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Abstract—The developments on wave energy conversion have
been hindered by the high costs associated to the operation
and maintenance of the converters, lagging considerably behind
the other renewable energy sources. As the production costs of
rare-earth magnets that are both light and offer a high energy
density have been reducing over the last few years, permanent
magnet linear generators are now becoming a viable option in
what concerns wave energy conversion with several researchers
aiming to solve their major problems with new state-of-the-art
generators. Throughout this dissertation, a permanent magnet
linear generator, previously developed in Instituto Superior
Téecnico is studied and analyzed in its magnetic dimensions.
The main objective is to study the generators magnetic circuit in
order to improve, if possible, the high magnetic flux dispersion
and electromagnetic forces experienced in the translator along
its normal operation. To do that, state-of-the-art generators
were analyzed and different translator topologies were conceived
recurring to finite element analysis. The variations comprised
different magnet arrangements, magnetization directions and
different magnet shaping studies.

Index Terms—Permanent magnet linear generator, wave en-
ergy, longitudinal flux, flux dispersion, detent force.

I. INTRODUCTION

OVER the last decades energy consumption has been
constantly increasing and it is estimated to escalate to

1000 EJ1 (or 948 quadrillion Btu2) or more by 2050[1]. This
raise, mainly due to the accelerated growing of non-OECD3

countries which heavily depend on fossil fuel to sustain their
development, will consequently promote an increase in energy-
related carbon dioxide emissions.

Examining the data from REN21s 2017 Renewables Global
Status Report[3], 24.5% of 2016 global energy production
came from renewable energy sources (RES). The main con-
tributors are hydropower with 16.6% of the global value
followed by Wind (4%), Bio (2%) and Solar power (1.5%), all
together producing 900 Gigawatts. Ocean energy is currently
found here as an underdeveloped source in the end of the
capacity contribution list with a less expressive 0.4% along
with Geothermal and Concentrated Solar Power (CSP). It is
though one of the most underdeveloped renewable energy
source with also the most availability and widely dessimenated
over out planet.

1Exajoules. EJ = 1018 J
2British Thermal Units
3OECD - Organization for Economic Cooperation and Development

A. Wave energy as an alternative

Oceans represent approximately 70% of the earth’s surface
and if explored correctly are able to provide large amounts
of energy in very different forms. Currently there are several
ways of harnessing energy from this mean which naturally
lead to the use of different technologies being tidal and
marine current power, osmotic power (salinity gradient), ocean
thermal energy (OTE) and wave energy the most relevant.

Wave energy, as the name implies, is the energy carried
in waves, captured and harnessed to produce useful energy.
The more common, wind-generated waves, are caused by the
interaction of wind with the body of water and are hence an
indirect form of solar energy [2].

Fig. 1. Wave characteristics [3].

Waves are characterized by several strands which impact the
amount of carried energy (or potentially explored). Depending
on the weather and terrain conditions, waves can differ in
amplitude (A), in wavelength (L) and period (T). The distance
between the highest part of the wave (crest) and the lowest
(trough) denotes the waves’ height (H) where wavelength is
measured by the distance of two consequently crests (see
Figure 1).

Naturally, power carried by the waves (P) is not equal across
the world. Such can be written as

P =
1

8
ρgH2Cg[W ] (1)

where ρ is fluid density (∼ 1027kg/m3 for sea water), g
the gravity acceleration, H the water head and Cg the group
velocity. To allow comparisons, P is usually normalized with
the height of wave crest (A), obtaining power in kilowatts per
meter of wave crest (PA).

PA =
P

A
[kW/m] (2)
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Presently, tidal and wave energy are at a more advanced
stage of development than the remaining peers with the Euro-
pean Union (EU) hosting more than 50% of tidal energy and
45% of wave energy projects [4]. Comparing the theoretical
potential of both with the other ocean harnessing technologies,
wave energy is the one with greater potential to be explored
(see table I).

TABLE I
OCEAN ENERGY THEORETICAL POTENTIAL. ADAPTED FROM [5]

Ocean Energy Technology Annual theoretical Energy [TWh/year]
Tidal +300
Marine Current +800
Osmotic 2000
OTE 10000
Wave 8000 to 80000

Power availability of surface waves (waves up to 100m
deep) is estimated to be between 1 to 10 TW (terawatt4)
globally [6]. Although impossible to explore the entire extent
of the ocean, adequate exploration would be enough to supply
up to 10% world energy demand [7].

