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Linear permanent magnet generators are a potgntiséiful
technology for wave power applications. Typically, Subscripts
optimisation and comparison of these generatobased on

an electromagnetic analysis with limited regard the A
structural analysis. This paper presents a compaias two
alternative designs of the double-sided linear pewent
magnet synchronous machine which includes strucamd
bearing requirements for a more accurate assesssheost
and feasibility. It is shown that both cost andsfbgity
depend heavily on these issues due to the largenadtand

external forces acting on the machine.

machine, permanent
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1 Introduction

Wave energy converters (WECs) have working
surfaces that reciprocate at low speed and opevate
a wide range of loadings making conventional o#-th
shelf rotary generators less suitable than in gplogver
generation technologies. Permanent magnet (PM)
generators exhibit high part load efficiencies amklile
they have been demonstrated at sea to a limitezshgxt
designs are not yet fully optimised. Using diredt-l
generators reduces the number of moving parts but,
because of their low speeds and consequent high
forces/torques, adopting conventional machine
topologies leads to large and costly generators.

Optimisation of cost and performance requires

integrated structural and electrical design teahesqgto
establish the cost of energy produced. This work
explores how the design of the prime-mover, drive-
train, and generator may be fully integrated toirdef
lighter, cheaper, reliable machines that will operat
slow speed with improved efficiency over a widegan
of loads.
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Linear Generator Topologies Magnetic and Structural M odels

A number of different electrical machine types have To calculate the forces for the structural analyais
previously been compared for use in direct-drivemethod based on fitting a polynomial to data geteera
WECs. For example, Polindet al. investigated linear from finite element analysis (FEA) was used. Full
versions of induction generators with and withoohi  details of this technique are found in [4].
in the secondary, switched reluctance generatdvs, P In this case, the variable under consideration tivas
synchronous generators (with air- and iron-coredorce per unit area acting between the stator and
windings) and transverse-flux PM machines [1]. Baketranslator due to Maxwell stresses. This was cated!
and Mueller examined Vernier hybrid machines androm the FEA by extracting the average of the sejudr
air-cored tubular machines [2]. the flux density along the surface of the iron selzoy

These studies have tended to address the electridal the iron-cored machine and calculating the dorc
and electromagnetic aspects of the generator desigtcording to the equation

without really tackling the mechanical charactérgsof B2A
the machines. Work on low speed electrical genesato F= @
for direct-drive multi-MW wind turbines shows that 2/Jo

over 80% of the generator mass is required for the Following this, a least-squares fit was performed o
purpose of structural robustness — to prevent theéhe resulting data and a fit wi values greater than
stationary and moving parts of the generator défigc 0.95 was achieved for both machines.
under the action of magnetic forces — rather than The primary goal of any electrical machine strugtur
directly contributing to electrical power productif8].  is to maintain clearance between the stator and
In this paper, two designs are presented for a O.panslator. In low-speed permanent magnet machines,
MW linear iron-cored PM synchronous generator basethis presents unique difficulties due to the exebm
on the electromagnetically optimised designs prtesen high flux densities required to achieve a usefulv@o
in [1] but expanded to include: (a) structural ge&  output. In the machine in question, the net foreethe
and design (coupled to the electrical and magnetigrmature is theoretically zero provided there is an
models) and (b) analysis of bearing types that tiigh identical airgap on both sides, and the machinfases
applicable for the generators. These integratedydes are perfectly homogeneous. In reality, these exact
demonstrate how the optimal machine design chang&®nditions are unlikely to be true initially due to

significantly when these aspects are included. manufacturing tolerances and later due to bearing
surface wear in operation. However, although the ne
2 Machine Modds forces on the armature will be zero, the lateratds

) ) ) _acting on each side of the translator will still laege
Sections of the iron-cored machines are shown iBnd must be withstood by any structural design.
Fig. 2 and Fig. 3. The electrical modelling forsthi  The increase in force on both the stator and
machine is fairly well documented, for example [1].translator with any lateral displacement can bey ver
However, some additional constraints were added t@rge due to the normal forces in the machine being

the machine designs in this analysis. proportional to the square of the flux density e t
_ . airgap. The flux density in the airgap can alsagease
Electrical Design non-linearly as the airgap closes (with the rate of

It is assumed that the generator is attached to 'gcrease dependent on the specific geometry). This

power converter capable of supplying any amount Ogequ_ir(_a_s that any structural analysis consid_eron_by
reactive power in order to keep the phase voltage a the initial forces on co_mpo_nents, but any increimse
currents in phase. In practice, this could resuit large  forces due to deflection in those components. An
and expensive converter, the cost of which is nognalysis of this type is presented here.

