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Permanent Magnet Linear Synchronous Generator for an
Oscillating Hydrofoil in a Tidal Current Regime
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Abstract—This paper presents a novel method to extract
energy from tidal currents by using a permanent magnet linear
synchronous generator for an oscillating hydrofoil. In this work,
an initial design of a linear generator is proposed for a
biomimetically inspired oscillating hydrofoil system as a tidal
energy generator. The device is designed to manipulate the flow
stream and contained energy. It demonstrates a noticeable
increase in efficiency when compared with data from existing
industrial prototypes. Thus, a heightened theoretical coefficient
of power and decreased cycle times are calculated for the device.
The whole system is surveyed from the hydrofoil to the sample
load. The main aim of the paper is to depict a new design in
handling the hydrofoils in a tidal current regime.

Index Terms—Battery, oscillating hydrofoil, permanent
magnet linear synchronous generator, rectifier, tidal currents.

I. INTRODUCTION

NCREASING demand for energy and the decreasing
supplies of fossil fuels, water current and wind are emerging
as alternative sources of renewable energy. The global
energy requirements are primarily provided by the
combustion of fossil fuels. In 2007, the global share of
energy from fossil fuels was 88% of the total primary energy
consumption [1].The consequence of this heavy dependence
on fossil fuels is becoming increasingly concerning. These
fuels have limited potential and, at the current rate of
exploitation, it is expected that these resources will deplete
within the coming decades [2,3]. Renewable energy
technologies are becoming an increasingly favorable
alternative to conventional energy sources to assuage these
carbon-based fuels related issues.

Tidal energy offers a vast and reliable energy source,
currently, the harnessing of tidal energy from the rise and fall
of the tides has been exploited on a commercial scale using
tidal barrage systems [4,5]. Recent efforts to exploit this
predictable energy source have been directed towards the
kinetic energy in tidal currents [6]. The extractable potential
in the UK has been reported to be 22 TWh per year and 17
TWh per year for the rest of Europe [7]. Other reports give
estimates of 48 TWh per year for Europe [8] and as high as
58 TWh per year in the UK alone [9] (note that these are
estimates for tidal current potential only). Much of the
extractable energy is to be found in sites of depths below 40m.
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In recent years, a new type of flow energy recovery paradigm
based upon a novel flapping-foil technology has been
proposed [10]. A hydrofoil prototype named Stingray was
developed and tested which resulted in a 150kw hydraulic
power [11]. Hydraulic system with many moving parts is
required to actuate and smooth high pressure thrusts. This is
an energy transfer, with inherent losses in efficiency, internal
viscous friction, mechanical friction, thermal losses and
finally electrical losses. This system can be costly and add
considerable weight to any device where deployed. The
working medium of oil in a marine environment is also cause
for concern [12]. As mentioned before, Engineering Business
Ltd developed the “Stingray” oscillating hydrofoil as a
developmental prototype to prove the robustness and
feasibility of the concept, the design and technology [13]. As
it has proved the inflated development costs of this device in
the current economic climate is prohibitive and has caused
the project to be suspended [14]. The model outlined here has
similar principles of operation to that of "Stingray" however
the model described here is using a different power take-off
system, especially that a PMLSG has been used in place of a
hydraulic power take-off system which is a novel design.
This removes the inherent inefficiencies and complexities of
hydraulic power take-off systems.

Linear generator for power take-off system would be very
beneficial to increase of the efficiency and simplicity of the
design because of their direct connection to the mechanical
part. In oscillating wave point absorbers, linear generators
have been found to be the superior power take off choice
[15].

Linear synchronous devices have been shown to be more
favorable and reliable, with efficiencies of 90% compared
with 82% of comparable induction devices [16].

In this paper a hydrofoil has been surveyed which drives a
permanent magnet linear synchronous generator (PMLSG)
and this generator is connected to a sample load through a
rectifier in combination with a battery that its output is gone
through an inverter. As the dimensions of the hydrofoil are
quite considerable, a special PMLSG should be designed to
be compatible with the hydrofoil. The results of the work that
was done for AWS generator design is used which is very
suitable for this particular design [17]. The load power
profile and the battery profile are shown at the end of this
paper for a definite period of time as the main results of this
work which should be considered carefully.

II. MODELING OF HYDROFOIL

The main principal of operation is relatively quite simple.
Given a positive or negative angle of attack relative to the
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tidal current, the hydrofoil will rise and fall in an oscillating
motion. The rate at which this cycle occurs is dependent on a
considerable number of hydrodynamic and mechanical
variables. The instantancous power, P, available to an
oscillating hydrofoil is given by p =1/2 pAv3 where 0 is
the fluid density, A the planer foil area and V the velocity of
the fluid stream.