B. Wave energy conversion systems

The exploitation of wave energy is possible through a series
of conversion devices named wave energy converters (WEC).
The idea of using such is not new having the first patent being
registered on the XVIII century, more specifically in 1799
in Paris by Girard. Today, there are more than 1500 distinct
patents registered much of them by the pressure of the 1970s
oil crisis and later concerns of the depletion of natural resource
reserves in the 1990s [8].

Following the work principle classification method proposed
in [9], WEC devices may be in the form of an Oscillating
Water Column (OWC), Oscillating Bodies or Overtopping
device.

1) Oscillating Water Column (OWC): OWCs, also known
as first generation WEC, generally comprise a bottom-opened
hollow structure positioned slightly below still-water level
(chamber), an air turbine (usually Wells) and an electric
generator. Due to the incident wave’s rising motion, the air
contained in the chamber is trapped and forced through an
up-mounted turbine which then feeds an electrical generator.

2) Oscillating Bodies: Oscillating Bodies (or third gener-
ation devices) are designed to take advantage directly of the
wave’s motion to produce energy. Installed offshore, they are
intended to harvest greater amounts of energy available in deep
waters (typically depths superior to 40 meters) and can either
be floating or fully submerged. Although generally simpler in
appearance, these devices have to withstand harsher conditions
and are therefore more complex to construct and maintain due
to difficult access. This devices can be on the form of single or
two-body heaving buoy, pitching devices or fully submerged
heaving system.

41 terawatt = 1012 watts

a) Single or two-body heaving buoy: Heaving buoy
systems take direct advantage from the vertical translational
motion of the sea surface. These devices are generally con-
ceived as point absorbers, i.e., devices of small dimensions
relative to the wavelength and are, therefore, indifferent to
wave direction.

b) Pitching devices: Contrary to heaving buoys, pitching
devices harness energy over relative pitch oscillation caused
by the income waves rather than heaving. One prime example
of this WEC technology is the Duck, created in the University
of Edinburgh by Stephen Salter in the 1980s [10].

The Pelamis, developed in the United Kingdom, is a 750
kW 180 meter long slack-moored articulated structure with
several semi-submerged cylindrical sections (floaters) linked
by hinged joints. The structure, disposed perpendicularly to the
wave front (an attennuator), is conceived to allow movement of
adjacent cylindrical sections relative to each other across two
degree of freedom (vertical and horizontal movements)[2].

c) Fully submerged heaving system: Fully submerged
heaving systems’ design is vastly similar to single-body
heaving buoys in all aspects except the fact that the first
completely submerged in order to be less vulnerable to storm
derived rough seas. The best example of this topology is the
Archimedes Wave Swing (AWS), developed by the Teamwork
Technology BV company in Zijdewind, Netherlands.

3) Overtopping: Unlike OWC and Oscillating Bodies, the
operation of overtopping WECs is considerably different as
these don’t use wave oscillations to produce work but rather
gather energy passively by the overtopping principle [11].
The working principle evolves the capture of water that is
close to the wave’s crest by forwarding it to a reservoir
positioned higher than surrounding sea level. The originated
head (potential energy differential) is then converted into
electrical energy through several hydraulic turbines [2].

The Wave Dragon, developed in Denmark [12], is one of
the major projects employing this concept.

C. The role of the linear electrical generator
The viability of a wave energy converter largely depends on

its PTO system as it not only affects the overall efficiency of
the converter but also has great influence over its complexity,
control and cost [13]. From the WECs introduced in section
I-B, the great majority relies on complex pneumatic and
hydraulic systems to convert the basic oscillatory wave move-
ment (mostly heaving) in rotary movement for post electrical
conversion.

Naturally, the greater the complexity of the interfaces, the
greater the power absorbed by these and the less efficient they
will be. This effect was analysed for several WEC in [13] and
is summed up by table II.

The linear generator comes here as an opportunity to
simplify the overall process. The implementation of this tech-
nology allows to reduce the complexity of the mechanical
apparatus to a direct connection between the primary hydrody-
namic interface and the generator, consequently contributing to
minimize reliability and maintenance issues, much important
in offshore environments [14].
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TABLE II
OVERVIEW OF THE INDICATIVE EFFICIENCY FOR DIFFERENT WAVE PTO

SYSTEM. ADAPTED FROM [13]

PTO System Efficiency (%)
Hydraulic 65
Water 85
Air 55
Mechanical 90
Direct Drive 95

II. PERMANENT MAGNET LINEAR GENERATOR

Linear electrical generators have prove advantageous for
wave energy conversion as they enable the possibility of direct
conversion of mechanical energy into electrical energy that,
contrasting with hydraulic and turbine driven rotating genera-
tors, allows to reduce the number of mechanical components
and implicitly contributes to reducing maintenance issues [15].

