| mprovenents to tubul ar electrical generators The
present invention relates to i nprovenents to the
w@edborignce of tubular |inear electrical generPEr/GB2006/000082

Tubul ar generators to which the inprovenents discl osed
herein can be applied are of the kind whereof the
armature of the generator contains one or nore annul ar
coils and the translator contains an el ongate series
of magnetic poles. This latter series may be forned
froma nunber |mbravements ¢mtubolagelettrcalgerstgiers i n a
columm for passing concentrically to and fro through
the annular coil (s). As the lines of flux emanating
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tubular linear electric notor, UK Patent Nunber GB
2079068 and foreign equivalents. (It should be noted
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(It should be noted throughout this text that the term armature refers to the part
of the generator containing its coils, and the term, translator the part containing
20  the permanent magnets. Electricity is generated as a consequence of
movement of the one relative to the other. In addition, as is commonly known
by those expert in the field, a permanent magnet electric generator of the kind
described can operate equally as an electric motor. Therefore the terms
generator and motor are deemed interchangeable within this application.)
25
There are an increasing number of industrial applications which require the
conversion of reciprocating mechanical energy to electrical power. One in
particular is the conversion of sea wave energy to electricity. An example of



used to cause relative notion between the armature and
translator of a linear generator, and thus the
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experienced in the direction of notion of the noving
part of the generator relative to the stationary ﬁart.
ThiGneatich ereansifor bptimisiag el userof maghetici iy 6aa cemprise the
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draw out the lines of flux emanating from the translator in such manner as to

improve the flux linkage with the coils.

20 A disadvantage of using any form of ferromagnetic sleeve in a tubular
permanent magnet linear generator is however the unfavourable cogging which
can result. By cogging is meant unevenness of the mechanical force
experienced in the direction of motion of the moving part of the generator
relative to the stationary part. This arises due o the salient pole magnetic

25  atiraction effect between the discretely spaced magnetic poles of the armature
and the ferromagnetic sleeve. The cogging ~if severe- can cause mechanical

vibration, and even breakdown, over a protracted period.



vi brati on, and even breakdown, over a protracted
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26

‘oitch’ or ‘yaw’ directions (as referenced toa generator having a horizontal

longitudinal axis).

One method of achieving this absence is by a varying longitudinal offset of an
edge of the sleeve lengthwise of the armature it surrounds, where examples of
such a variation in offset may be substantially sinuscidal, triangular or
castellated. By this means, when any one or more given edges of the sleeve
are atiracted in a certain direction to a particutar magnetic pole and/or sets of
poles, other given edges are attracted less or are attracted in the opposite
directional sense, the net attraction of the sleeve to any particular pole or set of
poles thereby being reduced, this reduction -within margins- being obtained
regardless of the position of the sleeve relative to the transiator.
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According to an aspect of the invention, the sleeve includes or is constructed
20  from amultiplicity of individual ferromagnetic elements for drawing out lines of

flux from the translator, but each being of a shape and individually insulated

such as to eliminate substantially the circulation of eddy currents around and/or

along the circumference of the sleeve.

25  In a preferred embodiment of this aspect of the invention, the individual
elements are formed of discrete lengths of ferromagnetic material, such as soit
iron, placed parallel and adjacent to one another lengthwise so as to form the

aforementioned sleeve. The lengths may be bonded to one another by a
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rare earth neodymium boron iron magnets may be used. The coercivity of
these magnets is high and there is little risk that demagnetising fields arising
from currents circulating in the armature coils can bring the magnets foan

20  unfavourable working point. On the other hand, if lower coercivity ceramic
magnets are used, for example those known as ferrites, they may suffer from
this effect owing to the presence of a distinct knee in their BH curve properties.
Use of a ferromagnetic sleeve as described herein mitigates this risk, owing to
the fact that it assists magnetic coupling from the North / South poles of the

25  permanent magnets positioned along the translator. (In effect, the sleeve forms

a magnetic short circuit path for the magnet fields to travel along.)

