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Abstract— This paper deals with the global design of direct
driven permanent magnet (PM) generator associated it fixed-
pitch turbine for tidal energy generation. A global design
approach of the generator design is proposed whictakes into
account the tidal site energy potential, the turbie hydrodynamic
characteristic, the converter characteristics and a original
power levelling control strategy. Because the comgred turbine
is without variable pitch control, the power levellng strategy is
only based on torque/speed electrical control of th generator.
Applying this global design process, it can be shaowthat the
hydrodynamic characteristic (shape of the power cdécient
curve (Cp)) have strong effects on the final design of the
generator. The aim of the presented work is to evahte this
influence. Two C, curves are considered for the same resource,
turbine diameter and rated power. The obtained desigs are
compared in terms of cost and mass of the active ga and
power factor of the generator. In the last part ofthe paper, the
qualitative influence of the shape of the differenparts of the C,
curve on the generator design is discussed.

Keywords— Tidal turbine, fixed-pitch turbine, direct-driven
generator, generator design, hydrodynamics

I. INTRODUCTION

A. Tidal Energy System Analysis

Tidal energy is a renewable source of energy, dtemtial
is easily predictable many years in advance. Thiexgy is
generated by the ocean currents which results fiben
contribution of the gravitational forces of the moand the
sun on the oceans (tides) [1]. The total potewtighis energy
resource is estimated to 450 TWh/year, with abodt
TWhlyear on the European coasts. In Europe thisures is
distributed mainly between UK with 48 %, France 42%d
Ireland 8% [2]. Therefore, it constitutes a gootkralative to
complete the other renewable energy resources dovep
generation. In addition, the predictable natureghig energy
resource is highly interesting for the grid conf@tbf marine
current turbines. This aspect facilitates the manant of the

produced electricity. Other advantages can malse g¢hergy
resource interesting to be exploited, such as wluc
environmental impact, low visual pollution and rmis
exposure for the population [3].

The Tidal Stream Turbines (TSTs) are underwatetesys
and extract the kinetic energy of water flow [1hi§ is why
TSTs systems can be similar in principle to theeps used
in wind turbines generation, and can include thiéo¥ang
elements:

The turbine: according to literature [4,5], the
horizontal axis turbines are mainly used in thstfgrototypes
of industrial TSTs which are currently in test on i
development. It can include variable or fixed pibtades. The
blades orientation mechanism allows the contrahefturbine
power by varying the blades pitch angle. Howevéis t
mechanical control system increases the complexityhe
tidal generation system and increases the failtobability of
the TST. It should be noted that for an offshoreliaation
and particularly for tidal power generation, enhagc
reliability and reducing maintenance are key fusurfer
sustainable and cost-attractive exploitation ofingacurrents

[3].

A gearbox can be used to increase the drive spked
the generator. Nonetheless, this element causegaa part of
failures and maintenance requirements [6]. Thishy direct
drive system where the generator is directly drivnthe
turbine without using gearbox can be interestifgtsm [4,5].
The generator is an important element in theedri
train as it realizes the energy conversion from haewal
gnergy to electrical power. In direct-drive systetosv speed
permanent-magnet (PM) machines are mainly usedhim
case, the rotational generator speed is typicalgva 50 rpm
for high power turbines (TSTs).

The converter allows the control of the generatuat
the power regulation before its injection to thédgSeveral
architectures of power converters are possible T&Ts
application [7]. Back to back IGBT PWM converterg ane



the more considered options for high power systémsre
than 100 kW)

. A storage system, can be used
configurations for smoothing the electrical powefdre its
injection into the grid [8].

B. Studied System and Proposed Study

Referring to literature [9], the gearbox and thedels
variable pitch system are the main sources of railand
maintenance in wind turbine application. With tiqadwer
generation, the maintenance is a key future bec#use
extremely difficult to operate on immersed seawaigr's. In
addition the maintenance adds significant additiaosats. In

influence on the final results. The aim of the pajeto
evaluate this influence on the generator designlteesThis

in particulgtobal design methodology is described in the seéquart of

the paper. In the third part, two designs are aeue
according to the given methodology for two turbine
characteristics and the results are discussedll lhNow us to
analyse how the shape of the different parts oftthibine
power coefficient curve (width of the growing pamd the
descending part, maximal value) will impact the gyator and
drive design.

