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Abstract: A low-speed permanent magnet (PM) cable wound generator for electrical energy
conversion from marine or tidal currents has been designed and constructed. A key feature of this
variable speed direct drive generator is its capability to efficiently generate electricity from tidal
currents with very low velocities, in the order of 1 m/s. In arriving at an appropriate design for the
generator typical characteristics of tidal currents were considered. Using these characteristics
as input, and accounting for the electromagnetic losses, detailed computer simulations using
a finite-element method software were carried out to come up with the final design. Various
parameters that can influence the generator design are presented.

An experimental set-up has been constructed based on the above-mentioned design in order
to study the electrical and mechanical performance of the generator through a variety of exper-
iments. The power input for this set-up is a variable speed motor, capable of operating the
generator at rotational speeds of 0-16 r/min, representing tidal currents with very low veloci-
ties. The generator presented in this paper may be beneficial for a better understanding of an
appropriate design and layout of tidal energy conversion systems.
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1 INTRODUCTION

This paper is devoted to discussing the road map from
the conceptual stage of a direct drive generator for
energy conversion from marine or tidal currents as
presented in reference [1] towards design and con-
struction of the first prototype. Another aim of this
paper is to clarify and discuss the design choices
that may be encountered while designing a generator
suited to the nature of tidal currents.

Marine and tidal currents have been identified as an
important future contributor to the global electrical
energy production. Studies [2-4] have estimated that
the extractable tidal current energy in European waters
alone is in the range of 39-58 TWh. A more recent
review of the resource has been presented in reference
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[5]. Flowing water has a high energy density, which
makes it attractive as an energy source, but this also
makes it challenging to access. In hydropower stations,
dams are used to harness the energy of flowing water
in rivers. This has also been applied to tidal currents
at e.g. the 240 MW La Rance station [6, 7] and a few
smaller stations in Canada, China, and Russia [8, 9].
However, in many sites, where the bathymetry is not
that of a narrow channel, dams are not practical. There
may also be environmental motives for avoiding dams.

For these reasons, methods of energy conversion
where equipment is placed in an unregulated water
flow are being investigated. Wind energy converters
have similarities with marine current energy con-
verters, but there are also significant differences.
For instance, tidal currents are a predictable energy
source, which is important for management of power
delivery. Furthermore, with a limited rated power
output of each device, it is possible to maintain a high-
capacity factor throughout the tidal cycle and decrease
the differences in power production between spring
and neap [10].
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The nature of a tidal current is site specific. Spring
velocities can exceed 7 m/s in energetic sites such as
the Pentland Firth [11]. However, sites with spring
velocities in the range of 2-3 m/s are more common.
While designing the turbine and generator, even lower
velocities should be considered to ensure that the sys-
tem is capable of delivering power efficiently over a
wide range of current velocities.

Tidal energy conversion is a highly interdisciplinary
area and the available technology is not yet matured
[12]. The authors aim at achieving an efficient low
speed energy conversion and to see how closely
the technology for energy conversion can match the
nature of tidal currents. Of special interest for the
authors is to investigate how low tidal current veloc-
ities can be utilized, technically and economically,
for energy conversion. It is hoped that the informa-
tion presented in this paper can be beneficial for a
better understanding of the concepts and techniques
involved in energy extraction from water currents.

The marine current energy converter envisaged by
the authors is a vertical axis turbine connected to
a direct drive, permanent magnet generator (Fig. 1).
Since maintenance is likely to be difficult once the
device is installed offshore, it seems reasonable to
have a simple system with few moving parts as these
can fail and need maintenance. With the variable
speed, direct drive approach, both gearbox and blade
pitch system are unnecessary. Excluding the gearbox
to reduce transmission losses and maintenance has
already been implemented in wind energy convert-
ers [13-16]. In a variable speed system, it is beneficial
to have a high efficiency over a wide range of opera-
tion. Hence, one of the design parameters considered
is the full range of turbine rotational speeds during the
tidal cycle. In this paper, only the design aspects of the
generator will be presented.

