length, and generator efficiency with respect to pole
pitch of HTS-TLGs (generator length about 8 m).
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C. Influence of magnetic flux density in field iron pole on performance of HTS-TLGs

Magnetic flux density in field iron pole By directly determines the diameter of field pole
center Dy = 0@ / (wlrBy), as discussed in Section 4.2.1, thus affecting the diameter of the
generator. Fig. 4-6 exhibits the influence of By on generator weight, HTS length, and
generator efficiency. It is noted that the results are obtained under the constant generator
length of 8.1 m and pole pitch of 236 mm. We observed that with the increase of By, generator
weight decreases, resulted from the decreasing generator diameter; besides, generator
efficiency increases, caused by the decreasing length of armature windings due to the
decreasing diameter of armature part; moreover, HTS length decreases then increases when
the Bris beyond 1.84 T, which is the result of the decreasing diameter of field part and the
increasing number of turns of HTS coils. Here, the number of turns of HTS coils increases
with the increasing By because that the load MMF increases, caused by the increasing
magnetic flux density in air gap, armature teeth, field pole, and iron yoke. The Byis decided
as 1.89 T considering the trade-offs among the generator weight, efficiency, and HTS length.
D. Influence of magnetic flux density in armature teeth on performance of HTS-TLGs

As a matter of fact, the magnetic flux density in armature teeth B; is varied by changing
the diameter of field pole center Dy under the constant generator length and pole pitch.
Therefore, the influence of B; on the basic generator performance follows the tread of the
influence of By, as seen from Fig. 4-7. The B, is decided as 2.06 T considering the relatively
light generator weight, high efficiency, and short HTS wires.

60 94
50 Generator weight : 192
§ ol ; 490
=k 5
5~ HTS length : 88
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o |:|_: Efficiency : 184
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10 B _82
0 1 1 1 1 1 80
1.5 1.6 1.7 1.8 1.9 20 21

Magnetic flux density in field iron pole [T]
Fig. 4-6 Variation of generator weight, HTS length, and generator efficiency with respect to Brof
HTS-TLGs.
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Fig. 4-7 Variation of generator weight, HTS length, and generator efficiency with respect to B; of
HTS-TLGs.

E. Influence of HTS operating temperature on performance of HTS-TLGs

HTS operating temperature determines the critical current density of HTSs and influences
the input power of cryocooler of HTS-TLGs, which is dependent on the temperature
difference between the operating temperature and the surrounding temperature. To study the
influence of HTS operating temperature on the basic generator performance, we firstly
calculated the required input power to cryocooler of the 1 MW HTS-TLG under different
operating temperatures, as shown in Fig. 4-8, which reveals that the input power of
cryocooler decreases with the increase of operating temperature.

Furthermore, we studied the basic generator performance under different operating
temperatures, which is shown in Fig. 4-9. It is found that the operating temperature has a
little influence on the generator weight. It is also observed that with the increase of operating
temperature, the HTS length increases, which is caused by the decreasing critical current
density. And the efficiency increases because of the decreasing required input power of
cryocooler, as shown in Fig. 4-8. Considering the stringent limits upon the volume of the
cooling systems in off-shore application, we decided the operating temperature as 77 K due

to the low required input power of cryocooler about 8 kW.
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Fig. 4-8 The input power of cryocooler as a function of operating temperature.
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Fig. 4-9 Variation of HTS generator weight, HTS length, and generator efficiency with respect to

operating temperature.

The influence of other main machine parameters such as electric loading, field pole
width/pole pitch, and current density of armature conductors on the basic generator
performance has also been studied. And the determination of the main machine parameters
of the HTS-TLG is summarized in Table 4-2.
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Table 4-2 Determination of main machine parameters of a 1 MW HTS-TLG.

Item Value
Operating temperature (K) 77
Number of field poles 18
Number of armature poles 34
Pole pitch (mm) 236
Magnetic flux density in field iron pole B/ [T] 1.9
Magnetic flux density in armature teeth B; [T] 2.1
Electric loading (A/cm) 1000
Field pole width/pole pitch 0.73
Current density of armature conductors (A/mm?) 3

4.2.4 3-D simulation

A 3-D quarter model of the 1 MW HTS-TLG is shown in Fig. 4-10. Using this model,
leakage coefficients and HTS heat loss are calculated to make design results more accurate.
The methods of obtaining leakage coefficients and HTS heat loss with 3-D simulation are
illustrated in detail as follows.

HTS coil A

Armature iron core

Field iron pole
Field iron yoke

Fig. 4-10 3-D quarter model of the one-pole HTS-TLG without armature windings.

A. Calculation of HTS field leakage coefficient

In consideration of the large air gap of the HTS-TLG, two kinds of leakage coefficients
are defined, which can make the design results more accurate. They are field leakage
coefficient o defined as the ratio of average interlinkage magnetic flux on field HTS part &
to that on armature winding part @ar, namely o = @#/Pat, and air gap leakage coefficient oy
defined as the ratio of average interlinkage magnetic flux on field HTS part & to that in the
airgap @gt, namely og = s/ Dgt.

The flowchart of calculation on these two leakage coefficients are shown in Fig. 4-11. The
initial assumed values of o and oq4 are 1.3 and 1.1, respectively. Based on these values,
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generator parameters are preliminarily decided. Two models are established to calculate the
leakage coefficients under two cases, as shown in Fig. 4-12 (a) (“teeth center case”) and Fig.
4-12 (b) (“slot center case”). New values of the o and the o4 are obtained for the “teeth center
case” (o1, ogtr) and the “slot center case” (os1, ogst) by simulation, respectively. The average
values o1 = (ou+os1)/2 and aq1 = (ogutogs1)/2 are feedback to decide machine parameters
again. The process mentioned above is repeated till the difference between the calculated
values oy, ogn and the feedback values on-1, og(n-1) Obtained from the previous step is less than
an allowable value, namely, | (on-on-1)/on | < 0.01, and | (ogn-0gn-1))/ogn | < 0.01. Then,
the on and ogn are obtained as the final design values to make the machine parameters
adequate. For the 1 MW HTS-TLG, the on and ogn are calculated as 1.24 and 1.07,
respectively.

The HTS excitation current is varied during operation to keep the generator output voltage
constant under varying loads and wave heights. It should be noted that the simulation of
calculating leakage coefficients is conducted under no-load condition, and the input current
is 46 A for the total 906-turn HTS coils.

Field leakage coefficient o and air gap
leakage coefficient og (assumed)

v
Generator parameters | «
v
3-D simulation to obtain @ff, ®af, and Pgf
v on+1=0n
ag(n+1) = agn
Calculation: on = ®ff/ ®af, agn = Off | Pgf g(n+1) = 99

v

|(on- on-1) / on| < 0.0T; No

ogn- og(n-1)) | ogn| < 0.01

+ Yes

Generator performance

Fig. 4-11 Flowchart of calculating leakage coefficients.
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Fig. 4-12 Magnetic flux distribution in the cross section of the HTS-TLG in the case that (a) the

center of field pole is faced to stator teeth; (b) the center of field pole is faced to stator slot.

