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Design and Performance Analysis of Double Stato
Axial Flux PM Generator for Rim Driven Marine

Current Turbines
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and Mohamed Benbouzi&enior Member, IEEE

Abstract—This paper deals with the design and performanceralysis of double stator axial flux
permanent magnet generators for rim-driven marine arrent turbines (MCT). Indeed for
submarine applications, drive train reliability is a key feature to reduce maintenance requirements.
Rim-driven direct-drive multi-stator generators can therefore be a very interesting solution to
improve this reliability. In this context, the presented work focus on the design of a double-stator
axial flux permanent magnets (PM) generator as a m-driven direct-drive multi-stator generator.
The paper details the models, specifications and awptimization procedure that allow to
preliminary design these kind of generators for im-driven marine turbines. Thereafter, validations
with finite elements computations and performance aalysis considering particular design of rim
driven generators are presented. The obtained ressl highlight some designs issues of PM
generators for rim driven marine turbines. In order to assess the effectiveness of the double stator
axial flux PM generator, a comparison with a desigad surface mounted radial flux PM generator
for rim marine turbines is carried out.. The compaiison highlights that the double stator axial flux
generator presents a better cooling and a reducedtive parts cost and mass than the radial flux PM

generator.

Index Terms—Marine current turbines, rim-driven, permanent magnets machine, axial flux

generators, electromagnetic model, thermal modelfimersed gap.
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I. INTRODUCTION

Marine renewable energies constitute a very inteig@alternative to be combined to other renewable
energy sources. Indeed, tidal energy is predictadalry years in advance [1-2]. The predictabilityidél
currents makes the electrical energy managemengraasn all other renewable energies. This energy
resource allows to limit the visual exposure, tioeustic disturbances and to reduce the environment
impacts. However due to the sea immersion, maria power generation requires ultra reliable, aatfd
waterproof technologies [2-3].

Marine currents kinetic energy can be harnessedgusimilar technologies as those developed to
extract wind energy. This is particularly the ca$ehe firsts developed marine current turbines (MC
[4]. Because of tides low speed and to avoid bladestations, the turbine rotational speed is tg|hyc
below 50 rpm. If conventional industrial generatars used, their rated speeds are typically bet k6660
and 3000 rpm and multistage gearboxes must be [65e8uch gearboxes lead to reduce the drive train
efficiency and demand high maintenance. This psiparticularly penalizing for offshore and undetgva
technologies. According to literature [6], to maltee tidal current energy conversion economically
interesting, the MCT should have an approximat@y@ars lifespan with maintenance inspections every
5 years. Therefore, MCTs should be highly efficiand reliable.

Direct-drive permanent magnet generators appeasm asolution that can fulfill these specific
requirements. In direct-drive MCTs, the electrigaherator is directly linked to the turbine shathis
leads to eliminate gearbox and requires the usevospeed generators [7]. In this context, mainteea
requirements are significantly reduced and theedtiain efficiency is improved. However, the getara
active parts mass and cost are expected to berhfgtmmpared with more conventional geared andh hig

speed industrial generators, considering the sabed power.



Regarding MCTs design, with rim-driven topology thenerator is placed on the turbine periphery and
seems more favorable in term of hydrodynamic beirathan a POD system, where the generator is
inserted in a nacelle [8]. Referring to [8], inienrdriven system, the electrical machine voluméess
disturbing the water flow. Furthermore, rim-driveathnologies naturally imply direct-driven generato
and the large generator diameter ensures a recdwtee parts mass (in a rim driven system, therrate
generator diameter is slightly higher than theihetblade diameter). As example of industrial rinvehn
MCT device [4], OpenHydro is probably the most matiechnology (fig. 1¢). This rim driven turbinesha
16 m diameter and 500 kW rated power. It shoulgppdwated-out that the design of such a generator is
quite unusual as the active parts are locatededbldes periphery (Fig. 1a). Moreover, in previsasks
of our team a rim-driven MCT demonstrator usin@aial flux permanent magnets (RFPM) generator has
been designed and tested at the French Naval AgaResearch Institute, Brest, France (Fig. 1b) QB-1
the tested rim driven technology has shown an eagmyg results.

The presented work has been initiated in [11] antsdo assess the potential of a double statof axia
flux permanent magnets (AFPM) generator as a rstdtier generator for a rim-driven MCT technology.
Indeed, multi-stator axial flux machines can beilesting solutions for direct-drive turbines. Aaliog to
literature overview, some MCT and some wind turbimolve axial flux generator technologies [11-12]
C-GEN technology, developed by “Aquamarine Powerhpany, uses a solution that integrates an air-
cored axial generator characterized by a zero oggtprque and high modularity possibilities [13). |
[14], a contra-rotating tidal turbine (CoRMat prcijeis developed by the University of Strathclyde
(Scotland). It includes an axial flux permanent metg generator. Clean Current Ltd company have also

developed marine current turbines based on thefuseal flux generators [15].
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Fig.1. CAD drawing of rim-driven concept (in thiew the electrical machine is an RFPM generator)
(a), rim-driven demonstrator that uses a RFPM gaoef10] (b), OpenHydro rim driven tidal turbing] [

(c).

In [16], a modular axial flux permanent magnetsegator is proposed for wind turbine applicatioms. |
comparison with radial flux machines, axial flux chanes could enable a better compactness, a better
efficiency [17], and high-speed operation abilify8]. In [19], axial and radial flux permanent matme
machines are compared. According to this study, MRachines are suitable if the active length isyver

short and the pole number is high. Because of tigimeter, rim-driven generators are characterized b



very short active length and high pole number. H@wvan AFPM machines the high electromagnetic
axial forces between stator and rotor generatessehamical stress that can make the manufacturing
process particularly hard [20]. In order to redtlese axial forces, multi-stator AFPM machinesyliges
stator AFPM machines [21] can be considered. Italan be noticed that multi-stator AFPM machines
can be more reliable as, if a fault occurs on dritbe stators, the generator can operate at ddraof the
rated power using the remaining healthy statorgaRing to the presented considerations the design
double stator AFPM generator for a rim-driven MG@Tproposed in this paper.