Il. DESIGNMETHODOLOGY

A. Tidal Resource Modelling and Analysis
In this study, Raz de Sein tidal site, Franceoisstdered

order to reduce maintenance requirementS, a Simﬁ'@nks to its h|gh tidal current VeIOCity and faafle location

architecture of the drive train is considered iis ttudy (see
figure 1). This system which uses a direct drive §&nherator
is considered. The turbine is a fixed pitch turbirihis kind
of system is used in some major industrial projextsfor
example in Open-Hydro or Voith Hytide projects [4]
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Fig. 1. Marine current turbine drive train, withiett-drive generator and
fixed-pitch blades

Power limitation strategy is interesting to a castactive
sizing of electrical parts of the energy conversaain. It
avoids a significant over sizing of the electricdéments.

When the turbine has variable pitch blades, the guow

limitation strategy is achieved mechanically byyiag the
blades pitch angle. For fixed pitch turbines, thewer
limitation control have to be electrically carriedt by torque
and speed control of the generator. A strategyetalble to
make this power limitation possible is to use ospeed flux
weakening operations as proposed in [10]. In tlzipep we
use a specific design methodology of a radial fdexmanent
magnet (RFPM) generator taking into account thiscsj
control strategy of power limitation [11]. A globaesign
approach of the generator to take into accountetispecific
requirements is described. This methodology taket® i
account the tidal site energy potential, the cdratategy, the
power converter constraints and the turbine charistic C,
curve). In this design process, several modelasgeciated in
an under constraints optimization process. It take®
account: the control strategy, the generator sigatiéns, the
energy resource characteristic, the turbine poweefficient
(Cp) law and the converter voltage and current coimgga

Using this approach the shape of fBgcurve has a strong

near the coasts. The GPS coordinates of the stsitiedare
(pp = 48°02'42”, G=4°45'45"). The used data consist of the
velocity values for each hour during a tidal period
8424hours [1]. The considered period is sufficigntl
significant to have a good idea of the tidal curneariation in
the lifetime of the system. The tidal velocity isré varying
between -2.75m/s to 3.63m/s. Figure 2 show the citglo
variation during the considered period. This tigggies can
be determined based on tidal current data from SHBf@nch
Navy Hydrographic and Oceanographic Service). Intfz
study the flow is assumed to be steady and theikembe and
sea state influence are neglected. If the tidabdpmnge is
divided byn interval and the speed in tH&interval isv;, Fig.
3 represents the occurrenc&€3CG (number of hours)
corresponding to thé"tidal speed interval in the considered
tidal period.OCG corresponds to the number of hours in the
i tidal interval around the speed

Knowing the occurrence of the tidal velocity, itasssible
to calculate the corresponding energy potential sitgn
(Wh/r) by the following formula.

v?‘xocq(vi)

D
Where Eip is the energy potential given in (WHMpuater is

i 1
EIp (Vi ) = E Pwater

the water densityy; is the tidal speed, an®@CG is the
occurrences at spesgd

T T T T T
4 4
3 4

2| i

|

0 4
1

.2I
3 4

I I I I I I I I |
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Time (Hours)

Tidal velocity (m/s)

Fig. 2.Tidal velocity in Raz de Sein site, France



The turbine is characterized byG, (power coefficient)
1200F ‘ ‘ ‘ ‘ ‘ ‘ "] law. For a fixed-pitch turbine this factor is cafeied to
depend only of of the Tipp Speed Rafio, Tip Speed Ratio is
defined as the ratio between the blades periplsped to the
tidal current speed.

