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In this paper, we present a transverse flux linear generator. We investigate the possibility to use this

generator to extract energy from seawaves. We propose an optimization procedure that allows us to

obtain an optimized design of the generator. The optimized design of the converter shows a power

generation capability index much higher than other renewable systems.VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4865883]

I. I.INTRODUCTION

Linear electrical generator has been recently studied for

the exploitation of sea wave energy, however, the definition

of the optimum geometry to be used is still debated and due

to the fact that seawave energy is characterized by low speed

and very high force, a generator which is able to convert

energy at low speed and high force is needed. In this paper,

we investigate the possibility to use a transverse flux linear

generator (TFG) because transverse flux technology presents

the highest force density per volume index among the iron

based electrical machines. The advantages of TFG topology

against the classical longitudinal concept are:1 (a) the mag-

netomotive force per pole is independent from the total pole

numbers; (b) the magnetic flux geometry and the coil section

are independent design parameters; (c) armature coils geom-

etry is simple; and (d) phases are magnetically decoupled. In

order to exploit these advantages, we have designed a TFG

for power generation from seawaves.

The generator has been preliminarily designed following

the approach presented in Ref. 2. The optimization has been

performed by letting some geometrical parameters be varied

in order to achieve the maximum force and the maximum

energy output per unit of material used in the assembly of

the generator. However, since the magnetic flux path is

intrinsically 3D, a 3D finite element analyses has been used

to verify the design of the motor. In order to optimize the

design, several simulations were done assuming several

types of seawaves hitting the generator. In each simulation,

the electrical and geometrical parameters of the generator

were varied and rotor was supposed to be acted by a water

wave train. The wave train consisted of ten oscillations.

Each oscillation of the train wave had an amplitude and a

frequency generated through a random number generator,

whose statistic features were obtained from the experimental

data of actual seawaves. This approach leads to determine a

well defined geometry of TFG. This geometry has been used

to numerically simulate the generated electromotive force,

the power output, and to evaluate the maximum mechanical

stress on the generator’s parts.

This paper is organized as follows: in Sec. II, the charac-

teristics of the primary source of energy (seawave) and the

proposed method to capture this energy is briefly presented;

in Sec. III, a design of the machine and some numerical

evaluation are reported; in Sec. IV, a detailed analysis of the

numerical simulation along with experimental results is pre-

sented, and finally in Sec. V, the conclusions are drawn.

II. PRINCIPLE OF OPERATION
FOR THE GENERATION OF ELECTRICAL
ENERGY FROM SEAWAVES

The principle of operation of the generator is shown in

Fig. 1.

The moving part of the generator is driven from the sea

waves and induces and emf on the winding mounted on the

armature.

The motion of the slider shown in Fig. 1 can be mod-

elled as follows:

qgS ys � ygð Þ � mg� kib� ks ys � y0ð Þ ¼ m
@2yg

@t2
;

e tð Þ ¼ iRi þ L
@i

@t
þ iR;

e tð Þ ¼ � @uðtÞ
@t

;

(1)

FIG. 1. The principle of operation of a seawave power generator.
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where g is the acceleration gravity, q is the water density, S

is the area of the buoyant, ys is the vertical coordinate

describing the sea level, yg is the vertical coordinate describ-

ing the position of the slider, ks is the spring constant, m is

the total mass of the translator and of the buoyant, k is the

electromagnetic constant, i the current B the magnetic induc-

tion, e(t) is the induced electromotive force (emf), Ri is

the internal resistance of the machine, L is the inductance of

the machine, R is the resistance of the external load, f is the

linked flux, and y0 is the rest position. The definition of the

coordinates can be seen in Fig. 1.

The first equation models the dynamic behaviour of the

device. On the left hand side there are the forces acting on

the slider and on the right hand side there is the acceleration

of the slider. No hydraulic friction is considered.

The second equation describes in terms of lumped pa-

rameters the generator connected to a resistive load.

The third equation describes the emf.

In order to optimize the generator for the conversion

of energy contained in seawaves, a detailed knowledge of

the characteristics of the seawaves that will interact with

the generator is needed. These characteristics strongly

depend on geographical site as a result in order to acquire

this knowledge a measurement system has been built and

placed in the area of installation of the generator. In Fig.

2, the measurement system is shown. The characteristics

of the seawaves are shown in Fig. 3, where a typical wave-

form is shown. From Fig. 3, it can be deducted that the

main problem in order to perform the optimization is to

model realistically the motion of the sea. However, the

main features of seawave (maximum vertical speed and

wave height and wave period) have been used for the pre-

liminary design.

In order to have a usable numerical model, it has been

assumed that the waves hitting the generator consisted of

purely sinusoidal waves but each waves had different ampli-

tude and period in comparison with the others. The ampli-

tudes and the periods were statistically distributed

accordingly with the experimental data reported in Ref. 3.

As a result, in the proposed approach, each seawave has

been modelled as follows:

ys ¼ A sinðxtÞ þ y0; (2)

where A is the amplitude and x is the frequency. The use of

such a driving force does not allow to use an analytical

approach to the optimization, but a numerical approach

which includes the main stochastic feature of the phenom-

enon must be followed.