A. Basic Concepts

The structure of a linear generator mostly as its origin on
a classic rotating machine. The parallelism can be made by
abstractively cutting and unrolling the machine with linear
dimensions and displacements replacing angular ones and
forces replacing torques (see Figure 2) [16].

Fig. 2. From rotary to linear concept [17].

On its simplest form, a linear generator comprises one
or more stationary stator pieces (the primary, containing the
windings) and a moving translator (the secondary, equivalent
to a rotor on rotating machines) with permanent magnets
mounted in alternating polarities for excitation purposes. The
translator, physical separated from the stator by an air gap,
moves linearly in relation to it in order to induce a voltage (or
electromotive force) Ew at the armature windings’ terminals.

Under the Faraday law of induction, Ew is determined by∮
C

E · ds = − d

dt

∫
S

B · da (3)

where E is the electric field intensity around a closed
contour and B the magnetic flux density. Knowing that the
equation’s right-hand side is dominated by the magnetic flux
φ crossing a surface S given by

φ =

∫
S

B · da (4)

and that E field on the wire is neglectable (low impedance),
the Eq. 3 can be simplified to

Ew = −N dφ

dt
= −dλ

dt
(5)

B. State of the art

Multiple permanent magnet linear generators were devel-
oped over the years to serve several different purposes such
as transportation, robotics and, the main topic of this work,
wave energy conversion. Due to the particulars of WECs not
all linear machines are suitable for the application, having to
fulfill the prerequisites of handling high peak force, low speed
(around 1 m/s), irregular motion and be low cost [18]. Today,
these span around three main topologies.

1) Longitudinal flux permanent magnet generator (LFPM):
Longitudinal flux permanent magnet generators (LFPM), also
known as synchronous permanent magnet generators, are
linear machines which flux path is parallel to the translator
movement. As illustrated by the Figure 3, the magnetic flux
produced by one magnet follows the path with less magnetic
reluctance5 through the air gap and into the ferromagnetic
stator teeth (encircled by the armature coils). The path then
divides and closes in the translator trough an adjacent teeth
and magnet (with opposing direction) [17].

Fig. 3. Cross-section of a LFPM generator [17].

The most notorious examples that incorporate this topology
are the AWS and Uppsala University project (introduced in
Section I-B2c) with both reaching sea-based tests.

a) AWS: The AWS converter, jointly developed in
Netherlands by the Teamwork Technology BV company and
Delft University of Technology, employs a three-phase (full
pitch winding with one slot per pole per phase) permanent
magnet system with the ferromagnetic primary surrounded by
an external double-translator to balance the attractive forces.
In its 1MW version, the structure reached 8 meters of length
which later caused problems on the bearings [19][18].

Fig. 4. AWS permanent magnet linear generator [18]

5or magnetic resistance
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b) Uppsala University project: Swedish Uppsala Univer-
sity, on the other hand, developed a generator that assumes a
more classical design with the internal translator engaging a
central position and being surrounded by four stator pieces.
The translator accommodates several NdFeB (Neodymium
Iron Boron) magnets and the winding distribution is made with
6/5 slots per pole per phase in order to reduce the cogging
forces [19][20]. The 10kW generators were later the basis for
a partnership with Seabased AB company which, after further
development, used several of these converters to form a wave
park.

2) Variable reluctance permanent magnet generator
(VRPM): Variable reluctance machines operate on a different
level from LFPM generators, both geometrically and flux
wise. Here the geometry related emf limitation seen in
LFPMs is avoided through the use of a small pitch iron teeth
to allow alternate return flux paths [21]. The magnets (placed
sequentially in alternating directions) in combination with the
short pole pitch arrangement enables the formation of a high
intensity and high frequency magnetic flux as a single pole
movement reverses the direction of the magnetic flux (see
Figure 5).

Fig. 5. Basic principles of VRPM [17].