A= Qx ( Dturbine/z)
v

10001

800

©)

600+

Occurrences (Hours)

400 WhereQ (rad/s) is the generator rotational spd2gine (M)

is the turbine diameter andm/s) is the tidal current speed. In

this study,C, curves are fitted by an interpolation functiom. |
all the study the used velocities are consideretetdn the
0 n same direction as the turbine axis and to be abkxtracted
Tidal speed (m/s) in similar way in the two (ebb and flow) directiofisse of a

Fig. 3. Occurrences (OCEversus tidal velocity®) : France : the data symmetrical turbine or use of a yaw system).

corresponds to the time serie of fig 2 (8424 hours) As an example the figure 5 presents g data of an
experimental underwater turbine prototype whictstisdied
Figure 4 illustrates the energy density potentialsquare in [11] and the corresponding interpolation funatidn this

meter of turbine swept area distribution deducedf(1) example the C, curve reaches his maximal value

Comax = C p( o) = 0.46 for Mg = 6.

200

In the presented example case, the used interpolati

Il cinetic energy of tidal currents per m® function is given by eq (4). Thi€, curve is used here to
3l illustrate the design methodology. For the resgitgen in
e section 1ll, two othersC, curves with the sam€&;m. are
S 25 considered.
s
t Ll C,(\)= 0.0195\2( 1.317d 03159 _ 0 0867 chs 0.4009 5.6);: 4)
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05 — Fitted Cp characteristic of the turbine :
05 « Experimental Cp characteristic, Bahadj and al 2007 7}
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Tidal currents velocity (m/s) ! ! ! ! ! ! |
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B. Turbine modelling ; ; ; ; ; ; |
. . o O R i T e e G =
If the energy potential of the tidal site is knofar each l l l l l 1 |
speed value, it is possible to calculate the terl@Ertractable | | | | | | |
1 1 1 1 | 3
energy by % 2 4 6 8 10 12 14

. . A (Tip-Speed-Ration, TSR)
E' (v) = E, (v )% Supine* Go(A(v))) @ o

Fig. 5. Cplaw of the turbine presented as an example.

Where Sypine = T D? /4 is the turbine blade swept area C. . Control Strategy

turbine
andC, (A(v)) is the power coefficient given for a Tip-Speed-

Ratio (TSR)A(v;) which is determined for each speed valtue In this section, the turbine control strategy i§irted from
the tidal speed characteristic and the turbine iipations.
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For a given value of2 andv the turbine extracted power is ! {
calculated by (5) 1200F - — - - [

T T

| —v=1m/s
—r— _ __ _I__ ——v=1.65765m/s {

: —v=23153m/s

|

——v=2.97295m/s

|
|
|
1000 — — - — |
|
|
|

F%urbine = 1_8praterD2turbing p()‘)‘va‘ (5)

®
o
=]

In Fig. 4, it can be seen that the tidal currenérgp
potential is very low at high tidal speed. It igthobvious that
the limitation power strategy is necessary to avaigower
oversizing of the electrical conversion chain. Fegu6,
particularly illustratesP” that denotes the turbine reference
operating power (control strategy). It is calcuthby (6). This
power limitation strategy is illustrated by Fig.enda is o

600

Power (kW)

400

described as follow. R R e e
T 2 3l . Fig. 6. Extracted power and used control strategy.
o_ _pwaterDturbin pma)LV ‘ if |V| sV Lirr
p-=:8 (6) _
Pim  if V>V Qi = F—HmZLim _ (10)
I I " (Dturbine/z)
For v<vym, the turbine speed is, of course controlled by trke d
converter to reach the optimal value of the TSRwhich n
corresponds t€ymax( Cp value is considered to depend only of 60
the TSR ) Niim = Quim *n (11)

PLim is the limitation value of the turbine power (itee rated
power of the generator). P, is known, it is obviously where),, is calculated by solving the following equation.
possible to determine the limit tidal speeg, (i.e. the rated
tidal speed) where the limitation power strateggapplied. It

P
is calculated by o )_( Lim

=0 (12)

mn 2
g pwaterDturbine

)

Viim = Rlim @) Equation (13) gives the extracted energy by thdinar
i’/[np D2. . C j corresponding to th€, law of fig.5 considering the chosen
water = turbine~ pmax L . . ; e .
8 tidal site and adopting the described limitatiomvpo strategy.

