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Abstract

A novel topology for a permanent magnet linear gatoe for
wave energy conversion is proposed. It aims to ez
power density and to eliminate uneven air gap flistribu-
tion caused by the longitudinal ends; this is dopeliminat-
ing stator and rotor yokes and by introducing a flew path.
Analytical and FEM studies are used to analysectiecept
and to compare it to existing machines. Results @deglgn
challenges are discussed.

1 Introduction

A vast amount of energy is contained in the wortitsans in
the form of waves. However, the technology for wawergy
converters (WECSs) is still relatively undevelopet] pnd
most WECs are still in the development stage. Sofrine
most important WECs are discussed in [8]. Amongeheli-
rect drive devices employing permanent magnet (Bh&gar
generators have the advantage of eliminating ang &f me-
chanical interface between the device and the redatigen-
erator. This reduces the need for maintenancegases effi-
ciency and contributes to the WEC's robustnesspfalthich
are important features for the hostile environmehtthe
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Figure 1: Ideal flux path through a conventionacmine.

adjacent poles. However, in practise, the longitadends of
linear generators have an interesting effect onflthe paths
through the machine. As shown in Fig. 2, the flixthe edge
magnet at the longitudinal end couples almost cetapl
with the neighbouring magnet, causing a pair-wisapted
flux pattern [3]. Due to saturation and symmethys flux dis-
tribution progressively evens out towards the meddf the
PM translator, causing an uneven flux distributiorthe air
gap. This could have an adverse effect on the paence of
the machine [3].

New concepts involving double-sided PM translatord air-
cored stators have recently been investigated][Bd&tly as
a way of eliminating the strong attraction forcefvieen the
stator and translator. Non-overlapping concentrated
windings used in these configurations are also shtosig-
nificantly reduce copper mass compared to overtappind-
ings, simplify construction efforts and increastcafncy [6].

ocean. Due to the slow speed of the waves, thergiae A new idea proposed in [5] is also to isolate nbimliring

power is mostly dependent on the generator fordectwin
turn is dependent on the machine’s active air gap §10].
This leads to large, expensive machines. Strongcaitbn
forces between iron stators and PM translators algse
problems in bearing design [10] and increased &tracmass

[8].

Different concepts and topologies for linear get@sahave
recently been summarised comprehensively in [8, O]
these, the conventional longitudinal flux synchnes®M lin-
ear generator with an iron stator is the most wideled, e.g.
as used in the AWS, Uppsala University device anegon
State University (OSU) device. These generators hideal
flux paths as shown in Fig. 1. The magnetic fluplieduced
by the PMs on the translator. The flux crossesainegap,
flows through the stator teeth and yoke, back thhotlne two
adjacent, oppositely polarised poles and the tadmslback
yoke. In this ideal situation, and as also hapjemstary ma-
chines, the flux from one pole couples equally wetith of its

pole pairs from each other and to force the flwoudlgh the
so-called ‘C’-core as shown in Fig. 3. This helpsdduce in-
active structural mass.

Longitudinal end

Figure 2: Pair-wise flux coupling due to longitadi ends.

Figure 3: Flux paths through ‘C’-core pole modJkeds



In this paper a novel topology for a linear PM gater is
proposed. In Section 2 this topology is introducefter
which the design of the machine is considered. Gasdies
of air-cored machines are done and comparisons matte
existing machines.

2 Proposed linear generator topology

The proposed generator concept can be seen i FRy.se-
ries of double sided translators are arranged twmbalar to-
pology. The yokes are removed so that each paadzfcent
rows of magnets can be replaced with one row ofnatsg
Without a steel yoke, eddy-current losses usualgsent in
the yoke are eliminated [9]. The net attractiorcéoon any
particular magnet is ideally zero, as each magrléewperi-
ence the same force from both sides. The flux new @rcu-
lates around the translator in the x-y plane (sged~and Fig.
5), and hence no pair-wise flux coupling betweeja@eht
poles is experienced and the air gap flux distiisuts even.