In this paper, a brief discussion about generaidnifte association is given in section I. In seclip
the design specifications of an industrial MCT a&nel geometry of the proposed double stator axix fl
permanent magnets machine are described. Thig speaifications will be used to perform the design
a double stator AFPM generator for a rim driven M@T section lll, the double stator AFPM generator
electromagnetic design model is described. It ctesof a partially inversed electromagnetic model
developed for high diameter and high poles numbeal &lux machines. In section IV, a lumped
parameter thermal model of the generator is estaddi considering particularities related to gap
immersion . In section V, the models are associatetithe constraints are defined in order to foateua
constrained optimization design problem. This peabls solved considering typical MCT specifications
In section VI, the optimization approach will beedsto determine a generator geometry that minimizes
the active parts material costs under constraiBtgh electromagnetic and thermal finite elements
simulations are then performed for validation pggs In addition, a thermal model sensitivity stbdg
been carried-out to validate the immersed generdtermal modeling. In the last part of this paper
(section VII), a classical radial flux surface mtath PM generator is designed using similar modets a
methodology for the same MCT specifications. Thasign is then used to compare the RFPM and double

stator AFPM generators for rim-driven MCTs.

Il. DESIGN FEATURES OF RIM DRIVEN PM MACHINES

A. General design specifications

To carry out a realistic design study, the usecifipations are inspired from the Seaflow turbine
which is an industrial MCT device. Seaflow has beesalled in the north Devon coast of England sinc
2003 [22]. With 11 m diameter and rotating at 1brfor a 2.5 m/sec tidal current velocity developing

300kW rated power. These turbine characteristiesuaed, in this paper, for the design of PM genesat



in a rim-driven context. The configuration of rimvaen system implies that the generator interndius,

the mechanical torque, and the electrical generated speed, are constrained by the blade geaaletri

characteristics and the turbine operating pointh& mechanical and viscous losses are negledied, t
electromagnetic torquelgy> of the generator can be considered equal tautiene mechanical torqu@

as given by relation (1). According to these coesations and to classical design choices of PM

generators the given data of table 1 are usedlftreastudied cases.

(Tew)=Q (1)

TABLE 1. DESIGN SPECIFICATIONSSET.

Turbine radius Ro 55 m
Turbine torque Q 191 kKNm
Turbine rated speed N 15 rpm
Tidal current velocity v 2.5 m/s
Magnet pole-arc to pole-pitch ratio Bm 0.66 -
Slot fill factor ks 0.65 -
Winding coefficient given at the first harmonic Ko1 1 -
Electrical angle between phase electromotive farce
phase current v 0 rad
Generator phases number m 3 -
Slot number per pole per phase Sop 1 -
Required generator electrical efficiency Helecmin 0.9 -
Maximum allowable temperature in slots Trmax 100 °C
Sea water temperature (ambient condition) Twater 30 °C

In order to evaluate the active parts costs argkkghe set specifications are completed by aefithie
characteristics of the used active parts materldls.data related to the used active parts matearal then

given in Table 2. As magnets materialg=MB magnets are considered for their high energgitertheir



high intrinsic coercive fieldH > 16 A/m), their high operating temperature, and a loss of the
residual induction (less than 2% per 10 years [2BPse characteristics makes them suitable toneeha

generators reliability particularly for marine turbs where high reliable components are necessary.

TABLE 2. ACTIVE PARTS MATERIAL PROPERTIES

Magnets (NsF<B) [23]

Residual flux density B 1.22 T
Intrinsic field coercivity He; 1208 kA/m
Operating temperature - Under 100 °C
Relative permeability rm 1 -
Density Pragnet 7400 kg/nd
Price [24] Chnagnet 115 $/kg
Standard F.S iron sheets[25]
Operating frequency felec 50 to 400 Hz
Maximum flux density value where

saturation appears Beat 1.49 !
Iron sheets thickness - 0.35 mm
Specific iron losses at 50 Hz Preo 2.5 W/kg

Relative permeability - 5000 -
Thermal conductivity Airon 25 W/nf
Density [26] Presi 7700 kg/nd
Price [27] Ciron 1 $/kg

Copper at 20°C

Electric resistivity pcu | 1.6779%10° Q.m
Copper equivalent thermal conductivity Acopper 0.8 W/nft
Density Peopper 8960 kg/nd
Price [24] Ceopper 7.8 $/kg

B. Double stator AFPM description



In order to assess the potential of multi statoasmmes, a double stator AFPM machine is considered
This machine has two discs (stators) that suppoet windings (Fig. 3). The rotor magnets are
mechanically linked to a rim which surrounds thebtoe blades. The rotor and the stator surfaces are
considered to be covered by a layer of insulatirgemmal in order to separate the active parts from
seawater (details of the constitution of the statord rotor are given in the section Il and secti). To

reduce the drag on the whole structure, the statersserted in a hydrodynamic shaped hull.

(@) (b)

Fig. 3. 3D view of the double stator AFPM machiag BD sketch of the double stator AFPM machine

under a pole pairs width (b).

