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Abstract: The paper investigates an innovative ironless linear generator, installable inside a wave
energy converter, in order to produce electricity from sea waves. This energy source is considered
strategic for the future, especially in small islands; however, this technology is still far from the
commercial phase. Considering the wave energy potential of the Mediterranean Sea, a first prototype
of the electrical linear generator was realized at the Department of Engineering of Palermo University.
This machine can be run by a two-floating buoys system, able to produce a linear vertical motion.
The main goal of this paper is the investigation of the advantages and the disadvantages of the
utilization of steel materials to realize the stator of linear generators. Thus, starting from the prototype,
the authors analyzed the effects produced by the replacement of steel in the stator with a non-magnetic
material. For comparison, the authors evaluated the amplitude of no-load voltages, using a three-phase
connection scheme, and the amplitude of the magnetic force produced by the interaction of magnets
with the stator. Both aspects were evaluated through numerical simulations and mathematical models.

Keywords: sea wave; point absorber; linear generator; energy harvesting

1. Introduction

Sustainable electricity generation is nowadays a fundamental priority for industrialized
countries [1]. Several technologies have been developed for the exploitation of Renewable Energy
Sources (RES), like hydro, wind, and solar. Nevertheless, around the world the share of RES in electricity
generation continues to be low, with a strong dependence from fossil fuels, that are responsible for
greenhouse gases (GHG) emissions, and consequently global warming [2]. To clarify the relevance,
a recent analysis indicates that electricity generation is responsible for the emission of two-thirds of all
anthropogenic GHG production [3].

In regards to the electrical energy sector, in 2018 the world average share of electricity production
from RES was equal to 25.60%, with the following local shares: 32.72% in the European Union, 23.78%
in North America, 58.49% in Latin America (thanks to the relevant contribution from hydropower),
22.36% in Asia, 28.96% Oceania, 17.78% Africa, and 2.11% Middle East [4]. Based on data reported
in [5], Figure 1 shows the progressive increase of the installed power capacity from RES. In detail, the
global power capacity has been increasing with an average annual growth rate of 8.33%, achieving the
value of 2351 GW at the end of 2018 [5]. From 2015, solar photovoltaic (PV) has been the technology
preferred for new installations. Indeed, solar PV represented about 55.3% (94.76 GW) of newly installed
power in 2018, while wind and hydropower accounted for most of the remainder, contributing for
28.6% (49.10 GW) and 12.5% (21.35 GW), respectively [5].
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Figure 1. World electricity capacity by renewable energy sources for 2000-2018 (based on data in [5]).

Concerning the utilization of RES, several technologies are commercial mature, such as wind and
hydro turbines, and solar photovoltaic panels [6].

There are other energy sources that are practically not exploited, such as sea wave [7]. In this case,
the idea is based on the exploitation of the oscillating motion produced by the sea in order to generate
electricity. Although there are no mature technologies for its utilization, several researchers affirm that,
in a short period, sea wave will give important support to the energy sector [8]. In particular, the main
contribution will be concentrated in small islands [9]. Similar to other renewable sources, the diffusion
of devices supplied by sea wave could create local job opportunities [10].

Sea wave is an indirect consequence of solar radiation. Indeed, the energy emitted by the sun
warms the earth’s surface, causing wind generation. In turn, wind interacts with the water surface and
produces sea waves; therefore, a very small ratio of solar energy is finally converted in sea wave energy.

Just to quantify the energy conversion chain, it is estimated that the earth is exposed to a total
radiation of 174 PW, of which only 78 PW (corresponding to 683,280 PWh/y) reaches the earth’s
surface [11]. About 1.2 PW (10512 PWh/y) is converted in wind energy. In regard to sea wave, a recent
report underlines that the total theoretical energy potential is about 32 PWh/y, not evenly distributed
throughout the world [8].