Presently, there are several topologies developed under this
working principle of which the transverse flux permanent
magnet machine and the Vernier Hybrid Machine stand out.

a) Vernier Hybrid Machine: The linear Vernier Hybrid
Machine (or VHM) developed in the British Durham Univer-
sity is a variant of a VRPM machine. The design comprises
three single-phase stators in which both permanent magnets
and windings are installed in order to reduce the cogging
forces. Each of these stators is composed by two front-faced C-
shaped cores with the PMs installed on the surface of each pole
whereas the translator is a ferromagnetic toothed structure that
extends along the machine length. The alternating magnetic
flux has its direction defined by the magnetization direction
of the PMs that are aligned with the translated tooth. The
frequency over which it occurs is significantly higher than
the mover mechanical frequency due to the magnetic gearing
effect [22].

b) Transverse flux permanent magnet generator (TFPM):
In a transverse flux permanent magnet machine the main
magnetic flux path is perpendicular to the direction of the
translator movement. The primary of these machines normally
consists of sets of ferromagnetic C-shaped pieces that allow
the flux to circulate around the armature coils. The same C
cores are enclosed by the translator permanent magnets whose

Fig. 6. Vernier Hybrid Machine, a 3kW prototype [23].

displacement forces the flux to vary three-dimensionally in
both transverse and axial directions through adjacent cores
[21].

Fig. 7. TFPM working principle. On the left, 3D-view of a double sided with
two sets of C-Cores and, on the right, cross-section view of the flux paths of
two consecutive poles [17].

The C-Gen is a double sided modular TFPM machine
developed and manufactured at the Edinburgh University [24]
with the design aim of annulling attraction forces between the
stator and the permanent magnets. For this an internal air-cored
winding primary was used with the translator being composed
by sets of two front-faced C-cores (hence the modularity) with
built-in permanent magnets. This configuration allows for a
mainly transverse flux path that also can travel longitudinally
through adjacent cores.

Fig. 8. On the left: inter-module longitudinal (top) and intra-module transverse
flux paths. On the right, a 50kW prototype. Adapted from [22].

3) Tubular air-cored permanent magnet generator (TAPM):
Tubular air-cored permanent magnet machines were developed
to counter the drawbacks of iron-cored machines6 identified in
the previous topologies forming a new type of geometry not
present in rotating machines[17]. The concept was investigated
for wave energy conversion by Baker and Mueller (from
the University of Durham and Edinburgh) [25] and consists

6low power factor, high attractive forces, structural requirements, lubrication
problems, and complexity of bearings[22]
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of a tubular translator surrounded by stationary copper coils
(stator), materialized in a 3kW prototype.

(a)

Fig. 9. Tubular air-cored generator. 3D view and cross-section with flux path
[17].

Commercially, TAPM generators are available by the hand
of Trident Energy Ltd. The PowerPod, developed with the
support of the University of Edinburgh and Cambridge [26]
is a modular, two-phase, slotless air-cored linear generator.
The translator consists of stacks of axial NdFeB permanent
magnets separated by steel spacers with the armature contain-
ing two-phased coil winding connected in parallel (detailed in
Figure 10).

(a)

Fig. 10. Trident Energy TAPM. (a) Top view of two generators [26].

C. Initial design

1) Prototype Specifications: The generator within the scope
of this work is a three-phase longitudinal flux permanent
magnet (LFPM) comprising a flat ferromagnetic two-sided
armature (laminated iron stator pieces) and one planar trans-
lator prototyped by Paulo Cordovil in its master thesis [19].
The translator itself is mainly made of acrylic and contains
twenty surface mounted NdFeB magnets arranged in alternated
polarities.

Fig. 11. Prototype 3D view.

a) Stator and Winding: The linear generator comprises
a toothed double stator developed by Prof. Cabrita in its
PhD thesis [27] were both stator and windings’ configuration
derived from an induction motor. Each stator piece is 438mm
long, 65mm high and 77mm deep (from top view) and has
eight poles distributed by 24 slots, resulting in a relation of 3
slots per pole and 1 slot per pole per phase (q=1). The core is
made of laminated iron, modelled with M-15 steel B-H curve.

Regarding winding configuration, this generator has star
terminated concentrated windings connected in series between
the two stators in which each regular coil is distributed over 3
slots. End-windings, also known by compensation windings,
are also displaced at both ends of each stator in order to
diminish the longitudinal effects [19].

TABLE III
STATOR AND COIL SPECIFICATIONS. ADAPTED FROM [19].