[ll. ELECTROMAGNETIC MODELING

A. Geometrical parameters calculation of the doulsi&tor AFPM machine

The electromagnetic topology of an axial flux gemer is intrinsically 3D, which makes the
electromagnetic modeling more complex. In this papsimpler approach is considered, where the @oubl
stator AFPM generator is assumed to electromagigtibehave as the corresponding linear generator
defined at the mean radius (this development isstilaited by Fig. 4). Thereby calculations are done
considering the geometry average radig) @s shown in Fig. 3b. This simplification is commhoused
for the modeling of AFPM generators. In the casarafdriven MCT, this assumption on the geometry is

particularly realistic because of the very largéugeof the generator internal diameter (turbinerditer



D = 2R, exceeds 10 m for high power MCTs turbines) andabge of the large number of poles that
characterizes the low speed direct drive generakogaire 4 illustrates the considered AFPM generato

geometry with the corresponding geometrical dimamsdefined at the mean radius.
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Fig. 4. 2D section of the corresponding linear nizelat mean radiuge, R, B, andp, are respectively
outer and inner radii, teeth pitch ratio, and magogole pitch ratioZnm Zg, Zns, Zv are respectively the

magnet height, air gap height, slot height andstaike thickness.
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The other geometrical parameters presented in4Fican be established by simple geometrical

relations, these parameters and simple relatiangigen in table 3.

TABLE 3. SMPLE GEOMETRY PARAMETERS DEDUCED BY BASIC GEOMETRICAL RELATIONS.

Inner radius R=R
Radial active length 4AR=R-R
Mean radius Rn=(R+R)/2
Pole pitch ratio T, =T/ p
Pole pitch width T=T,Rn
Slot pitch width Ty = TR, /(Sp,mp




The machine is supposed to be supplied with sidasaiurrents. The electromagnetic average torque

<Tew> can then be obtained by relation (2).

42

(Tau)= 2

KA B, S asin(smgj\cos(w)\ @)

Where$§; is the air gap area given By= 2nRAR, A, is the electrical current loaBgmaxthe maximum
air gap flux density.&,, is a correction factor that roughly takes into castt the magnets three-

dimensional flux leakages. The 3D flux leakagesnfyadepend of the ratio between magnetic air ggap (

and the machine active length.J [28]. This correction factor is given by relati¢d) that is established

for 0.1<&< 4,
L

m

—1-04 %
Ep =1 o.z{Lmj 3)

In the case of the considered double stator AFPNegsor, g, :ZZhg +Z andL, =AR. Then, the

external radiug:e of the electrical generator that allowing obtagnthe required average electromagnetic

torque for the giverdy andBymaxcan be derived from equation (2) by solving eaquagy).

(Tew) “o 4)

F{? +R I? - E‘g R- R_ T
22K A B, sin(Bmzj cogW),

It is then obvious that the maximum torque for givloule losses is obtained by controllipdo zero
(p=0). This control will be considered for the desigted point.
To determine the minimal value of mechanical ap ggis defined as the distance between the stator

teeth and the magnets, a coefficiepts introduced (equation 5).

Z,=k,D, (5)



This coefficient depends on the structural mass,electromagnetic stress between the rotor and the
iron-cored stator, and several mechanical forcéimg@on the rotor [20]. According to [21kp can be
typically set to Yoo of the mean generator diamef2y, for large direct-drive generators. However rim
driven generators are characterized by higher derméhan conventional direct drive generatorsabse

of that it is suitable to enlarge tkg factor. This factor is considered equal #gn this study.

For an accurate estimation of magnet height a 2D formulation that takes into account therinte
polar flux leakages is used. Indeed, relation ¢6jerived from a 2D model issued from solving tieédf
equations by using the method of separating vasaf#9]. The calculation is performed considering a
equivalent slotless linear generator. The averafieeince of the slotting effect in the gap permeaisc

taken into account by considering an additional @gp

(6)

In (6), T is the pole width (given in table 3 and fig. 4),is the mechanical gaB; is the magnet residual
flux density,um is the relative permeability of magnets. . Relatd) is valid for open slots generators, it
is used in this study to calculate the additiorgh @ [30]. According to [30], (equation (7)) is more
suitable than classical Carter coefficient whenrttaehine magnetic gap is large, which is the casegb

diameter rim driven generators.
Z, =22 [B @)+ (2-B)n2-B,)] ()
I

15 IS the slot pitch width (see table 3 and fig. 4). Twwid apparition of saturation in the teeth, a
maximum value of the flux density in the soft magmenaterialBs;; is fixed.B; is calculated by assuming
that this level of flux density will be reachedthre teeth for the worst case study where the fleixsdy
Bymax Created by the magnets and the flux density aldayethe armature currents at their rated value are

summed @ = +7/2) (relation (8)).



Bt - % + 2 uo“rm\/EALT[Rn (8)

B... [th+2urm(Zg+ Zgﬂ Sy, MPB,,

Whereyy is the air permeabilityg,, is the number of slots per phase per pSig=Q in this study)mis
the phase numbem&3 in this study) ang is the pole pairs numbep {s an integer value).

To avoid excessive stator yokes saturation, theirmim yoke thicknessZy is calculated by
considering that the flux density levBL,; where saturation appears is reached in the yokeshe
maximum magnets flux densiymax Summed to the maximum flux density created by dheature
windings. In a similar way that for establishinguation (8), this calculation is based on the waeste

where the stator and rotor flux are in additivefouration (U = +n/2). Zy is then determined by relation

(9).

7 :B TRn Bgmax +g MM iV ZATE Rj (9)
Y m
2p B, 3(th+2urm(zg+ Zg)) S,,mp B,

For a given set values of the linear electric ingd (RMS value), the current density in the copjper

(RMS value) and the slot fill factds, the equation (10) allows to determine the mininsiot heightZy,s.

Z. .= _ A (20)
kf J (1_ Bt )

C. Magnet field in magnets and electrical efficiepestimations

The maximum magnetic inverse field 5 in the magnets is evaluated to ensure that dertiagtien is
avoided. The expression of is given in equation (11) f&,, = 1. This expression is established for the
case where the stator and rotor flux are subtraatives @ = -n/2) which corresponds to the worst

encountered case during generator operation.

2J2rR A + Z(Zg + Zg‘) By..
MPS, ( Fn* 20 m( Z* 3)) Mo

[Huvas| =

(11)



By considering the machine Joule losBgsq, andthe iron losse®r. (orat the turbine rated operating

point (table 1), the generator electrical efficigrman be roughly estimated by relation (12).