Although the total energy potential of sea wave seems small in comparison with the availability
of solar radiation, the exploitation of this new renewable energy source represents a valid opportunity,
thanks to several peculiarities: [12]

e  The power density is higher in comparison with other RES, therefore these power plants require a
lower extension;

e  Sea wave is more regular than wind, increasing the annual operative hours of these systems;

e  Thevisualimpactis lower than other RES technologies, since most devices for sea wave exploitation
are located close to sea level;

e  The energy potential is still enough to meet a significant portion of the world’s energy demand
(26.59 PWh/y in 2018) [4].

Focusing on sea wave, several hot spots, i.e., regions with high values of wave energy potential,
can be identified around the world. As an example, the southern part of Australia, Africa, and America
are exposed to the greatest values of wave energy potential. More moderate areas are located between
the USA, Canada, and Japan in the Pacific Ocean, and between the European Union, Greenland, USA,
and Canada in the Atlantic Ocean. Unfortunately, all of these areas are also affected by extreme bad
weather conditions that are normally related to the high level of energy potential. In this case, the
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utilization of this energy source is more complex, since the device must also be sized to resist in the
worst weather conditions [13,14].

In this context, the term Wave Energy Converters (WEC) is referred to devices that are able to
extract energy from sea waves, and produce electrical energy or other useful energy output [15].

Many types of WEC have been proposed over time. These systems can be classified by using
different criteria, such as the position with respect to the coastline or the sea level, the average size, the
orientation with respect to the direction of wave propagation or, finally, the working principle. The
following terms are commonly used to identify specific layout of WEC [16]:

e  Attenuator is generally composed by a floating device oriented along the wave direction. This
kind of system rides the crest of waves in order to produce a relative motion between the sections
of which it is composed, running the internal energy converters [17].

e Point absorber is a system characterized by axial symmetry, in order to work independently of
wave direction [18].

e  Oscillating wave surge converters are designed for a nearshore application. Indeed, the system is
composed by a barrier, fixed on a seabed by a hinge, in order to oscillate as a pendulum, according
to the wave motion in shallow water [19].

e  Submerged pressure differential devices are installed on a seabed. They are composed by a fixed
part and a movable one. The variation of the hydrostatic pressure on the device generates a
vertical motion, usable to activate linear generators or hydraulic pumps [20].

e  Opvertopping systems are composed of a water reservoir above sea level. By using a ramp, the
kinetic energy of waves is converted into potential, refilling the reservoir. The accumulated water
is used to run a low-head water turbine [21].

e Rotating mass systems are equipped with big masses installed inside with an eccentric. The
oscillation produced by waves (mainly pitch and roll) induces the rotation of the masses,
accumulating kinetic energy usable by rotary generator to produce electrical energy [22].

Attenuators are typically realized by connecting several cylindrical buoys. Sea wave produces
relative motions on the junctions, running fluid pumps [23]. Consequently, this kind of energy is
converted into electricity through hydraulic expanders and alternators [24].

As introduced above, the main feature of point absorbers is the ability to work independently of
the wave direction. A possible solution is represented by a symmetrical buoy, located in open sea. The
buoy is used to collect the mechanical energy of sea wave and produce a vertical motion in order to run
the power take-off installed on the sea bed [25]. As an example, the AquaBuOY system is equipped
with a floating buoy and an hydraulic pump system [26].

With the target of oceanic wave exploitation, some systems are designed to be installed completely
under sea level. The “Archimede Wave Swing” is an example of a submerged pressure differential
system [27]. In detail, the device comprises an air-filled chamber, which is alternatively compressed
and expanded by the variation of hydrostatic pressure on the device.

Another approach for the exploitation of sea wave is represented by overtopping systems, of
which “Wave Dragon” is an example [28]. The system is equipped with a floating water reservoir.
A ramp is used to convey sea wave inside the reservoir. In this way, the wave’s kinetic energy is
accumulated as potential energy. A low head hydraulic turbine is used to produce electricity, returning
water to the ocean.

In this context, an interesting solution is represented by point absorbers, equipped with linear
electrical generators, since these components are able to produce electrical energy directly from a linear
motion, simplifying the energy conversion chain [25].