considered here. It is also assumed that this cterve |t Was decided to provide support for the translato
can present any input resistance at its termimalsiat  With @ series of beams running transverse to the

this can be used to limit the current amplitudeyAn diréction of travel (as shown in Fig. 2). Thereais
power converter is likely to require an rms emfnfro €xtremely wide choice of possible cross-sections fo
the generator of at least a few hundred volts fofn® beams but the basic I-beam cross-section, also

operation with acceptable losses. It will be séet the ShOWN in Fig. 2 with the pertinent dimensions, was

expected phase voltages from the designs excesd tfinosen for its efficient use of material and thelewi
limit at the rated powers. variety of standard cross-sections commonly avkdlab

The rms current density is limited to a maximum ofl2]- The I-beams are stacked flush to one anothtr w

5 A/mm2 in order to prevent excessive losses an§C regard for division by electrical pole. This @ses
failure through overheating. If the machine desigrfha}t the forces _actmg on the beam are distributed
initially exceeds this limit, the current is redddey the  Uniformly in the direction of travel. L
power converter by increasing its input impedarne. A Practical value of 5 mm is used as the initial
all designs 1 mm diameter conductors are used. THdrgap. For the purposes of this analysis, it suawed
copper fill factor of 0.585 assumed in [1] is alseed that the maximum allowaple d_eflectlon is ;0%_ ofthi
here. value, due to the uncertainty in the variation ancé

with displacement. Although a reasonable attempt is
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made to estimate the increase in forces due to the

closure of the airgap, the degree of uncertaintyhia 4““HNHHHH”*““R

calculation makes it prudent to include a wide rrarg

of safety. (a)
= Wj W]
|**+||_+**‘_hg a
707(?’7}770'7(?75' ‘hs
RRupuRapERaaR / T
2h, )
| A (b) BN
a c' b a' c b, b, ) ) o
L | L L] L e Figure4: (a) Uniformly distributed force on beam, (b)

general case used to evaluate this state.

’ Standard beam theory allows the superposition of
ty multiple simple cases in order to generate more
Figure 1: Cross section of linear synchronous permanent COmplex loadings, provided the beam remains in the
magnet machine. elastic deformation region. In both machines, the
beams will initially undergo a uniformly distribute
: 1 : : ¥ | loading as shown in Fig. 4(a). From [6] the equafar
| ‘ ‘ ‘ ‘ ‘ E:: ) the lateral deflection at a positionlength units from
[ [ t —| 1,

(444 ] [y T]fm

the end support of a beam fixed at both ends
undergoing a linearly distributed loading (Fig. B}(hs

d, given by (6).
| For a beam fixed at both ends, andy, (the initial
e angular and lateral deflection at end A) are zewbthe
r b, N reaction forces and moments are given by (2) apd (3
Figure2: I-beam use in the iron-cored machine, and |-Beam =% —a)(l + +W W) +
-W -W
Calculation of Deflection M, = T 5 (I —a)3(l +3a)—w60 > (I —a)S(Z +3a) €]

This following analysis assumes that the bearing The second moment of area of an I-beam is given by
system between the stator and translator is iefinit (4) for the dimensions shown in Fig. 2.

stiff, and that the beams are "built-in” at bothden bt t3d

This is a reasonable approximation, as in pradtiee [, =1+ 4
beams are likely to be clamped in place or attacbed g 6 ,12 . )
stiff webs as in Fig. 3. This hypothetical clampizgd The 2% moment of area in the iron secondary is

support mechanism is not included in the cos@Ven by (5). This was developed by treating thdso

estimations presented later. Using these assunsptioffOr€ @nd tooth separately, then combining theningak
we calculate the deflection due to the loading gisin @ccount of the tooth displacement from the neaix.

standard beam theory [6]. h,r3 3 h +h. )
Translator y [ ] Stator I ICA = o~ + 6 tht + hsbt ! : (5)
} Lyl | 12 12 2

A e | Y O
* SAAMAAAAAAAAAAAAAAAD * To approximate the effects of the airgap forces, th
il e ol ol o i s beam is split evenly into sections of uniform far¢ae
initial, pre-deflection, forces in each section are
calculated by superposition of multiple cases & th
type shown in Fig. 4(b).

Distributed loading on translator

Translator
web

/
Bearing Distributed loading on stator
(for iron-cored machine)

Figure 3: Cross-section of structural design showing
translator webs with infinite stiffness.

2 3
Y, +O, X+ Mo X", RiX x<a
y(9 = =, B, ©)
Ya +O X+ MaXT RXT_ Wy fx-a)' -4 T _[fx-a) x=za
ACTATT2EI BEI 24EI 12EI{l -a) B
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(a) (b) optimisation of the machines. A design of this size
E ; E could conceivably be built but may have significant

disadvantages not included in the electromagnetic

i l design. A stack length of this size could encounter
thermal problems not yet accounted for by the sempl

Figure5: Continuous variation in forces due to deflection in ¢\rrent density restriction included here. Futurerky
beam (a) a“‘l\t/g‘lsu‘:;‘l‘t)é);ﬂ’é":;Ztl;?t?nusé’;fgeggeg)ses“med © Wil also take heat dissipation into account for a
9 ' globally optimised design.

