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Field 5 This invention relates generally to the field of |inear

el ectromechani cal transducers such as linear notors and alternators, and
mor e speme;(l)j eI ates to a support sleeve for the reci peppgdshesisBgNEt S
of the linear ctr cal.transduycer. 10 Background Art It 1s known
in the field of el ectr neclp@(}ﬁfﬁ‘lg brﬁgﬁgj_g@ers é&at al ti me changi ng nagnetic
field near an electric uct F age} across the 15
conductor and a curren E:tbes‘chgﬁmlbagéaqtg:l esed; | oop current path. The
reverse is also true: r?t L0Ugh an el ectri cal
conductor will cause aj

ha
é‘ﬁa ?%1%% é?lpéqu elch.{ This is the
principle under  whi raw@?@bt P?ﬂ?échanﬂ@aﬂgﬁo. ...... transducers, which
i nel udes |inear alternaboMstrasid mpagens,..T.upesdeans= A fprior art

el ect ronechani cal transduees—~—speci-fically an alternator, is shown in U S
Patent No. 4,602,174 to Redlich. In order to increase the
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TITLE: MAGNET SUPPORT SLEEVE FOR LINEAR
ELECTROMECHANICAL TRANSDUCER

Technical Field
5 This invention relates generally to the field
of linear electromechanical transducers such as
linear motors and alternators, and more specifically
relates to a support sleeve for the reciprocating
magnets of the linear electromechanical transducer.
10
Background Art
It is known in the field of electromechanical
transducers that a time changing magnetic field near
an electrical conductor induces a voltage across the
15 conducteor and a current to flow if there is a closed
loop current path. The reverse is also true: a time
changing current through an electrical conductor
will cause a time changing magnetic field. This is
the principle under which electromechanical
20 transducers, which includes linear alternators and
motors, function.
A prior art electromechanical transducer,
specifically an alternator, is shown in U.S. Patent
No. 4,602,174 to Redlich. In order to increase the
25 magnetic flux passing through the electrical
conductor (to thereby increase the current
generated), a coil of wire is used and a magnet
reciprocates in a central passage near the center of
the coil. A further enhancement is the formation of
30 a relatively high permeability material into a flux



25 ‘ magnetic flux passing through the electrical conductor (to

t her eby I ncr ease t he current generated), a coil of wire is used and a
magnet reciprocates in a central passage near the center of the coil. A
further enhancenent is the formation of 30 a relatively high

per nmeabi | | tWORH1361 al into a fl ux WO 97/ 13261 PCT/US96/15776

PCT/ US96/ 15776 2 | oop through the coil. A magnet reciprocates, not inside
the coil, but in a gap formed between flyx path structures, and the
magnetic flux flows through the structure inducing a current in the coil. 5

The magnets whi chisdre dir-dugh €BePpe6Lal edai Madghér Gddtiprecatesn fsbedded in a

support struct ure.lyg]iihd:eh tq_lesocogtqﬁs %[tt terLég%a'&)hefoq:%‘%d L@Qw?ggpgagxst ructure
is arigid body whi ¢ permts e structur y ‘WeaK magnet’s"to be drivingly
connected to anotPRih Séactaves, ang kbe magnetispdiux BkavctiireudPnhich is
c_orrrmnl y el ect r! qﬂé )s&mp%i YRJued 5P £NRAHRNEr Snathé r@ﬁh,angi ng magnetic
These | o55e8 reduce erTiec PRARSES A PherRest e EPAPaRTHpFD TACLAY [ osses.

gap are often embedded in a support structure which

also passes through the gap. The support structure

is a rigid body which permits the structurally weak

magnets to be drivingly connected to another body.

10 Since the support structure (which is commonly
electrically conductive) alsc encounters a time
changing magnetic field, current is induced in the
support structure causing energy losses. These
losses reduce efficiency, and the heat generated by

i5 this undesirable current can damage the magnets.

The most common configuration for a 1linear
electromechanical transducer is the <circular,
axisymmetric grouping shown in Figs. 1A and 1B. A
cylindrical magnet support structure 12 reciprocates

20 longitudinally in a gap 14 formed between flux loop
segments 10 and 16. Typically, structure 12 is made
up of an electrically conductive support into which
magnets are embedded. As the support structure 12
reciprocates in the gap, a time varying magnetic

25 flux passes through the support structure 12. Eddy
currents are induced in the support structure from
the time changing magnetic field which the support
structure 12 encounters, causing a net flow of
electrical current around the circumference of the

30 support structure 12. The circumferential flow of
current causes I R losses since unwanted, unusable
current is generated in the support structure 12.