Previous work by Thomas [1] and Leijon and
Thomas [17] focus on the simulations of possible

Fig.1 Illustration of vertical axis turbines coupled to
directly driven generators suitable for energy

conversion from tidal currents

electromagnetic designs and concepts for low-speed
PM machines in the range of 1-160kVA. In these
publications, the concept of low speed energy con-
version is presented without giving full consideration
to the constructional requirements of making a pro-
totype machine. Since then, practical issues, such
as construction, transportation, structural mechanics,
etc. have also been included in the design process. For
instance, a prestudy of the experimental set-up in ref-
erence [17] was carried out with a fractional winding
with 8/5 slots per pole. In the process of finalizing the
prototype design, it was found that the stator tooth in
the 8/5 design was so narrow that it might be difficult
to produce and assemble. Hence, the generator was
redesigned with 7/5 slots per pole to ease the construc-
tion work, resulting in a decrease in efficiency from 88
to 85 per cent at nominal speed. This was found to be
acceptable as the aim of the prototype was to prove the
concept, evaluate the finite-element method (FEM)
simulation, and to gain confidence for future offshore
experiments. This approach, rather than optimizing
a few parameters at the design stage, is justified in a
system perspective.

The paper is organized as follows. First, the relation-
ship between the tidal current velocity and the possi-
ble rotational speeds of the turbine and generator is
described. Secondly, modelling aspects and assump-
tions involved in the generator design are discussed.
Finally, constructional aspects of the experimental
set-up with the prototype generator are presented.

2 RELATIONSHIP BETWEEN TIDAL CURRENT
VELOCITY AND GENERATOR OR TURBINE
ROTATIONAL SPEEDS

To minimize cavitation, the maximum rotational
speed of the turbine is largely decided by the maxi-
mum velocity of the tidal currents.

According to Bernoulli’s principle [18] the sum of
the static and dynamic pressure is always constant for
an ideal fluid flow. The motion of a turbine blade rel-
ative to the water causes a local pressure drop behind
the blade. At high enough velocities, this becomes
less than the vapour pressure of water and cavitation
occurs. To avoid cavitation an approximate maximum
tip speed of the turbine can be derived from Bernoulli’s
principle

1 2
p+§p~v +p-g-h=const 1

In equation (1), p is the atmospheric pressure at sea
level, p the density of seawater, v the tip speed of the
turbine blade relative the water, and & the depth below
sea level.
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In practice, the cavitation calculations are complex
and depend on turbine design and site-specific vari-
ables, e.g. blade profiles, turbine radius, and water
depth to name a few. As a rule of thumb, reference [2]
suggests that it is advisable to keep the relative velocity
below 7 m/s to avoid cavitation. A study of the cavita-
tion of a horizontal axis turbine has been presented
in reference [19]. In the case presented here, the gen-
erator only will be tested in the laboratory without a
turbine, and a more generic design approach has been
taken. The generator has been designed to operate in
a range derived from a hypothetical turbine operated
with fixed tip speed ratio (TSR) up to the point where
the relative velocity reaches 7m/s. At higher current
velocities, the turbine will be operated at a lower tip
speed ratio.

For a turbine with a radius of 2.5 m, cross-section of
8 m?, and power coefficient of 0.35, the power will be
4.7kW at 10r/min in a current of 1.5m/s. Keeping a
constant TSR until the maximum relative speed of the
blade is 7m/s, the turbine rotational speed will be lim-
ited to 171/min in a current velocity of 2.55m/s. The
generator output will thus be 23 kW at 17 r/min for this
particular turbine. Note that the generator is a vari-
able speed machine and it should be designed to work
efficiently at a wide range of speeds.

The relationship between the generator and tur-
bine gives two seemingly contradictory needs: to have
the best possible efficiency over the whole range of
operation and at the same time have good overload
capabilities to electrically limit the rotational speed of
the turbine during spring tide. In the present work, an
average generator speed of 10r/min was found ade-
quate based on tidal current velocities, cavitation, and
the choice of turbine characteristics.

3 GENERATOR MODELLING AND DESIGN

3.1 Theory and modelling details

The time varying electromotive force or voltage
induced in a generator described by Faraday’s law of
electromagnetic induction is given by equation (2). In
equation (2), U is the induced voltage; N the number
of turns in the coil or winding, and ¢ the magnetic flux

99 (1)

U@)=-N o7 2)
In practice, generators suffer from both electromag-
netic and mechanical losses. The electromagnetic
losses consist of resistive or copper losses in the
conductors or windings and iron losses. The iron
losses include hysteresis losses, eddy current losses,
and excess (or anomalous) losses. In the absence of
a gearbox, the mechanical losses are dominated by
losses in couplings and bearings. Since these losses

are expected to be small, they are not further analysed
in the FEM of the generator. Windage losses are also
neglected due to the low-rotational speed. That these
losses in fact are small for the experimental set-up
presented in this paper has been ascertained (see
section 4).