It will be apparent however that the sleeve serves this purpose with more efect
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from the magnets it coaxially surrounds would be augmented by the thickness

20  of the resin layer. In practice, in order to afford the best possible magnetic
coupling between the sleeve and the magnes, it is desirous to keep this radial

distance as small as possible.

According to a further feature of the invention, the individual elements

25  comprising the ferromagnetic sleeve are embedded within the resin bonding the
coils during the manufacturing process. By this means, the ferromagnetic
sleeve formed by the elements is enabled to be as close as possible to the
outside diameter of the coils, and correspondingly as near as possible to the
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as desired, albeit to a limited extent, as an additional braking means.

20 .
The invention will now be described with reference to the accompanying
drawings in which:

Fig 1 shows the armature and franslator of a typical tubular linear generator.

25

Fig 2 is a view of one edge of a ferromagnetic sleeve surrounding the armature
of the generator.

Fig 3 shows cogging forces which may arise when using a sleeve of uniform
30 length.
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under standing of the invention. Referring to Fig 1, a
typi cal tubular |inear generator to which the -

| "PFigies® 2ind 2 and the text describing them, provide a general reference
20  background for assisting an understanding of the invention.

Referring to Fig 1, a typical tubular linear generator fo which the improvements

25  disclosed herein may be applied is shown generally at 10. The translator 11
comprises a non-ferromagnetic tube 12 housing a series of spaced axially
magnetised permanent magnets 13,14,15 and so on. It will be seen that like
poles of the magnets face one another. The effect is to cause lines of force,
shown here schematically at 16,17 & 18, to emit radially out from the tube

30 holding the permanent magnets, and thereby cut as shown the turns of the
coaxial armature coils, shown here at 20,21,22 & 23. (Note, these coils are
generally bonded within a further tube, not shown here for clarity.) Forcing
relative movement between the armature and translator results in the generation
of sinusoidal alternating electro- motive forces in the armature coils. (This

35 arrangement is identical to that of the tubular linear electric motor disclosed in
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The foregoing description outlines the general -and known in the field- concept
of using a sleeve to augment output, or in the case of the described

20  configuration used as a linear motor, the thrust available therefrom were the
coils to be energised. The actual concept of the invention is now described in

detail with reference to the remaining figures.

A noticeable disadvantage arises from the use of a simple ferromagnetic sleeve
95  as depicted in Fig 2. This is due to the effect known as cogging. By cogging is
meant mechanical unevenness in the mechanical force experienced in the
direction of motion of the moving part of the generator relative to the stationary
part. This arises due to the salient pole magnetic attraction effect befween the
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snde portions. This is achieved in manufacture simply by suitable juxtaposition
of the individual elements making up the sleeve. The purpose of the contouring
is fo reduce the cogging forces. (Note, on the left hand side of the sleeve, the

20 side portions extend conversely more than the fop and bottom portions.)

This is further explained with reference to Fig 5. The top (and in this case the
. most protruding) portion of one end of the sleeve is shown schematically at 33
and the side, and least protruding portion, at 34. The translator is shown at 35.
95  The overlap of the elements 33 and 34 is so selected that while one length is
trying to pull to one set of magnet poles, the other length is in an ‘in between’
state and therefore not contributing towards this force. As the armature is
caused to move relative to the translator, so the position is reversed. Meanwhile

10



As can be seen, the sleeve is nodified in shape at its
ends as shown at 32. Rather than having a uniform
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bgnd ofthas egve, d&?dﬁ@‘&??ﬁ‘%ﬁa8§ﬁ'?ﬂef°&ﬁdi vidual el ements

maki ng up the sl eeve. The purpose of the contouring is
to reduce the cogging forces. (Note, on the |eft hand

Si glenethdiad of Bie\soevé, 187, a sindlapamarigementprevala, except that
conversel'y nore than the top and botto Portla )g(),a