The deflection due to the initial uniform force gFb

(a)) results in increased loading due to the reduce Generator Parameter Value
airgap along the beamg length. Thes_e addltlormlgb Pole Pitche, (mm) 100
are evaluated by treating each section as a differe P
machine of the same dimensions, but with an aiafap Slot Heighths (mm) 100
the new reduced size, as depicted in Fig. 5 (bjs Th  Number Of Slots Per Pole Per Phask 1
method assumes the 3D flux path is negligible glong Stator Slot Widtrb, (mm) 17
the stack length, and 2D FEA was used to obtain the i
flux density. Tooth Widthb, (mm) 17
The force per unit area from each simulation is  Stator Yoke Heighb, (mm) 30
multiplied by the area of that section, and itis force Length Of The Magndt, (mm) 15
which is assumed to act on that part of the dedtibct Airgap (mm) 5
beam. The force previously calculated for thatisact

is then subtracted from the new value, to give dhey Table 1: Common Generator Dimensions

additional force on the beam due to the deflectidre

deflection on a beam due to thege_gdditional fo'{ses Calculation of M achine Stiffness

then calculated and added to the initial deflectibinis . . .

method is applied to all of the sections, and reggea  AS Stated in the previous section, the effect @ th

until the deflection due to additional forces fafislow bearing needs on the structure must also be indlude

a threshold, or until the airgap is reduced to ks  This can be assessed by determining the allowable

90% of its initial value, meaning the beam must bedeflection as a result of loading when the airgap i

rejected. unbalanced, and the reaction of the structuregdaad
The choice of possible I-Beams is limited to thePut upon it, the structural stiffness. Whetherlikaring

standard sections in [5]. These sections are tested Plays a role in enforcing this property or whetfteis

order of increasing cross-sectional area, and heose  affected by the deflection and experiences comjmess
until a suitable beam is found. is significant in lifespan prediction. A method for

estimating an effective bearing width based on rmech

: : geometry is given in section 4.

3 Design Comparison The structural model assumes the translator to be
To demonstrate the effect of the beam selection oflastic with fixed ends and undergoing a uniform

the cost and feasibility of the machine, a singledistributed load due to the Maxwell stresses betwee

machine dimension is varied, the stack lenggh the PMs and the iron core as shown in Fig. 3. The

orthogonal to the pole pitch and direction of motaf  magnets on either side of the translator are atraio

the translator. To get the full beam length requitee  the centre of the machine, while the central part i

additional width necessary to accommodate thettracted outward in both directions. If there is a

bearings is added to this. Otherwise, the dimessadn identical airgap on both sides, the net force om th

each pole of the machines will be identical, having stator is zero and the translator webs react athef

values shown in Table 1. These dimensions areaimil internal forces. However, any eccentricity of tiater

to those found to be optimal for this type of maehi (such as a manufacturing defects, defects due to

without consideration of the structural aspectd]n bearing wear, corrosion etc.) will lead to the begs
Stack lengths of 0.5 m and 1.5 m, excluding thedon one side being constantly loaded by the net

bearing width, were chosen to highlight the differe  difference between the unbalanced normal forces. Th

in structural needs between each design. Thesk& stattal forces and net forces for unbalanced airgaps

lengths were chosen to be 50% and 150% of the 1 shown in Fig.7.

width chosen arbitrarily in [1]. Although also awit

arbitrary, there are some additional reasons fesgh Structural AssumptionsFor Stiffness M odel

selections. The lower value is sensible as narr@oir

windings produce a voltage that is impracticali for ey 5"of o lightweight radial flux rotary ditedrive

any power c_onverter, a_nd would 'Fhere_fore reqUIrBEO o chine was undertaken in [7] in order to reduee th
further design alteration resulting in a less clear

. . . total machine mass. Based on this, a similar teglni
™ \Was ohosen 1o, demonstiate that the indlusion Qf2 @PPlied 1o the lnear machine (0 assess the
structural requirements is essential in an futurecombined effect of airgap distortion and structural

q y deflection on the bearings.

An electromechanical study to assess the structural
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In [7] the airgap forces are modeled as an equivale | 1 | 1 1
magnetic stiffnessky,. This stiffness is negative as the > + @2)
restoring force is inversely related to the extensilf |kmagl K K
this force is greater than the structures’ stifgngeswill
reduce the airgap, increasing deflection in the Reducing loads on the bearings reduces wear and
translator. For the linear PM synchronous machiii® t jmproves maintenance/ replacement intervals.
stiffness can therefore be described by (7), deteyan

beam

bearing

from eqn(lo) in [7] . ot Distributed loading on translator s
2 e o |
LTI 7) FIMAAAMAAAMAALAMAALAEE"
4gu, - T v .
This stiffness can then be divided by beam width tc. . &4 . - R
give the stiffness under each beam section to cmanpa ™ ‘
with the stiffness model developed below.