Stator
Number of stators 2 Teeth width 6mm
Stator length 438mm Number of slots 24
Stator height 65mm Number of teeth 25
Stator depth 77mm Pole pitch 54.75mm
Stator weight 16kg Number of poles 8
Stator iron losses 0.8 W/kg Nr. of slots p/ pole 3
Slot height 36mm Slot width 12mm

Coils
Nr. of phases 3 Isolation H(180C)
Nr. of coils 27 Winding resistance 6.8ohm
Nr. of turns per coil 100 Nominal current 3.3A
Winding wire
diam.

1mm Nominal voltage 400V

Slot fill factor 37%

b) Translator: The flat translator designed for the gener-
ator is centrally mounted between the stators with an air-gap of
6mm and has sixteen 25x24x77mm3 (WxHxD) Neodymium
Iron Boron (NdFeB) permanent magnets built into it. The
employed NdFeB magnets belong to the N35EH variance and
are surface mounted and arranged in alternate polarities in
order to create an uniform longitudinal flux along the stators
length.

Due to the lack of material availability, the translator was
prototyped with only two 25x24x25mm depth magnets per
pole instead of the projected 25x24x77mm single one (see
Figure 12) [19].

Fig. 12. On the left, magnets designed for the translator, on the right, magnets
used in the physical prototype.
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III. BASE DESIGN ANALYSIS

A. Problem framing

The linear generator layout proposed and prototyped by
Cordovil [19] and the focus of this work was concluded to
have several drawbacks affecting its overall performance. The
first and foremost is the low magnetic efficiency consequence
of the high magnetic dispersion or leakage flux present in the
air-gap region as a large part of the magnetic flux produced
by the permanent magnets ends up closing through the air
(path wise) instead of going through the stator iron teeth and
surrounding coils (dubbed the linkage or useful flux).

The relation is given by

φPM = φuseful + φleakage (6)

where φPM represents the total magnetic flux produced by
one permanent magnet and φuseful the flux that crosses the
coils of one pole.

The phenomenon mainly occurs due to the high mechanical
air-gap setting (6mm) chosen in order to overcome which
is the other major issue with the proposed design: the high
attraction and movement detent forces, experienced between
the translator and stators.

The development of this work has its objective and focus
in exploring the translator component and permanent mag-
nets properties and geometry to evaluate and minimize the
drawbacks identified while keeping the same stator design.
Prototyping a new translator with the post obtained results
was evaluated but put aside due to the high costs evolved in
the fabrication of new permanent magnets. Given this, finite
element analysis (FEA) was chosen to endorse the study of
the factors of interest of this work: the ”magnetic efficiency”
(leakage-useful flux relation), flux harmonic distortion, mag-
netic forces and amount of material used.

B. Finite-element Analysis

To address the studies on the linear generator a choice had
to be made between two or three-dimensional finite element
analysis (2D or 3D FEM). To do this, a magnetostatic study
was performed comparing both along several magnet widths.
The maximum difference obtained in relation to the most
accurate 3D FEM was of 19.8% for the smaller 15mm magnets
with 2D simulation over estimating the useful flux. Missing the
extra deepness dimension, the 2D study is unable to consider
the dispersion of magnetic field verified near top and bottom
borders of the generator, therefore possible in 3D.

Despite being more time consuming than 2D, the verified
error margin between 2D and 3D FEM analysis and the
precision intended to this work lead us to use 3D FEM for the
following studies as the geometry simplification inherent to
the former could lead to imprecise and incorrect conclusions.
The later gains special importance when trying to analyze the
flux paths along the Z axis (deepness). The end-effect force
component, one of the main problems and object of study
of this dissertation, couldn’t also be effectively represented in
two-dimensional analysis as 2D FEM neglects the influence
of magnet ends as verified in [28] and [29].

C. Base design performance analysis

The base design and starting point of this work comprises
series of 25x24x77mm (WxHxD) surface mounted magnets
with alternating polarities, fulfilling about 46% of the pole
pitch. The magnetic flux originated by these 25mm wide
magnets finds its lowest reluctance7 path, i.e., the lower
magnetic resistance path, mostly through the mechanical air-
gap into one pair of stator teeth to the stator back. Given this,
a translation between two polar steps (109.5mm) is necessary
to generate a complete wave period of induced EMF (360
electrical degrees), per phase.

Fig. 13. Main magnetic flux paths with a surface mounted magnet translator.
The magnet support structure was omitted for better visualization.

The generator was found to suffer from high flux dispersion
in the air-gap region consequence of both large mechanical air-
gap length as well as the small stator teeth pitch configuration
[19].

Fig. 14. Close up view of the magnetic flux density distribution (norm) at
the center of the generator.