n
=) PY(v)x0cc(v, 13
The base rotation speéd, (rad/s) of the generator is thenEextraCted Z:;‘ ( ') '( ') (13

deduced as below
Figure 7 gives the extracted energy when the liipita
power rate is varying?,in, is varying from 5% to 100% of the
AoptV Lim 6) maximum power that can be extracted by the consiter
(Dturbine/z) turbine Pmax= P(CpmaxVmay = 1245kW in the studied case). In
this case the considered turbine has a diametdr2of and
begins to operate at a tidal speed of 1m/s (thbirteris
) ) ) stopped under 1m/s speed of water current). Itriglednows
Then the base rotational speed in rpm is: that limiting the power at high tidal speed to 3% the
maximum turbine power is enough to extract 87.5%hef
total extractible energy. Then the limitation powsrset to
N, = be@ (9) Pum = 374kW. According to this control strategy thebine
21 operates until 7864hours with MPPT control and 5608 in
power limitation mode. Therefore 75% (656MWh) frahe
) ) o ) . total extracted energy (884MWh) is extracted durithg
_The _maxu_nal speed (given at the limit operatingnp@f \ppT control mode and 25% (228MWh) during the
Fig. 6) is defined by limitation power mode. It can be noticed that ifstbase the
amounts of extracted energy for a given turbinengiter do
not depend on the shape of tliy curve. These amounts

Q=



depend only of the maximal value ©f, Cymax Of the value of described in [11],[14],[15]. These models allow ccdéditing

Pim and the of the efficiency of the drive train.

The torque setpoint characteristic that the geneidtive
system should develop during an operating rotatiecpaed
cycle can be deduced from tR& V.S. Ncurve using eq.(14).

the electromagnetic torque, the electrical powes, dlectrical
losses and the thermal behavior over the speederang
operating cycle.

The generator design is formulated as an optinumati

problem that consists on minimizing the active parbsts

0 ) X : X .
ro= P (14) function C(x) under linear and nonlinear constraints. This
N><(2Tr/60) objective function takes only into account the metgn
copper, and iron sheets material costs (used go¥tgbare
‘v ; ‘, ‘, ‘, ‘, ; ‘, ‘, ; given in table 1). x is here the geometry variabl@he
100f — b = =l m— b m e oo oo s - constraints consist of:
| | | |
| | | | | | | | . .
901 E,=87.5% ~ AT - koo oho oo koo — Equality constraint on the generator torque at ltlase
S N 7 A N S N S speedy(X,(2y).
> | | | | | | | |
= | | | | | | | |
I 2 el S e e e i B I i Basepbim i i i i
| | | | | | | | 0 160 - - — — - fNFSN—=———F—— — — e
g | | | | | | | | | 160 T b'Fbjl Q : T ﬂ\ :
Q 60 — B e e L A e e E el ey A | \,'\\ | | | |
Q | | | | | | | | | 140F - - - — 4o — \—,’—\a\——\ ————— fo—m g ———— [E——
s ! \,
osof b | N | | |
| | | | | | | | | 120 - - - - [ / 77777\;7777+77774 77777 ————d
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Fig. 7. Extracted energy rate versus power limitation rate. 40 - - - - V"————: ————— b i -
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Figure 8 gives the torque characteristic that taeregator S S o T VTt T
should be able to develop in the presented example , .-~ l l ‘ ‘ l
(corresponding to theC, curve of fig. 5.) This torque 0 1o 20 Neomy 50 60

characteristic is then introduced as a specificatm design
the PM generator. It can be observed from thisréghat the
design torque characteristic can be introducednvasdesign
points. The first one is the base point where tlaghine must
develop the base torqug, (it corresponds to the maximum

torque) at base spedd,. The second one is an over spee —;

limit point, this point is introduced as a congttaiin the
generator design specifications. It traduces thgutl ' ;,, that
the generator should be able to produce at the mari

rotational speedll ., of the turbine during an operating cycle. R
e

D. Introducing Power Converter Limits

In our methodology the power converter constraits
taken into account. The converter is considere@ a®uble

bridge IGBT back-to-back one [5,10]. The grid samverter Fig.