5 Thhéreldtivé pratiasioneeitheelementiengihs @Eéﬁ@ﬁﬁg@ arging; @’9 arefl,
top (and in this, case the st protr.udi tq of
oraslestion aftheirysicedeioth)d e A D el HE ol pOF BB 2
the side, and,l eas rfat L udi j i
¢ St R eS8 & 1 B prE R e ARETOp BCrpES b 'Fﬁ’é‘a%iﬁ'?ﬁ:% "
33 a 4 =t £AThi ' teyuingefiest, the
tﬁ%"ﬁg“"g%%‘ﬁ?ré‘@? ‘Zﬂgﬁd g’e-trﬁlgfﬁ rtr?ggfr?ggceggﬁs, the other
| it H%tif@.cé Beifig substatiglyvediedsasstowarat 38 frefrigfole not
contributing towards this force. As the armature I

10 Cagtsraghrison witl theramiplitude of the origipakshaws Iab?'g % Algnallyg sleeve

position is reversed. Meanwhilethe gra i ng
P enhprofies arepesibiocsicn e & ominaing o SRt PR ' "9,
this end of the sleeve, is t ing
f opaehingd wih ragusl shien o pfer fleh Tedibe tREe8hoBRect o
arrangenent prevails, except that the relative
protrusions of the elenment |lengths are so

' i | reowi beodesofibec & wll degm
Pre%gt? '?1]?6';{%1"2? Q;%e%g?‘frtﬁé‘;g??ﬂggng? thi s other enldfcdi:;:?in of

15Phaesibavetshowe atFig Uhthaf thisds fosmed frem agwienber 9 e
reference both left hand ?agwrsl ght hand ends of the
s| etenents. The geason fonihis is@st reduces the cogging

effect, the final net force being substantially
reduced, as shown at 38 in Fig 6, in

Were any such sleeve to be constructed from a solid conductive material (as is
the case with a simple ferromagnetic cylinder) this would suffer from a

20 significant disadvantage. This is that during generation, the very motion of the
sleave relative to the translator, creates parasitic eddy currents circulating
therein. These serve both to heat the sleeve and, at least as bad, to resist the
passage of the armature relative to the translator owing to the magnetic fields
set up by them. These result in a counter force opposing the very force causing

25  the movement. The effect can be reduced to some extent by punching slots in
the sleeve but this reduces the effectiveness of the sleeve by the very omission

of the material their presence necessitates.
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conmparison with the anplitude of the original shown at
Fig 3. Alternative sleeve end profiles are possible,
WG awh/0284Rn conbi nati on of a castell ated cont ouPCT/GB2006/000082
combi ned wi th gradual curves, to even further reduce
t he coggi

i RW%?‘B@W ‘%nﬁr']fzfﬁ@wegé" QK rntﬁgg’hh thnp&b’eé@eaé% from
Luﬁs@i? TG b fsthaoed BBl edhy e, 5 SRdWin
kh@m@atéf fis Sophpik flesy rﬁmmmny b@l&@afecdis‘drété@teméntsrma

con |ve terla (as"is the case with a

S' BR So bis'eaehatade from acfiefromegnielic dteriahaving afavourable high
a significant disadvantage. This is_that duri

5 penmasbily, sudtas aeRyronor | APGFERME. Epahedsdiese elAent 8o
Eraertsblragﬁ'?f'r@ﬁ s boigitiour. Tie BB RIS, Cwﬁfeﬂxﬂcuré@?“‘%s‘ﬁﬁs of
.
¢ nd5ree, sEbstan i Aba e e hiéhelfidderonh ASneRiaespd
gﬁﬁéds‘é ftﬁéﬁrg thsilaled ‘ﬂl%rrprﬁné difother, Tﬁl§ Shminaky lvtrtuallyhaltogether

ce opposing the very force causing t

nvwwmanam@f @kl eatrerts) théirepresenue being confined teewithimtheby
punching slots in the sleeve but this reduces_the