Fig. 4-13 displays the values of magnetic fluxes in different circumferential surfaces under
the “teeth center case” and the “slot center case”. Additionally, the average values of
magnetic fluxes under these two cases are also shown in Fig. 4-13, as well as the design
values. It is observed that the average interlinkage magnetic flux in each part under these

two cases is well agreed with the design values, which demonstrates that the design results
are accurate.
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Fig. 4-13 Magnetic flux in the circumferential surfaces under different radial positions.

B. Calculation of HTS Heat Loss

HTS heat loss due to HTS flux flow affects the performance of HTS coils. The
significances of calculating HTS heat loss lie in two aspects: One is to restrict the total HTS
heat generation, which contributes to protect the HTS coils. On the other hand, HTS
operating current decided by the HTS heat loss affects the volume of HTS coils used in the
HTS-TLG. Therefore, with the determined HTS operating current, we adjust the height of
field poles to fit the height of HTS coils in the design process, which makes design optimal.
The HTS heat loss is evaluated by integrating the product of the current and voltage along
the total length of the HTS coil [103], which is expressed as

| n(T,B,0)
W = VI| —— AZArA _
Zg,, ; [IC(T,B,Q)j FAZAIAg (4-4)

where V. is the critical voltage (in general 1 xV/cm). | is the HTS operating current. Ic (T, B,
0) and n (T, B, 0) are the critical current and n-value of HTS, which are dependent on the
operating temperature T, applied magnetic flux density B, and flux angle 6. Here, T is
decided as 77 K for easy cooling consideration. B and ¢ are obtained from 3-D simulation.
Besides, n (T, B, 6) is set as 20 because of the low experienced magnetic flux density less
than 0.5 T, as shown in Fig. 4-12. z, r, and ¢ are thickness, radius and angle of the HTS coil.

We plan to adopt the ReBCO superconductors, which has the Ic-B, 8 properties at 77 K as
shown in Fig. 4-14. Here, it is noted that the & represents the angle between magnetic flux
density and the c axis of HTS wires, as indicated by the inset of Fig. 4-14.
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Fig. 4-14 |- B, 6 properties of ReBCO at 77 K.

With 3-D simulation results of magnetic flux distribution in the HTS coil part, the total
HTS heat loss for the entire machine at operating field currents of 66 A to 82 A is obtained,
as shown in Fig. 4-15 [104]. Here, it is worth mentioning that the HTS operating currents
are the load currents because the influence of armature reaction magnetic fluxes on the field
of HTS coil is very small, mainly passing through iron poles. In this case, we considered
non-linearity characteristics of HTS coils and the HTS heat generation was calculated based
on the magnetic flux distribution in the HTS coils.

From Fig. 4-15, it is observed that the total heat loss is less than 20 W when HTS operating
current is less than 72 A. And the heat is rapidly generated beyond the operating current of
77 A, at which point the total heat loss is 90 W. Here, the allowable heat loss is assumed to
be 100 W taking the cooling capacity of the refrigerator into account. Moreover, considering
actual cooling capacity and the HTS coil performance (load factor 0.85), the HTS operating
current is setas 77 x 0.85 = 66 A.
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Fig. 4-15 Total HTS heat loss versus the operating current.

4.3 Design results of a1 MW HTS-TLG

Design results of the I MW HTS-TLG are shown in Table 4-3. It is observed that electrical
frequency of the HTS-TLG is 2.46 Hz, determined by the translator velocity and pole pitch,
which is much higher than the wave frequency. Magnetic flux density in the air gap is up to
1.35 T, about twice that of conventional electric machines. The length of field part is 4.3 m,
which is 3.7 m shorter than the stator for the sake of reducing HTS cost. The generator weight
is about 44 tons. Efficiency of the HTS-TLG is up to 86%, including the required input
power of cryocooler. The weight of HTS wires is only 0.4 tons, which implies the potential
of reducing cost by applying HTS generators to WECs. In addition, weight of the translator
is only 9.5 tons, which reduces the bearing load and the mechanical tensions on the heaving

buoy.
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Table 4-3 Design results ofa 1 MW HTS-TLG.

Item HTS-TLG
Operating temperature (K) 77
Maximum electrical frequency (Hz) 2.46
Number of field poles 18
Number of armature poles 34
Pole pitch (mm) 236
Field pole height (mm) 78
Field pole flux density (T) 1.9
Air gap flux density (T) 1.35
Effective armature teeth flux density (T) 2.05
Outer diameter of translator (m) 1.1
Length of field part (m) 43
Length of generator (m) 8.1
Number of turns per HTS coil 906
no-load HTS current (A) 46
No-load MMF (kA/pole) 42.0
Load MMF (kA/pole) 59.9
HTS winding weight (ton) 0.4
Total length of HTS windings (km) 30
Cryocooler weight (ton) 1.0
Generator weight (ton) 44.2
Stator weight (ton) 34.7
Translator weight (ton) 9.5
Total loss (kW) 162
Resistance loss of armature windings (kW) 126
Iron loss (kW) 10
Input power of cryocooler (kW) 8
Others™ (kW) 18
Efficiency (%) 86.0

*QOther losses include stray loss, mechanical loss, and blower power for air cooling.

4.4 TInduced voltage and output power

4.4.1 Induced voltage
Firstly, we plot the electrical frequency of the HTS-TLG in Fig. 4-16(a) based on the

following expression
Vbm
fo = - cos(27 fot — )| (45)

where vbm is assumed as 1.2 m/s based on Fig. 2-4 in Chapter 11, and 7 is the pole pitch of the
HTS-TLG, which is obtained from the design results as listed in Table 4-3.
Next, the flux linkage produced in the armature copper winding part is formulated as

. T
P()=¥_ sIn(—x
() m (T b) (4-6)
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where ¥ is the peak flux linkage.
Thereby, the induced phase voltage is obtained as

e =- ._W.—:\,/EEO'COS sz ‘COS(Zﬂ-fOt_(D)
: (@-7)

where, ne is the series number of conductors per phase, kw the winding factor, ky the flux
distribution factor, and Eo is the effective value of induced phase voltage. Per (4-7), a typical
waveform of the induced phase voltage is depicted in Fig. 4-16(b). After a 3-phase bridge
rectifier, the rectified 3-phase voltage under no-load condition is obtained in Fig. 4-16(c)
according to the following expression
Eqo =|eu]+|ey]+ [ew| = V2E; - [cos(27 fot — 9))-

+ + } : (4-8)

From Fig. 4-16 (a), we observed that the electrical frequency varies in a sinusoidal form

T T 2 ] (7[ 2 ]
COS| =X, ||+|cos| =X, —=7 |+|cos| =X, +=7
T T 3 T 3

caused by the continuously changing velocity of the buoy. Consequently, the induced phase
voltage varies in both amplitude and frequency during a wave cycle, as shown in Fig. 4-16
(b). It is worth noting that generators producing such kind of output power cannot be directly
connected together due to the different frequencies. As a matter of factor, such induced
voltage should be first rectified to a direct one. The rectified wave form after a 3-phase bridge
rectifier is plotted in Fig. 4-16(c), which performs as a single wave form.