Fig. 8. Generator torque setpoint specification.
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9.  Geometry of

the RFPM generat®, is the outer magnetic radius,

voltage is set t(ygrid = 690V (rms). This voltage correspond$ is the inner magnetic radius, is the rotor yoke heighty, is the magnet

to a typical output voltage of offshore wind turbin[13].

height, hy is the air gap heightys is the slot heighthys is the stator yoke
height, . is the magnet-to-pole width ratig, is the slot pitch widthg; is the

Then the maximum generator phase voltage allowedhby tyoth-to-siot width ratio.

power converter is here set¥@ax= Vgid. Vmax COrresponds to
the power converter input voltage.

E. Generator calculation method

The generator is a radial flux permanent magnethinac
and it is modeled considering the geometry illusglain Fig.
9. The models used for generator design consishlynain

Equality constraint on the generator

V(X,Quim)- This
converter input
These

two constraints are

phase voltage
constraint is introduced by the power

voltage.
introduced as equality

constraints to minimize the sizing of the generatod the

converter.

: . Inequality constraint on torque that the generatmyerter
electromagnetic model coupled with a thermal one as setis able to provide at the limit operating shéhereby



the generator torque im(x,2Lim) at maximum speed,;, TABLEL GENERATORSPECIFICATIONS
must be higher than the required torque at thiedp&his [~=onerator external diameter Dyeneras 3 m
constraint specifies the speed range where tN@ower limitation (rated power) P 374 KW
generator/converter can operate at constant maXil’ﬂ@lower converter input voltage Vina 690 V(rms)
power. Considering Flux weakening operations of PMMinimal  generator electrica| 96 %
machines this constraint is mainly associated eorttio | efficiency eteemin
between the stator armature flux which is relatedytclic | Maximum generator temperature | Tma 100 °C
inductance value and the PM flux. That means that i | \agnets coercive field Hy 10° Am
very large range of speed have to be reached, dhemp I"r/';?';ststCOSt 115 ://:3
factor of the generator will decrease [16] Copper cost 78 $/kg

- Inequality constraint on the electrical power fackP.
The power factoFP(x,Q,) at base speed must be higher [Il. INFLUENCE OF THE TURBINE CHARACTERISTICS ON THE

than a fixed minimal power factor valuEP;, This
constraint is introduced to avoid a very low poveator at
low speed.

Inequality constraint on the electrical efficiencyhe
generator electrical efficiencyeedX,£2,) Must be higher

GENERATOR AND DRIVE DESIGN

A. Comparison of generator designs for two different
turbines

According to the described methodology the generito

than a minimal set valugec min This constraint is defined designed and the obtained generator geometry pteesnare

to avoid very low generator electrical efficiency.
Inequality constraint on the

calculated for two different 12m diameter turbinéhese two

maximum generatdurbines are characterized by two very differ€ptd) curves.

temperature. This constraint ensures the thernaaifdity The maximal C, values of the two turbines are identical
of the generator. It is defined as the maximum temapre (Comac0.44) and the used control strategy is identittals
T(x,Q,) in conductors at base speed. The temperat@go supposed that the two turbines will begin idraet
T(x,Q,) should be lower than the maximum temperatugnergy only when the tidal speed is over 1m/s dmad the
Tmaxallowed by the conductors class thermal insulation value of power which corresponds to the base speder

Inequality constraint on the maximum magnetic fieldmitation) is identical.. That means that a saf¢v) is used

Hma(X) in the magnets. The magnetic field in magnets iR the two cases (considering eq. 6 the maximalgromhich

calculated by considering the worst case wherefltire

created by stator currents is in opposition with thagnets
flux. Therefore to avoid the magnets demagnetinatibe

value of magnetic field should be lower than thegres
coercive fieldHy;.

Linear inequality constraints on the generator getoyn
variables. They are introduced in the optimizatwoblem

to ensure generator feasible geometry.

