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Abstract

This paper presents a kW range marine tidal cunpemter
generation system consisting of a fixed pitch n&arrent

Marine current turbine, ipassto electric grid, there is also a need for smallvposystems

for supplying stand-alone installations near tidalrent sites
in association with energy storage system as ldtef his
kind of system can, for example be very usefulsigpplying
measurement stations, buoys, or security instafiati In
these contexts, developing efficient and very rbBystem is
obviously a key feature.

turbine (MCT) with two permanent magnet synchronous The state of art of marine tidal turbiness baen entirely

generators in the turbine shaft, two diode rectfi¢each
rectifier is associated with a permanent magnettaymous

reviewed in [3] .The performance of a MCT depends
primarily on the nature of the resource (currerges}), then

generator) and BC source voltage. This system is designesh compromises between the different technologigslved

for a kW range robust power supply. The specificfythe
proposed system is that the two generators haveretit
numbers of turns in their windings and the two ifext are
in parallel in the same DC source. It has been dsinated
that the proposed system is able to harness vécieetly the
energy of the turbine in the whole tidal cycle. Tiveposed
system is interesting because it does not need learapntrol
system and it allows minimizing converter lossestgaue to
electronic devices as controlledlsSBT PWM converters
usually used in conventional power generation systeThe
analytical results have been confirmed numericalging
PSIM software for two kW range generators with Haene
magnetic circuit and different winding number ofrtst
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The resolution of climate and energy equation lea®ured
traditional green energies development (hydropowetar,
onshore wind turbine, biomass) and the emergenceeaf
renewable energy sectors like marine energiehisncbntext,
France policy is to include in the energy produttia
contribution of 23% of renewable energies from 22D

The most promising marine energy technologies éshare

wind turbines (laid and floating), tidal currentcimology,
wave energy and ocean thermal energy technologiesta
the technically exploitable potential of the copasding
resources. Therefore, both academic and industtalent
researches are focused on optimizing the operasiod
profitability of marine renewable energies (MREurGpaper
is focused on marine tidal current energy. In Featlcere are
several very high potential sites for tidal curseahd the first
tidal energy park of EDF based at Paimpol-Bréhatisently
in testing period and will be efficient in 2015 [2The

presented work deals with the electrical part aased with a

I ntroduction

and the extraction strategy. The resource is cheriaed by
the kinetic energy of tidal currents and the distunces which
are related to the depth of the site and to thdls®pecial
solutions for minimizing the negative effects ofesle
disturbances have been studied by adding somerietdct
components in [4] and [5].

The specification of the turbine (number tddes, fixed
or variable pitch, horizontal axis, vertical axigeometric

specifications ...), the generator (permanent magne
synchronous generator, wound synchronous generator,
doubly-fed induction generator, squirrel cage inguc

generator) and the associated power electronics
fundamental technological choices. The extractitategy
has to take into account the geographic positiorohghe
system relative to currents. The control accordingthe
harnessing strategy can be done by using the picthe
turbine or by using the generator electronic drivhich
allows a speed control. The contaggrees of freedom vary
in accordance with the technologies involved.

In traditional high power systems, a Maximum PoWweint
Tracking (MPPT) strategy is associated with a power
limitation at high fluid velocities. MPPT can berdoby a
speed control of the turbine using a controllabbaverter
(IGBT PWM rectifier) and power limitation acting ote
pitch and/or converter control.

As an example, a direct drive solution with a pearerd
magnet synchronous generator (PMSG) and a IGBT PWM
back to back converter seems particularly intengsfor a
MCT compared to the use of an induction generafbis
classical solution requires in all cases, the irmaletation of
complex power electronics for controlling the gexter
torque and speed.