With this purpose, the Department of Engineering of Palermo University is currently investigating
new solutions for the exploitation of sea wave energy potential, considering the Mediterranean Sea as
a potential energy source to cover a part of the local energy demand in small islands [29-31].
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A first prototype of a linear generator was realized and tested in the laboratory. This system is
described in the following sections. With the aim to optimize this technology, the authors suggest a
revolutionary approach, i.e., the realization of an ironless system. The main goal is the removal of the
cogging force in order to increase the range of the exploitable wave height, maximizing the annual
energy production. In detail, the solution is represented by the replacement of iron stator, with another
one based on non-magnetic materials.

At the same time, the removal of iron from the stator could reduce the internal power loss from
the generator by eliminating eddy currents inside the stator [32].

The analysis of the cogging force is an important aspect for linear generators. A detailed
computation of a magnetic field is consequently required in the study of electromechanical devices [33].
The cogging force usually rises in the linear generator because of irregular air gap magnetic permeance.

Indeed, the teeth-slots alternation and the finite stator length create variations in the air gap and
consequently on the local distribution of the magnetic field. Thus, the cogging force generates serious
mechanical vibrations, which reduce the electricity production, especially under the condition of
limited wave height. Furthermore, the speed fluctuation induced by the cogging force could degrade
the quality of output power [34].

However, from a theoretical point of view, the removal of the iron from the stator produces a
significative reduction of power output, due to the reduction of magnetic flux through the stator
windings [35].

In order to quantify all these effects, numerical simulations have been performed on a specific
Finite Element Method (FEM) tool, in order to compare two different case studies: the linear generator,
described below, equipped with an iron stator and with an ironless stator. In detail, the authors
investigate the no-load voltages produced in the output coils and the cogging force generated by the
magnetic interaction between the stator and the translator.

1.1. Background on Linear Generator Topology

As previously discussed, a possible classification of WEC is based on the specific technologies
installed inside the system for the conversion of mechanical energy of sea wave into electrical energy [36].
Clearly, this choice deeply influences the designing step of WEC.

In this context, a promising solution suggests the adoption of linear generators, thanks to their
peculiarity of converting directly a linear input motion into electrical energy. In this way, the energy
conversion chain is drastically simplified using a limited number of components [37]. Other, more
widespread systems, instead, firstly store the sea wave energy, pressurizing fluids through piston
pumps, and then convert this energy into electrical using alternators driven by hydraulic turbines
or volumetric expanders [38]. Thanks to the “direct-drive” solution (i.e., the direct coupling of the
floating buoy’s velocity and force to the generator), linear generators are currently a research topic [39].
In particular, an interesting solution is represented by Permanent Magnets (PM) linear generators, as
the simplified topology of these machines [40].

Generally, linear generators are made up by two parts: stator (an iron fixed part) and translator
(moving part). An example is depicted in Figure 2, where the stator is sectioned in order to show the
position of coils.
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Figure 2. Permanent Magnet generator’s framework.

A detailed classification of linear generators is reported in [41]. Considering the shape of the

generator, the following definition are adopted:

Structure of generator: flat structure—a generator having a planar symmetry, such as the system
proposed in the paper (see the following section); or tubular structure—if stator and translator
have an axial symmetry, such as two coaxial cylinders (see Figure 2).

Length of translator in comparison with the stator: long translator—if the translator is longer than
the stator; or a short translator, in the other case.

Position of translator in comparison with the stator: external translator—if the translator moves
in a region outside the stator; or internal translator—if the translator is installed inside the
stator region.

Place where the permanent magnets are installed: stator PM—if magnets are installed on the
stator; or translator PM—if magnets are located on the translator.