The stator consists of many individual sections clvhare
connected in series or in parallel. These can beufaatured
separately and easily inserted from the outside Jthtor is
also yoke-less and hence the armature reactiooté$femall.
This reduces eddy-current losses in the magnets adsul
means that the machine has a very low internatagee, and
hence a small load angle.

Non-overlapping concentrated coil windings are usled ad-
vantages of this have already been explained. Bivtbored
and iron-cored stators can be implemented. Idedilg,to the
double-sided rotor configuration, the net force am iron-
cored stator should also be zero. It is noted énlitrature [8,
10], though, that due to manufacturing tolerantis, is not
the case and that the double-sided configuratiopractice

only serves taeducethe net force on the stator. With this to-
pology it is also expected to have a greater activgap area

per unit volume than other topologies, which woskédve to
increase the machine’s power density.

Direction of
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Figure 4: Novel linear machine topology.

3 Design considerations

The case studies in Section 4 are done for airdcorachines,
and hence only the design aspects of air-cored imestare
considered here.

3.1 Air gap area and shear stress.

The powerPy generated by a linear generator WEC can be
expressed as
P, =fyv

Vsr )
wheref; is the generator force anglis the translator velocity.
Since the wave speed varies roughly sinusoiddily,imstan-
taneous power produced from a three phase linezargeor
also varies sinusoidally. For the design, a consteed
equal to the average vertical speed of the wavessamed.
This speed is however a given parameter and cdrenobn-
trolled. The shear forck, tangential to the air gap arég,
produced by the machine therefore controls the pagseer-
ated. The shear force in turn depends on the gilflga den-
sity and the current, according to

f,=0A =(4B,K,) A, )
wheregs is the shear stress in N%’;’Bp is the peak air gap flux
density in tesla an#{, is the peak electric loading of the ma-
chine in A/m. BothB, andK, are limited to certain values. It

is therefore essential to maximise the active ap grea of
the machine in order to produce maximum power.

The air gap area for the new topology will depemd te
number of stator sectiomg that can be arranged around the
translator. The number of stator sections is detexthby the
inner radiug; and outer radiug, of the translator as shown in
Fig. 5, and also the air gap lendthand magnet thicknesg.

In order to minimise flux leakage between adjagmies, it is
desirable to havly, > {5 and{iyg > {5, wherefiy is the inter-
polar gap (see Fig. 6).

3.2 Magnet shape

In order to have a uniform stator thickness, thgmass will
be slightly tapered as shown in Fig. 5. This mahash,, will
be larger on the outsidé,() of the machine than on the in-
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Figure 5: Top view of proposed machine.
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Figure 6: Side view op proposed machine.

side ). Considering that the flux flows as describe&ac-
tion 2 and ignoring leakage flux,

n,(H,h,+ H ) =0, (3)

whereHn, andHy are the magnetic flux intensity in the mag

net and in the air gap respectively. From Equaf8)rand the
characteristics of the magnets, and tak#yg: By, whereB,
is the magnet flux density, it can be deduced that

- __H.BH

=R AR B )
'uohm H c + hg Br

It can be seen thd, is dependent on the magnet heibht

and will thus vary from the inside to the outsideéh® transla-

tor. The thickness in the middle of the magnetseduto cal-

culate an average flux density for use in the desig

3.3 Winding layout

Winding factors for air-cored concentrated coil diitgs are
thoroughly evaluated for linear machines in [6] axihl flux
rotating machines in [7]. In [6], the peak induckuke-to-
neutral phase voltage is calculated as
2awqB /LN
g, =20 ©
Tpa
whereq is the number of coils per phasgjs the pitch factor,

3.4 Losses

Copper losses by far dominate the losses in théhima@nd
are given by
3

Sl (6)
wherel, is the peak phase current, and the phase resistanc
Ron can be calculated as

_N?gp,,(2¢+1,)
© atkhw )

wherep, is the resistivity of coppek; is the copper fill factor
and/, is the average end-turn length of a coil.