The aim of our work is to follow the maximum power
operating point with an automatic and passive ngktho

are



without using electrical control devices in a samiway as
proposed in [6] for an off-grid wind power systeffihe
advantage of this solution is to eliminate the éssof
converter, to reduce costs and improve the systdiability
compared to conventional systems. A strategy tdemehthe
maximum power of a PMSG based on fixed pitch mari
turbine system associated with passive rectifigrstudied in
our paper. This strategy consists in adapting tenegators
characteristics in order to extract efficiently thaergy. A
simple analytical model, which is able to prediwt system
behaviour, is proposed. This model is validatechbsnerical
simulations using PSIM software. The energy efficie of
this strategy is evaluated and compared to theeefe case
where a classical MPPT control is used.

2 System analytical and numerical Models

2.1 Single PM SG/diode rectifier system

where C;, C3, C,, C5 and 8 are constant values; Cg and C,
depend om. The values and expressions of the parameters
used in the study are given in table 1.

Turbine
ne P, 4 kW C 05
R 0.4m C, 116*A'
W, 625 rpm Cs 0.4
A 3.2m/s C,y 0
yl R * Wy /V. Cs 5
2 1/12-0,035 Cs 212
Cp-max 0.47 C, 0.01%A
B 0

Tablel .C, Curve Parameters. [7]

It can be noticed that this analytical modelQgf(equation 2)
corresponds to the model which is implemented eRISIM

The first studiedasicsystem consists of a MCT, a direcsoftware [9].

drive PMSG and a diode rectifier which suppliesxad DC
voltage source (Fig. 1). This DC voltage source ¢an
example be the capacitive filter of an inverter B@ which

supplies power to aAC local grid and/or battery in the case f@:'-;gl;fffkf}Af,%f,

of a stand-alone installation.
In this system, the mechanical powey, and the electric
power P, have been estimated analytically as function ef t

rotor mechanical speed,,, and the system parameters. Th

mechanical power captured from the kinetic enerfyyidal
currents by a MCT could be formulated as

1
P, = EpCpn}!eZVC3 (1)

wherep is the sea density;, is the turbine power coefficient,
Ris the turbine radius ang is the marine current speed.

Figure 1. Simple marine power generator system.

C, depends on the turbine blade geometry and
hydrodynamic behaviors [7]. Its maximum value foarine
current turbine (MCT) is estimated to be in thegaof 0.35
to 0.5 [8]. An analytical approximation of thg, curve is
given by equation (2) [9]

Cp=C1*(Cz_C3*:3_C4*,3_C5)*€_CG+C7 2
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Figure 2. Cp curve of the studied MCT.

Figure 2 shows the power coefficient cur@)(obtained with
the parameters of the system summarized in Tabl€hik
curve allows us to find for each tidal velocityetburve of the
extracted mechanical power VS. the rotating speethe
turbine/PMSG, using equation (1). These curvesgaren in
figure 4 for several values of tidal velocity. letfigure 4, the
operating points corresponding to the maximal energ
harnessing strategy are given by the intersectidcheoMPPT
iisrve (red dotted line) and the mechanical powevesi If
the operating points of the turbine correspondh® MPPT
curve, the turbine will extract the maximum meclkahi
power for each tidal speed. Therefotke energy extracted
using this MPPT strategy will be used as a referet
estimate the efficiency of our system

The PMSG/rectifier/DC bus system can be represented
by the equivalent diagram on figure 3 [12].



draw this graph are given in table 1 and tablet# furbine

Ro Ro i lpe has been designed to have a maximal tip speed linaar30
I m/s. This tip speed allows avoiding cavitation pi@ena in

the blades [11].
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Figure 3. Equivalent diagram of the PMSG/rectifist/bus
system. P(W) 20w
In the diagram of figure 3)po represents the offload DC
voltage which is the average value of the diodetifrec
output [12], V is the DC bus voltage. It is obtainby the
following equation where E is the root mean sq&MS) of
the generator back electromotive force (EMF) ant$ khe
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flux constant of the PMSG. P P
w,, (rpm)
Upo = ﬁE, E=kw,. ©) Figure 4. I\/_Iechanic_:al Power curves corresp_qndirtgeo
n studied turbine for several tidal velocities.

Rp = 2r represents the Joule losses with r, the plessstance
of the PMSG [12].