Tubular generators are investigated deeper in literature, since the analogy with electric

actuators [42]. Considering a tubular generator, four configurations are usually adopted to install PM
on the translators: radial, axial, Halbach and quasi-Halbach. In the first case, PM are magnetized along
the radius, alternating the magnetic poles (see Figure 3a). In the axial configuration, PM are magnetized
along the same axis of the translator (see Figure 3b). In the Halbach scheme, PM are magnetized along
the axis, but are oriented in order to oppose the same poles (see Figure 3c). To assemble the stator,

a ferromagnetic material is installed between the magnets. In effect, the resulting magnetic field is
oriented on the radial direction. Finally, in the quasi-Halbach configuration, axial and radial magnets
are alternated in order to minimize the magnetic field inside the translator and maximize the outside
(see Figure 3d).

(b)
©
@

Figure 3. Different magnetization schemes: (a) radial, (b) axial, (c) Halbach, (d) quasi-Halbach.
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Considering the position of windings in comparison with the translator motion, linear generators
are classified as transverse flux, if the flux path through coils is perpendicular to the translator motion,
or longitudinal flux, if the flux path is parallel. Pertaining to the material adopted in the stator, linear
generators are defined as iron-cored, if the stator is realized with a ferromagnetic material or air-cored,
otherwise. Finally, in literature, another kind of generator is investigated: linear switched reluctance
generator. In this case, the magnetization is realized by coils, which require a control system function
of the translator position [42].

There are advantages when permanent magnets are installed in the moving part of the machine:
the generation of the magnetic induction field without the adoption of excitation current allows the
removal of the entire excitation circuit, including conductors and sliding contacts where joule losses
are concentrated [41].

The main drawbacks of these generators are: high value of the cogging force and the cost of
magnets, especially in the case of rare-earth magnets, such as samarium cobalt (SmCo) or neodymium
iron boron (NdFeB) [43].

The cogging force is generated by the interactions between the magnets and the slotted iron
structure. There are two origins to this phenomenon: the alternance of teeth and slots along the stator
and the finite length of this component. The cogging force produces a pulsating force ripple, resulting
in vibrations and acoustic noise.

This phenomenon is also common in rotary machines, where the reduction of cogging torque
is investigated to maximize the energy performances [44—46]. In this case, geometric parameters are
usually investigated, such us the introduction of a skewing angle for the stator slots along the main
axis or permanent magnets on the rotor [47], the adoption of particular numbers for the realization of
stator and rotor teeth [48], and the optimization of the shape of stator teeth [45].

In case of rotary machines, cogging torque is essentially related to the alternance of teeth and slots
in the stator, during the rotation of the rotor [44]. In a similar way, the alternance of teeth and slots
produces also a cogging force in linear machines [49]. In addition, linear machines are also affected by
the “end effect” in the generation of the cogging force [50]. Indeed, in rotary machines, all permanent
magnets are located inside the stator regions, whereas in linear machines, it is possible that magnets are
forced to enter and exit the region delimited by the stator, especially if the long translator configuration
is adopted. In this case a strong interaction between magnets and stator is realized [51].

Therefore, solutions normally proposed in rotary machines solve only a part of the problem
pertaining to the cogging force in case of linear machines [52]. To solve the end effect, specific solutions
should be adopted, like the optimization of the shape of the auxiliary teeth (the first one and the last
one) in the stator, in order to minimize this phenomenon [50].

An alternative solution is represented by the utilization of non-magnetic materials for the
realization of the stator. As introduced before, this phenomenon is absent in case of air-core linear
generators, for this reason, the investigation of this solution appears interesting to the authors.

For this reason, the replacement of the iron stator with a non-magnetic one is investigated in
this paper. To compare, the authors considered an iron-core prototype realized in previous studies at
the laboratory of the Engineering Department of Palermo University [31]. By using an FEM tool, the
replacement of the iron-stator with a non-magnetic one is investigated, by considering the effects on
the no-load voltage trends and on the cogging force.

In the next section, the iron-core prototype is first described; in the following section, a comparison
with an air-core device, having the same shape, is reported on.
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2. Materials and Methods

2.1. The Prototype

In order to exploit the wave energy potential in the Mediterranean Sea, the Department of
Engineering of Palermo University designed a first prototype of an electrical linear generator [53]. This
machine can be installed inside a two-floating buoyage system, in order to exploit its vertical motion.