The structure proposed from the magnetic ant R
structural model is assumed to be stiff enoughatadie Bearig D e romcone i)
these loads, however this does not tell us how #rey
transferred to the bearings. The stiffness modellm
used to investigate the extent of this compression.

The initial assumption, as shown in Fig. 4(a), is YYYVYVYVYVYY
simplistic as it assumes the ends are rigidly stepo @ ﬂ

Top View , movement in and out of page

and there will be no deflection in the translatatwin

reality there will be deflection in both parts. $hian

be modeled as a distributed load on a simply supgor

beam with two vertical members, as illustrated ig. F 777 777

6. Figure 6: Machine Cross-section (top) and distributed load
The stiffness derivation for the plates and bearingvith vertical members model (bottom) .

surfaces is the same for all loading conditionggiasn

in (8 & 9). The contribution of the plate to theeoall For the two machines chosen, the structural arslysi

rigidity is minimal but it provides additional stiure  was used to determine the geometry of the mackine.

to align and connect the beams and to allow for th@umber of bearing lengths were determined for each

placement of the magnets on the translator faceysh machine based on an empirical zero wear estimate,

in Fig. 2. explained in section 4. Using the stiffness modhe t
K _F _EAJ _ EA 3 reaction of the frame can then be compared for each
L Y (8) assumption to investigate whether the bearings teed
b b. E b. b. E contribute structurally. This is investigated foetnet
Kpearing = —————2- + —L b —bronze (9) load due to a given deflection and the maximum load
t U expected under full deflection to provide a prudent

The stiffness derivation for the beams withanalysis. In order to choose these bearing pad,size
distributed loads is based on beam theory [8]nki suitable bearing material must first be identified.
the second moment from (4). The translator stiffhes

stiffnesses of the beam and plates added in senés

then used to find the overall structural stiffndgg,ctura A reliable bearing system is required to allow the
made up OKyearing@NdKirans translator to move freely relative to the statoheT
-1 minimum acceptable lifetime between maintenance
K — 1 + 1 (L0) intervals for this application is chosen to be Iénths.
Structural Kocaring  Krans For a wave energy converter based in the North

Atlantic travel is expected to be up to 5,000hrsl an
9,444 km per year for a WEC with a 6m stroke [1]. A
prediction of 6 active months (26 days), 3 months o
Kmag IS in parallel withKsyuewrar If €gn (11) is not medium activity (18 days) and 3 months of minimal
satisfied the machine will distort during operatidinis  activity (1 day) was used based on wave conditahs

Stiffness Reactions Under L oad

is to be avoided. the coasts of Ireland [8] and Portugal [9]. Theigles
‘k <k i) aims for the bearing system are the following:
mag structural » System capable of constant operation for long
For a given magnetic stiffness, there is a trade of periods
between the necessary stiffness of the beam and the. |ow friction contact between moving surfaces,
bearings so that the inequality shown in egn. (%2) minimal maintenance.
satisfied. « High tolerances to maintain the machines

effective airgap
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e Ability to deal with and recover from shock
loads (a)
e Adesign allowing 0.5 mm of wear per year
It is assumed that all wave loading on the WEC is -
absorbed through bearings external to the linear é
generator and only the internal forces must beteelac o= 250

Generator Loads

As described in Section 2, the net forces between 0 2 4 6
each side of the stator and translator, and hehee t o mm
forces reacted by the bearings, are zero, provided (b)
surfaces are perfectly homogenous and the airgap i. 250
identical on both sides. However, any reductioome
airgap will result in forces acting between thenslator
and stator of the side with the reduced airgap. toted 150
pressure acting between the stator and translatamyo 100
one side for a given airgap is shown in Fig. 7¢&)ile
the Fig. 7 (b), shows the smaller net closing press
for an increasing airgap imbalance. 0 : 5 5 i 5

A 10% reduction in the chosen 5 mm airgap, caused Displacement From Centre (mm)
by wear or deflection gives a net stress of 22.8 @@  Figure7: (a) The total airgap closing stress in an iroredor
the reduced airgap side, this will be the basighef mac:‘)i”?hgighe;ﬁ;yiggoiigﬁg;:f:‘r(f‘r:‘ii(géIvri‘tem’g;trrezs
bearing design Wlth comparisons made to the moréclearaxce) 0fad0?1b|e sided machine with adiepimntgofp
extreme full closing load of 200 kPa. The resulting 0.1 mm to 5 mm from centre.
force on each strip of bearing material is thenntbu
from (o, ls) / (2by). With a net stress of 22.5 kPa, this
corresponds to 16875 Nbearing width and 5625 N
bearing width for machines 1 and 2 respectively.

300,

200

o, (kN/m?)