Moreover, the average value of the 3-phase rectified voltage Eq under load condition is
evaluated as

_ ﬂﬁE |cos(27 fot — )|
3J_

(4-9)
- |cos(27 fot — )|
Here, the commutation angle is assumed to be zero. E is the phase voltage under load

condition. And the 3-phase windings are in Y connection, in which case V¢ = \/§E
On the other hand, the rectified current is

T
Id e I
J6 °
where, la is the phase current.
From (4-9) and (4-10), the output power is obtained as

Py = Eqlg =/3V,1, cos? (27 fot — ) (4-11)

Then, the average output power is

-|cos(27 fot — @) (4-10)
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where P, is the maximum output power of the HTS-TLG. It is indicated that the average

output power is half of the maximum output power, and is evaluated as 500 kW.

4.4.2 Grid connection of output power
To connect the rectified output power produced by many WEC units to grid, there are
basically two options. Here, each WEC unit includes a buoy, a linear generator, and a rectifier.

One option is that each WEC unit has its own transmission cable to shore (Option-1). This
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option features very simple configuration, however, it involves high installation costs of
transmission cables and is not recommended to this study due to the long distance from
WECs to grid. And the other option is to first connect all WEC units in one array, then,
transmit the power of the array to grid by using one transmission cable (Option-2). This
option could also be extended further. For instances, all the WEC units are first connected in
several arrays, then transmit the power of these array to grid by using a small number of
cables (Option-3), or connect each array in parallel, then, transmit the total power by using
one cable (Option-4). These four options of connecting large amounts of WEC units for
transmission can be found in Ref. [105] for detail.

Generally, expensive filters are required to do signal processing before the output power
of WECs is connected to grid. To reduce cost of power conditioning, here, an economic
concept is proposed. For the 1| MW WEC, as stated previously, the 3-phase rectified voltage
of the HTS-TLG performs as a single wave form (period of 7= 5 s). To connect such kind
of output voltages to grid, it is suggested that every three WEC units are connected as one
array, and the output power of the arrays could be transmitted to grid by using one cable or
a small number of cables. Here, it is worth mentioning that the three WEC devices in one
array are located to ensure that the output voltages differ 7/3 in phase angle, as indicated in
Fig. 4-17. This figure also shows relationships of the rectified voltages of the three WEC
units. Fig. 4-18 plots the waveform of transmission voltage of one array, which shows that

the transmission voltage of each array fluctuates around 2000 V.
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4.5 Conceptual structure of the improved WEC with the
cooling system

For the proposed WEC, a large amount of mechanical parts is needed to fix the stator of
TLGs to seabed, which are prone to be broken especially in harsh environment. To reduce
the risk of being broken, structure of the WEC is improved to locate the converter at sea
surface with moorings to keep it in place.

Fig. 4-19 shows the conceptual structure of the improved WEC with the HTS-TLG
adopted. Compared to the previous structure, in addition to the heaving buoy used to extract
wave power, another buoy is surrounded the outer armature part of the HTS-TLG. Size of
the buoy is calculated to float the armature part in sea water, which is moored to seabed. On
the other hand, Fig. 4-19 also shows the cryogenic cooling system of the WEC. Cryogenic
tank and cryocooler are put inside of the heaving buoy, and are connected to the HTS coils
with adiabatic tubes. HTS coils are interconnected through the iron pole pieces by using
adiabatic tubes. The red arrows indicate the flow of LNz, which is implanted to the cryogenic
vessels from some tubes and comes out from the other tubes as gas, which is cooled down
and re-used. Input power of the cryocooler comes from the output power of the HTS-TLG,
which is rectified by using a converter, then is stored in a battery. The battery also provides
the exciting current to HTS coils.

Moreover, location of bearings used between the stator and the translator is indicated in
the magnified figure in Fig. 4-19. Bearings are installed in the upper and lower part of the
outer surface of the translator to keep the airgap.
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For more detail, Fig. 4-20 shows the configuration of the HTS-TLG. For the field part,
cross-sectional dimension of the slot that accommodates cryogenic vessel is 78 mm X 63 mm,
which is suited to put the cryogenic vessel with cross-sectional dimension of 76 mm x 61
mm. For the armature part, the cross-sectional dimension of slot and the configuration of
armature conductors can be seen from Fig. 4-20. The armature conductors are arranged in
two layers, which are wrapped with insulation tapes, then are inserted in the armature slots.
Mechanical clearance between the outer surface of field part and the inner surface of
armature part is 8 mm. Between the armature iron core and the stator frame, a cooling path
is set for air or water cooling.

4.6 Cryogenic vessel and input power of cryocooler

4.6.1 Cryogenic vessel

Fig. 4-21 shows the cross section of the cryogenic vessel / cryostat (76 mm % 61 mm in
dimension). Configuration of the cryogenic vessel is described here. The AMSC-8501
YBCO tapes (approximately 5 mm in width and 0.2 mm in thickness as described in Table
1-2) are used for winding HTS coils. In each cryogenic vessel, the HTS coils are arranged
as three layers, which are stacked together to make one ring-shaped winding. Each layer
comprises a double pancake HTS coil, surrounded with winding frames. The total number
of turns per HTS winding is 906 turns (302 turns for the HTS coil in each layer).
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Fig. 4-21 Cross sectional view of the cryogenic vessel.
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Approximately 550 m HTS tapes are needed to wind each double pancake HTS coil, and
about 1650 m HTS tapes are used in each cryogenic vessel. Between the three-layer HTS
coils there are thermal conduction plates for efficient cooling. In the right side of HTS coils,
the frames are directly touched with coolant. Cross sectional area of the space for coolant is
11 mm X3 mm X 3. Between the inner shell and the outer shell, there are support pins, which
are made of GFRP, and have a length of 6 mm. The space between the inner shell and the

outer shell is filled with super insulation (SI).

4.6.2 Various heat and input power of cryocooler

Input power of cryocooler plays a significant role in the selection of HTS cooling method
and the design of cooling system. Input power of cryocooler of a HTS-TLG is dependent on
the total heat generated in the HTS cryogenic vessel, which includes the conduction heat
through GFRP pins, the invading heat through SI, the heat generated by HTS coils, and the
conduction heat in conductor contact portion. Evaluation of these heat losses are presented
as follows.