The lift force that drives the device is dependant on the
flow velocity and density, the foil surface area and the foil
profile characteristics, namely it’s lift and drag coefficients
for an optimum angle of attack. Unlike conventional
rotational technologies which are used to generate at constant
rotational speed, the lift acting on the oscillating hydrofoil
approximates a sinusoidal decay from the horizontal to
vertical arm positions unless the foil is adjusted by a specified
control system to operate at the optimum angle of attack so
that the system works in the best condition and the lift force
does not form a sinusoidal shape. This non linear velocity and
loss in momentum cause the device to inherently have a large
degree of mechanical complexity in developing and
optimizing the power output. As the lift generation reduces in
certain oscillation angles, the degree of oscillation has to be
limited (approx 35°) to prevent significant loss of lift. The
maximum lift is governed by empirical optimum angle of
attack. This angle of attack is relative to the tidal current
velocity, and as the hydrofoil is continually in motion
through the tidal current, this angle of attack must be
controlled and dynamically optimized to maintain efficient
performance and operation. Fig. 1 shows an oscillating
hydrofoil structure.

Fig. 1. Machine structure of an oscillating hydrofoil in a tidal current [15]
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Fig. 2. Machine structure of an oscillating hydrofoil in a tidal current [15]
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Control mechanism is done by program logic control
(PLC), which continually monitors mechanism parameters,
the tidal current velocity and the arm position. The PLC
signal then controls a hydraulic ram mounted on the
oscillating arm to adjust the hydrofoil angle of attack.
Holding the hydrofoil stably at its optimum angle of attack is
necessary, if the foil tends to wobble it significantly reduces
lift, increases drag and a serious problem arises.

Furthermore this same system is used to overcome the
pitching moment on the hydrofoil, stop its motion and return
the cycle in the opposite direction. Empirical and
mathematical models characterizing their locomotion and
maneuverability are based on pitching moment and heaving
movements of symmetrical hydrofoils, which concurrently
heave and rotate during their cycle. In this paper, this
assumption has been made that a PLC system acts which
keeps the angle of attack at a certain range and changes the
direction of the oscillation. Hydrofoil equations of motion are
defined by eqn(1) and eqn(2).

h(t)=h,sin(wt) (1)
0(t) =0, sin(wt +y) )

where 4 is the heave amplitude, w is the cycle frequency
(rad.s-1), ¢ is time (), 6 is the pitch angle and y is the phase
angle (rad) between pitch and heave. The resultant angle of
attack is described by;

o(t)=—arctan [?} +06(t) 3)

oo

Where « is the angle of attack (AoA) and U,, is the incident
flow velocity. A hydrofoil profile is characterized by its lift,
drag and pitching moment, for a range of angle of attack.
Most common hydrofoil profiles, especially symmetrical
foils as used in oscillatory processes, are well understood for
steady state flow conditions. Their characteristics are
depicted in terms of Cl & Cd; the lift and drag coefficients for
NACAO015 are shown in Fig. 4 and Fig. 5 respectively.

The lift and drag coefficients are used to calculate lift and
drag forces. They are as follows:

L= % pSC.U 2 @
1
D= 5 pSC,U? ®)
Tangential
Compenent (T) Morrmal

Carmpanent [N}

Fig. 3. Resultant tangential force on a hydrofoil
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Fig. 4. Coefficient of lift in a 2 m/s tidal current.
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Fig. 5. Coefficient of drag in a 2 m/s tidal current

The tangential force T that is the effective force for a given
angle of oscillation /3 is shown in Fig. 3 and calculated by Eq.

(6);
T =Lcosf+Dsinf (6)

It should be noted that the drag experienced on the foil, can
have positive effects depending on the phase of the cycle.
Further more induced drag and stall at extreme angles of
rotation can be used to accelerate change in oscillation
direction and decrease the cycle time. The torque applied
around the centre of rotation is dependant on the arm length
or the radius of rotation. The instantaneous torque
experienced is a product of the resultant Tangential force
above by the Arm length as shown by Eq. (7).

Torque =T XL (7

The cyclic torque is resolved by calculating the resultant
tangential forces through the cycle angle of rotation from B,
to Bmax- The output power cycle can then be calculated for a
specified cycle time C, by Eq. (9).

[4ﬂ.ﬂmax j
_|\ 360 ) (8)
C

t

P =Torquex[wsin(¢)] ©)

where @ is the angular velocity in radians per second, and ¢
is the cycle phase angle. This way the power can be
calculated. This assumption has been made that a tidal
current with a 2m/s flow velocity exists which lasts for a
period of time, a cycle time of 70 seconds, a NACAO0015
hydrofoil area of 45m” arm length of 10.9 meters and
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operates with a power coefficient (Cp) of 0.12.

III. MODELLING OF PMLSG

As the dimensions of the hydrofoil are quite considerable,
a special PMLSG should be designed to be compatible with
the hydrofoil. The results of the work that was done for AWS
design has been used which is very appropriate for the new
design. A PMLSG with magnets on the translator (the
moving part) was chosen because:

» It has a rather high force density;

« It has a reasonable efficiency at low speeds;

» Magnets are not that expensive anymore;

* There is no electrical contact to the translator.

Fig.6 depicts a cross-section of the generator.
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Fig. 6. Cross-section of the generator

The generator that has been used in this study is a Vernier
Hybrid machine with moving secondary and surface mount
permanent magnet (PM) which is presented in Fig. 6. The
parameters of the PMLSG are shown in Table I in the
appendix. The machine model of a PMLSG can be described
in rotor reference frame as follows [18].