10ef flemptudinal etements. t Fes aisignifisantbenefd atisesin dermsof eppuirbut
the materi al the‘ B@gsen e cessitates. The sl eeve of
Fi gvithoutrany meticeahledmpast 446 CHrenfs. i nvention , and
al so overconing the said difficulties caused by
circulating eddy currents, is shown in outline at 31.

ol ﬁ%zg HR@%&&%&M%& View of art of tﬁ@f slé’éx/é%@ﬁvﬁ irfFig 2bETHe

so on, each froma

1 CIdigAg lt@dlﬁﬁbﬁmeﬂts thaingap the fsbewamkslhewh iagain here at
per neabi | i such as soft 1ron or  TRAPOFERM . Each of
158 hagmwammntaach elementisansalated ong itssenties IgAath in prevent

el enents continue to draw out the |ines of force,
sutrlecirical gondyction te A3 nejah b%‘é sl eeve were nade from a
singl e piece, but

Referring to Fig 8, an arrangement is shown at 42 for further reducing the

likelihood of the magnets within the translator being taken beyond their safe
20  operating point. (This may occur due to the presence of strong demagnetising

fields or -in combination- exposure of the magnets to such fields and operation

at high temperatures.)

As mentioned before, the presence of the sleeve of the invention assists the
95  safe operation of the magnets inasmuch that it provides a ready path along
which their fields can travel. However, were the (average) length of the sleeve to
be made such that it only just covered the end coils of the armature, the
magnets coaxially surrounded by them would not be protected to the same

12
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10

15

because they are insulated fromone another, this
elimnates virtually altogether the circulaiion of
@ouyg/ozuntents, their presence being confined PCI/aB20M6/000082
the longitudinal elements. Thus a significant benefit

oot ax thesa more sagtral s o efosve HsresRle"s fllo 5 leng
tiexeseding W o0 ATl B8 Sﬁéﬁ%ﬁ@”@&%ﬁé el lorly 1 of the
PRIk B i€ mbn e Bagretl fld coliny prvidea by thes

{s entire length to prevent

< 's?éegé b5be S&ndy ekterdwiibover il obfhg loperative Ragnats $hapsisiing

an arrangenent is shown at 42 for further

rqﬁgpfunqlmtwthlnl «ssfé bpavatingfpoitie magnets within the
translator being taken beyond their safe operating
point. (This nay occur due to the presence of strong

demagn t|S|n | d - ' .1 O :
mysﬁfgg@w Rmaiof® el o Wit SRcdhiapsie o

; BBty by R mRBfR e fap 8 fires it %’2“‘?2?‘2‘3??,3 ot on
0 aﬁé}@ mﬁ@ﬁﬂ@ﬁ%&iéﬂﬁh@%@Mbéeﬁse df ttmsiewedwtmlarha@ay pat h

al ong

i elds can travel
( agéﬂem@f)ls hew ghawrowith referencedo Eig % wﬁ@h@g\ys an gnéfﬁﬁytotf fhe
on ust covered the end 00|Is f t,he ﬁ
i o Eyumnen sl DB dh o Slon
sa
it mgpndmeﬁgn%egoen EREMRY 08 TudABE ofERiefts K8 Toirpisivg the
X SlEeve n\%@% ﬁa@&g@) Fire Which Svorltresuleih aﬂ%maiedélrgbp,

ov§ armature coil stack. % this

TR, aré ﬂ%teg"éé‘ﬁfbﬁfdbe \Aﬁthmhtda@shum aig?,chMsdneans eyiare as

€ can seen to extend wel|l over al

0 p %roéé iy practigily pessibie tosthe coil sugfaceéB.rand mth%maamﬁﬁ.ﬂw

safe operating point.

coupling with the translator magnets is maximised.