(1) Conduction heat through GFRP pins

The calculation of conduction heat through GFRP pins is expressed as

W, = AANP; (T, —T,) /L (4-13)

Here, / is the thermal conductivity of GFRP, which varies with temperature, as listed in Table
5-1. A is the cross-sectional area of the GFRP pin, which is 7X 2%/4 = 3.14 mm?. N represents
the number of pins per pole, which is 20 X 8 (20 pins in each side). And Pris the number of
field poles of the HTS-TLG. T; and T, are the temperatures in the ends of the pin,
respectively. L is the length of the pin, which is 6 mm.

Table 5-1 Variation of GFRP thermal conductivity (1) with temperature.

Temperature (K) 300 200 150 100 85 77
A of GFRP (W/m-K) 0.8 0.62 | 0525 | 0425 | 0.37 | 0.345

By dividing the pin into 5 segments, and assuming the invaded heat in lower temperature
side of each segment is the same (namely, Qo = Q1 = Q2 = Q3 = Q4 in Fig. 4-22), the
temperature distribution along the length of GFRP pin is obtained, as shown in Fig. 4-22.
The higher end temperature T 1s 300 K, and the lower end temperature T> 1s 77 K. It is noted
that the temperature in the position that 0.401 mm away from the lower temperature side of
the pin is 100 K. The average thermal conductivity between 77 K to 100 K is about 0.4
W/m-K. Then, the GFRP conduction heat ¥ can be evaluated as

W, =0.4x3.14x20x8x18 x (100-77)/0.401x107° = 207 [W] (4-14)
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(2) Invading heat through SI
The invading heat through SI is calculated as

W, = A6 A Pr (Tisi — Tasi) / L (4-15)
where Ay is the thermal conductivity of SI, which is 3 X 10* W/m-K. 4 is the cross-sectional
area of SI, and 4 = 1.5X0.452 = 0.678 m?. T1,; and T2y are the temperatures in the ends of

the SI, which are 300 K and 77 K, respectively. And Ly is the length of SI, which is 6 mm.
Consequently, the conduction heat through SI is

W, =3x10* x0.678x18x (300—77)/6x10° =136 [W] (4-16)
(3) Heat generated by HTS
As illustrated in Chapter 111, at operating current of 77 A, the total HTS heat loss of the
entire machine is 90 W. The actual operating current is decided as 66 A, at which the total
HTS heat loss is evaluated as about half of that generated at 77 A. Therefore, the total HTS
heat loss is evaluated as W3 =50 W.
(4) Heat loss in conductor contact portion
The resistance in conductor contact portion is considered to be less than 1 €. Then, under

the operating current of 66 A, the heat generated in conductor contact portion is

W, =1x107° x66° x2x18~0 [W] (@-17)
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(5) Total heat generated by cryogenic vessels
As illustrated above, main heat of cryogenic vessels comes from the GFRP pins and the
SI. The total heat loss is

W =W, +W, +W; +W, =207+136+50+0 =393 [W], (4-18)
(6) Input power of cryocooler

Input power of cryocooler is determined by the coefficient of performance (COP) of a

refrigerator, which stands for the efficiency of a refrigerator. The COP is expressed as
Q
coP=2 (4-19)

where, Q represents the heat generated by the considered system, and P is the required input
power to the refrigerator. With the development of cryogenic refrigeration technology, COP
of a refrigerator at 77 K can be up to 0.0622 [106]. With this kind of refrigerators, the input

power to cryocooler is

398 11x1.15-8.0 [KW]

P=
0.0622

where the 10% power is considered for cryogenic pumps, and another 15% power is for

(4-20)

some margins considering long-time operation.

As discussed above, a Brayton-cycle refrigerator with 400 W cooling capacity at 77 K is
suggested being adopted, which requires 8 kW input power considering coefficient of
performance (COP) of the refrigerator. Another option is to use the cryogenic tank [107] to
supply LN> to the HTS cryostats. And it is calculated that the HTS-LG consumes LN about
210 L/day.

4.7 Conclusion

In this chapter, a HTS-TLG is designed for the WEC. The main contents and significant

results are listed as follows:

(1) Structures of the proposed WEC and the HTS-TLG are described, which shows a very
simple configuration with potential of reducing cost and maintenance.

(2) Electrical design process of HTS-TLGs is illustrated in detail. Novelty of the design
program is that the electrical design is carried out automatically based on the input
calculation equations of machine parameters. The program presents the generator
performance corresponding to the geometric parameters, which makes it easy to obtain
accurate machine parameters by studying the influences of main machine parameters
on the basic generator performance.

(3) As the key technologies of designing HTS-TLGs, the determination of main machine
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parameters, the method of calculating MMF, and the way of obtaining leakage
coefficients and HTS heat loss by using 3-D simulation are described in detail.
According to the calculating results of HTS heat loss, HTS operating current is decided
as 66 A, in which condition the total HTS heat loss of the entire machine is evaluated
as 50 W.

(4) Optimum design results of a 1 MW HTS-TLG is presented, which show a generator
length of 8 m, a total weight about 44 tons, and an efficiency about 86%. Main features
include: a) high air gap flux density of 1.35 T, about twice that of conventional electric
machines; b) little amount of HTS wires adopted (only 0.4 tons), which implies a
potential of reducing generator cost; c) a very light translator about 9.5 tons, which
reduces the bearing load and the mechanical tensions on the heaving buoy.

(5) Waveforms of induced voltages of the 1 MW HTS-TLG are plotted, which
demonstrate the feasibility of using this WEC to obtain desired output power. As the
buoy velocity changes with time, electrical frequency of the HTS-TLG varies in
amplitude. As a result, the induced voltage varies in both amplitude and frequency.

(6) An economic way of connecting the output power of many WECSs to grid is proposed.
It is suggested connecting every three WECSs as one array, and allocating the WECs in
each array to ensure that the output voltages differ 7/3 in phase angle.

(7) Structure of the WEC is improved to locate the stator at the sea surface, thus reducing
the mechanical parts to fix the stator to seabed. Besides, for the WECs with HTS-TLGs
adopted, cryogenic cooling system is presented.

(8) Configuration of the cryogenic vessel is proposed, including the arrangement of the
HTS coils. Various heat losses of the cryogenic vessels are calculated, which
demonstrates that heat generation of the HTS-TLG mainly comes from the GFRP pins
and SI. Total heat loss was estimated about 400 W. A cryocooler with 400 W capacity
at 77 K will require 8 KW input power.
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Chapter V Performance comparison of

different TLGs

Conceptual structure of the WEC device has been described previously. A buoy on the sea
surface moves vertically driven by the waves, which is connected to the translator of a TLG.
Stator of the TLG is grounded to seabed via mechanical support part. In this chapter, different
TLGs designed for the WEC are compared and discussed. Firstly, three types of TLGs are
described, which are HTS-TLG, PM-TLG, and Cu-TLG depending on the different field
exciting components. These TLGs are compared from the aspects of main machine
parameters, the geometric and electromechanical characteristics, and the costs. Furthermore,
design results of the HTS-TLG are compared to those of another HTS-TLG, which is
designed based on different wave data of 2.5 m in height and 2.5 s in period.