50

N
o
o
o

Bearing Materials 1000 4
The main bearing materials under consideration are
polymer sliding bearings, with water as a lubricant
against a bronze running mate or other non-ferrous
corrosion resistant metal. Mating surfaces mogablé
for a corrosive environment are bronzes, either ® Adhesive P.L. 0 Adhesive W.L
Gunmetal or Copper Nickel [10]. The use of Figure 8: Wear rates of sliding bearings under 22.5 kPa of
commercial sliding contact bearings and roller begar load.
systems had been ruled out primarily due to the re- As detailed in [11] polymers and graphite have
lubrication intervals needed for reliable operation lower adhesive wear rates so offer a better saiutio
Collins [11] states that bearing systems involvingwhen well lubricated they are acceptable for logvgt
metal to metal contact require significant lubrisatto  contact. However, it is evident from Fig 8. thafeav
avoid a range of wear processes such as adhesiways of poor lubrication will significantly redudae
abrasive and corrosive wear, surface fatigue antifespan and ability of the bearing to maintain the
deformation. On this basis, wear in lubricated and critical airgap with rates of wear much greatemttize
lubricated systems was assessed, indicating thadlla required 0.5 mm per year. From this it is evidéattt
lubricated high viscosity system is essential forconventional contact bearings are unsuitable tehbe
reduction in surface wear between low speed metals sole bearings in the system if they cannot be lepk
contact. Adhesive wear rates were investigatedHer |ubricated and clean.
required bearing lifespan using materials found in This has led to the investigation of polymer begsin
marine applications i.e. graphite, bronze, molyhaten that claim to work in the marine industry in water
and Nylon 6, shown as G, B, M and N6 respectively i lubricated heavily loaded rotary applications sush
Fig. 8. propeller shafts [10] and hydroelectric plants [12]
Whether these properties are maintained in a linear
application has yet to be verified.

Adhesive Wear, micron/day

o
I

G B M N6

Water Lubricated Contact Bearings

Water is an attractive lubricant, supply is plantif
and sealing from the influence of corrosive
environments or to prevent leakage to the envirgrime
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is not critical. Water can also enhance the heaster

from the coils, therefore increasing efficiency. A il
demand for low maintenance dry bearings and By
corrosion resistant bearings for dirty water -
environments or for compliance with food safety é
standards has resulted in the availability of egeanf x
polymer bearings offering low maintenance and low e
wear operation under boundary lubrication. For ¢hes ek
reasons these materials have been chosen for ifurthe 0.01

investigation. Depth [m] oo Width [m]

When 25 mmThordon SXL strips are run against  Figure9: Stiffness of SXL pads with geometry changes.
smooth stainless steel they gave an annual wear rat .
estimate of 0.3 mm at an average load of 10 kPh [10 _It was found tha_t sh_allow and wide pads were
They have a modulus of elasticity of 440 Mpa’stlffest, as sho_wn in Flg._ 9. The deflection un_der
indicating a superior ability to regain shape aftege constant load in t_he pearmgs also showed a linear
loads. TENMAT T814 Feroform, is a durable abrasivedecrease as pad width |_ncre_ased, as to be expented
resistant bearing used offshore and in hydro plabts the increase in are@814is slightly stiffer thar6XL, so

boasts a load rating of up to 40 MPa from a 20 m he bearing sizes based on this shall be reduced.
wide pad and can also run dry or wet [12] xperimental testing will determine which matetals

; éhe lower wear rate under the expected conditidhs.
paximum width will be used in order to allow a miarg

of safety. Until experimental data is available,

estimates based on wear models are used to determin

g1e bearing widths.

02

and the other woven fibre. The wear estimates ar
acceptable and the elastic nature of the matexiglich
that it can handle shock loads and regain its shape
the material is an elastomer it does not have

maximum compressive strength. All estimates assume. . . . .
constant loading. Empirical zero-wear model for size estimation

There has been significant work done in developing
5 Polymer Bearing Analysis empiric_al wear models for polymers [13], as theg ar
) ) very different from metals and the wear mechanisms
While the structural analysis assumes that th@jiffer, but as yet there are no fully resolved tietical
bearing interface is infinitely stiff and of consta predictions of polymer wear. Hence estimates and
dimensions, in reality this cannot be the case. Thgyanufacturer recommendations have been relied upon
results of the structural stiffness model to asgbes , the past. Experimental studies on SXL [14]showed
ability of the chosen structure to respond to loads  the importance of misalignment in accelerating wear

now discussed. journal bearings when both linear and non-lineaarwe
) ) was observed. The wear model derived in [14] for
Polymer Bearing Stiffness hydrodynamic journal bearings is based on the