One aspect that becomes evident as soon as we analyze the
obtained data is the large amount of flux concentrated in each
tooth with values around 1.5T (Figure 14). For values above
1.3T the iron on the stator operates in the nonlinear region.
A possible solution to reduce the flux density would be, once
again, enlarging the teeth width.

To quantify the flux dispersion is necessary to measure the
flux produced by on one magnet and the useful flux8 of the
respective polar step (highlighted in red). The flux dispersion
can calculated as:

7The reluctance of a magnetic circuit can be calculated as R = l
µA

8The flux that reaches the coils
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DispΦ% = 1 − Φu

Φm
∗ 100 (7)

In this configuration each magnet produces a magnetic flux
Φm of 1.81mWb. From that value, 1.26mWb (Φu) reach the
stator coils of one phase which results in a flux dispersion
DispΦ% of 30%.

To conclude the performance analysis of the reference
design, attraction and detent forces between the translator and
the stators were addressed. Experimentally 9, as soon as the
translator is set in motion, the attraction forces caused the
translator to wobble considerably, demonstrating that these can
not be disregarded.

Regarding detent force influence (force along X axis), the
same translator was displaced by two pole pitch lengths
(109.5mm) to the right in order to capture the evolution over
360 electric degrees.

Fig. 15. Detent force evolution over 360 electrical degrees (or two pole pitch).

The detent force experienced over 360 degrees varies be-
tween +/- 200 N with a characteristic odd symmetry centered
on 180 electrical degrees. The high frequency components
visible along the displacement, overlap a fundamental sinu-
soidal wave with a RMS value of 108 N, introducing an
undesirable ripple. Depending on the overall mass of the
translator and thrust force imposed by the buoy, these high-
frequency components can be more or less cancelled, being
the lower-frequency components the predominant ones.

The base performance of the reference design is then
summed by the following table.

TABLE IV
REFERENCE GENERATOR MAGNETIC PERFORMANCE DATA

PM dim. (mm3) Φm (mWb) Φu (mWb) Disp (%)
25x24x77 1.81 1.26 31

ForceY (|N|) FXpeak (N) FXRMS (N)
2298 202 107.7

D. 3D FE Model Experimental Validation

In order to validate the materials, mesh size and BH curves
chosen to figure in the FE models, an experimental validation

9As in the work of Cordovil [19]

was performed recurring to a HIRST GM08 Gaussmeter hall-
probe available in the electrical department laboratory.

The objective was to measure the magnetic flux density
in the air-gap region on the physical prototype along a pole
pitch length (54.75mm) and contrast the results with the ones
obtained through the FE model. As the physical prototype
comprised sets of 25x24x25mm (WxHxD) magnets, the re-
spective model was adjusted. The physical measurements took
place in the air-gap region between the center-left top magnet
(red) and the stator teeth by sliding the probe in a straight line.

Fig. 16. On the left, the HIRST GM08 gaussmeter model used and, on the
right, the probe being placed in the air-gap.

Finally, the experimental points were overlapped to the flux
density evolution obtained through the 3D FE model (blue
line) in Figure 17.

Fig. 17. Magnetic flux density distribution in the air-gap. In blue, the values
from the 3D FE model and in green, the experimental points.

The experiment was found to validate not only the flux
density distribution curve but also the range of flux density
values with the experimental points closely following the ones
obtained in the FE model.

IV. PARAMETRIC FEM STUDIES

A. Air-gap length and volume variation
The first set of studies has two main objectives while still

maintaining the original translator topology. The first is to
understand the effects that altering the air-gap length, the
magnet height and magnet width have on the performance
of useful flux at the stator, magnetic dispersion and attraction
and detent forces.

1) Air-gap length: Following the same approach presented
in the base design analysis of only one stator piece ar-
rangement, the useful flux, dispersion and attraction forces
were measured with the air-gap length varying from to 2 to
7mm (increments of 1mm) and with the translator centrally
positioned. The results were then plotted in the Figures below.
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Fig. 18. PM magnetic flux variation with increasing air-gap length.

Fig. 19. Attraction force between the translator and one stator piece

2) Magnet height and width: While maintaining the air-
gap length fixed in the 6mm of the initial design, magnet
height and width were varied with the translator fixed in
center position. The objective is to understand and quantify
the impact that a change in magnet volume has in useful flux
and dispersion.