There is a need for a magnet support having
negligible losses due to the induced current, while

35 providing a rigid support for the magnet segments.



15 " this undesirable current can damage the magnets. The nobst common
centiguration-for—a-linear—electrorpehant-cat—transducer—ts—the -—
circular, axisymretric grouping shown in Figs. 1A and 1B. A cylindrical
magnet support structure 12 reciprocates 20 longitudinally in a gap 14
f ormed betwe | oop segments 10 and 16. Typically, strliglik S
made up of a éﬁéﬁ%rlcally conductive support into which nagnets&§%§
enbedded. As the support structure 12 reciprocates in the gap, a tine

varyi ng magnetic 25 flux passes through the support structure 12. Eddy

currents are induced.in the support structure fromthe tine changing
magnetic field mhl@ﬁ—%ﬁég%%%5§£%i%$ﬁﬁéﬁgﬁéiéggencounters causi ng a net
flow of electrical curreim¢ amenddnéscar cecd@roaiatdnaf mhbreSic bodwupport
structure 12. _Thegir gt eLent bl d AN’ (bEalbo£aUshRe  milaspes since

unwant ed, unusabl e_current 1S gene i%ét structure 12. There
is a need for a meBREY ARFGASshaVveRgi IEgIcadi Beea SUPBGELL BLEIE | nduced
current, whilse 35 havipgovatdi ngaxtr i ghd sepposrt f @n t khenagnefemeghent s.

WO 97/ 13261 embodiment the sleeve has a pluralfg/ é%s%%%é?mrhe
magnetic body further comprises a magnet segment
mounted to the sleeve. In the preferred embodiment
there is an equal number of magnet segments and

10 slots. Each magnet segment preferably extends over
at least a portion of an associated slot forming an
egual number of paired slots and segments. It is
preferred that each magnet segment of each pair
attaches to the sleeve on both sides of the

15 associated slot.

The invention contemplates slots which extend
from near a first longitudinal end to near a second
iongitudinal end, extending completely through the
sleeve, parallel to the axis of the cylindrical

20 sleeve and evenly spaced around the periphery of the
sleeve.

Brief Description Of Drawings

Fig. 1A is an end view in section and Fig. 1B
25 is a side view in section illustrating a prior art
linear alternator or motor;
Fig. 2 is a side view in section illustrating
the preferred embodiment of the present invention;
Fig. 3 is an end view in section illustrating
30 the preferred embodiment of the present invention;
Fig. 4 is a side view in section illustrating
an alternative embodiment of the present invention;
Fig. 5 is a side view in section illustrating
an alternative embodiment of the present invention;
35 Fig. 6 is a side view in section showing a
portion of a cylindrical sleeve;
Fig, 7 is a side view in section showing a



3 Brief Disclosure O Invention The invention is a reciprocating mgnetic
body for an el ectronechani cal transducer. The nagnetic body conprises a
cylindrical netallic support sleeve 5 having at least one slot.

In the preferred enbodi ment the sleeve has a plurality of slots. The
magneti ¢ bodyoBuiReer conprises a nmagnet segnent nounted t ectAsssalsegve. I n
the preferred enbodi ment there is an equal nunber of magnet segments and 10
slots. Each magnet segnent preferably ext4ends over at |east a portion of
an associ ated slot form ng an equal nunber of paired slots and segnents.

It is preferred thadraash dfaaaealé@ﬁmv@fcﬁamrewr gliardesdL the

sl eeve on both sides of_.the 15 associ at ed I nvent 1 on
contenpl ates slots whi EH%xtEn®f Roftarvie% i 1t SF%W@‘F’% uBPeMingnd to near
a second | ongi t udiprattiemd ofernhealit expnaoive etydlindirhicalighl édvee Sl eeve,

paral | el Lo e X ol RRotrhbads! eab Shecorred GhRAnlne 8R! Kngpaced
around t he p§r| phey of the %e r| ef Descriptlon 1

is an end vi2aw in eI N igp “‘StraF§da i&fy gehgj él\ﬁaf"hngéct i on
illustrating a prispecirftic terminoclogy will be resorted to for the

sake of clarity. However, it is not intended that
the invention be limited to the specific terms so
selected and it is to be understood that each
10 specific term includes all technical equivalents

A

which operate in a similar manner to accomplish a
similar purpose.