A flat structure configuration was adopted to simplify the realization of the device, because it is
possible to adopt greater processing tolerances, and it is easy to assemble by hand. These aspects are
relevant during tests in order to replace components and change some parameters [54].

Like other linear generators, this prototype is composed of two parts: the stator and the translator.
The first part is composed by laminated sheets of AISI 1008, stacked vertically. The lamination is
introduced to reduce the eddy currents inside the device and increase the energy efficiency.

Since the prototype is a flat structured machine, the stator is split in two elements, each one
having the following sizes [55]: 971 mm (length), 65 mm (height), and 60 mm (width). Each part has
39 slots used to install 36 coils, where the electrical power is produced. Each coil comprises 375 turns
of enameled copper, with the average sizes of 856 mm (width) and 125 mm (height). The stator is
assembled using threaded bars and bolts, as shown in Figure 4. Considering all components, the stator
of prototype has a mass equal to 74.5 kg, of which 45.7 kg are due to the AISI 1008 used in the stator.

’-\\" | \\\-| | ) -nww,--hi;

Figure 4. Lateral and front views of stator.

The generation of the magnetic field is entrusted to the permanent magnets installed on the
translator, i.e., the moving part of the linear generator. As shown in Figure 5a, magnets are installed
with a skewing angle equal to 17° around the axis perpendicular to the translator. As explained in the
introduction, the skewing of PM or alternatively of stator slots, is a common approach to minimize the
cogging torque in rotary machine. The same idea was adopted in the prototype in order to minimize
the cogging force associated with the alternance of teeth and slots.

/’

Figure 5. A translator view (a) and a 3D view of the entire system (b).
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The translator is currently made with a bakelite table, having the sizes of 1600 mm (length),
205 mm (height), and 12 mm (width). The translator has 40 slots (20 on each side), in order to install
the same number of permanent magnets, alternating the poles along the major dimension, as shown in
Figure 6. Magnets are glued to the support, and the magnetic attraction between the pairs of magnets
helps to maintain their position.

Figure 6. Magnetization of PM in the translator and position of coils in the stator.

The magnetization of PM is perpendicular to the motion of the translator, in order to maximize
the magnetic flux crossing the coils installed in the stator. In this configuration, the translator has a
mass equal to 13 kg, of which 8.2 kg are due to magnets.

More details about magnets are reported in Table 1. In comparison with the stator, the translator is
longer, so the device is designed, considering that magnets enter and exit through the region, delimited
by stator during the motion of translator.

Table 1. Datasheet of permanent magnets [56].

Article ID. Q60-30-15-N
Material NdFeB
Shape block
Size 60 x 30 X 15 mm
Pole faces 60 x 30 mm
Tolerance +0.1 mm
Coating Nickel-plated (Ni-Cu-Ni)
Manufacturing method Sintered
Direction of magnetization Axis 15 mm
Magnetization N40
Strength Approx. 56 kg (549 N)
Max working temperature 80 °C
Curie temperature 310°C
Weight 2052 ¢

Residual magnetism Br
Coercive field strength bHc
Coercive field strength iHc
Energy product (BxH)max

12,600-12,900 G, 1026-1.29 T
10.5-12.0 kOe, 860-955 kA/m
>12 kOe, >955 kA/m
38-40 MGOe, 303-318 kJ/m?

2.2. Numerical Approach

The analysis has been realized by using a specific FEM software for the investigation of electrical
machines. FEM is a numerical approach for finding approximate solutions to boundary value problems
modelled by partial differential equations. It is useful for problems with complicated geometries and
material properties, where analytical solutions are difficult or even impossible to obtain. The finite
element method converts partial differential equations into a set of algebraic equations, which are easy
to solve. The simulations have been carried out using the sequence reported in Figure 7.
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Figure 7. FEM simulation’s environment.