It is well known that short circuiting the ammature coils of a permanent magnet

type rotary electric motor is effective to brake the motion of its armature. In the

20 case of the tubular linear generator, short circuiting its armature coils similarly
provides a ready and effective braking action of the motion of the translator
relative to its armature. From the foregoing description however, it will be
understood that the slesve cannot contribute to this effect as the very point of its
construction is to avoid the effect of circulating eddy currents.

25

However, in special circumstances, it may be useful to be able to arrest motion
in the shortest possible time, particularly in wave energy converters where for
example there may be the sudden arrival of a wave of unexpected amplitude.

13



It is well known to maxim se magnetic coupling within

el ectromagneti c machi nery by reduci ng magnetic air
w@aps/ozd4tar as i s practicable. An arrangenent PEDGB2006/000082

achieving this in the case of the sleeved tubul ar

IS SRR RSP o
S R AR g Bgta oL for el

i ndi vi dual elenents 46 conprising the sleeve over the
(hardened) resin, which would result in an increased
ai p nagtiod dffensbling éhe siesveatill tooeantribtteip the braking effact SEHANN

at 47. By this nmeans, they are as se,as practically
5 powith teference totirig i Eackf fgealements é§s58 2RO ohs Sl et i ¢

flux coupling with.the.tran '

i eGiER 0 fresgoning Suifhno | AR AR The cer half o

ar mat,ur ' i t ,of th

ol BB it iPnplted cREbETRE 3 B Sthing oRSont el ofthe

A" SRietieR. a béh o Rofiererbiiighelboittu hnitdd extent, syenecwaildbbe

short circliting its armature coils S|n1larlib&rOV|des
a_ leaafaurfants to Cireutate anddnuspenitting the sleeve toradd e braking
the translator relative to its armature. Fromthe

10f oefforbi ng description however, it wll be understood

that the sl eeve cannot contribute to this effect as
the very point of its construction is to avoid the

ef fect of ci.reul atd , in
spé@"@ﬁmﬁ ‘%&'B@Fiﬁw@aﬁﬁé{"&aﬁ;ﬁ‘@%@?ﬂ Eils) H?\éﬂ%e able to
arrest notion in the shortest possible tine,
particularly in wave energy converters where for
exanpl e there may be the sudden arrival of a wave of
unexpected anplitude. This m ght for exanple, cause

15undue notion of a point absorber driving a linear
generator, with consequent damage to the latter. A
met hod of enabling the sleeve still to contribute to
the braking effect is shown

20

25
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with reference to Fig 10. Each of the el enments 49, 50

and so on is each connected to correspondi ng swtches
w®B00ants152 and so on. The other half of each sRET/GB2008/000082

connected to a bus bar 53. By switching on sonme, or

all, of the switches, a path is provided enabling,

alBAIMSt o0 a 1imited extent, sone would be eddy

currents to circulate, and thus permtting the sleeve

to add to the braking effort. Numerous variations wll

be apparent to those skilled in the art. CLAIMS 1) A

| i near ,gener EVAR ke lecated
tr and) ATGPS Ghdfatdt el af Aol orien L R4 Ao st

whi ch are novable relative to one another, al ong a

| ongconsentrieallylxerethrongh aad whigh mmeva%%neﬁ}w%ﬁwgaw@ef
sleeve is affixed to and circunferentially surrounds

th itudi hla sblatsteava ssaffited
51 e g{og@%ﬁr@ﬂudiﬁﬁ R8I Wi laihagreficatip pemre &

el ng contoured around its circunference
such that .the_varjation of the | [ ' 0 i
forcéo W Qmewn@@gl@ﬁly $yrrqupds 'ﬁ‘? m&ﬂ%’ t‘ﬁﬁeﬂgé%bﬁ@g&udrﬁg or
relative to the translator, is reduced. 2) A linear

genepathandsotthe dleage baingtantourad arounditsrcitchmfasence such that
contouring of the perneability is achieved by a

variation |.n ' Q) it
o v c e GtelichOrde B EaCiogE JFon BeReg iR travel wit
the sleeve, such variation being in the form of

var yithegaraiature calative te thedrapslater.ds feduca | ocat i ons ar ound
the circunference of the armature. 3) A linear

1p9ener ator according to Claim2 wherein the variation
in the amount of sleeve material is achieved by a

Y oD et el Ghi iR A sl B

exanpl es ]
the permeability is achieved by a variation in the amount of material around

the circumference of the sleeve end at one or both ends of the sleeve, such
variation being in the form of varying absence of sleeve material at locations

15 around the circumference of the armaiure.