The electromagnetic field inside the generator is
modelled as a two-dimensional problem. This is a
common simplification in radial flux machines [20].
However, if the axial length of the generator is smaller
than the diameter of the generator end effects should
be taken into account. This is a three-dimensional
problem, but two-dimensional approximations of end
effects, i.e. end fringing and unequal axial lengths for
short machines are discussed in reference [21]. The
coil end windings are accounted for by introducing
coil end impedances in the circuit equations for the
windings (equations (4b) and (4c)).

The complete-generator model is described by a
combined set of field and circuit equations. Coupled
field and circuit models are now standard for mod-
elling time dependence of electrical fields [22]. The
field equation that is solved is given by equation (3)

0A, 1
o —I—V-( VAZ)=—0~E 3)
ot HoMr

In equation (3), o, wo, and u, are the conductivity, free
space permeability, and the relative permeability. A, is
the axial magnetic vector potential and E is the applied
field. In the circuit equations (4), I, I, I. are the con-
ductor currents corresponding to the three phases a,
b, and c of the machine, U,, and U, are the terminal
line voltages between phases ab and cb, and U,, Uy, U,
are the terminal phase voltages obtained from solving
the field equations (3). Ry is the coil end resistance and
L4 describes the coil end inductance

L+1,+1,=0 (4a)
r al,
U, + R, + [ — U,
A = Ua (4b)
| R LM
i dl,
U.+ R, + L& — — U,
A = Ua (4¢)
—R, — LM
L Y’

The field equation (3) is solved using a FEM. For bet-
ter accuracy in the final solutions, shape functions of
second degree were used and the meshing was finer
close to critical parts of the geometry such as the air
gap and conductors, and coarser in the yoke of the sta-
tor as shown in Fig. 2. Due to electrical periodicity in
the machine, only a few poles are needed to model
the generator. Simulations can be performed either
in a stationary mode (standstill), where the results
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Fig.2 A screenshot of the mesh details before the
calculations are made

are given for a fixed rotor position, or in a dynamic
mode (rotating machine scenario). In the dynamic
mode, an internal moving boundary technique is used
which permits modelling motion without re-creating
the FE-mesh [23]. The FEM-based simulation program
is based on reference [24].

3.2 Generator design and assumptions

The primary aim was to construct a laboratory set-up
of the generator in order to study its performance. The
experience gained from the construction and testing
can be used when designing a robust, efficient, and
reliable marine current generator for offshore opera-
tion. For the initial design of the generator, stationary
mode simulations were carried out. The available
space in the laboratory was the first constraint in
deciding the generator size: the outer diameter of the
machine was fixed to 2 m. Given this constraint, the
axial length is largely decided by the chosen design
values for the power of the machine, the voltage, and
the air gap flux density.

For a machine with variable rotor speeds, it is nec-
essary to design the generator with higher nominal
values of voltage and frequency, so that acceptable
efficiency is ascertained even when the speed of the
rotor is much lower. This can be achieved with a large
number of poles, which requires a larger diameter and
results in a heavier machine. In this machine, 120 poles
could be fitted which results in a frequency of 10 Hz.
For the kind of marine current generators proposed,
i.e. direct drive with a vertical axis turbine on the same
axis of rotation as that of the generator, and with the
generator placed on the seabed, it is not necessary to
minimize the weight and size of the machine to avoid
blockage of the flow through the turbine.

The design of the generator is based on electromag-
netic field simulations with data for a hypothetical
turbine and plausible water currents as inputs. The
hypothetical turbine was given a size 8 m?, a radius
of 2.5m, and a power coefficient (C,) of 0.35. A water

current velocity of 1.5 m/s was also used to dimension
the generator. This results in an energy yield of 5 kW
at 10r/min and nominal load. Note that the genera-
tor is designed to keep the turbine at a constant tip
speed ratio up to the velocity where cavitation is likely
to occur. At higher velocities the turbine will be slowed
down electromagnetically to operate at a lower C,.