TABLE I: PARAMETERS OF VERNIER PMLSG

Number of pole pairs Pn 2
d-axis inductance L d 31 mH
g-axis inductance Lq 29.5 mH
Stator resistance R €Q0.29
Magnetic flux-linkage l//f 0.072 Wb
Mover mass M 150 Kg
Pole pitch T 0.1lm
Friction coefficient B " 0.01 N.s/m
R+, L P, o
{d}_ dt P |:d:|+ (10)
U, pﬁmed Rs"'Lqi I P,y
T dt
3 7 1 .
=377 LL, vslizv L, sind (11)
lws| (L, —L,)sin26]
Fopp —Fp =M d;tm +Bv, (12)

where,
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P Number of pole pairs;
T  Pole pitch;
v

Mover velocity;

d_ Mover position;

¥, Permanent magnet flux linkage;
W Stator flux linkage;

R Phase winding resistance;
u,,u, d- and g-axis voltages;

i4,l, d-and g-axis currents;

L,, Lq

O Load angle;
M Mover mass;

d- and g-axis inductances;

B Friction factor;

F

Hydro Hydrofoil arm force;

F,. Electrical thrust force;

Speed

PMILEG

Rectifier

I et
‘

IV. SYSTEM STRUCTURE

The sample hydrofoil is connected to a PMLSG and a
rectifier is used to transfer the resultant power to a battery to
charge it. The battery is connected to a SPWM inverter to
produce a sinusoidal voltage which is suitable for the sample
load. In Fig. 7 the block diagram shows the whole system. As
mentioned before, tidal currents (a horizontal motion) are a
result of the rise and fall of the water level due to tides (a
vertical motion). The effects of tidal currents on the
movement of water in and out of bays and harbors can be
substantial, in fact the tidal current profile forms a sinusoidal
shape with a cycle time of 12 hours and 25 minutes [18].
Because of this quite long time the simulation is done during
a specified device cycle time for a 2m/s tidal current velocity.
The translator of the PMLSG moves with the heave speed of
the hydrofoil so the speed is used as the relevant input into
the generator. The way that the battery is charged and
discharged is of great significance and should be carefully
noted. For instance in high velocities of tidal current the
battery is charged and the load provided and in low velocities
of tidal current which the device is not capable of providing
the load energy, the battery does its role to support the load.
A transformer has been inserted to regulate the voltage and
eliminate the harmonics.

Transformer

20KV A
Load

Battery
Bank

SPWM
Invertar

Fig. 7. Block diagram of the Hydrofoil-PMLSG system

Battery bank with nominal voltage as equal to Cn(Ah) is
allowed to be discharged to a limited amount and this will be
determined by designer. Regarding to PMLSG output power
and demanded load, the battery SOC (State of Charge) along
simulation time will be derived as follows:

c(t)=c(t-1)+n3fﬁ(’)m (13)

BUS
where:

C(t)= accessible battery capacity (Ah) at time t;
n, = 80%= charge round-trip efficiency
n,=100%= discharge round-trip efficiency
Vyus=DC bus voltage

P, (t) = battery discharge input/output power

At= time step of simulation

V. SIMULATION

Because of the long cycle time of the tidal current, the
simulation has been done for a specified tidal current velocity.
The customary velocity of 2 m/s is chosen. It should be noted
that the results are obtained for a certain cycle time of the
device that depends on the control system and hydrodynamic
parameters. It has been assumed that Cl & Cd follow the
patterns that are shown in Fig. 4 and Fig. 5 and it is postulated
that the angle of attack is kept in a certain range and not only
at its optimum. The sample hydrofoil is connected. Fig. (8-a)
depicts the generator speed for a specified cycle time. Fig.
(8-b) shows the hydrofoil torque for a complete oscillation
movement in a cycle time. The output power of the rectifier is
presented in Fig. (8-c). Fig. (8-d) is indicative of hydrofoil
mechanical power. The inverter voltage and the load voltage
are exhibited in Fig. (8-e) and Fig. (8-f) respectively. Fig.
(8-g) and Fig. (8-h) describes the load power profile and the
battery energy profile for a definite period of time. The
battery energy profile shows the charge and discharge of the
battery during a certain time.
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Fig. 8. Simulated responses of the Hydrofoil power system with PMLS
generator: (a) generator velocity, (b) Hydrofoil force, (c) rectifier output
power, (d) rectifier output current, (e) inverter output voltage, (f) load
voltage, (g) load power profile and (h) battery current profile.

VI. CONCLUSION

A system comprising of a hydrofoil, a permanent magnet
linear synchronous generator, rectifier, a battery, inverter and
a sample load has been surveyed under a certain condition of
the tidal current. Under specific circumstances this can be
used to extract energy from tidal currents so that a sample
loads such as a typical IEEE load can be provided during a 24
hours. It should be noted that this is a novel method of
extracting energy and can be used for local loads in remote
areas near suitable shores which have strong tidal currents.
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