In this case study, the evaluation of cogging force and no-load voltages are estimated using two
different simulation environments; in detail, the solvers used are:

e  Magneto-static solution type: a static magnetic field is solved resulting from permanent magnets
and it represents a no time variable study. The definition of magnetic properties of materials is
essential. This environment is useful to analyse the cogging force.

e Transient solution type: a simulation that computes the time varying magnetic and electric fields.
This is a time domain solver, necessary to analyse the induced voltage in the output coils, because
of the time variation of the magnetic field, produced by the translation of permanent magnets
through the stator.

Following Maxwell’s equations [57], are solved with the magneto-static solver:

=0 1)

- - -
where H is the magnetic field strength, B the magnetic flux density, | the conduction current density,
-

M the magnetization of material, M, the permanent magnetization of material, 1o the permeability of
vacuum and (i, the relative permeability of the material. As for the transient solver, the tool resolves
Equation (2):
1 JdB _
VX<V x_)H +5 =0
V.B =0 2)
~V(eV42) - V-(0V®) =0

In the next section, the authors report the results obtained by using a magneto-static solution type
to calculate the cogging force, and a transient solution type to evaluate the no-load voltage trends. In
both cases, the FEM tool was set to carry out 3D analyses because of the geometric properties of the
prototype, such as the skewing of permanent magnets.

3. Results

As introduced above, the main goal of this paper is the evaluation of the advantages and the
disadvantages due to the utilization of steel materials to build the stator of linear generators.

Therefore, starting from the prototype depicted in the previous sections, the authors quantified
the effects produced by the replacement of iron from the stator with a non-magnetic material. As a
comparison, the authors analyzed the following main phenomena:

e No-load voltage trends, considering a three-phase connection of coils;
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e Magnetic force produced by the interaction of magnets, with the stator in a
magneto-static condition.

3.1. No-Load Voltages

The prototype is designed as a three-phase machine. The step between two adjacent coils is equal
to one sixth of the step between two magnets with the same magnetic pole.

In this condition, considering a block with six adjacent coils, and selecting one of them, there
is always one that produces a voltage trend in phase opposition for geometrical reasons. Therefore,
inverting the polarity of half of the coils, a possible three-phase scheme of the connection is proposed
in Figure 8.

Figure 8. Three-phase connection of the generator.

Since the generator is a bilateral machine, two rows of coils are drawn. Overall, each phase
includes four lines, each one comprising six coils connected in series, with a total of 24 coils for
each phase.

Assuming the connection scheme proposed in Figure 8, the authors simulated the no-load voltage
trends produced by the prototype, fixing the speed of the translator to 1 m/s. The results are reported
in Figure 9. These values are confirmed by previous experimental tests on a full-scale prototype in the
laboratory [31,53].

—e—Vls —e—V2s —e—V3s — - — VIl f ——-V2f ---ouu- V3_f

Voltage [V]

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

Time [s]

Figure 9. No-load voltages produced by prototype, with a translator speed equal to 1 m/s.
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The graph also reports the Fourier series approximation, trimmed to the third harmonic, according
to Equation (3). All parameters are reported in Table 2.

2
Vif(t) = Ay sin[a)t + @1 - gn(i - 1)] + Az sin(3wt + ¢3) 3)

Table 2. Fourier approximation of no-load voltages produced by prototype.

Parameter Symbol Value Unit
First harmonic amplitude Aq 175.24 \Y
Third harmonic amplitude Az 59.24 \%
First harmonic phase ©1 2.941 rad
Third harmonic phase ©3 -0.607 rad
Angular frequency w 41.07 rad/s

Equation (3) represents a simplified form of a more general equation, used by the authors for
the evaluation of no-load voltage trends in the case of a general motion, considering the trend of the
translator motion as input:

o Al dX(f) . 2 .
Vif(t) = o sin|kx(t) + @1 — 57‘((1 - 1)] +

As d x(t)
vy dt

sin[3kx(t) + @3] 4)

In detail, in Equation (4) x(t) represents the time function of the translator position. The other
parameters introduced are: the speed vy used in the reference test with a linear constant motion (equal
to 1 m/s) and the wavenumber k of the generator, that is determined by Equation (5), considering the
distance A between two magnets having the same pole.