3.2.1 Stator design

A cable winding has been found effective in larger
machines [25-27] and is here adopted for a smaller
machine. The stator is wave wound to achieve lower
load angles for a given machine rating compared to
a lap winding. The cable used in the present work
is a commercial PVC-insulated cable, MK 16 450/750
[28], with a conductor cross-section of 16 mm? and
an average insulation thickness of 1 mm. Experience
from the development of cable wound linear gener-
ators [29] and wind generators [30] has shown that
this cable is convenient from a constructional point
of view. Further, a fractional pitch winding is used to
prevent cogging and suppress possible harmonics in
the machine. However, the authors acknowledge that
a fractional pitch winding may not be the most appro-
priate solution, if the machine is to be connected to the
grid via a passive rectifier and an inverter. Under those
circumstances, other winding schemes might give a
higher power output or other electrical, mechanical,
or constructional benefits compared with a fractional
pitch winding. Variable speed control of a PM syn-
chronous generator connected to a diode rectifier has
been investigated in references [31] and [32]. However,
more detailed studies are needed to show which wind-
ing scheme and control method could give the highest
energy yield over the whole range of operation for a
given tidal energy conversion system.

The stator sheet geometry, especially the shape of
the stator tooth, was designed to keep the leakage
flux to a minimum without significantly increasing the
cogging torque or decreasing the flux in the air gap
[33]. The stator steel laminations were chosen to be
1 mm thick, a choice motivated by the low frequency
dependant losses of the machine at 10 Hz. The stator
material is M800-100A [34].

3.2.2 Rotor design

A permanent magnetized rotor was chosen in order
to avoid a separate excitation system using, e.g. car-
bon brushes. However, the fields for PM rotors are
uncontrollable and a non-uniform air gap will give
rise to non-uniform forces in the air gap, which can
lead to vibrations and possibly mechanical damage
of the machine. To avoid such problems, an air gap
of 10-mm between the rotor and stator was chosen.
Another reason for the relatively large air gap was to
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avoid constructional difficulties in the assembly of the
first prototype.

In the simulations, the fields from the Nd,Fe;,B
magnets [35] are modelled by a current sheet approach
[36] that gives equivalent fields produced by fictitious
current sheets placed along the non-polar sides of the
PM structure. The rotor material is construction steel
with a density of 7800kg/m?® (o0 =2.0-10°S/m and
iy = 965).

3.2.3 Simulation results

The main input parameters for the design of the
prototype machine are presented in the second col-
umn of Table 1. The machine was built based on this
data. However, due to constructional inaccuracies and
allowed tolerances, some of the geometrical and wind-
ing parameters of the built machine were found to be
different from the design values. The measured val-
ues presented in the third column of Table 1, have
therefore been used for simulations and analysis of
the actual experimental set-up.

The input for the simulations includes the param-
eters mentioned above, as well as additional con-
straints such as maximum permissible magnetic field
at any point in the machine. The output given by the
simulations is the axial length and currents (includ-
ing information about possible harmonics) of the
machine. One of the 24 symmetrical cross-sections
of the generator is shown in Fig. 3, along with the
magnetic field distribution during nominal load con-
ditions. The maximum permissible magnetic field
inside the machine was limited to 1.8T as the sat-
uration effects are dominant at higher magnetic
fields for the chosen stator steel material [34]. Fur-
thermore, the load angle was kept below 10°. This
was found necessary to prevent the machine from
unstable operation in the event of high-rotational
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Fig.3 Illustration of the magnetic field distribution in a
symmetrical section of the generator, simulated
under nominal-load conditions

speeds or overload conditions, e.g. during spring
tide. The design work aimed at having high gener-
ator efficiency at rated speed and load of 10 r/min
and 4.5 Q2/phase while keeping the current density
low in order to maintain good thermal capabili-
ties at overload. The resulting efficiency and cur-
rent density at rated load and variable speed are
shown in Fig. 4. The efficiency is above 80 per
cent in the expected range of operation and the
current density is low that implies that there is
room for overload without causing the tempera-
ture to rise above the thermal limit of the PVC
insulation.