R, takes into account commutation losses relatedidded | Phase Generator back EMF at 1000rpm (V,
. 414
overlap [12]: RM Svalue)
Phase Cyclic Inductance (mH) 42.5
Rpo = L. (4) Phase Resistance (Ohms) 3.3
i Number of Poles 8
L is the phase cyclic inductance, = p.w, the electricall DC busVoltage (V) - 200
pu'sation and p, the number of p0|e pairs_ Frictional Coefficient (N.m.s.rad ) 0.0179
Thus, the DC current can be expressed by: Table 2. Studied Electric Generator/rectifier Mparameters
ENC— Thus, if the resource statistic is known (i.e. thember of
Ipc = IpoV _ x m (5) hours corresponding to each tidal velocity in adsd

Rp+Ro zr+%L.p.wm'
Hence the expression of electrical power on the S is
given in the equation (3):

period), the knowledge of the operating point cgpanding
to each tidal current velocity will allow us to dehine the
total amount of energy extracted in this periodn€idering
the shape of the power curve of the electricalesystit is

P =V _V(%Ekwm—") 6 obvious that a PMSG associated with a rectifier and
e 6) constant DC bus is not able to follow an MPPT syt That

means that even if extracting energy with suchrg sample

Finally, the mechanical power harnessed by the PM&Gbe System is possible, this extraction is not reafifiraal.
estimated as a function of the speed by equatipn (7

P, =P +3rI*+ fw? (7)

where | is the RMS phase currént IDC\E [12] andf is the
frictional coefficient (modelling mechanical losyes

The intersection of the PMSG mechanical poagve
VS. rotating speed defined by equation (7) andtthibine
mechanical power curves VS. rotating speed, wheh loe
determined using equation (1) and (2) for eacH tidéocity
(this curves are shown on figure 4), allows to daieate the
turbine/PMSG/rectifier system power operating poifdr a
given tidal velocity as shown in Figure 5. The dased to
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Figure 5. Steady state operating point for a
MCT/PMSG/Rectifier system.

A way to increase the efficiency of such a systefnoicontrol
the value of the DC source as in [10] in orderdbofv the
MPPT operating poinisut this solution needs, of course, t
introduce a controllable converter in the DC bukesi

2.2 Numerical validation of the electrical power model

The system has been simulated with Powersim sodtwi
(PSIM) in order to validate the proposed simple|yical
approach. This software is particularly suitablestmulate
such a system because it includes turbines modeipawer
electronics device models.

The analytical (equations 6 and 7) and the numle(i?alM)

results P, and P,,, for different speeds for the PMSG art

shown in figure 7. In this case the PMSG/rectifigstem is
simulated in PSIM with several constant rotatispeeds.

The results show a good accordance of analytical &:

numerical analysis and validate the very simplelyaica
approach.
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Figure 7. Comparison of the analytical and nuoapower
results.
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3 Multi Machine System Perfor mance

3.1 Influence of the number of windingsturns.

The electrical power curve delivered by a single
generator/rectifier system depends on the generator
characteristics (cyclic inductance and electrongotfurces)
and the fixed DC voltage output (equation 3). Fogieen
magnetic configuration (same magnet and magnetait)
and a given value of the DC bus, the electromofivee is
directly proportional for a given speed to the nembf stator
windings turns, which is noted. In the other hand, the
inductance value and the resistance value of theings are
proportional ton?. This can be explained because if the
global copper section in the slot is considered b®
maintained as a constant in rewound process, thduoctor
section is proportional to 1/n and the total lengththe
conductor in the winding is proportional to n. leams that if
the machine is rewound (and ifn varies), the
MCT/PMSG/rectifier system performance will be irghced
qnd then, the power generated by the PMSG/rectfietem
also.

Figure 8 presents electric power curves (analytivadiel) for
several value ofn. In this graph,n.s corresponds to the
generator data of table 2.
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3.1 Proposed Multi machine configuration.