5.1 Three types of TLGs

The three types of TLGs are identified as HTS-TLG, PM-TLG, and Cu-TLG by the
different field exciting components, which are made of HTS coils, PMs, and conventional
copper windings, respectively. The TLGs are chosen as they have little attractive force
between the stator and the translator, as well as low armature resistance and inductance.
Conceptual structures of these TLGs are described as follows, and the electrical design
method is further introduced.

Fig. 5-1(a) depicts the partial cross section of the HTS-TLG. The stator is composed of
HTS field windings, cryogenic vessel to support HTS coils, field iron poles, and iron yoke.
And the translator is made of iron-cored armature copper windings. Merits of the HTS-TLG
lie in that HTS field part is inside of the HTS-TLG, and is designed shorter than the stator to
reduce the amount of HTS wires, thus reduce the cost. Moreover, this structure makes it easy
to support the HTS coils because the cryogenic vessels containing HTS coils are put around
the iron poles.

Fig. 5-1(b) shows the cross-sectional view of the PM-TLG, in which PMs are mounted on
the translator with alternating polarity. Armature part of the PM-TLG consists of iron-cored
armature windings. It is worth mentioning that the inner armature part is fixed to seabed as
a stator, and the outer PM part is chosen as a translator which is designed shorter than the
stator to save PMs, in consideration of 1) avoiding the movement of cables used for
transferring the generated electric power; 2) reducing the mechanical tensions on the buoy
by connecting the buoy with the lighter PM part. On the other hand, the outer PM structure
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benefits for reducing the generator volume compared to the inner PM structure due to the

determined magnetic flux per pole in the armature part

Fig. 5-1(c) shows the cross-sectional view of the Cu-TLG. The outer armature part is
composed of iron-cored copper windings, and is chosen as the stator to avoid the movement
of transmission cables. The inner field part is the translator, which is shorter than the outer
stator. Conventional copper windings are adopted to form the field exciting component.
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Fig. 5-1 Cross-sectional view of (a) the HTS-TLG; (b) the PM-TLG; (c) the Cu-TLG.
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5.2 Optimal design of Cu-TLGs

To get optimal design of the Cu-TLG, main machine parameters are first determined by
studying their influences on the basic performance of Cu-TLGs. Then, the field leakage
coefficient and the air gap leakage coefficient are calculated to make design results more
accurate. These methods are the same as what have been done to design the PM-TLG and
the HTS-TLG.

5.2.1 Determination of main machine parameters

Design results under different generator length is shown in Fig. 5-2, which shows the basic
generator performance of the Cu-TLG with respect to different generator length. Here, the
generator length represents the length of outer armature part. It is observed that when the
length of the Cu-TLG is 8.1 m, both the generator weight and the field copper winding
weight are lightest, together with the highest generator efficiency. With the increase of
generator length, the generator weight and the field copper winding length decrease then
increase when the generator length is beyond 8.1 m. The reasons are the same as explained
in Section 4.2.3. On the other hand, the generator efficiency keeps increasing till the
generator length is up to 8.1 m due to the increasing ratio of the effective armature length to
the total armature length. However, when the generator is longer than 8.1 m, increasing the
generator length at constant maximum diameter leads to an increase in the length and

resistance of the armature windings, thus decreasing the efficiency.
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Fig. 5-3 shows the influence of pole pitch on the basic performance of Cu-TLGs. It is
worth noting that the number of field poles is the same for each case, therefore, the increasing
pole pitch leads to longer generator with smaller diameter. As a result, it is observed that
increasing pole pitch at a constant minimum diameter results in increasing weight of Cu-
TLGs, decreasing efficiency of Cu-TLGs, and decreasing length of field copper windings.

The reasons are the same as explained in Section 4.2.3.
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5.2.2 Calculation of leakage coefficient

With 3-D simulation, the magnetic fluxes in the circumferential surfaces under different
radial positions of the Cu-TLG are shown in Fig. 5-4, under the “teeth center case” and the
“slot center case”, respectively. It shows that the magnetic fluxes in the armature winding
regions are much lower than those in the field winding regions for both the two cases, due
to the flux leakage caused by the long field pole height (380 mm). And the flux in the
armature winding region under the “slot center case” is much lower than that under the “teeth
center case”. The field leakage coefficient is the ratio of the average @y to the average @y,
which is calculated as 1.383 for the “teeth center case” and 1.659 for the “slot center case”,
respectively. Consequently, the field leakage coefficient is calculated as o= (1.383+1.659)/2
~1.52. The air gap leakage coefficient is the ratio of the average @y to the average @,r, which
is calculated as g, = (1.335+1.387)/2 = 1.36

In addition, the average magnetic flux density in the circumferential surfaces of different

85



parts (field copper winding region, air gap center, and armature winding region) is also
exhibited in Fig. 5-4. It is observed that the average magnetic flux density drops sharply in
the field copper winding part due to the long field pole height (380 mm). As a result, the flux
density in the armature winding part is much lower than that in the field winding part.
Additionally, by comparing the flux density in the armature winding part under the “teeth
center case” and the “slot center case”, it is seen that the flux density under the “slot center

case” is much lower than that under the “teeth center case” (Maximum difference about 24%

lower).
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5.3 Design results of three types of TLGs and performance
comparison

Design results of the three types of TLGs are presented in Table 5-1. We will compare the
performance of these TLGs from two aspects. One is to compare the geometric and
electromagnetic performance, such as generator weight, size, efficiency, field conductor/ PM
weight, magnetic flux density, and so on, to select a most suitable one for off-shore WEC.
The other aspect is to compare the cost, which plays an important role in the
commercialization of the WECs.
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Table 5-1 Design results of 1 MW TLGs for WECSs.

Item Cu-TLG  PM-TLG HTS-TLG
Operating temperature (K) 348 323 77
Maximum electrical frequency (Hz) 2.46 3.15 2.46
Number of field poles 18 42 18
Number of armature poles 34 62 34
Pole pitch (mm) 236 184 236
Field pole height (mm) 380 60 78
Field leakage coefficient 1.52 1.31 1.24
Air gap flux density (T) 0.64 0.53 1.35
Outer diameter of generator Do (m) 1.7 1.3 1.1
Inner diameter of generator Di (m) 0.1 0.6 0.2
Length of generator Ls (m) 8.1 11.5 8.1
Generator volume nt/4 x (Do?* - Di*) x Ls (m?) 18.3 12.0 7.4
Load MMF (kA/pole) 36.5 53.7 59.9
Cu/PM/HTS field conductor weight (ton) 7.8 8.3 0.4
Total length of Cu/PM/HTS field conductor (km) 16 — 30
Weight of cryocooler (ton) — — 1.0
Generator weight (ton) 86.9 51.3 44.2
Stator weight (ton) 42.5 30.5 34.7
Translator weight (ton) 44.4 20.8 9.5
Total loss (kW) 372 231 162
Resistance loss of armature windings (kW) 234 200 126
Iron loss (kW) 6 5 10
Input power of cryocooler (kW) — — 8
Resistance loss of field windings (kW) 105 — —
Others* (kW) 27 26 18
Efficiency (%) 72.9 81.2 86.0

*Qther losses include stray loss, mechanical loss, and blower power for air cooling.