Detailed Description
15 The present invention is directed tc the

reciprocating magnetic body of an electromechanical

transducer, such as a linear motor or alternator.

The entire transducer is not expressly described

herein, since all but the reciprocating magnetic

20 body are conventional transducer parts known to

those skilled in the art. The following description

of the invention is therefore primarily of the

reciprocating magnetic body and its relationship to

related, conventional parts which is sufficient to

25 enable a person of ordinary skill in the art to
practice the invention.

The preferred magnetic body 20 is shown in Fig.

2. A sleeve 22 has a sleeve wall 24 which is

cylindrical, and in the preferred embodiment is a

30 circular cylinder. Magnetic body 20 reciprocates in

a gap between magnetic flux path segments, in close

proximity thereto, as is conventional similarly to

structure 12 of Fig. 1. Longitudinal slots 26 are

formed in the sleeve wall 24 extending from near a

35 first longitudinal end 28 to near a second, opposite

longitudinal end 30 to limit circumferential current

flow. Slots 26 are preferably not as long as the



| inear alternator or notor; Fig. 2 is a side viewin section illustrating

t —Fig. 3 is-an endiew in
section illustrating 30 the preferred enbodi nent of the present
invention; Fig. 4 is a side viewin section illustrating an alternative

enbodi nent o(”dmﬁ%esent invention; Fig. 5is a side view ] ,ﬁ&%%qp
te ron,

illustrating an a rnative enbodi nent of the present inven
Fig. 6 is a side viewin section showing a portion of a cylindrical sleeve;
Fig. 7 is a side viewin section show ng a5 WO 97/ 13261
PCT/ US96/ 15776 4 poriio of, an.,alternative cylindrical_ sleeve; and Fig. 8
is a side viewin ¥8%tich IR5WIRY & ConcBmterential Fdrevet ¥aihdri cal
sl eeve. I n descri bRAgreheipinf amsddbterdoditnepbositéhends 28 amyesd on which
is illustrated in ghgcdr aw n@:&erﬁp.e?&'éfgré}?f#n Qﬁkggély e BGhesald ed to

IT IS no nt ende hat the

for-the sake of cl ity. However, i nventi on be
linited to the speg{‘??%“?%?r%f &Be sleeve wall 24.

5 An outwardly extending flange 32 is formed at
the first longitudinal end 28 extending at an angle
of about 90° from the sleeve wall 24 around the

-

entire circumference of sleeve wall 24, creating a
joint 34 between flange 32 and sleeve wall 24.

10 Inwardly extending flange 36 is formed at the
opposite, second longitudinal end 30 forming an
angle of about 90° with the wall 24 at a joint 38.
Flanges 32 and 36 provide radial stiffness to the
sleeve 22 and provide a mount for attaching, for

15 example, structures which drive, or are driven by,
the magnetic body 20.

Magnet segments 40 are mounted to the outer
surface of sleeve 20 spaced equidistantly around
the sleeve circumference. These magnet segments

20 provide a magnetic field. This field is made to be
time changing by reciprocating the magnets (as in an
alternator} or the magnetic field of magnet segments
110 is affected by a time changing magnetic field
generated in the coil {in a motor) to cause motion

25 of magnetic body 20. Magnets 40 are preferably
adhered to the outer surface of the sleeve wall 24
with an adhesive, placing them in very close
proximity to the gap forming structures of the high
permeability flux path.

30 Magnets 40 abut at their longitudinal ends
against outwardly extending flange 32 and an
outwardly extending intermediate flange 42,
Intermediate flange 42 is attached to the outer

. surface of the sleeve wall 24 intermediate the

35 outwardly extending flange 32 and the inwardly
extending flange 36. Outwardly extending flange 32
and intermediate flange 42 provide longitudinal



selected and it is to be understood that each 10 specific termincludes
all technical equivalents which operate in a simlar manner to acconplish a
simlar purpose. Detailed Description 15 The present invention
is directed to the reciprocating magnetic body of an el ectromechani cal
transducer wosamii2zé@ds a | i near notor or alternator. The entRCRAUS/EITIGuUCer S
not expressly described herein, since all but the reciprocating magnetic 20
body are conventional transducer parts known to those skilled in the art.
The follow ng description of the invention is therefore primarily of the

reci procating maau bbet bady rdts €0 abhondiRiba Q) apesvidiyentional
parts which is su Lckent to enahl.e g??eéso f frdlnar skill in