The degree of freedom was given separately to the height
and width properties with magnet depth being fixed at 77mm
in order to avail the useful area of the stators. More specifi-
cally, magnet height was varied from 8 to 32mm with incre-
ments of 4mm (width fixed in 25mm) and the width varied
from 15 to 54.75mm (pole pitch) with increments of 10mm
(height fixed in 24mm).

To compare the two approaches regarding flux dispersion
and useful flux in relation to magnet volume, a value extrap-
olation was made from each set of data in order to establish
a common window for volume values. Through Figure 20
is possible to verify that increasing magnet volume through
height than through width is a better choice when the objective
is to increase useful flux (and EMF), as the first presents a
lower dispersion curve.

B. Magnet shape variation

In this group of studies, while keeping the dimensions and
magnetization direction of base design magnets, two different
magnet shapes were explored with two distinct objectives.

Fig. 20. Flux dispersion evaluation for magnet height and width volume
variation. Base design volume is pointed at red.

1) Slotted Magnet Geometry: To understand whether it
would be possible to route the magnetic flux produced by the
magnets more effectively to the stator teeth, two translators
comprising 20 surface-mounted magnets with its top and
bottom surfaces slotted by 3 and 6mm (trimmed from the
original 25x24x77mm magnets), were designed. With this
geometry, the magnet extremities now become aligned with
pairs of stator teeth allowing. The effects were evaluated
recurring to two steady-state studies with the 6mm air-gap
length maintained from the base design and the translator fixed
in the center position.

(a)

Fig. 21. Perspective view of 3mm and 6mm slotted magnet models. The
3mm slot variation is on the top and left and 6mm on the bottom and right.
Arrows represent magnetization direction.

(a)

Fig. 22. Magnetic flux density distribution results for the 6mm slotted
geometry.

Analyzing Figure 22 visually confirms the larger dispersion
verified in the 6mm slotted magnet. Also in the 6mm magnet
figure, the slotting of the magnet’s top and bottom surfaces
induce a large flux density at the ends of the magnet (high-
lighted by the presence of red color). Facing these results it
is therefore concluded that slotting a surface mounted magnet
has no positive effect on reducing flux dispersion.



9

2) Hexagonal Magnet Geometry: The hexagonal magnet
shape was designed with the intention of reducing the cogging
and end-effect forces experienced by the generator.

Fig. 23. CAD perspective view of 6mm and 10mm cuts.

While analyzing the magnetic flux data retrieved from the
3D FEM studies it possible to verify that the magnetic flux
dispersion in the air-gap region is increased in consequence
of smoothing the magnet edges.

The detent force evolution along was measured for each
translator variation and compared with the base design perfor-
mance. The results were plotted in Figure 24.

Fig. 24. Detent force over 360 electrical degrees for different magnet widths.

The obtained results first show that cutting the magnet edges
does increase the detent force amplitude, contrary to what is
desired. Comparing the base magnet force profile with the
10mm hexagonal magnet, there is a 258% increase verified
in the RMS value. For the base magnet geometry, an FFT
revealed the predominant frequency to be around 1Hz with
a force value of 120N followed by a less expressive 6Hz
component with 70N. While frequency domain of base mag-
net geometry is concentrated in low frequency components,
cutting the magnet edges by 10mm causes the detent force
frequency profile to shift into a higher frequency plane. Here,
most of the frequency distribution is retained in 6Hz with an
absolute value of 350N, followed by the 12Hz component with
150N.

C. Magnetization Direction and Arrangement Variation

In this group of studies, different magnetizations and magnet
arrangement topologies are analyzed regarding useful flux and
EMF evolution, flux dispersion and detent force with the
objective of comparing the effects of these electromagnetic

quantities and improve, if possible, the performance of base
design.

Based on literature and state-of-the art review three magne-
tization and magnet arrangement topologies have been chosen
in complement to the base surface-mounted magnet translator
(see Figure 25):

• Axial magnetization;
• Axial magnetization with iron spacers between magnets;
• Quasi-Halbach magnetization.

(a)

(b)

(c)

(d)

Fig. 25. Translators with different magnet arrangement topologies: base
design surface mounted magnetization (a), axial magnetization without (b)
and with iron spacers (c) and Quasi-Halbach magnetzation (d).

In order to compare the four magnetization translator
topologies both flux linkage and flux dispersion were normal-
ized to the magnet volume and the results extrapolated to a
common value window in Figures 27 and 26, respectively.