P
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2
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It is explained in Section 3.1 that a large air gapa is
needed for slow speed machines such as this. Toerlair
gap area unfortunately means more copper is used far-
ticular amount of force, and this means higher eogpsses.
Although increasing the current density would irg® the
shear stress, it will also have a quadratic in@dascopper
losses as an effect. It is thus important in theigieto con-
sider the trade-off between shear stress and efifigi for this
machine.

The armature reaction is very small for air-coredchines
and hence the eddy current losses in the magneter
glected. However, as the flux through the staterisconcen-
trated in steel teeth, eddy losses are also indincted copper
wire and can be calculated, as shown in [13], by
P =1.7NQ 2mm(d*B,*w’ @®
e Ve,
wheren, is the number of parallel strands per coil tupnis
the total number of coils ardlis the wire diametett is im-
portant to note thaP. can be limited by making use of
stranded coil turns in order to make the wire ofagpropri-
ately small diameter.

3.5 Machinelength

Either one of the stator or the translator needbetdonger
than the other in order to maintain a constangap area dur-
ing movement of the translator. Most existing maekihave

kq is the distribution factora is the number of parallel cir-a PM translator which is longer than the statororder to
cuits, p is the number of active polgs,is the number of turns minimise the amount of inactive copper windingshat cost

per coil,L is the active length of the machine ahis the ac-
tive stator winding length (see Fig. 7). The highesust per
given copper losses is achieved for a pole/coillmoation of
4/3 [7], with one coil per phase per winding sett{ky = 1)
and a coil-side to coil-span rat/0,, = k = 0.4 [6].

Figure 7: Non-overlapping concentrated coil wingdiayout.

of more magnet material [12]. The question of houchmthe
translator should be longer than the stator depemdshe
stroke length; this is determined by the typicaivevdeight
for which the machine is designed. In order to f@ma con-
stant air gap area for a peak-to-peak wave amglinfd? m,
the translator would have to be 2 m longer theostatt may
be uneconomical to construct such a stator, edpeda
smaller machines. It could be acceptable to all@w &
smaller active air gap area near the end of tleketrbecause
the velocity, and hence power, is in any case salatwest
point then.



4 Casestudies

In order to assess the viability of the condt was decided to
design two machinesdferred to as N1 and N, to compare
with two existing longitudinal flux irorcorec PM machines;
these are a 1 kW and1® kW machine from OS|[11, 12]
and Uppsala University [1, 2] respectively.

4.1 Machine dimensions

Pole and magnet widthas well as stator and transla
lengths were chosen to match thosehaf existing machine
as closely as possible, while staying \itthe constraints set
out in Section 3.1lthese dimensions are shown in Tak.
Based on this{y was chosen as 14 mm 2 mm air gap wa
allowed on both sides of the stator, leaving tlaostthick-
nessh = 10 mm. An outside radius of O3 was chosen. All
thee dimensions were kept constant while varying tisidie
radiusr; in order to find the greatest air gap « As the num-
ber of stator sections iscreased, the magnet thicknese-
creases. The maximum number of stator sec was used
while again keepinghe average magnet thickne(h,,) within
the constraints of Section 3.1. F§.shows how the air g¢
area varies as the ratdg = ri/r, is varied. It is clear that tt
air gap area is increased for a smallue of 44, even though
fewer stators are usedowever, for practical reasc, dq can-