0
the art to practlc e?ﬁ%nlﬁgfﬁﬁﬁ%ﬁ1peﬁﬁ?”%ﬁ@? © Bﬁe? %'%od":5b i s shown
in Fig. 2. A sRéeveThe Hisnges| 32vandaflf odquidild b%n%y¢?¢nk¢hﬁﬂ and in

the preferred enhaghaest 4bSt8 ABre rigidbH! B618VEAARIgndINRS ifm body 20
reci procates in a 192 g beéwgﬁggﬂ&'nﬁélc fl'ux ath s(ggents I n_cl ose
proximty theret8L358/i8 Pn§Fﬁ1F3 1379 ¢ BefdPe $2 of Fig. 1.
Longi tudi nal slots 26Fage Borghewsi rarn hend| gedee wal lse2tient exfditde f r om near
a magnetic body 20 of Fig. 2, which more clearly
illustrates the positioning of magnet segments 40
over slots 26. Slots 26 are evenly spaced in sleeve
10 wall 24 and an equal number of magnet segments 40 is
mounted to the sleeve wall 24. Each magnet segment
40 preferably extends over at least a portion of the
length of an associated slot 26, forming a plurality
of paired associated slots 26 and magnetic segments
15 40. There are as many magnet/slot pairs as there
are slots 26. Magnet segments 40 are not reguired
to extend over slots 26, since a portion of sleeve
wall 24 remains circumferentially continuous at
opposite longitudinal ends to hold the sleeve 22
20 togethexr. However, it is preferred that segments 40
do extend over slots 26 and each magnet segment 40
attaches to the sleeve wall 24 on both sides of the
slot 26 over which it extends, since this further
rigidifies the sleeve wall 24.
25 Mounting holes 50 are shown in flange 36 of
Fig. 3 for drivingly mounting the reciprocating
magnetic body 20 to, for example, the piston of a
free piston Stirling cycle engine.
Referring to Figs. 2 and 3, the slots 26 formed
30 in the sleeve wall 24 form an electrical barrier
which is highly resistant to the circumferential
flow of current around the sleeve wall 24. The
resistance arises from the air gap, since air has
much higher resistance than the wall 24. This
35 current flow, as described above, is generated by
the sleeve wall 24 passing through a gap in which
there is a time changing magnetic field. Since the



35 ‘ first longitudinal end 28 to near a second, opposite |ongitudinal
A ' ' . - not

as long as the WO 97/ 13261
PCT/ US96/ 15776 wal | 24, leaving a thin circunferential ring of wall 24

r emai ni ng ur@bg;,;ﬁﬁl at opposite ends 28 and 30. Slots 26 emm,@@%erabl y
entirely through the thickness of the sleeve wall 24. 5

outwardly extending flange 32 is forned at the first |ongitudinal end 28
extending at an angle of about 90[err] fr&mthe sl eeve wall 24 around the

entire circunferen [ sl eeve, wall 4 a_joint 34 bet n flange
32 and sl eeve wal | fq’elgvagi E‘f n’(/\/almgl ‘?%ﬁ ‘%&enfL’Faﬁre gegbera\@%(é f or med
at the opposite, eddd slesyet 'délha% e&ﬁi i30 pagsaEnghueugngihe ¢fimgbout
90[err] with the vah&ﬁ%;;mgaew&&% Ehapee g3’ affesd 1BQMiiGRqr adi al

a

XAl o st uct ur RSB R ERF GRE}d SPIBARP,Lh 45 L BReVEEBE: (T 58dy 20.
Magnet segnehts 40tarformuat pett oirtenbetartislr favment Jflew arz®@ngdpaced
equidistantly arowkk sleeve wall 24. By forming slots 26 transverse
{and preferably perpendicular) to the
circumferential flow of current, a high (electrical)
resistance barrier is formed which blocks, or at
10 least reduces, the flow of current in the
circumferential direction, thereby reducing losses
associated with this circumferential current.
Localized losses, that is, losses due to current
- generated between the slots, still exists in any
15 electrically conductive material, but may be further
reduced by a greater number of slots.