P + P
Do =1-—_J-ot Fertot (12)

(Tew) Q

IV. THERMAL MODELING

A. Thermal network modeling

A lumped parameters model is established to stuelgteady-state thermal behavior of the statdnef t
AFPM generator. Only stator copper and iron losaes considered as heat sources in the thermal
resistance network model. This thermal model is ldgesl considering heat transfer under a tooth pitch
width. Indeed, the heat flows exchanged betwees slad teeth are taken into account (2D networkg. Th
heat flows pass through the different materialsstirting the stator tooth pitch (Fig.5) to be thssed at
last in the stator external sides (gap side andlaazde). Figure 5 shows a sketch of tooth pitebngetry
and the considered heat fluxes. It should be meetidhat only conduction and convection heat texssf
are considered. The heat flow is assumed to be flidlgipated to the external sea water area and the
immersed gap area in each side of the stator. &untbre, radial heat transfers and end windings heat
losses are not taken into account. Under this ngsis, the thermal model & priori more pessimistic

than the case where the radial heat transfer isidered.

Heat flow

Sea water (external

area of the stator) ~ | Half tooth
Frame which insulate _: _____
the yoke from Sea | =
Water | T -
Yoke of the stator - = ¢ - — — — S%
T 38 <t = - Slot
M e e - _____ ‘_U C
Insulation | £ 8
|
! - - Resin
|
Sea water in : Half tooth
theAirGap ~ -~~~ "7~ 77
1
—_—— e N —————— -
1 zZ axis

Heat flown



Fig. 5. Considered geometry and heat flows unddotgpitch width.

In order to establish the values of the compongivian in the thermal network model, each portion of
material under the slot pitch width has to be medelFor heat transfer in the axial direction, an
elementary material volume is considered as shawhig. 6a, this volume is associated with an axial
lengthl, an internal and external radiRs andR., a thermal conductivity, and it is subject to a heat

dissipationPnea: The corresponding thermal modeling is given by big

(@) (b)

Fig. 6. Representation of heat flow exchangeserattial direction in a portion of material (a),

corresponding T scheme thermal modeling (b).

The thermal resistances for Fig. 6b configuratianderived from [31-32] and they can be expressed as

given in (13).
S
‘ )\a(F{f - RZ)
I

= _ 13
RZZ )\G(Fg_ Rz) ( )

_ -
(R -R)



For heat transfer calculation in the ortho-radiegction (from slots to teeth), elementary paralbgbed
materials volumes are considered to model tootht, a&hd the tooth to slot insulation material. These
volumes can be defined with a width(in the ortho-radial heat flow direction) and andaction section
Sone The related thermal resistance can then be eagxliby (14).

— lx
|1ond - AS (14)

cond

For all the dissipation surfaces (each lateral falcéhe stators), a convection coefficidnqt,, and a

convective are&:nyare considered. The convection thermal resistangen by (15).

1

[N .

|1onv -

The basic relations (13) to (15) are applied totlall part of the stator. They lead to establish the
thermal global network of Fig. 7 that models thdrraachanges occurring under a stator slot pitch

(Figure 7 elements are defined in the Appendix).
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Fig.7. Thermal network modeling under slot pitcldthi(slot + tooth).

B. Heat sources
For heat sources calculation, both copper andlosses in slots, teeth and yoke are consideredarfror
electrical resistivityc,, copper losses can be calculated in each slofiascton of the copper volume per

slot (Vcwsio) @and the current densifyin the copper.
R] :pCuVCu/s,lot‘:|2 (16)

Iron lossedre (W/kg) can be evaluated in teeth and yoke by ttlewing basic relationship.

b c
f B
Pre = Pro (f_j [B_Fej (a7)
0 Feo

Wheref andBg. are respectively the electrical frequency andirtwe flux density of the soft magnetic
materials.Pre is the iron losses wheh= f, (fo is the material characteristic frequencB)e, is the
corresponding characteristic flux density. The ealwfb andc are set to 1.5 and 2.2 respectively,

according to usual soft magnetic materials spetibos.

C. Convection coefficients calculation

Figure 8 illustrates the hypothesis taken to reprethe water flow and the heat transfer between th
machine and the sea water. The water flow is swggptisbe perpendicular to a cylindrical-shape reoirzl
which the double stator AFPM machine active parésiaserted. The sea water convection coefficients
can then be evaluated from this nozzle shape asgumpand considering an immersed gap. These
coefficients depend on thBReynoldand Prandlt numbers that characterize the water flow inside th

machine (in the immersed gap) and outside the madkeixternal side of the nozzle).
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Fig. 8. Hypothesis of cylindrical shaped nozzle dodble stator AFPM machine inserti@, is the

cylindrical shaped nozzle amg,, is the end windings length.

To calculate the convections coefficients inside f¢ap and outside the generator some parameters
related to the water fluid must be defined. Thetfgpecification parameter to be fixed is the satew
temperaturelaer. Considering this temperature, the set of follaygpecification parameters are used:
water thermal conductivit§twaer (W/m/K), water mass per volumgyaer (kg/m°), water heat capacitg,
(J/kg/K), and water dynamic viscosity (Pa.sec).

For the present study, the sea water temperatagsismned to be equal to 30°C. Considering the above

parameters, the thermal diffusivity coefficiemtand the water kinematic viscosity, (m?/sec) can be

estimated using relation (18).

Awater
 pCo
pwater p
(18)
v, = Y
pwater

ThePrandlt number can then be estimated by relation (19).

Pr=—c (19)

Equations (18-19) are used for sea water inside) @ad outside the generator (nozzle).



For theReynoldnumber, the gap area and the area located outsdrozzle must be distinguished
since the water flows are at different speed. Téxggndicular current speedand the tangential water
speedv; (that depends on the rated rotating speed andetherator radius) have to be known to calculate

Reynoldnumbers (relation (20)).