This optimization problem is summarized by Eq. (16)s

performed under the Matlaboptimization toolbox with the

fmincon algorithm. To achieve this optimization a set of !

common parameters used in this study to definedhstraints
are given in Table I. In equation 1B andUB are respectively
the lower and upper bound of the geometrical et

X' = min[c (x)]
r(x,Q,)-ry=0
V(%,Q,) = Vya =0

T (%,Q )+ <O
~PF(x,Q,)+PF, <0
Tx,Q,)-T,. <0
|Hoe %, Q)| = |H
Netee(X Qp) +N e, <O
LB<x<UB

(15

<0

corresponds to the power limitation is reachedtfe same
speed Viim).
the methodology presented in previous part, thet amount
of energy extracted by the two systems with thestered
strategy is identical. The two turbi@(A) laws are shown in
fig.10.

i i E—Turbinel
! ! | —Turbine 2

0.4 ”””” 17 TN TN T T T T L |
1 1 1
| | |
| | |

0.3F----- R N N ]
| | | |
o | | : |
| | |

0.2 [ e S e
| | |
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| | | |
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0 1 | ! !

0 5 10 15 20 25

Fig. 10.TurbineCp(/) laws used for the comparizon.

These two turbines characteristics correspond to tw
different turbine designs which have been studielitérature.
The first one (turbine 1) is extracted from [17]dais
characterized by a maximal power coefficient of40rdached
for an optimal Tip Speed Ratid,,=7.9. The free speed

With these assumptions that means, considering



(speed where th€, is null) corresponds, in this first case, to
TSR Ana=21.5. An interpolation of this first turbin€, curve
is given by eq. (16). The second one (turbine 2xsacted
from [18] and is characterized by a maximal poweefticient
of 0.44 reached for an optimal Tip Speed Ratjg=6.9. The
free speed (speed where t@g is null) corresponds, in this
second case, t0 a TSRu-11. An interpolation of theC,
curve of this second turbine is given by eq. (1@)equations

(16) and (17)3is the pitch angle. In the considered study, th

turbine is considered to be a fixed pitch one ahds
considered to be null. Considering the curvesigfl®, two
main differences can be seen. In a first handiuh®ne speed

corresponding to th€,nax for a given value of current speed

(or for a given power at MPPT) will be greater toe first

turbine than for the second one. That means thatrdbed

torque which corresponds to the base speed opgrptimt

(operating point corresponding t@;,,) will be lower in the

first case. In the other hand this first turbi@gshape is more
flat than the second one, that means that the rahgaating

speed in the first case will be larger than ingbeond case.

a
12001 -~~~ i 77777777 o —v=1m/s |
| —v=1.65m/s
| —v=231m/s
1000,,,,,,,,,‘ ,,,,,,,,,, __——v=297m/s ]
—v=3.63m/s

800

600

Turbine‘Bower (kW)

400

200

40 80
Rotational speed (rpm)

Fig. 12.Power characteristics for th&2turbine (P VS N).

From these power curves the

116 %" specifications can be easily calculated. ThesauiS speed
Cp ()"8)20-2 T“ 0.48B - %e ' 16 characteristics are shown in Fig. 13 and allow éfire for
i (16) each case the two design points which are intradiuee
1_ 1 _ 0.0035 constraints in the optimisation problem describgeq (15)
A A+0.008xB B+1
140f - - -—------—--LT-—————- B e
e | -==-Turbine 1
151 S g 120 Fo----- -~~~ ===Turbine 2_
C,(A\B)=0.2 A—i—o.5s<ﬁ— 0.002p%* - 13)& A 17) g | | |
s S R R
METT o008 S ; ; ;
A—-0.02xp P +1 2 80 N R I R
The C, laws given in figure 10 and eq 16 and 17 allows tg ! ! !
determine the power VS speed (P*(N)). These two gyows 60 e A e -
charcteristics are different and are given in fitj.and fig.12 g ! ‘\\ ! !
S a0 P oo T
: : ; : : S : ‘ ~0
! ! ! ! v=1m/s 3 : : :
1200f = - - - : 77777 A~ : 77777 :77 v=165mis | g 20 - : —————— +‘ —————— :————
; ; ! ; v=231mis = ! ! !
oo N A : PR
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80 100

Fig. 11.Power characteristics for the first turbine

Rotational speed (rpm)

Fig. 13.Torque characteristics for the two turbines.