Parameter OSU N1 |Uppsala N2
Stator core Iron Air Iron Air
Stator lengths (m) 0.288 0.28¢ 1.3 1.3
Translator lengti, (m) 1.152 1.15: 1.8 1.8
Air gap area () 054 1.5¢ | 2.08 7
Polesp 4 4 26 26
Pole widthg, (mm) 72 72 50 50
Magnet- to pole width ratig, 0.72 0.72 0.8 0.7
Frequency (Hz) 5.3 5.2 7 7
Air gap peak flux densiti, (T) | 0.94 0.7 1 0.7
Current densityl (A;mdmnr) 2.25 2.2¢ 1.8 1.8
Electric loadingK (kA;mdm) 367 6. | 972 55
Shear stress, (kN/m?) 244 34 | 687 27
Shear forcds (KN) 1.315 5.:¢ 1429 191
Average velocitys (m/s) 0.76 0.7¢ 0.7 0.7
PowerP (kW) 1 4 10 134
Copper losseBg, (p.u.) 012 0. 0.1 0.16
Eddy losse®, (p.u) - 0.00z | 0.06 0.003
Efficiency# (%) - 7¢ 86 84
Peak phase voltadsg, (V) 346 162 163 162
Phase resistand®, (Q) 458 2.0t | 04 047
Copper masd, (kg) 28.55 8C 70 315
Total stator mashis (kg) 1394 16 836 419
Magnet mas$/,, (kg) 222 504 115 754
Total translator magé, (kg) 1446 607 547 903
Number of parallel circuita - 3 - 18

Table 1. Comparison of existing machines with tliferent
designs of the novel topology (N1 and I

" Parameters calculated from given data.
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Figure 8: Air gap area optimizatiohy = 14 mm,L = 1 m,r,

=0.3)).

not be too small, and a realisratio of 0.5 was chosen. Table

2 gives the dimensienwhich are commobetween the two

case study machines.

4.2 Flux density

Due to the large air gap, the flux density is expedo (-
crease rapidly from the pole face towards the neidufl the
stator. A FEM package (Infolytica Magnet 7) wasréfiere
usedto verify the analytically obtained flux densityigF9
shows the obtaineflux density as it varies in the air ge
from one pole faceo the next, at an average magnet thicki
of 15 mm.The flux density as obtained here is used in fur

calculations.

Inner radiusr; (m) 0.15
Outer radiusry (M) 0.3

Stator thicknesh (mm) 10

Air gap lengthfy (mm) 14

Turns per coiN 100
Strands per turn, 10
Number of statorsg 54
Copper fill factork 0.45

Table 2: Machine parameters wh are common between |

and N2
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Figure 9: Flux density variation in the air gapvibeen -
posing magnet poléaces (from FEA



4.3 Winding design

The number of turns per coil determines the induggthge
and a convenient value was selected. The numbparatlel
strands per turn was increased in order to dectbasgiane-

ter of each strand; this is to limit the eddy I, as was ex-

plained. All the coils of each phase in a statastiea are
connected in series and then different stator aestcan b
connected in series or jparallel; this again only serves
control the output voltage. Table 1 givbe number of pal-
lel circuitsa for each design.

4.4 Current density and efficiency

The current density is a parameter whigleds to be selecte
Usually one would select a suitablalue accordincto the
machine’s thermal limitationsAs explained before, thoug

. Significantly more copper is used the air-cored ma-

chines. Although the ironored machines have deeper
slots, the increased air gap area and amount ofivwe:
copper in the end windings of the -cored machines
cause this topology tase much more copper. This a
causes the copper kes of the a-cored machines to be
higher.

. The magnet mass of the @orec machines is up to 560 %

higher than what is used ftite iron-cored machines. This
will have abig cost implication. Howev, because the
novel topology has no translator yoke the support
structure can be constructed from low density, -
magnetic materialghe total translator ma of the differ-
ent machines are more compare

. Even though more copper is used in the-cored ma-

chines, theabsence of steel in tir stators results in a total

the ircreased amount of copper in this machine now ce ; . )
mass that is much lowénan the iro-cored stators’ mass.