5.3.1 Comparison of geometric and electromechanical characteristics

From Table 5-1, we observed that the length of both Cu-TLG and HTS-TLG is shorter
than the PM-TLG, which is about 7/10 of that of the PM-TLG. However, the total weight of
the Cu-TLG 1s much higher than that of the PM-TLG and the HTS-TLG. The disadvantage
in weight, especially the heavy translator, makes the Cu-TLG difficult in off-shore WEC
application. The heavy translator increases requirements for mechanical strength of bearings
and the mechanical construction of the buoy. Besides, efficiency of the Cu-TLG is low due
to the high resistance loss of the armature copper windings and the field copper windings.

Next, the PM-TLG with length of 11.5 m and diameter of 1.3 m has a total weight about
51 tons, and an efficiency about 81%. Translator weight of the PM-TLG is about 21 tons,
much lighter than that of the Cu-TLG. Therefore, the acceptable weight and length make the
PM-TLG a candidate of the WEC device.

Furthermore, we observed that the air gap flux density of the HTS-TLG isup to 1.35 T

due to the adoption of HTS wires, which is out of reach for the conventional Cu-TLG and
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the PM-TLG. Thanks to the high air gap flux density achieved by the HTS coils, the HTS-
TLG yields a very compact structure, with about 3/5 volume of the PM-TLG and much less
volume than the Cu-TLG. Correspondingly, the HTS-TLG has a lightest weight about 44
tons, which is about 85% of the weight of the PM-TLG, and half of that of the Cu-TLG. In
addition, efficiency of the HTS-TLG is highest even the cooling system is used. The most
compact structure, the lightest weight, and the highest efficiency make the HTS-TLG the
preferred candidate in off-shore WEC application.

5.3.2 Comparison of cost

To investigate the potential of these three types of TLGs used for WECs in commercial
application. We compared the costs of these TLGs, and the comparison results are listed in
Table I11. Here, HTS future price is assumed as 3 Y/(Am) at 77 K (self-field), which is about
US 27 $/(kAm) at the current exchange rate of 111 Y per US $. PM present price is assumed
as 30 Y/qg, about 270 $/kg. Refer to each item of the Cu-TLG, costs of the PM-TLG and the
HTS-TLG is normalized. We found the total cost of the HTS-TLG is lowest, which is 0.7
times of that of the Cu-TLG. Due to the high-priced and large number of PMs used in the
PM-TLG, the cost of the PM-TLG is highest, about 1.9 times of that of the Cu-TLG, which
implies that the PM-TLG is not a promising one for large-scale WEC application in the
economical viewpoint.

In Table 5-2, accessories of the TLGs include the air-cooling device, lubricant device,
exciting devices for the Cu-TLG and the HTS-TLG, and the cryogenic refrigeration system
for the HTS-TLG. Cost of accessories of the PM-TLG is lowest due to the absence of
exciting device for the field PMs. Besides, miscellaneous works include assembly, test, and
transportation.

Table 5-2 Cost comparison of 1 MW TLGs.

Item Cu-TLG PM-TLG HTS-TLG
Operating temperature (K) 348 323 77
Cost of field conductor/PM 1 21.3 1.4
Cost of field part 1 4.7 0.8
Cost of armature copper windings 1 0.9 0.5
Cost of armature part 1 0.8 0.7
Cost of accessories 1 0.4 1.0
Cost of miscellaneous works 1 1.7 1.1
Cost of LGs 1 1.9 0.7

5.3.3 Main performance and evaluation
We list the main items in Table 5-3 to show the features of these TLGs in WEC application,
which are summarized as follows:

88



» The Cu-TLG has a small ratio of generator length versus its outer diameter (8.1 m
versus 1.7 m), which implies a good structural robustness of the generator.
Nevertheless, the heavy weight brings a big challenge in mechanical structure and
strength of the buoy.

» The PM-TLG presents relatively light weight and high efficiency, which makes it an
option in WEC application. However, due to the large number of high-priced PMs are
used, this PM-TLG is the most expensive one.

» The HTS-TLG exhibits lightest weight, highest efficiency and lowest cost among these
three types of TLGs. Particularly, HTS wires used to form the field exciter are only
0.4 tons, much less than the weight of field copper windings and PMs, which indicates
the potential of reducing cost by using the HTS-TLG.

Table 5-3 Performance comparison of IMW TLGs.

Item Cu-TLG PM-TLG HTS-TLG
Operating temperature (K) 348 323 77
Field pole height (mm) 380 60 78
Generator length (m) 8.1 11.5 8.1
Outer diameter of LGs (m) 1.7 1.3 1.1
Stator weight (ton) 42.5 30.5 34.7
Translator weight (ton) 44 .4 20.8 9.5
Generator weight (ton) 86.9 51.3 44.2
Generator efficiency (%) 72.9 81.2 86.0
Generator cost (pu) 1 1.9 0.7
Estimation Poor Fair Good

5.4 Performance comparison of different HTS-TLGs

Another HTS-TLG, represented as HTS-TLG™, is designed based on the wave data of 2.5
m in height and 2.5 s in period, in which case maximum stroke of the HTS-TLG* is 2 m,
and the peak velocity is about 2.5 m/s, which are close to the wave assumptions in Ref. [42]
and [87]. In Ref. [42], a direct-drive C-GEN machine is tested with a hydraulic ram driving
it at 0.4 Hz and 2 m/s. And in Ref. [87], maximum stroke of a direct-drive air-cored SCLG
is 2.4 m, and the peak velocity is 2.2 m/s. Electrical design of the HTS-TLG™ was conducted
in order to: 1) investigate the advantages of the proposed structure compared to that
presented in Ref. [87]; 2) figure out the influence of wave data on the design results of the
HTS-TLGs by comparing the machine performance and cost of the HTS-TLG to those of
the HTS-TLG™, which are designed with different wave data.
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5.4.1 Design results of a2 MW HTS-TLG and discussion

Design results of the 2 MW HTS-TLG™ are presented in Table 5-4. For the HTS-TLG*,
it is worth mentioning that the line current is 1750 A. Slot number/pole/phase is 1. Current
density in armature copper conductor is assumed to be 3 A/mm? and the fill factor is 0.7.
Electric loading is 1000 A/cm. And field pole width/pole pitch is 0.73. The design results
show that the 2 MW HTS-TLG* is 9.3 m long, and 0.8 m in outer diameter. And the HTS-
TLG™ exists total weight of 28.2 tons (including the cooling system), translator weight of
6.8 tons, HTS field winding length of 17 km (AMSC’s HTS wires with 5 mm X 0.2 mm in

cross-sectional dimension), and an efficiency of 92.6 %.