Re=—2¢ Outside the nozzle
i (20)

v.Z Z
= _t7g_eff _ R Zy e Inside the immersed g
§) V)

Re

C c

Where Zgt is the mechanical gap between the rotor and theatorst resin

(Zg_eff = Zg— mer_resm— Zstamr_res).mer_resinandzstamr_resirare respectively the resin thickness covering the

magnets and the stator active parts inside thgagir

Regarding the convection coefficient calculation the external side of the nozzle, the nozzle is
assimilated to a long cylinder. Considering a tigbtfluid flow on the outside nozzle area and ahly
forced convection, the averadrisseltnumber can be roughly estimated from relation @igording to

these assumptions.

NUousie = (0.4RE%+ 0.06RE®) P (21)

Relation (21) is given for 10 < Re <°1&nd 0.67< Pr <300.
The heat transfer convection coefficient is projpol to theNusselnumberNu.seand is calculated by

relation (22).

F]outside = Nu%de)\m (22)

c

The convection heat transfer coefficient in the iensed gap is calculated knowing thesseltnumber

in the gap areaNuy) which is given by (23); issued from [33] and taliato account only the forced



convection. It can be noted that with considerindyahe forced convection the Nusselt number is

probably underestimated.

Nug = 0.024 R&% (23)
Thus, the convection heat transfer coefficibpin the flooded air gap can be deduced from (24).

— N uQ}‘water (24)
Z eff

9_

hg

V. OPTIMIZATION PROBLEM FORMULATION
A. Parameters and design variables
In order to facilitate the distinction between gpeation parameters and design variables, two

specification vectorS, andS; are introduced as illustrated by relation (Z§).andS; components remain
constant during the optimization procedure. Thes®e ectors summarize the set of specification eelat
to the materials magnetic properties, the maténimal properties and the fixed geometrical patarse
(the value of these data are given in tablesl andr2 example ofS,, and$; vectors is given in relation
(25).

S.=[(T) R @ m s, B, k v B B HJ
St :I:Tmax Twater pCu BFeO I:)FeO )\ water )\ materials p water C p v d \Z|T

(25)

For the given specification s&$,( andS;), the design procedure aims to find a machinefttsas best
as possible the objectives and constraints. Usimajyical modeling and the study hypotheses, it is
possible to fully describe the machine geometrynfrihe knowledge of only four following key design
variables: the stator linear electric loadilig(Am™ rms), the copper current densityA/mm?) in copper,
the gap flux densitBgmax(T), and the pole pairs numbgr These four parameters are the components of

thex vector presented in equation (26).



T

x=[A J B_ p (26)

Indeed according to the electromagnetic model gimegection lll, it is possible for a given vectqrto
determine a single vectagrif the specification vecto®,, is known. The scheme of this inversion of the
Electromagnetic model is presented at figure 9e @bmponents af vector are respectively the external
radius,R., the magnet heighk,,, the slot depthZy, the yoke thicknesZy, and the teeth width rati@; .
These parameters associated withxrend S, vectors components allow to fully describe the nraeh

geometry as shown figure 4.

9=[R Z. Z. Z, B] 27)

/

Inverse Electromagnetic Mod

Fig.9. Electromagnetic model inputs/outputs.

The thermal model described in previous sectioowa| for a given vectox (and then for known
geometrical parameters), to calculate the maximuot temperature when considering thermal
specification vecto. This thermal model will be associated, in theigle®ptimization process to a non
linear constraint. This constraint will ensurettti@e copper operating temperature is lower than th

allowed maximal slot temperatuf@ax

B. Optimization procedure

To achieve the generator optimal geometry, an apétion problem is formulated. The optimization
variables are the components of thgector that allow determining the machine geomgtwen by the
vector,g, as explained previously. The optimization obptiunction aims to minimize the total cost of

the machine active parts, here deno@a). C(x) is evaluated considering the generator activéspar



masses. The active parts masses are determirmadkfrowing theg (deduced fronx) andS, vectors

components and from the costs given in Table 2tjoel (28)).

C(X) = Mcopper(X)Ccopper+ M iror(X)C iron+ M magnt_(tx) C magr (28)

M; andC; respectively denote the mass (kg) and the pridey®f each used active parts materials.

To fully define the optimization problem, some dpasts must be introduced. The first nonlinear
inequality constraint relates to the machine théroedavior. In fact, the maximal coil temperaturasin
be limited to satisfy the temperature limit thabhdae supported by the insulation materials in tloéss
(Tmay, this constraint is given by relation (29). Tleenperaturd (x) is calculated using the thermal model
as presented previously. Another nonlinear ingtyuabnstraint limits the magnetic field inside the
magnets to avoid their demagnetization, this camdtns introduced by (30). Furthermore, a nonlinea
constraint on the minimal electrical efficiencyingluded to ensure the required electrical efficieaf the

optimal generator; this constraint is introducedthi& optimization algorithm by relation (31).

T(X)~T.s0 (29)
|H e () =[Hg| <0 (30)
-n elec(X) + n elegin <0 (31)

WhereT(x) is the thermal modeHma(X) is the magnetic model that allows to determinentiaimal
magnetic field inside the magnets for each valdgéseovectox (Hma{X) is calculated using relation (11)),
neledX) 1S the model function that allow evaluating thec#tical efficiency of the generator for a given
variables vectok. Tmax Hc andyeecminare given in table 1.

Otherwise, a nonlinear constraint related to thie pair number limitation is added to ensure fdasib
machine shape. To fulfill the machine shape requems, a first constrainpfaxy), given by relation
(32),is introduced. This relation relates to thegfrency operation limits of the magnetic steel rations.
This condition should be respected to have a teabstimation of iron losses, given by the utitizeon
losses model (given in section Ill), which is valid the frequency working range of the iron sheets
(table 2). The second constraint is introduced &nthg a feasible ratial (in terms of manufacturing)

between the slot heights and the tooth width. Tlo¢ shape ratiol]l is calculated by relation (33).