Using the chosen materials, the stiffness of thdundamental linear wear equation derived by Archard

pads can now be determined for inclusion in thd15]- . ) .
bearing stiffness model. A depth of 5 mm is chogen  1he empirical model for zero wear in sliding
keep the thickness to a minimum and reduce swellingurfaces from [11] was used to estimate an effectiv
allowances for thermal expansion and water absorpti 0€aring size. This is also based on Archard’s veorit

to 0.01 and 0.06 mm respectively per pad. Ehe. 1S @ suitable approximation for. pr_owdmg a desfgp
material can withstand up to 5 MPa of pressure reefo Z8r0 wear based on the material information aviglab
deforming to a maximum limit that effects rotatioma 1 WO terms for maximum shearing stress in the vigini
shaft and housing bearing, the pressure can exbéed of the surche are equated to determine a reldtipns
MPa before rotation is impeded [10]. There were ndOr the bearing widthb,.

linear test data available, but oscillating motgtadies Your

advised a maximum deflection of 4% before K P /(y)z +u?

performance deteriorates. In a linear bearing ofirb b, = | — 2 12)
thickness this equates to a 0.2 mm deflection, iwith Ly, 0, (@)%

the design limit. L,

The results of the pad width calculations are shown
in Table 2 for each material. The calculations are
performed for a maximum of 0.5 mm wear in a well
lubricated bearingy, of 0.54, with sharp edges, kf
500, for net loads of 22.5 kPa, and annual tra¥el o
9444 km. The bearing length is assumed to be the fu
length of the surface, point loads on discrete ihgar
pads are not included in this study.
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Impact of Bearing Size on M achine Costs Max stress [kPa] 25 200 25 200

As a smaller pad width is required when the polymer by [M] 0.1 0.05
mate_rlal is on the stator, less structural matermﬂ_lbe Deflection With Infinitely Stiff Webs
required as the beams must also span the beardag.sp
Furthermore, it is logical to have the cheaper ingar Y [um] 0.06 0.54 015 0.12
material on the stator and the more expensive metal ) ) )
runners on the shorter moving surface of the tedosl Deflection Including Stiffness M odel

It was found that the additional structural maferia—Yuas[Ml 0016 | 013 0.06 46
required when a 0.1 m pad width was used was not Y [nm] 69 559 220 1800
significantly different from that required for a08. m Table 3: Summary of Machine 1 reactions under Load
pad width. It did, however require the use of glsly
larger I-Beam in the narrower design. Max stress [kPa] 25 200 25 200

The range of widths in Table 2 is indicative of the b o1 0.05
difference in material properties of each bearing b [m] . ——— . :
material. SXL has a yield strength of 37.5 MPa lolf Deflection With Infinitely Stiff Webs
T814's, while the wet coefficient of friction is sal y [um] | 001 | o0s7| o001 0.087

higher. Under the maximum expected load a zero wear
bearing design for these loads then resulted in
minimum k, of 0.62 m and 0.5 m for machines 1 and 2 Ywans[pm] 500 1000 370 3000
respectively, giving machine costs of €59,5k angeklL Vieg [1m] 6.7 54 5.6 46
respectively. These are significantly higher thae t
costs using the net load only, as shown in Table 5.

Deflection I ncluding Stiffness M odel

Table4: Summary of Machine design 2 reactions under Load

Pad SXLPad | T814Pad 6 Fluid Film effects
Design LengthL, | Widthb, | Widthby Contact operation is investigated in order to desig
[m] Lrm] L] for a bearing that can handle all expected loadgewh
1 (Sator) ! 0.096 0.05 still guarantee low wear operation for the minimum
1 (Trandator) 1 0.55 0.55 maintenance interval of a year. A non-contact desig
2 (Stator) 9.1 0.075 0.04 which can operate for years without replacemeries
2 (Trandator) 3.1 0.2 0.1 ultimate aim.

For the reasons discussed in Section 4, water has
been investigated in developing fluid film effedts
i reduce the running friction between the bearings.
Overall Structural effects. Previous work, [13] has shown that with water, mmitg
The additional bearing area is included in thesqueeze film effects nor hydrodynamic bearings are
machine stack length and modeled as unloadesuitable for this application due to the low primever
structure different beams for each bearing sizelteds speed and low viscosity of the fluid. Therefore, a
for machine 2. Modeling the deflection with infiely ~ active method of maintaining the fluid film must be
stiff webs had no significant effect on either miaels  considered.
bearings. However, in the case of simply supported Hydrostatic bearings operate by keeping two moving
ends it was found, using the stiffness model, imall  surfaces separated by a thin film of pressurised
cases the bearings are subject to wear and coripresslubricant. Coefficients of friction between 1@nd 16
due to the increased deflection in the transléfbis is can be expected using this method in comparison to
demonstrated for the net load and maximum expecteebefficients of 1G or 0.12 for roller and contact

Table2: Estimated bearing sizes for each machine design.