It can be noticed considering the shape of thetrstat power
curves (Fig. 7 and 8) that it is obvious that sackystem is
not able to extract the power following a MPPT t&tgg. So
let us consider a system composed of a MCT, withR8MG

in the same shaft; each PMSG is associated with a passive
rectifier which is connected in the same DC busrdjbal
connection of the two rectifiers) (Figure 9).

In this case, for a fixed current speed and a fiR€dvoltage,
the electrical power characteristics of the globgtem can
be estimated by adding the two subsystems (PMSiBieec
electrical powerP, curves. In order to reach the maximum
power of the MCT at the nominal speed of the twbithe



association of two PMSG with two different numbefdurns
in the windings and the same magnetic circuit issabered.

Turbine

Tidal current

3 phases
Diode
Rectifier 2

3 phases

Diode |
Rectifier 1

aw+

ety
Pt

1

DC busT

Figure 9. Proposed marine power generator system.

This solution can lead to a power curve which fite
theoretical MPPT power curve, if the number of tuni the
two machines is well chosen.

Accordingly, the ams

system curve with the turbine mechanical power esirv
allows to find the steady state operating pointsefach tidal
speed. It can be noticed that the chosen configaréeads to
operating points which are close of the MPPT thicak
curve. So it means that the energy extraction isimmaed by
this association.

electrical power
mechanical pc B
© mechanical operating points
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Figure 10: System with 2 machines operating points.

Conﬁguration associates two PMSG. The main elealtri Then the total amount of energy in a one yearonan'an be

parameters (E, L, R) of the two generators are ciifrom
the number of winding turns by application of thdes
defined in paragraph 3.1. These electrical parasesee
summarized in table 3.

Generator 1
Number of turn, n; Nref
Phase Generator back EMF at 1000rpm 414
(V, RM Svalue)
Phase Cyclic inductance (mH) 42.5
Phase Resistance(Ohms) 3.3
Number of poles 8
DC inductance 1 (mH) 100
Generator 2
Number of turn, n, 0.75nN¢f
Phase Generator back EMF at 1000rpm 310
(V, RM Svalue)
Phase Cyclic inductance (mH) 24
Phase Resistance (Ohms) 1.86
Number of poles 8
DC inductance 2 (mH) 100
Common DC busvoltage (V) 200

Table 2 : Electrical parameters of the two assediat
generator/rectifiers.

Figure 10 describes the theoretical mechanicaledectrical
powers VS speed curve of the two machine/rectdigstem
connected to the DC bus. This curve is estimateadduing
the two subsystems (PMSG/rectifier) analytical pofRgand
P., curves. The intersection of the theoretical meutzn

calculated by the knowledge of the resource tidates
statistics.
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Figure 11. Histogram of the absolute values ofentrspeed

in the Raz de Sein during one year. (Oi, VS. ¥O][

The marine resource used in this study is descrilyed
statistical data collected in the Raz de Sein dudne yeatr.
The histogram (Fig. 11) shows for 5 intervals ofrent
speed value centered ¥t [0.363m/s, 1.090m/s, 1.816m/s,
2.542m/s, 3.268mi/sthe corresponding occurrences in hours
O, =[1872h, 3002h, 2427h, 962h, 161h]. The annualecurr
speed average value is about 1.335"1. The number of
intervals has been deliberately reduced in ordemtke
calculations faster and results presentation molesar.c
However, the method is of course applicable torfintervals
(and therefore to a larger number of data). [11]

The energy extracted for each current speed isnasta
by multiplying the corresponding occurrence (numimdr
hours) by the electrical power delivered at therafieg point
associated with the current speed. The sum of ttaated
energies for each current speed corresponds takdoérgy



extracted in the year. The annual extracted eneagythen be concept. It should also be relevant to take intocoant the
estimated for the combined model of generators asdell disturbance in order to evaluate its infleran the
compared to the theoretical perfect MPPT strat®fyourse, power harnessed by the system.
this energy amount allows calculating the averageqp in
the period by dividing by the total number of hours
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In the future works, it should be interesting toildhuan
experimental laboratory set up in order to validate studied