According to [34] this ratio can be taken in theaxga OO[0min,0dmay = [4,10], to avoid excessive
mechanical vibrations. From the upper rafigax, another upper limitpnhaxg for the pole pair number can
be deduced. This second upper linpitdxo) is given by relation (34). The maximum allowaplaes pair
number is then introduced in the optimization pescas a constraint by relation (35). Considerirgg th
lower ratio[lmin , @ last constraint is introduced that fix a lowmit on the poles pair numbepini), is
defined to maintain the ratid into the intervall[J[4,10] during the optimization process. This coaisir

is established by equations (36) and (37).

2rt

elec

Q

pmaxl =

(32)

WhereQ is the generator rotational speed.

_ Axz2pm§,
k,J(1-B,)B, x 2nR

sy

P = MiN( Praxsr Praxz) < O (35)

b X ",
Proten)

- p + pminl < O (37)

(33)

(34)

pmax2 =

(36)

pminl =

At last, upper and lower bounds are introducedrasat constraints to restrict the optimization gpac

and then to obtain feasible solution (relation }38)



A, A A

'Jmin J ‘Jmax
LB<x<UB o |_ < < (38)
(gmax) .. Bg max (gmax),
pminz p pmax3

These bounds are setltB = [20000 (A/m), 1 (A/mm2), 0.1 (T), FtandUB = [150000 (A/m), 10
(A/mnf), 1 (T), 500"

Relation (39) summarizes the formulation of therapation problem presented previously:

X fmr(ninHC(x)H
T(X)— T, <O

|H ()] =[Hgg| < 0

md elec(x) + n elegn <0 (39)
P=MiN( Pracss Praxs) S O

- p+ pminl <0

LB<x<UB

VI. RESULTS ANALYSIS
A. Optimization analysis
Considering the given specifications of Tables d 2rand the proposed models and methodology the
optimization process is performed with SQP (sedakmuadratic programming) algorithm. This
optimization algorithm is available under MATLABmincon function. Figure 10 illustrates the
optimization algorithm evolution up-to the optimsdlution X’ convergence. Figure 11 gives the total

active parts cost (objective function), the eleetriefficiency and the slots temperature evolutiomning
the optimization iterations.
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Fig. 10. Electromagnetic parameters evolution dutite optimization iterations.

This figure 11 clearly shows that cost minimizatiand efficiency decrease are strongly correlated:
constraint relating to the efficiency is here fissturated. The other constraints are not saturtitedinal
conductors temperature is about 45°C (for 100°@wadll) and the final magnetic coercive field is abou
0.538 MA/m (for 1.208 MA/m allowed). This clearlh@ws that the temperature constraint related to the
maximum slot temperaturel {,) cannot be saturated because the electrical esffigi constraint is
saturated first. This is due to the good coolirigtesl to the subsea generator immersion. Furthemnasr
it is observed in Fig. 10, when the active partst ¢® minimized, the pole pair numhgrthe current load
A., and the copper current density are increasedesbethe air gap flux density created by magnets is
decreased. However, even if increastagandJ lead to lower active parts cost, these variabdgsot be

increased because of electrical efficiency constisaturation.
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Fig. 11. Objective function and main nonlinear d¢oaists evolution during the optimization iteratson

B. Electromagnetic design discussion
The design parameters corresponding to the optimable stator AFPM machine solution is obtained

with the previously described procedure, the ole@ioptimal machine is summarized in Table 4.

TABLE 4. OPTIMIZED DOUBLE STATOR AFPM GENERATORGEOMETRY.
Double Stator AFPM Generator (300 kW)

Current density J 3.8 Alnt (rms)

) Stator linear electric loading AL 58078 A/m (rms)
§ gap flux density Bgmax 0.295 T
Pole pair number p 448 -
g Inner radius R 55 m




Outer radius Re 5.538 m

Active length (radial thickness) AR 4.48 cm
Mean radius Rm 5.519 m

Polar arc width defined at mean radius T 3.87 cm
Magnet to pole width ratio Bm 0.66 -
Teeth pitch ratio Bt 0.248 -

Stator yoke thickness Zy 0.5 cm

Slot height Zhs 3.07 cm

Magnets thickness Zhm 1.2 cm

Air gap (magnet/stator) Zy 11 mm

Temperature in the slots T 45.7 °C
Electrical efficiency Nelec 0.9 -

Maximum magnetic field inside
Hmax 0.538 MA/m
magnets

Fig. 12a gives a scale drawing of obtained doultdos AFPM generator active parts volume.
Figure 12b shows a zoom on the active parts drawheascale. As expected the resulting double istato
AFPM machine is characterized by a thin axial adlal thickness, which complies with the requiretaen

of rim-driven marine turbines [11].
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Fig. 12. Sized double stator AFPM generator agiames volume representations (a), zoom on a machine
arc (b).

For validation purposes, 3D finite elements (FEnpatations have been performed for the obtained
optimal rim driven generator using Maxwell 8Boftware (Fig. 13). In this case, a difference twdiat 4%
is found between calculated electromagnetic torgneé the required one which is acceptable at this
predesign step. In addition, finite elements catahs also show that the calculated axial machine
magnetic circuit is not saturated as illustratedrign13. In fact, saturating the magnetic cir¢aireduce

iron volume is not an issue for rim drives becatingepart of the iron mass is not significant conegaio



the total marine turbine mass. Furthermore, inkimd of rim driven structures, the electrical gexter is

characterized by a large magnetic gap and a snaahime active length that lead to high 2D and 3 fl
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Fig.13. Flux density distribution 3D mapping (agsh of the double stator AFPM machine under a pole
width (b).