For each of the two studied cases, several opttinizdnas
been processed (by the previously presented me(kod
(15)). The problem has been solved for differetti@a for the
constraint related to the electrical power facfidre presented
results corresponds to the results obtained fohiteer value
of the power factor where a solution can be fourfictv
satisfy the other constraints (and particularly tdmmstraints
related to torque characteristics). It means thatgresented
solutions are those which minimize both the costtiod
generator active part and the sizing of the coevert

torque VS speed



Table Il gives the main geometric parameters of tthe
designed generators. Figures 14 to 15 shows tlgeidéspeed 140F - - - ==-Specified torque/speed characterisitic
characteristics that the designed generators agedciwith ___Torque/speed characteristic of the calculated
their converters are able to reach in steady stdte.figure 14 120 - - -, generator by considering Turbine 1
corresponds to the generator designed for turbiaedlfigures
15 corresponds to the generator designed for terdirin these 100k - m oo AN - i
figures these electromechanical characteristicscarmapared
with the specified torque curves of Fig. 13. Irtthoases the
characteristics of the generator are over the 8pdci
torque/speed characteristics.

This result implies that the electrical power kation
strategy at high tidal speed can be performed dnyy : : :
controlling the two converter/generator/turbinessatcording . ! ! !
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TABLE II. DESIGNEDGENERATORS MAIN o’ 1 : : ,
PARAMETERS 0 20 40 60 80 100
Rotational speed (rpm)
Generator Generator
for ) for turbine 2 Fig. 14.Torque characteristics fqr the generator/convelesigned for
turbine 1 turbine 1.
J Current density 3.345 2.91 Almnt
A_ | Electrical load 51416 45821 A/m
g, | First harmonic of the Air gay 0.647 0.609 - 160 - - - ==-Specified torque/Speed characteristic
* | flux density ’ ____Torque/speed characteristic of the calculated
P Pair pole number 84 79 B 140 - - - ‘ gene(ator by cpnsidering turbine‘2
ned Number of conductors in serigs 4 ) 120
per slot per phase
m | Phase number 3 3 - E 100
Syp | Slot number per pole per phasel 1 - é
k| Slot fill factor 0.5 05 - S 80
Winding coefficient given at 1 ) E
ko1 | first harmonic ! 60
R | Inner radius 1.35 1.35 m 40
R. | Outer radius 1.445 1.448 m
R, | Stator bore radius 1.3714 1.3723 m 20
Ln | Active length 41.3 51.5 cm 0
Bm | Magnet to pole width ratio 213 2/3 0 10 20 30 40 50 60
B | Teeth pitch ratio 49.12 49.6 % Rotational speed (rpm)
hs | Stator yoke thickness 1 1.05 cm Fig. 15.Torque characteristics for the generator/convetésigned for
hy | Rotor yoke thickness 1 1.05 cm turbine 2
hs | Slot height 5.9 6.1 cm
hn | Magnet height 5.9 6.1 mm 30 :
h, | Air-gap thickness 5.4 6.22 mm Il Generator for turbine 1
gp | Reached  electrical  power 0.8 084 . & 25/ Il Generator for turbine 2 |
factor (at base speed) ’ e
=
8 20f ]
(3]
=
S 15 ]
G
2 10} 1
o
<
g 5 :
0

Fig. 16. Cost of the active parts of the two generators.
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Fig. 17. mass of the active parts of the two generators.

Fig. 16 and 17 gives a comparison of the cost heddtal
mass of the active parts for the two designed geoes.
Figure 18 gives the comparison of the power factifrshe
two generators. It can be noticed that the genedgsigned
for the turbine 1 is characterized by a lower masd cost of
active parts than the generator designed for theine 2. It
can be explained because the required maximal ¢otqu
apply the power strategy is higher for turbine 2nthfor
turbine 1 because the base speed is higher (higlae of
Ao). Indeed, he maximal torque that the generator thas
develop in steady state under thermal constramtm ifirst
order directly linked to the active parts volum&ke increase
of base speed of 14% leads to a reduction of ab@Ut of the
cost and mass of the active parts.