load for each design in Tables 3 and 4. systems respectively [16], and 0.25 to 0.09 for the
It is easily seen that machine 1, the more expensivpolymers mentioned.
is also the most structurally secure. When thedfierd To implement a bearing of this type, a series of

condition is removed the deflection in the trarmlat recesses, rectangular or circular can be machimed i
increases significantly to a value that will compise  the translator bearing material. Fig.10 showsa pf
the bearing performance in both machines. This ithe flow and power coefficients, andHy, against the
regardless of the bearing widths, therefore thee sidratio of land to length2x/L for a rectangular pad. The
supports of the machine will need additionalleft hand side of each plot shows that the smaléets
consideration in future designs as they play dcalit have higher coefficients and hence higher power
role demanding significant structure. Fig. 9 ilastd demands for their optimum operating clearance. This
how wider pads are stiffer and of more structuraloptimum clearance), occurs when the viscous losses
benefit making them the preferred choice. The aialy in the fluid equal the leakage losses from the Fad.a
shows that even with a narrower pad, the machine tectangular pad it was found that a large land and
distributes the load over a larger area due t@itsa length equal to the translator is the most suitable
translator length providing a better design. design. For circular step bearings, with an oudelius
limit of 0.1 m, ther/r, ratio with the best design
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coefficients was found to be 0.53. All calculatiomsre
derived from those in Chapter 13 of [17] with fugth
design details mentioned in [16].

12

copper used can then be calculated.
Ley = 2[5 +27,) 13

The following material costs were assumed in this

(a) Jobs —Flow Coefficient, 4, analysis, based on the costs used in [1].
i --Power Coefficient, H,
8! » Laminated Steel at 5 Euro/kg
" e Structural Steel at 3 Euro/kg
» Copper at 10 Euros/kg
» Magnets at 3&uros/kg
The laminated steel comprising the armature iron is
W e 0-42x,|_b°-5 T assumed to be significantly more expensive than the
5 structural steel comprising the standardised [-Beam
(b) sections. This is likely to be the case as its tranton

will be more complex and have considerably less
30 economies of scale in comparison to the I-Beams.

The machines were designed to produce
approximately 500 kW at their maximum rated speed
of 2.2 m/s by multiplying the number of poles te th

o R D minimum number required to achieve at least this
2L, power output. The stator of both machines was

Figure10: (a) Flow and Load coefficients for rectangular extended to overlap the translator by 3 m at eiémer
to allow for a maximum wave height of 3 m. In both

pads from 0.1m to the full translator. (b) Optimal®arance
for each pad based on increase in recess aregadtlength. cases, a space of 0.1 m either side of the statsr w

optimum h [u m]

-
o

Pad Shape Square | Rectangular | Circular allowed to incorporate the bearings for the reasons

o [ 0.026 549 474 described in the previous sections. The resultthisf

Ho [ 0.0426 10.68 9 analysis are shown in Table 5.

a [] 0.06 05 0.566 Stack Length (m) 0.5 1.5

h o [um] 5.8 40 22 Rated Power (kW) 516 505

Ho W] 620 44.9 o5 Total Cost (KEuros) 55.4 118.7

s [MPa] 1070 4 0058 Cost per Watt (Euro/W) 0.107 0.235

When h is set at §n Copper Cost (KkEuros) 28.8 54.8
Magnet Cost (KEuros) 7.6 7.3

Hr W] | 12302 | 123 | 28 Laminated Steel Cost (kEuros 16.5 38.8

Table 5: Estimated bearing sizes for each machine Structural Steel Cost (KEuros) 2.6 17.9

The aim of this initial design is to highlightinget ~ Table 6: Results of cost analysis for two machine designs of
main characteristics in developing suitable hydtist different stack lengths
pads for water fed systems; size, load and powsr. A These results show that the cost of the machine is
shown in Table 5, the circular pad offers the bestensitive to the required structure, although other

design. It has significantly lower losses due te th faciors are more important. For the shorter mactiige
elimination of sharp corners and a more unifornessc i cture accounts for only 4.6% of the total costile
area. Using water reduces the clearance of flltsfio  he wider machine’s structure accounts for 15%hef t
those of oil but they still allow the translatordperate  ,,ch higher total cost, and is almost 7 times tifidhe
above the limits of partial lubrication. o narrow design. It is essential therefore that artyre
As these bearings are active, the cost will ireea optimization routine takes the structural requiratae

due to the pump requirements and machining of thgy, account in order to have full confidence ire th
compensating elements to control the recess pessufggits.

The next stage of this work is to test this type of The pearing costs are not yet quantifiable duéigo t
bearing and provide cost estimates for the magaetic oye| use of materials, however it is known thasth
structural model. materials will be cheaper than bronze, a common
marine bearing alternative. More detailed and recen
knowledge of the costs of all materials used in the
machines is desirable for an accurate analysis.