C. Thermal model validation and discussion

In order to estimate the thermal resistance netwaslel accuracy, a 2D finite elements computatson i
performed for the final optimal machine geometrythis case, FEMM software that allows solving the
heat transfer equation in steady-state operatiamsésl [35]. Figure 14 shows the obtained tempegatur
mapping under a slot pitch width. The analyticaltsltemperature evaluated by the lumped parameter
model is very close to the one obtained with fi@lement. The difference is here lower than 1%745.
for the analytical calculation and 45°C for the muwimal computation). It should be noted that samat h

transfer convection coefficients are introducetioth analytical thermal model and numerical sofevar
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Fig. 14. Temperature mapping under a slot pitchiwffinite element computations).

The heat transfer convection coefficients are h@wegsued from basic hydrodynamic formula
described in section IV. The accuracy of their reation is therefore not fully guaranteed. For that
purpose, the influence of these coefficients vemmabn the calculated slots maximal temperaturebeas
studied. Figure 15 gives a mapping of this coilmgerature according to the heat transfer convection
coefficients values calculated by relations (182#®). Figure 15 clearly shows that the convection
coefficients variations do not strongly affect glets maximal temperature. The temperature variaso
less than 10% when the outside heat transfer ctiomecoefficient exceeds 600 W/Kfm{housige >
600W/K/nf) when the calculated one is 4059 W/K/nndeed, it is related to the large values of the
convection coefficients due to the good coolingted to generator immersion in the sea water. dh fa
these high values of convection coefficients leadidry small values of convection thermal resiséanc
that can be neglected referring to conduction tlaéresistance of the insulation materials. Othezwisg.

15 clearly underlines that the slots temperatusven less sensitive to the air gap heat transiefficient

(hg).
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Fig. 15. Sensitivity of the maximal slot temperatuersus the convection coefficients variations.

Table 5 gives the machine heat flow repartitiomieein the nozzle external area and the immersedtgap.
shows that 25% of the total heat flow producedheylbsses is evacuated through the gap and onbyf H9é
heat flow is exchanged between slots and teeth siita! proportion of heat flow exchanged from shots
teeth is due to the small temperature differen¢erd®En slots and teeth. However, even if an imndegse
allows a significantly better cooling, the presenfavater in the gap leads to additional lossesatedl to
water viscosity that are not taken into accounthigyproposed models. In fact, the considered imedegap
has some advantages and inconvenient that areeddartable 6.

TABLE 5. EXCHANGED HEAT FLOW PROPORTIONS

Immersed gap convection coefficieff,() 4059.4 WI/K/nf
Outside convection coefficienbos..) 5042.6 W/K/m
Outside heat flow 10965 W/

Heat flow exchanged with the immersed gap 3748.8 man/
Slot to tooth heat flow 693 W/m




TABLE 6. QUALITATIVE COMPARISON OF FLOODED AND WATERPROOF IR GAPS

advantages inconvenient

. x Higher viscous losses and
v'better thermal cooling o _
frictions in the gap
v'"No use of special nozzle to _ _ '
Immersed gap x Need of special fluid bearings
ensure gap waterproof
x Resin inside the gap to cover

magnets and stator active parts

v Less viscous and friction
x Reduced gap thermal exchanges
losses
Waterproof gap _ _ _ x Use of reinforced waterproof
v No resin and special fluid
nozzle

bearings in the gap

VIl. DOUBLE STATOR AFPM AND RFPM MACHINES COMPARISO N
The aims of this section is to compare the studmuable stator AFPM generator solution with a more
conventional solution based on the use of radid flermanent magnets generator for the same rivesdri
specifications. For comparison purposes, a radied machine design is performed using a similar
methodology and the same specifications as fordihgble stator AFPM generator. The radial flux
generator design procedure implies similar elecagmetic and thermal models. These models have the

same level of complexity and accuracy than the osesd to design the axial flux topology.

A. Sizes and active parts comparison

A similar design optimization approach as in sethbis carried-out to optimize the RFPM machine
with considering the same design specificatione Uiked RFPM generator is based on classical design
options, with surface mounted magnets as shownigria. The resulting machine is compared to the
previously optimized double stator AFPM general@ble 7 gives a comparison between the both RFPM
and double stator AFPM generators geometry andeances main parameters. In Table 7, the volume
dimensions of the two generators (RFPM and doutdtors AFPM generators) are also presented for
comparison purposes. End-windings are included doysidering a simple half cylinder end-winding
geometry [36]: the end-winding diameter is consdezqual to the pole arc width. From Table 7 amglys

the following conclusion can be drawn: a doublésstAFPM generator appears to be more compact than



the RFPM generator when considering the activesparume sizes. However this difference is notlyeal

significant because both machines are charactefedery large diameters. Figure 16 shows slots,

magnets, and yoke dimensions, of the two optimgeaterators.

TABLE 7.DOUBLE STATORAFPM AND RFPMGENERATORSCOMPARISON

Double stator .
RFPM generator units
AFPM generator
Pole pair number 267 448 -
Inner radius 5.5 5.5 m
Generators radial thickness (with end
o ) 8.2 6.67 cm
windings for the axial generator)
Axial length (with end windings for the
_ 13.2 11.74 cm
radial generator)
Magnet thickness 8.6 12 mm
Current density in copper 3.663 3.8 Alfnfms)
Stator linear Electric loading 76981 58078 A/m (yms
Maximum gap flux density 0.250 0.295 T
Active length 7.3 4.48 cm
Magnet to pole width ratio 0.66 0.66 -
Teeth pitch ratio 0.235 0.248 -
Yoke thickness 2,95 0.5 cm
Slot height 4.23 3.07 cm
gap thickness (magnets to stator distange) 22 11 mm
Maximum temperature in the slots 49.5 45.7 °C
Electrical efficiency 0.9 0.9 -
Maximum magnetic field inside magnets 0.5888 0.538 MA/m
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Fig. 16. Optimized RFPM generator (Table 7) (ajirojzed double stator AFPM generator (Table 4) (b).