Il Generator for turbine 1
Bl Generator for turbine 2

0.8

0.6+

0.4+

0.2}

Generator Power Factor (FP)

Fig. 18. Power factors the two generators.

Considering the power factors for the two desigmss in
Fig.18 it can be noticed that the generator desigoeturbine
1 has a lower power facto~P=0.8) than the generator

designed for turbine 2/P=0.84). This fact can be explained
because a higher ratio between armature flux andfleis
required for flux weakening operations to be ablegach the
larger range of speed associated with the turbirfehis lower
power factor leads to an oversizing of the convertged
current and to over costs related to the conversigns.

This larger required range of speed will probab$palead
to stronger mechanical constraints on the turbimethe drive
train which have to be designed to operate secatedyspeed,
Nim,» Which is around three times the speed correspgrno
the base pointNy). For turbine 2 this range of speed is
strongly reduced which leads to lower constraints tbe
power factor which can be reached and lower mechéni
constraints.

B. Qualitative analysis on the influence of the
hydrodynamic characteristic of the turbine on gexter
design.

In Fig. 19, the general shape of a turbi@g curve is
presented. This curve can be divided in two arée. first one
(A Area) corresponds to the growing part of ®ecurve and
the second one (B Area) to the descending pattedCf curve.

0.5

0.4

0.3

@)
0.2

0.1

Fig. 19. Analysis of the shape of the @w.

The curve is also characterized by its maximal &&lpax
obtained at an optimal TSR, Of course to extract
optimally the resource potential for a given tusbidiameter,
the value ofC,maxmust be maximized.

Some trends can be underlined to assess the io#ueh
the turbine Cp curve on the generator design:

In one hand, increasing the width of “A Area” (irasing the
value of A, ) allows to decrease the maximal torque that the
generator have to manage in steady state by inogpdke
power limitation rotating speed (base speed). Tdrigue, is in
first order, proportional to the generator activartprolume.

So a high value ofl,, allows minimizing the active part
global costs. In the other hand, the “B Area” mustarrower

as possible if the presented power limitation byrospeed
operation is used. Indeed, if the width of thisaai® reduced,



it allows reducing the constant power speed ramgea¢so the [3]
electrical constraints related to flux weakeningemgions.
This constraint is directly related to the valuetbé cyclic
inductance in per unit. That means that the
generator/converter set will be designed to opeatite higher
power factor (in the rated point) which leads tomere
advantageous sizing of the converter. It will ateduce the [5]
mechanical constraints in the turbine and the drirgn
related to high speed.

IV. CONCLUSION
6]

This paper aims to assess the influence of theinerrb
characteristics on the generator design constraifite studied
systems are direct-drive permanent magnet genaassociated (7]
with a fixed-pitch turbine and back to back IGBT RW
converter for tidal generation. A global design nogiology is [8]
proposed which takes into account the resourceactaistic,
the turbine law, the generator specifications, ecsig power
limitation control strategy and the converter coaists. The
used control strategy is only based on the generotrol
adopting a flux weakening approach to limit the polwy over
speed operations. With this design approach, thpesiof the
power coefficient curve of the turbine has a strinflyence on
the generator design because it impacts on bottated torque
of the generator and the flux weakening constanivepo
operation speed range. This speed range impadastlgithe
power factor of the generator. This power factodiectly
linked to the sizing of the converter. Tw®, curves with
different shapes and the same maximal values ofepovi?]
coefficient are used. These curves are consideredaracterize
12 m diameter fixed pitch horizontal axis turbinesTwo
corresponding generator designs have been calduldth the
proposed global method and the results are distusHeas
study allows determining qualitative general rules the
influence of the turbine characteristics on theigteof the
converter/generator set. However in all the study flow is
assumed to be steady and the turbulence and séa sta
influence are neglected. Further works can be coesluo
assess the influence of such disturbance on thétses

9
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