7 Cost Analysis

The cost analysis used in this model is identicat t
used in [18] bar the following refinement. The ldngf
a single turn of Copper wirécy, is given by (13) and 8 FutureWork
this is multiplied by the number of turns in the . .
windings and the total number of windings to get th Enhancing the design models
total length of wire used. From this, the total ma$ The thermal performance of the generators is atitic
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to determining the generator efficiency. The maissl [3] A.S. McDonald et al, Structural mass in direfive
mechanism in the machine is copper loss in the Permanent magnet electrical generatoRenewable
windings, which is also temperature dependent. In Power Generation(1):3-15, 2008.

future investigations, a lumped parameter thermal[4] R. Crozier and M.A. Mueller, Modelling and firstder
model will be incorporated so that the actual eperg  gptimisation of the air-cored tubular PM machinéngs
yield can be more accurately assessed for any polynomial approximation. In Proc International
optimisation process. Conference on Electrical Machinegillamoura, 2008.
This work demonstrates the importance of including
the empirical wear model into the structural mods|
the additional bearing area required can affectstheé  |g] R.J. Roark and W.C. YoungRoark's Formulas for
of beam required to provide the necessary structura = stress and Strairéth ed. 1989, Singapore: McGraw-Hill
rigidity. The stiffness assessment also highlightes International Editions.
need to make the side supports extremely rigid to _
prevent the main load-carrying bearings from 7] P.J. Tavner and E. Spooner, Light StructuresLiarge

undergoing excessive compression in order to reduce Low Speed Machines for Direct Drive Applications. |
going P Proc International Conference on Electrical Machines

the possibility of serious airgap imbalances ardlice Chania, 2006.

fatigue in the beams and wear in the bearings. For

these reasons, future design programs includingethe[8] D.L. O’'Sullivan and T. Lewis, Electrical Maclen

aspects will be developed. Options in Offshore floating Wave Energy Converter
Turbo Generators. InWorld Renewable Congress
(WRECX)Glasgow, 2008.

[5] ASD, Catalogue I-Beam cross sections

9 Conclusions _ _
[9] P.D.E. Gobierno De PomentBpya De Villano, Tabla

During the early stages of designing a generator fo  de Periodo (Tp ) - Altura (Hs )[cited 21/06/2007];
minimal energy cost, most previous authors have Available from:
focussed on the electromagnetic design. When http://www.puertos.es/es/oceanografia_y_meteoralbgi
structural and bearing models are also included, th ~ anco_de_datos/oleaje.nt@007
optimal design changes and alternative generato
become more attractive. It is therefore importamt t
include as many aspects as possible early in thigme
process. This is illustrated by way of a comparisorni1j j.A. Collins,Failure of Materials in Mechanical Design
between two different iron-cored linear PM Wiley-Interscience, 1993.
synchronous generators. It was found that a namowe
stack length resulted in a lower cost per Watt of12] D. Shaw and D. HillTenmat T814 Feroglide Bearing
exported energy despite the resulting increaseta t Data Sheets.Caraher, Editor 2008.

machine length to achieve the rated power. .
L . . . 13] N. Viswanath and D.G. Bellow, Developement of a
significant part of the higher cost is attributakbdethe /_) ]equation for the wear of polymeteas 42(581):42_49’

larger structure required to maintain the airgap. 1995,

r[EO] C. Hogg, Thordon SXL Bearing Brochuré&. Caraher,
Editor. 2008.

Acknowledgements [14] H. Hirani and M. Verma, Tribological study of
) elastomeric bearings for marine propeller shaftesys
This work was supported by the UK EPSRC  Tribology International42(4):378-90, 2009.

SUPERGEN Marine Energy Consortium (Phase 2,

Work Stream 5). [15] J.F. Archard, Contact and Rubbing of Flat Swefac
We acknowledge the support from the Scottish  Journal of Applied Physic24(8), 1953.

Funding Council for the Joint Research Institutehwi

the Heriot-Watt University which is a part of the

Edinburgh Research Partnership in Engineering and

Mathematics (ERPem)

[16] S.L. Caraher et al, Investigation of Fluid FiBearings
for use in Direct Drive Linear Generators in Subgeer
Wave Energy Converters. Rroc International Offshore
and Polar Engineering Conferenc&,ancouver, 2008.

Reference [17] B.J. Hamrock et al,Fundementals of Fluid Film
Lubrication 2nd ed. 2004.
[1] H. Polinder et al, Conventional and TFPM Linear

Generators for Direct Drive Wave Energy Conversion,[18] McDonald et al, Integrated design of diredvdrlinear

IEEE Transactions on Energy Conversidz0(2):260- generators for wave energy converters.Proc First
267, 2005. International Conference on Sustainable Power
Generation and Supply (SUPERGENpnjing, 2009 (to
[2] N.J. Baker and M.A. Mueller, Direct Drive eleical be published).

power take off for offshore marine energy converter
Journal of Power and Energg219(3):223-240, 2005.

775



776