III. DESIGN OFATRANSVERSE FLUX GENERATOR

The seawave characteristics presented in Sec. II clearly

show that the energy in seawaves is mostly “contained” in

terms of high force density and low speed. This form of

energy is not very usual for electromagnetic devices that are

more aimed to convert energy from relatively high speed and

less intense force. As a result, the direct conversion of sea-

waves energy into electrical energy is a difficult task, which

needs electromagnetic converters specifically conceived for

this purpose. The main characteristic that such a converter

should have is the capability to handle high force density.

From this point of view, the most suitable electric machine

able to deal with high density force is a transverse flux linear

machine and as a result in this paper, we propose to use a

Double Sided Transverse Flux Linear Synchronous

Generator as the electromagnetic converter to be used to

convert seawave energy into electric energy. It is shown in

Fig. 4. This kind of machine has been proposed recently as

motor.2,4 Fig. 5 shows the structure of the three phase unit

and its parameter specifications. The machine consists of a

moving armature and a standing excitation. The armature is

composed of four coils and an iron core. The two coils on

one side of the armature unit are wound in the opposite

direction of the coils wound on the other side and are

FIG. 2. The measurement buoyant.
FIG. 3. A typical seawave measurement.

FIG. 4. The basic configurations of the three phase unit. (a) Armature and

field inductor. (b) Configuration along the moving direction.
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connected in series. The coils of different armature units are

connected in parallel. Armature units and inductor magnets

are installed along the moving direction. Magnets are made

of NdFeB and are separated by 180 electrical degrees. Each

armature unit is separated by the following one by 120 elec-

trical degree. The main difference between this transverse

machine and other transverse conventional solutions is that

in this case the magnetic circuit is inherently 2D.

The 2-dimensionality of the magnetic circuit simplifies

the following aspects of the manufacturing aspects of the TFG:

1) the iron core can be assembled from traditional laminated

steel plates;

2) the structure is simple and can be fabricated in sub unit;

3) higher manufacturing tolerances which allows a simplifi-

cation in the air gap design and fabrication.

In Ref. 2, it is shown how the proposed generator experi-

ences a maximum force expressed as follows:

Ftmax ¼ p
Erms

v
I ¼

ffiffiffi

2
p

ppuml maxð Þ
2tp

N la; lcð ÞI; (3)

where the geometric parameters la and lc can be deducted

from Figs. 4 and 5.

IV. OPTIMIZATION PROCEDURE AND NUMERICAL
SIMULATION

Optimization procedures have been focused on the max-

imization of the annual production yield per unit of active

(iron and magnets) material that has been used. This

approach is equivalent to design the generator maximizing

the tangential force and leads to an expression for force as in

(4). However, expression in (4) can been more exactly com-

puted if a 3D analysis is performed and if some numerical

simulation of the generator lead by seawaves can be per-

formed. In each simulation, parameters Ri, L, k, and / had

values different from the ones used in the previous simula-

tion. In each run of the simulation the water was let vary

according to Eq. (2) and a wave train was generated. The

wave train consisted of ten oscillations. Each oscillation of

the train wave had an amplitude and a frequency generated

through a random number generator, whose statistic features

were obtained from the experimental data above mentioned.

Ri, L, k, and / were let vary among some values that were

compatible with the size of the linear generator, with the

induced emf and with the linked flux.

The design specifications are reported in Table I from

where it can be seen that the free parameters were la and lc.

The objective function was the energy output that under

the assumptions presented has the following form:

Eo ¼
ð

Tf in

0

i2 � Rdt; (4)

where Eo is the output energy and Tfin is the final time. The

final T could vary from run to run and it was equal to the

time needed to let the water complete 10 full oscillations.

The output of the optimization procedure was the values of

the design parameters la and lc.
This procedure led to compute the free parameters la

and lc., which were equal to 2.5mm and 4mm.

In order to verify if the design procedure had led to satis-

factorily results, we computed thrust at the optimal point by

using Eq. (3) and computed the same quantity obtained by a

3D simulation. The theoretical value that was computed was

38.3N, the value obtained in the 3D FEM analysis was 36.8N.

From this value, we were able to compute the power den-

sity generation capability of the device that was equal (for the

type of seawaves considered in the simulation) to 6.5 kW/m2.

This value is much higher of a typical Photovoltaic system.

V. CONCLUSIONS

In this paper, we investigated the possibility to use a

TFG to convert seawave energy into electrical energy. We

proposed a possible design and an optimization procedure

have been illustrated. The optimized design of the converter

shows a power generation capability index much higher than

other renewable systems.
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FIG. 5. Specifications of geometrical parameters.

TABLE I. Preliminary design specifications.

Symbol (mm) Quantity Symbol (mm) Quantity Symbol Quantity

La 40 lf 10 lg [mm] 1

Lb 100 lb 20 lb [mm] 2

p 13.5 Lw1 11.5 la, lm, lc Variables

s 9 Lw2 20
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