According to Fig. 18, the calculated double sta#&PM generator is more compact than the RFPM
machine in terms of active parts mass (25% reduabibthe active parts mass). Regarding the costs
comparison, the double stator AFPM generator ptesative parts cost reduction of about 20% (fi). 1
This can be explained by the higher poles numbéhetouble stator AFPM machine (Table 7). Indeed,
poles number is higher with the axial machine bseahe copper volume is distributed over two ssator
Then it becomes possible to find a higher pair poimber that matches a feasible tooth shapest{sfysa
the constraint on the tooth shape factor). For badlchines, a significant part of copper is useithénend-
windings (more than 50% of the total copper volume the end windings in the both cases). Thi$hig
volume is due to the small machine active lengtated to rim-driven generator integration (veryhhig
diameter). For the presented costs comparisonjntive materials are not taken into account. This
assumption is justified by the fact that these neprice would be much lower than the price ctive
materials (permanent magnets and copper) evee Hdtive parts mass is lower than the generatotrend

MCT turbine structural masses [21].
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B. Thermal behavior comparison

Regarding the thermal behavior of the double st&iBPM machine, the estimated maximal slots
temperature is about 45°C whereas the temperaturd9i5°C in the corresponding radial machine
(Table 7). This result confirms that the doubld®st&FPM generator has a better thermal behavibis T

is due to the current load distribution on the stators.

C. Achieved results versus required efficiency

In both axial and radial generators design cakes;anstraints on the electrical efficiency areiisdaed.
Therefore, the influence of the minimal electrietilciency value is studied (Figs. 19 and 20).

Figure 19 gives a Pareto front of the considerggabive function (active parts cost function) as a
function of the electrical efficiency. It is inteténg to note that the Pareto curve shows thagémerator
electrical efficiency presents two limit valuesdFIL9 curve bounds). The minimal efficiency limélwe
corresponds to the minimum active parts cost. Tvigr limit is reached when the temperature coirgtra
is saturated (for an efficiency of 0.9). In thisedahe current densityin the copper and the stator linear
electric loadingA,. reach their maximum allowable values. Accordind-tg. 20, the maximal efficiency
limit corresponds to the maximal active parts castl this upper bound matches the minimal losses
(balance between Joule and iron losses). Thusifiectelrive permanent magnet machines the irorelss
cannot be neglected when the generator is desmgitech maximal electrical efficiency strategy, evén

the generator speed is low.
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Fig. 19. Pareto front of total cost versus generatiiciency.
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VIIl. CONCLUSION

This paper is devoted to the design and performanadysis of axial flux permanent magnet generators
for rim-driven marine current turbines. Thermal amyerse electromagnetic analytical models are
described and integrated in an optimal designegiyathat allows designing direct drive rim driveRAV
generators. This original strategy aims to mininitze active parts costs and takes into accounnamal
efficiency constraint and marine context speciiaad. The achieved axial flux generator designleen
validated by both thermal and magnetic finite eleteecomputations. These computations validate the
used analytical models. Results analysis allowsetswbring some design issues for rim drives marine
turbines generators. Furthermore and for companewposes, a radial flux generator has been ogdsimal
designed with similar design models and with thenesaspecifications. The comparison of the two
topologies mainly shows that the double statorldkia permanent magnets generator has a lower eost

lower mass and better cooling performance.
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APPENDIX
P> = Joule losses in a slot;
P.s = Iron losses in the yoke under a slot width;
P12 = Iron losses in the tooth under a tooth width;

P23 = Iron losses in the yoke under a tooth width;

Ri11 = Thermal convection resistance in the floodedjap (under a slot width);



Ri2 = Thermal conduction resistance of the resin (uaddot width);

Ri3 = Thermal conduction resistance of the insulati@terial (under a slot width);

Ri14 = Thermal resistance of the lower part in T schefrs&ot (under a slot width);

Ris = Thermal contact resistance; it the T scheme of slot (under a slot width);

R»1 = Thermal resistance of the upper part in T schehséot (under a slot width);

R, = Thermal conduction resistance of the insulaiorder a slot width);

R23 = Thermal contact resistance (between yoke andatisn);

R»4 = Thermal resistance of the lower part in the fiesge of yoke (under a slot width);
Ros = Thermal contact resistanBg, in the T scheme of yoke (under a slot width);

R3; = Thermal resistance of the upper part in T schehyeke (under a slot width);

Rs2 = Thermal contact resistance (between yoke any hul

Rs3 = Thermal conduction resistance of the hull (urastot width);

R34 = Thermal convection resistance with sea watetefaide of the hull);

Rca = Thermal contact resistanBg, in the T scheme of the slot part (slot to tooththeansfer);
Rz = Thermal contact resistanBg, in the T scheme of the tooth part (slot to toaththransfer);
Rcu = Thermal resistance of the lower part in T schefrtee slot part;

Risot = Thermal resistance of the insulation (betweehashd tooth);

Rif = Thermal contact resistance (between insulabotiitsurface);

Rrer = Thermal resistance of the lower part in T scheifrtée tooth part;

R’11 = Thermal resistance in the flooded gap (undeothtwidth);

R’12 = Thermal conduction resistance of the resin (utmgh width);

R’13 = Thermal contact resistance (between insulabotiitsurface);

R’14 = Thermal resistance of the lower part in T schefreetooth (under a tooth width);
R’1s = Thermal contact resistanBg, in the T scheme of tooth (under a tooth width);
R’21 = Thermal resistance of the upper part in T schehteoth (under a tooth width);
R’2; = Thermal resistance of the lower part in T schemgke (under a tooth width);
R’23 = Thermal contact resistance fh the T scheme of yoke (under a tooth width);
R’3; = Thermal resistance of the upper part in T schehyeke (under a tooth width);
R’3; = Thermal contact resistance yoke/insulation serfander a tooth width);

R’s3 = Thermal conduction resistance of the hull (uradeyoth width);

R’34 = Convection resistance with sea water (outer gidke hull) under a tooth width.
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