3) Alinear generator according to Claim 2 wherein the variation in the
amount of sleeve material is achieved by a varying longitudinal offset ofan
edge of the sleeve lengthwise of the armature it surrounds, where examples

20 of such a variation in offset may be substantially sinusoidal, triangular or

castellated.
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of such a variation in offset may be substantially

sinusoidal, triangular or castellated.4) A linear
w@emwenailar according to claim3 wherein both ePdBEGB2006/000082

the sl eeve are so contoured, the offsetting of edge

portions at opposite ends of a generatrix of the

sl eeve being such that the distance between edge

portions of the ends is substantially constant around

the gj neRELPE&TRFROCicCHIlngId Clalne3 whrei batimends af diessieaver

according to“any of the preceding clains in which the

of 1 At s caplourece e siBgHRd et bfinpe ABpPoschitt £ ¥

lines of flux fromthe translator, but each being of a
shap gematerik fifheistbeat bging siahl thatde dislancekeiweeneddeipgHioss

substantially the circul ation of eddy currents around

5and/ f thglgﬁgg gﬁs@ﬁs@@t@aﬂy %@gﬁ{t‘ gﬁ)gﬁa tHeltcahRreaRe ofthesleeve.

line aim5 1 n which the

i ndi vi dual el enents consist of discrete | engths of
ferromagnetic material, such as soft iron, each
insulated fromits nei ghbour and pl aced parallel and

ad] aﬁh%}?@g@@xeﬁw&td&%rdiﬁg t@anyf st proeedingnaiaims én which the

sl ee I near generator according to claim5 in

s, <rheavoiIIdeh gtie cRR et iopT PRIy o PR, ="

within a plastics material.8) A linear generator
ac corfgiroagretic ieiments fondrawing butiines obiux fiom thertrapslatop dut
i ndi vi dual el ements conprising or included within the

O e R
sel ected pro or all of them t

ortion ope another
and t substantiailsdlamcirwlaﬁ@m ofeaddy GW&Qﬂt%ﬁroHF‘?@Hﬂ‘?f a@%}grtg?]t s.

circumference of the sleeve.

6) Alinear generator according to claim 5 in which the individual elements
15 consist of discrete lengths of ferromagnetic material, such as soft iron, each

insulated from its neighbour and placed parallel and adjacent to one another

so as form the armature sleeve.

7) Alinear generator according to claim 5 in which the elements comprise

20 individual particles, such as small ball bearings or iron crystals, embedded

within a plastics material.
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9) A linear generator according to any of the
preceding claims in which the I'ength of the sleeve, at
w0 e@efvsieTIUM  exceeds the | ongitudi nal | ength BET/GB2006/000082
armature by an extent sufficient to ensure
substantially the same degree of protection against
| Pduced demagneti sati on of the transl ator magnets is
af forded by the prese of the to t
e xpoSba AdNbaEEAoer EoPOTTNG (AR & OIGh & QbR B3RP
centre thereof.
individual elements comprising or included within the sleeve are each
connected by conducting means to communal switching means permitting
5 connection of a selected proportion, or all of them, to one another and thus

the controlled circulation of eddy currents.

9) A linear generator according to any of the preceding claims in which the
length of the sleeve, at its minimum, exceeds the longitudinal length of the
10 armature by an extent sufficient to ensure substantially the same degree of
protection against induced demagnetisation of the translator magnets is
afforded by the presence of the sleeve to the magnets exposed at each end

of the armature as to those at the centre thereof.
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