_

k== ©)

If the translator is moved with a constant linear motion, in general the angular pulsation introduced

in Equation (4) is linearly related to the wavenumber of the generator, by Equation (6):
w=kv= 27“0 6)

Focusing the attention on Figure 9, it is possible to observe the presence of the third harmonic,
which increases the value of the peak and the time step when the voltage trends are close to zero.
In general, the third harmonic must be avoided, since this component generates a pulsating production
of electrical power, vibrations and noises in the machine.

Another FEM simulation was performed considering the replacement of AISI 1008 from the
stator with a non-magnetic material, and evaluating the no-load voltage trends, without changing any
geometrical parameter of the prototype. The same constant speed (1 m/s) is imposed to the translator
motion. The results of this analysis are reported in Figure 10.
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Figure 10. No-load voltages, considering a non-magnetic material in the stator.

The Fourier series approximation was evaluated. In this case, the first harmonic is enough to
describe the no-load voltage trends, thus, Equation (3) is simplified in Equation (7).

Vig(t) = A sin[a)t + @1 - %n(i - 1)] (7)

The amplitude of first harmonic is the only parameter affected by a significant variation, as reported
in Table 3.

Table 3. Fourier approximation of no-load voltages produced by prototype.

Parameter Symbol Value Unit

First harmonic amplitude Aq 44.65 \%
First harmonic phase ©1 2.946 rad
Angular frequency w 41.07 rad/s

As shown in Figure 11, the magnetic flux through coils is drastically reduced, for this reason the
no load voltage trends assume lower values in the case of iron-less stator.

B [teslal N B [teslal
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1. 3279E+000
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8.1717€-001
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6.1289E-001
5.107SE-001
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Figure 11. Comparison of magnetic field distribution in case of iron-core (a) and air-core stators (b).
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Including the effect of the third harmonic in the first case, the comparison of Figures 9 and 10
reveals a significant reduction of the peak of voltages, from 234.5 to 44.65 V, with a ratio of about
5.25:1. As introduced above, the third harmonic produces several problems in the electrical machine.
Furthermore, the linear generator is designed to exploit a variable linear input. The amplitude and
the angular frequency of voltages change according to the speed of the translator; thus, an electronic
power converter is required to stabilize the electrical power output. In order to avoid the generation of
the third harmonic, two techniques can be adopted:

e  Use other schemes of connection for coils;
e  Not connect the star center of generator to load.

In the first case, the authors considered the scheme depicted in Figure 12. The system is connected
in order to obtain two lines for phase, each one having 12 coils in series. The adjacent coils are connected
two-by-two in series.

Figure 12. Alternative three-phase connection of the generator to remove the third harmonic.

Appling this connection scheme of coils to the iron-core and air-core stators, the no-load voltage
trends are performed, as shown in Figure 13.

—e—V]ls —e—V2s —8—V3ys —— VI ———V2f -—--uu- V3 f
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-300 - [ -80
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Figure 13. Comparison of no-load voltages, considering a different scheme of connection. (a) iron-core
stator, (b) air-core stator.
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Both trends are approximated by a Fourier series, trimmed to the first harmonic, expressed by
Equation (8):
Vif(t) = A1 \/Esin[wt+¢1_§n(i_1) _%] (8)

In detail, the connection introduced in Figure 12 converts the no-load voltage trends from the
phase voltages to phase-to-phase voltages; therefore, the amplitude is increased by the factor V3 and
the phase is reduced by the amount 77/6. In this configuration, the comparison of the prototype with
the device without steel in the stator shows a reduction of the peak of voltages from 303.5 to 77.33 V,
with a ratio of 3.92:1.

The same ratio is obtained if the original connection of coils is kept, but not connecting the star
center of the generator to the load. In this way, the homopolar components cannot be transferred to the
load, among which the third harmonic is the most relevant.