copper losses to be the limiting factor on the entridensity.
Fig. 10 shows how N1's efficiendpeglectingPe) varies with  Although these air-corediesign parameters are not opsed,
current density. For a better comparisonl asgiven in Table the case studieshow that the novel topologwith an air-
1, the current densities of tlexisting machine are used in cored statoris comparable to existiniron-cored machines.
the case study machines. Further studies will focus onedign optinsation to minimise

copper and magnet material usage and limit copmssekt
4.5 Discussion

A number of aspectegarding the dimensional and pem- 5 Longitudinal end effect

ance parameters of the different machines in Tadbare Thg |ongitudinal end effect as described in Ses 1 and 2
worth noting: should be eliminated using this topology by enating the
) pair wise flux coupling between adjacent magneégoln «-

1. For the same active length of the mine, a 190 - 240 % yer 10 verify this, more FEM studiwere done. The flux dis-
increase in air gap area is achiewdth the novel topl-  yjption along the length od 4 pole translator was investi-
0ogy- gated. Fig. 11 shows thlix lines along the top two poles of

2. The Uppsa|a machineompensates for a smaller air e the machine and Flg 12 shows the flux density alomzc_ver—
area with a much larger shear foreehich is due to a tical length (z-directionpf the air ga for the entire transla-
higher electrical loading. The deep slots of thigchine tor. It is clear that the flux ithe top poleis the same as in the
allow for more amperé&4rns per unit length. At the sar adjacent pole (Fig. 113nd that the flux is evenly distribut
current density, an output power improvement of84s along the entire length of the mact (Fig. 12). This topol-

achieved with N2, but with slightly lowe efficiency. ogy therefore successfully eliminates -wise flux coupling

. . ) ) between adjacent poles.
3. In comparison with the OSU machine,300 % higher

output power is achieved at the same cit density, but

Translator top end

at a very poor efficiency of 7%. However, with a muc z

lower current density of 1 A/mn?, the output power i T

still 80 % higher than in the OSU mach, but now has an x

efficiency of 90 % (see Fig. 10).
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Figure 10: Efficiency as a function of current dgnfor N1. Figure 11: Flux s-up in new proposed linear PM mach



0.8

0.6
0a [1]
0.2}
0.0

(2]

—0.2}

Flux density B, (T)

—0.4}

-0.6}F

-0.8,

0 50 100 150 200
Distance = along length of air gap (mm)

[3]

Figure 12: Flux density along the vertical lengthtlee ail
gap.
[4]

[5]
A novel topology of gpermanent magnet linear generator
ocean wave energy conversion is daduced in concepilin
this topology, the stator and translayokes are removed ai
a new flux path introduced. The concéptanalysed analyti-
cally and with FEM simulation.

6 Conclusion

[6]

Two air-cored designsr@ compared with existing similar
dimensioned iron-cored machines.dtfound that darger air
gap area and power density can be achieved witmadhel
topology, but much more magnet mateland copper are [7]
used and thaefficiency can be adversely affected by h
copper lossesHowever, decreasing curri density can re-
duce copper losses while power output is stilldyetihan in
existing machines; andud to the elimination of a steel tis-
lator yoke, the total translator mass is still cangble to x-
isting machines. FEA cdinms that the longitudinal endf-
fect associated with lear machines is eliminated with tl

topology.

(8]

The yoke-less air-cored stator ils@ much liglter that the [9]
iron-cored stators. Furthermore, the modular stator sect
with their concentrated coils can significantly simplifyn-
struction and hence reduce construction time arsd With
an aireored stator there is also no cogging e, and hence a
high quality force and induced voltageaveforn is achieved. [10]
For a detailed comparison of diféat machins, structural
mass should also be taken into accothig isignored in this
study though. However, due to ttepology of this machine, [11]
the net attraction force on magnets @eally zerc and, also,
because of the agered stator, attraction forces between
stator and translator are eliminated. Itlisreforereasonable

to expect structural magsr this topologyto be significantly [12]
less than in conventional machines.
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