Overlapping the flux dispersion reveals the better perfor-
mance of axial magnetization with iron inserts for the great
majority of magnet volumes here studied, only being less
efficient than surface-mounted magnet topology for volumes
less than 38.7cm3. Since in quasi-halbach topology only one
magnet width was studied, the respective dispersion was
pointed out without extrapolation (marked in blue).

Fig. 26. Magnetic flux dispersion in relation to magnet volume for different
translator topologies.
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Regarding flux linkage, surface mounted magnets demon-
strate higher quantities of flux (and consequently EMF) per
cm3 for volumes superior to 46cm3, equivalent to a 25mm
width magnet10 (Figure 27). This phenomenon is somewhat
expected since this is the only studied topology where more
teeth are occupied as magnet volume is increased by width
variation. This positive aspect doesn’t go, however, without a
trade-off in flux dispersion that for such volumes can reach
the 50% mark. If the intended flux linkage per phase is to be
around 2Wb, the axial with iron demonstrates to be a superior
choice.

Fig. 27. Flux linkage per phase performance for different translator topolo-
gies.

For the magnetization direction effects on detent force,
the 25mm wide magnet translator was chosen over surface-
mounted, axial with and without iron topologies with the
quasi-halbach arrangement being normalized to the same vol-
ume for comparison purposes. From it, detent force evolutions
were plotted along a translator velocity vt of 109.5mm/s (or
1Hz) with the frequency characteristics obtained through FFT
(Figure 28).

Comparing the topologies in relation to force peak values
reveals values around 200N for the surface mounted magnets
with the axial with iron inserts topology having the least
expressive force pulses. All studied topologies present high
frequency ripples superimposed to the main force curve with
the axial w/ iron presenting, once again, the lower ripple
values. This frequency profile addressing is confirmed while
analyzing the FFT results where is possible to see the influence
off both low and high frequencies. The ripples reflected by the
peaks around 12Hz are absent in the axial w/ iron sub-figure
indicating the great majority of its detent force is concentrated
in the lower frequency spectrum.

V. CONCLUSIONS

In this work, a permanent magnet linear generator of LFPM
type was studied in its magnetic dimensions recurring to
finite element analysis. The same approach was compared in
its two and three-dimensional variant, having the 3D FEA
being chosen to carry, conceive and validate the different
translator topologies due to its extra capacity to study the
electromagnetic forces.

10assuming the same 24mm height and 77mm depth

Fig. 28. Detent force comparison for different magnetization directions.

The FEM model built for the base design analysis was
validated experimentally within the choice of the materials
and BH curves. The experiment confirmed both flux density
profile and B field values, with the FEM model characteristics
being then propagated to the following studies.

Increasing the air-gap length has shown to linearly increase
the useful flux on both stators while reducing the magnetic flux
dispersion to values of 12.8% for an ideal air-gap length of
2mm. Such air-gap length also shown to impose an attraction
force between the translator and stator pieces of 4810N,
requiring a robust fixation system as well as a completely rigid
translator. Varying the translator’s magnet volume through
height was found to be a better choice up to 46.2cm3, with
this option offering a lower magnetic dispersion as well as a
higher useful flux density.

In the following group of studies, slotted and hexagonal
magnet shapes were sought in order to evaluate the effects
of both on reducing the magnetic dispersion and the detent
force component, respectively. Slotted magnets shown to have
no effect on reduction dispersion and hexagonal magnets have
proven to shift the low force frequencies to a more likely to be
mechanical filtered upper frequency region. The effects of a
translator with 10mm hexagonal magnets also revealed higher
force peak values for the 6Hz component when moving the
translator at a velocity of 109.5mm/s or 1Hz.

Lastly, different magnetization directions and arrangements
were analyzed. From it, the axial with iron spacers translator
proven to be the best choice for intended flux linkages per
phase up to 2.25Wb, offering not only the optimum efficient
point as the lowest dispersion values per magnet volume
and the least cogging forces. If dispersion and forces are
dis-considered, the classic surface-mounted topology of base
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design remains the one that produces greater quantities of EMF
per pole pitch.

Ultimately, the longitudinal flux permanent magnet linear
generators for wave energy conversion still display a series of
problems that could not be effectively eliminated within the
set of studies here performed. Detent forces continue to play
a large problematic role in stators with toothed geometries
and the attraction forces in stator geometries that are not of
tubular form. This later topology has been proving successful
into distributing attraction forces radially, allowing for smaller
air-gap lengths and consequently less magnetic dispersion and
EMF at the coil terminals.
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