4 GENERATOR CONSTRUCTION AND
EXPERIMENTAL SET-UP

The design of the experimental generator was based
on the conditions of the marine and tidal currents
as discussed in previous sections. To accommodate
the winding scheme, it was found that the length of
the end windings had to be increased to an average
of 150 mm (see Table 1). After the rotor was centred
and fastened, but before the magnets were mounted,

Table 1 Parameters used in the generator design

Design stage (data

used and/or obtained for the

design of the machine)

Actual prototype (data taken from the
constructed machine and used for
later analyses/simulations)

Power 5kW 5kW

Voltage 150V 150V

Nominal speed 10 r/min 10r/min

Frequency 10Hz 10Hz

Outer diameter 2000 mm 2000 mm

Inner diameter 1835 mm 1835mm

Air gap 10mm 10.5mm

Slots per pole 715 715

Cables per slot 6 6

PM dimensions 270 mm*32 mm*10 mm 68 mm*32 mm*13 mm*4 magnets per pole
Rotor ring thickness 10 12-15mm (14.4 mm)
Stator height 270 mm 294 mm (276 mm)
Stacking factor 1 0.956

Coil end winding 80 mm 150 mm

Resistance per phase 0.48Q 0.47 Q2

Load 4.5 Q per phase 4.44 @ per phase
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Efficiency at nominal load and varying speed
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Fig.4 The dashed line represents the generator effi-

ciency and the solid line the current density at

nominal load and variable speed. The rotational

speed is given in per unit, where nominal speed

is 10r/min

the friction and windage losses were measured. The
generator was permitted to decelerate without exci-
tation (no PM) and with the terminals open circuited
according to reference [37]. The frictional torque was
measured to 2Nm, or 0.04 per cent of the nominal
torque. This can be compared with 1.6 Nm as calcu-
lated according to the manufacturer’s specifications.
The bearings are deep groove ball bearings 6228/C3
with lubricant LGWA2 from SKF [38]. The magnets
were inserted in milled grooves in the rotor with the
aid of a specially made plastic mould. After construc-
tion, the average air gap length of the generator was
found to be 10.5mm, c.f. Table 1. Figure 5 is a pho-
tograph showing the air gap, the magnets inserted
in the rotor, and the stator with cables in the stator
slots.

As the generator will be run in a laboratory envi-
ronment without a turbine and water flow, a separate

Fig.5 A photograph showing the air gap, PM, and cable
windings

Fig.6 The experimental marine current generator set-
up with load and motor drive system

motor drive system is used to run the generator. A
22 kW four pole induction motor with rated speed and
torque of 1500 r/min and 143 Nm, respectively, in con-
junction with a gearbox (gear ratio of 89.89) is used
[39]. This drive system gives generator rotor speeds
in the range of 0-16 r/min and a maximum torque of
11 kNm. Speed control of the motor is achieved using
an ABB frequency converter [40]. This arrangement
allows the generator to be run at 60 per cent above the
rated speed of 10 r/min, which is necessary in order to
study the machine’s performance at over load.

In an actual oceanic environment several marine
generator units will be connected to passive rectifiers.
From the converter station, a DC transmission link
will transport the generated power to a final inverter
system before connecting to the grid. Due to these
system characteristics, the actual load on the marine
current generator willbe aDCload. For the experimen-
tal set-up presented here, the load consists of standard
resistors mounted on heat sinks [41, 42]. The load can
be varied by connecting a number of resistors in series
and parallel.

The overall experimental set-up with the motor
drive system, generator, and load is shown in Fig. 6.
Figure 7 shows the measured nominal load voltages
from the generator for two different rotor speeds,
namely 2 and 16 r/min. The corresponding nominal-
load voltages predicted by the FEM simulations are
also shown in the figure.
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Fig.7 A comparison of the measured and simulated
voltages for the prototype machine at nominal
load for two different rotor speeds

5 CONCLUDING REMARKS

In this paper, a number of issues encountered when
adapting generator design to the nature of marine
and tidal currents have been discussed. Such a gen-
erator is to operate at low and varying speeds and
will consequently have a relatively large diameter.
With careful attention to the design of the magnetic
circuit, especially the stator tooth geometry and mag-
net shape [33], it is possible to minimize the leakage
flux and to keep a low current density, which are the
two important aspects in enabling efficient operation
over a wide range of loads and speeds. These issues
have been taken into account in the design and con-
struction of a prototype generator, showing that it is
possible to transfer these conceptual ideas into a real
machine.

Assuch a generatorisin fact feasible, a mechanically
simple system is possible. The elimination of compo-
nents such as a gearbox, excitation system, cooling
system, pitching, and yawing mechanisms may be
critical in the survivability of marine current energy
converters.
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