Table 5-4 Design results of the 2 MW HTS-TLG*.

Item HTS-TLG*
Operating temperature (K) 77
Maximum output power (MW) 2
Maximum electrical frequency (Hz) 8.4
Number of field poles 48
Number of armature poles 62
Pole pitch (mm) 149
Field pole height (mm) 63
Air gap flux density (T) 1.16
Outer diameter of generator Do (m) 0.8
Inner diameter of generator Di (m) 0.1
Length of generator Ls (m) 9.3
Generator volume 7/4 x (Do? - Di*) x Ls (m®) 4.7
Load MMF (kA/pole) 26.8
HTS field winding weight (ton) 0.2
Total length of HTS field windings (km) 17
Generator weight (ton) 27.2
Stator weight (ton) 20.4
Translator weight (ton) 6.8
Total loss (kW) 160
Resistance loss of armature windings (kW) 98
Iron loss (kW) 21
Input power of cryocooler (kW) 8
Others* (kW) 30
Efficiency (%) 92.6

*QOther losses include stray loss, mechanical loss, and blower power for air cooling.

Table 5-5 compares the main machine performance of the 2 MW HTS-TLG* to that of
the air-cored SCLG proposed in Ref. [87]. For the HTS-TLG™, with the wave assumptions
of 2.5 m in height and 2.5 s in period, the value of fo4° is almost the same with that of the
SCLG, which is proportional to the maximum output power of the linear generators as shown
by Eq. (2-17) . Furthermore, maximum linear speeds of these two generators are similar. The

above descriptions indicate that these two linear generators are designed under similar
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conditions. In addition, it is noted that the SCLG also adopts the AMSC’s copper laminated

Amperium wire, which has a current density of 82 A/mm? and cross-sectional dimension of

12 mm x 0.2 mm. By comparing the HTS-TLG* to the SCLG, some conclusions are drawn

as follows:
Maximum output power of the HTS-TLG™ is more than 1.5 times than that of the

SCLG.

Length of these two linear generators is almost the same.
The SCLG has a much lighter translator than the HTS-TLG™ due to its air-cored
structure. And the total weight of SCLG is about 3/4 that of the HTS-TLG*.

Power density (P, / Wy) of the HTS-TLG™ is 18% higher than that of the SCLG.

The HTS-TLG™ adopts 17.5 km % 5 mm x 0.2 mm AMSC’s HTS wires, and the SCLG
adopts about 27.4 km x 12 mm % 0.2 mm AMSC’s HTS wires, which indicates that
the HTS-TLG™ uses much less amount of expensive HTS wires (less than 1/2),

implying a substantial reduction of costs.

As discussed above, the proposed HTS-TLG™ has some potential advantages than the

SCLG, especially the higher power density and lower cost. Therefore, despite the advantages

of the SCLG like stationary superconducting coils, a light translator, and elimination of

attractive forces between stator and translator, the HTS-TLG™ is more promising for off-

shore large-scale WEC application in viewpoints of both physical parameters and economics.

Table 5-5 Performance comparison of the HTS-TLG™ and the SCLG [87].

Item HTS-TLG* SCLG
Maximum output power P,, (kW) 2000 2x640
Terminal voltage (V) 660 1010
Line current (A) 1750 732
Wave frequency fo (Hz) 0.4 0.3
Maximum stroke 4 (m) 2.0 2.4
JoA? (Pw < fod?) 1.6 1.7
Maximum linear speed (m/s) 2.5 2.2
Generator length (m) 9.3 9.6
Length of SC wire (km) 17.5 27.4
Stator weight (ton) 20.4 18.5
Translator weight (ton) 6.8 3.0
Weight of generator with cryocooler W (ton) 28.2 21.5
P,/ Wy (kW/ton) 71 60

91



5.4.2 Comparison of main performance and cost of different HTS-TLGs
Table 5-6 shows the main machine parameters of the two HTS-TLGs designed with
different wave data. The HTS-TLG is 1.2 m shorter than the HTS-TLG™ with a larger outer
diameter, which indicates that the HTS-TLG is more robust. Besides, it is noted that the
HTS-TLG uses more HTS wires, about 80% longer than that of the HTS-TLG™. Moreover,
the HTS-TLG exhibits disadvantages in all the generator weight, translator weight, and
generator efficiency compared to the HTS-TLG™. Both total generator weight and translator
weight of the HTS-TLG are about 1.5 times higher than those of the HTS-TLG™, and the
efficiency is about 7% lower. The above discussions verify that HTS-TLGs designed with
different wave data exhibit very different generator performance. Therefore, it is important

to design HTS-TLGs based on realistic wave data of some specific locations.

Table 5-6 Performance comparison of two HTS-TLGs.

Item HTS-TLG HTS-TLG*

Maximum output power (MW) 1 2
Operating temperature (K) 77 77
Field pole height (mm) 78 78
Generator length (m) 8.1 9.3
Outer diameter of TLGs (m) 1.1 0.8
Total length of HTS field windings (km) 30 17
HTS operating current (A) 66 105
Stator weight (ton) 34.7 20.4
Translator weight (ton) 9.5 6.8
Generator weight (ton) 44.2 27.2
Generator efficiency (%) 86.0 92.6

Table 5-7 compares the cost of the two HTS-TLGs. It is observed that cost of field part of
the HTS-TLG™ is 1.5 times higher than that of the HTS-TLG, even cost of HTS wires of the
HTS-TLG™ is less than that of the HTS-TLG. It is because that the HTS-TLG™ is longer,
which adopts more HTS cryogenic vessels. And the price of cryogenic vessels is high. This
result implies that it is better to adopt less number of field poles when designing such kind
of HTS-TLGs, which would benefit for reducing costs. In addition, it is shown that the costs
of both armature copper windings and armature part of the HTS-TLG™ are less than those
of the HTS-TLG, because the HTS-TLG™ adopts less copper wires and has a lighter stator

as shown in Table 5-6. However, the overall costs of these TLGs are same.
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Table 5-7 Cost comparison of two HTS-TLGs.

Item HTS-TLG  HTS-TLG*

Maximum output power (MW) 1 2

Cost of field HTS wires 1 0.9
Cost of field part 1 1.5
Cost of armature copper windings 1 0.8
Cost of armature part 1 0.7
Cost of accessories 1 1.0
Cost of miscellaneous works 1 1.0
Cost of TLGs 1 1.0

5.5 Conclusion

This chapter aims to compare different HTS linear generators designed for direct-drive
WECs. Main conclusions are drawn as follows.