Considering this configuration, the no-load voltage trends are evaluated, as reported in Figure 14.
Both cases (iron-core and air-core) are modelled by Equation (8), considering the corresponding values
of Aj reported in Tables 2 and 3.
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Time [s] Time [s]

Figure 14. Comparison of no-load voltages obtained, not connecting the star center of the generator to
load. (a) iron-core stator, (b) air-core stator.

3.2. Cogging Force

The cogging force is the second aspect investigated by authors, representing the magnetic force
related to the interaction between the magnets and the iron stator. The phenomenon is related to two
different origins:

e  The alternance of tooth and slots in the iron stator;
e  The entering and exiting of magnets through the stator region.

The first effect was minimized in previous studies [58], adopting the screwing of magnets.
The second effect, also called “end effect”, is related to the fact that the translator is longer than
the stator. Being magnets installed on the translator, they are forced to enter and exit through the
stator region.

This solution is preferred by the fact that all coils are uniformly excited by magnets; therefore,
more connection schemes are usable in order to match the power output with the electrical load.
However, the end effect is introduced in the system producing several negative aspects:

e  Production of vibration and noise;
e Difficulty to start the system with low values of external force.
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The second aspect could be a real problem in sea wave applications, because the high value of the
cogging force reduces the range of usable wave height for the electrical generation.

In this context, the replacement of steel stator represents a definitive solution, removing the
material (iron) that is the origin of the phenomenon, as confirmed in Figure 15.

—=e— Force_x Iron Force_x No Iron =------- Fourier 2-4 — .- —Fourier 2-4-6-8
50

40
30

Cogging Force [N]

0 2 4 6 8 10 12 14 16

Position [mm]

Figure 15. Comparison of the cogging force using a stator with steel and a non-magnetic material.

Concerning the prototype, the Fourier series was evaluated until the tenth harmonic, as reported
in Table 4. According to the amplitudes reported below, the main terms are the second and the
fourth harmonics, which are related to the “end effect”. It is also possible to observe other secondary
harmonics: the sixth and the eight ones, which are related to the alternance of tooth and slots along the
stator. For these reasons, two Fourier approximations are reported in Figure 15. The first one considers
only the main components (second and fourth harmonics), while the latter also includes the secondary
components (sixth and eighth harmonics).

Table 4. Evaluation of Fourier terms until the tenth harmonic in the prototype case.

oder  MENT s
0 0.064 -
1 0.681 0.1892
2 21.234 —-0.0864
3 0.312 -1.0273
4 26.587 -0.1833
5 0.641 3.1637
6 5.316 29119
7 0.151 2.6296
8 3.128 2.7715
9 0.208 0.1307
10 0.208 2.7913

The Fourier approximation are evaluated according to Equation (9):

Foy(x) = Cysin(2kx + 97) + Cysin(4kx + 94)

9
Foyes(x) = Fag(x) + Cgsin(6kx + 8¢) + Cg sin(8kx + 9g) ©)
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4. Conclusions

The effects of iron replacement in the stator of linear permanent magnet generators are analyzed in
the paper. The advantages and disadvantages, predictable qualitatively from the theory, are quantified
by numerical simulations, using a specific tool. In detail, the benefits of the removal of steel, without
changing the geometrical parameter of the device, can be synthetized as follows:

e  Potential weight reduction of the machine;

e  Complete removal of the cogging force, increasing the producibility of the electrical energy in sea
wave application and drastically reducing the production of vibrations;

e Removal of third harmonic in no-load voltage generation, without changing the connection
scheme in the machine.

Concerning the disadvantages, the removal of steel inside the stator produces a significant
reduction of output voltages produced by the generator (5.25:1 in the first connection scheme, 3.92:1
in the other configurations). However, this effect can be attenuated by the introduction of limited
changes in the device, as the increasing of the number of turns in the output coils, and increasing the
total number of coils. Of course, further optimization should be applied in the linear generator. For
example, the replacement of material used for coils (aluminum instead of copper) to further reduce
its weight, or change the shape of stator, such as the width of stator teeth, or the number of turns for
each coil, or the total number of coils. In any case, the presented study opens new scenarios for the
development of linear generators for the exploitation of sea wave.
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