Comparison results among the three types of TLGs show that

(1) The Cu-TLG exhibits more robust structure, nevertheless, the heavy weight brings a
big challenge in reduction of cost and mechanical tensions on the buoy.

(2) The PM-TLG presents relatively light weight, high efficiency but high cost.

(3) The HTS-TLG has distinguished advantages in weight, efficiency, and cost.
Particularly, only 0.4 tons HTS wires are used to form the field exciting component,
much less than the weight of field copper windings and PMs used in the Cu-TLG and
PM-TLG, respectively.

Design results of a2 MW HTS-TLG, which is designed under wave assumptions of 2.5 m
in height and 2.5 s in period, are compared to those of a SCLG [87]. Comparison results
imply that the proposed HTS linear generator with tubular structure is more promising for
off-shore large-scale WEC application in viewpoints of both physical parameters and
economics.

Comparisons between the two HTS-TLGs designed with different wave data indicate that
the wave height and period affect the physical and electromagnetic characteristics of the
HTS-TLGs.
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Chapter VI Summary and future research

6.1 Summary

In this thesis, electrical design studies of large-scale TLGs proposed for a WEC system
was conducted. The main purpose of this thesis is to breakthrough some key design
technologies of HTS-TLGs used for direct-drive WECs, and make clear their advantages
over the conventional TLGs in WEC application.

Firstly, the WEC systems and the direct-drive devices are introduced. Features of the
present PM-LGs and HTS-LGs proposed for direct-drive WECs are described, including the
fundamental properties of superconductors, and the state-of-the-art of HTS technologies.

Next, ocean wave characteristics were investigated to ensure that the studies in this thesis
are carried out based on realistic wave data. Afterwards, the electrical system of a direct-
drive WEC was presented. About this system, structural merits of the WEC device were
highlighted. Buoy movement was analyzed to show the basic operation principle of the WEC.
And the relation of buoy size and maximum output power was clarified. These works are
indispensable for designing the overall WEC system.

Then, as the generally adopted electric machines in direct-drive WECs, electrical design
of PM-TLGs was conducted. Compared to the conventional way of designing a PM machine,
novelties of the electrical design method of PM-TLGs mainly lie in a more flexible and
efficient approach of determining main machine parameters, a more accurate way of
obtaining leakage coefficients by using 3-D simulation, and an easier and more accurate
method of evaluating PM operating point. To verify the accuracy of design results of 1 MW
PM-TLGs, magnetic flux density distribution of a PM-TLG was analyzed, which exhibits
very good agreements of simulation results and design values. The successful design of the
PM-TLGs established the foundation for designing HTS-TLGs.

Chapter IV presented the most important contents of this thesis, such as the electrical
design method of HTS-TLGs (the design process, the method of calculating MMF, and the
approaches of obtaining leakage coefficients and HTS heat loss by using 3-D simulation),
the design results of a 1 MW HTS-TLG, the induced voltage characteristics of the HTS-TLG
and the grid connection of output power, the cryogenic vessels and input power of cryocooler.
The results obtained in the study of this chapter allow significant conclusions to be drawn
as.

« HTS field leakage coefficient affects the geometric dimension of armature part, and

the HTS operating current determined by HTS heat loss affects the field poles. With
these two pivotal parameters obtained by 3-D simulation, adequate design results can
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be obtained.

» Design results of the ] MW HTS-TLG show some merits like high air gap flux density
of 1.35 T, little amount of HTS wires used (only 0.4 tons), and a very light translator
(about 9.5 tons). The light translator benefits for the reduction of mechanical tension
to the heaving buoy of the WEC.

* Due to the changing velocity of the heaving buoy, electrical frequency of the HTS-
TLG varies in amplitude, with peak values much higher than wave frequency. As a
result, the induced phase voltage varies in both amplitude and frequency during one-
cycle operation.

* Heat loads of cryogenic vessels mainly come from the GFRP pins and the SI, and the
total heat loss is evaluated as 400 W, requiring 8 kW input power to a cryocooler.

Finally, in order to investigate the possible advantages of HTS-TLGs to large-scale WEC
application, optimal design results of three types of TLGs are presented and compared. The
comparison results on main machine parameters and generator costs suggests that the HTS-
TLG has distinguished advantages in generator weight, translator weight, generator size, and
total cost. Moreover, to study the influence of wave characteristics on design results of HTS-
TLGs, two HTS-TLGs designed with different wave data are compared from the aspects of
main machine performance and cost. And the comparison results indicate that HTS-TLGs
designed with different wave data exhibit very different generator performance.

Main contributions of this thesis are to the clarified operating state of the heaving buoy,
the developed electrical design method of HTS electric machines, the obtained design results
of a 1 MW HTS-TLG, the proposed novel topology of connecting output power of WEC
systems to grid, and the suggested configuration of cryogenic vessels. These contributions
are highlighted as follows:

* By studying the relation of buoy size and the maximum output power, it shows a simple

method of determining geometric parameters of the heaving buoy.

» The developed electrical design method of HTS-TLGs would be a good guidance to
design HTS electric machines, which provides an efficient way of determining main
machine parameters. The methods of obtaining leakage coefficients and evaluating
HTS heat loss with 3-D simulation are presented, which lead to optimal design of the
HTS-TLGs.

* Design results of the 1 MW HTS-TLG provide a candidate to WECSs for practical
application.

* Novelty of the topology of connecting WEC output power to grid lie in the reduction
of expensive filters.

» The suggested structure of cryogenic vessels and the arrangement of HTS coils provide
a reference to industrial manufacture.
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6.2 Future research

The studies presented in this thesis demonstrated the feasibility of employing large-scale
HTS-TLGs to WEC application, which establish the foundation for future experimental
works. The future researches considered are outlined below.

(1) Grand design of a laboratory-scale WEC prototype with a HTS-TLG

A laboratory-scale WEC prototype will be designed, including a cylindrical heaving buoy,
a HTS-TLG with capacity of several hundred watts, and a cooling system.

(2) Manufacture of the HTS-TLG

This process involves many key engineering technologies of manufacture and assembly
of HTS-TLGs, such as the winding of HTS coils, the manufacture of HTS cryostat, and the
installation of adiabatic tubes. Fulfillment of this process will provide a good guidance to
manufacture HTS electric machines.

(3) Experimental studies on electromechanical characteristics of the HTS-TLG

After the HTS-TLG is fabricated, it is planned to erect the HTS-TLG and drive the
translator with a slider-crank mechanism [108], which convert the rotating motion of a prime
mover into reciprocating linear motion. In this way, the induced voltages of the HTS-TLG
at different excitation currents will be tested and analyzed. In addition, mechanical properties
of the bearings will be also tested.

(4) On-site test of the WEC system

All the buoy, the HTS-TLG, a DC power supply, a full-bridge rectifier, and a transmission
cable will be assembled together. And the WEC system will be tested at sea to make its

output voltage characteristics and mechanical properties clear.
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