Instead of increasing the number of slots, the
relative length of the slots could be varied to
obtain different results. Fig. 4 shows a magnetic

20 body 60 similar to magnetic body 20 of Fig. 2.
However, instead of having length slightly less than
the sleeve, slots 62 have the same length as sleeve
wall 64. Slots 62 extend from one longitudinal end
66 to a second, opposite longitudinal end 68,

25 completely through the sleeve wall 64, thereby
dividing sleeve wall 64 into a plurality of
individual sleeve segments held together by attached
magnets 70. Magnets 70 extend from one side of
slots 62 to the opposite side of slots 62, and each

30 magnet 70 attaches to the sleeve wall 64 on both
sides of each associated slot 62. In this
embodiment, wmagnets 70 (or some other suitable
structure} must extend across slots 62 to hold the
segments of the sleeve wall 64 together.

35 The magnetic body 60 has structural
disadvantages compared to magnetic body 20 (of Figs.
2 and 3) since magnetic body 60 has no continuous,



t he sl eeve circunference. These magnet segnents 20 provi de a nmagnetic
field. This field is made to be tinme changing by reciprocating the magnets
(as in an alternator) or the nagnetic field of nagnet segnments 110 is
affected by a tinme changing magnetic field generated in the coil (in a
notor) to cwosw/swti on 25 of magnetic body 20. Ma g n etcTuB06/ 68786
preferably adhered to the outer surface of the sleeve wall 24 with an
adhesive, placing themin very close proximty to the gap form ng
structures of the high perneability flux path. 30 Magnet s 40 abut
at their |ongitudipgbgreNdscaaldtahgOULPRLALYr&Xt eRdi Bhef | GEa5s32 and an

outwardly extendi ng, interned até f] ange 42. Intermed ate flange 42
is attached to th °88?5Pd§%ﬁ]f acRYF t HhiGhe ke 1E24 TR & e the 35
outwardly extendi sglihflenge H3vered,t hehe | abaenity eft endcomnddtange 36.

CQut wardl y extendi [ i i 2 Vi
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the sleeve wall 64 compared to the embodiment of
Figs. 2 and 3.
The resistivity of the preferred magnetic body

is preferably above 10 times the resistivity of
10 copper (1.7 micro ohms per centimeter}, and more
preferably is above 50 micro ohms per centimeter.
The resistivity of titanium is about 170 micro ohms
per centimeter and the registivity of stainless
steel (300 series) 1is about 75 micro ohms per
15 centimeter. If the resistivity of a material is
more than 10 times that of copper {i.e. more than 17
micro ohms per centimeter), it is considered a high
resistivity material; metals having this resistivity
or greater are preferred for the present invention.
20 Materials having a resistivity of less than 2 micro
ohms per centimeter are considered low resistivity,

and are not preferred for the present invention.
Materials having a resistivity between 2 and
about 17 micro ohms per centimeter are considered
25 medium resistivity, and may be preferred for the
present invention under certain circumstances.
Medium resistivity materials may be desired for
their advantageous properties such as high strength
or low density which may make them desirable in
30 spite of their resistivity. However, the smaller
the resistivity of a material, the greater the
number of slots necessary to reduce losses. For
example, copper has a resistivity of about 1.7 micro
ohms per centimeter, and would require substantially
35 more slots than titanium. Conversely, the greater
the resistivity of the material, the fewer slots
necessary to reduce losses and still obtain



adhesion surfaces perpendicular to the sleeve wall 24. The flanges 32 and
e | d the magnets 40 in

5 pl ace, as shown by flanges 100 and 102 in Fig. 8. Fig. 3 shows an end
view in section of the magnetic body 20 of Fig. 2, which nore clearly

Il lustrates [tioning of magnet segnents 40 over sl ot s 26
P3RS, Rl

/
are evenly s sl eeve 10 wal | 24 and an equal nunber o? nmagnet
segnents 40 is nmounted to the sleeve wall 24. Each magnet segnent 40
preferably extends over at |east a portiongof the | ength of an associ ated
slot 26, formng a plurality of paired associated slots 26 and magnetic
segnents 15 40 SAtFREREEGFY ERSWHR: ndHdt /18 Hecpupesthe gReREChre slots
26. Magnet segnent sxeélssieitpt requceed 1oc&£Xt esddpveeustéantss 26, aisd nce a

portion of sleeve I 4 |._As~circunferenti ti pposite
| ongi t udi nal ends p%ekggar%ﬁ%§§ﬁ6%§gs§g:23&'ggi?%%%?igggzQ§g§§5%§egit i's

referred that seg@EnS3oR8 @Bdexeahet by slatsrirabifdmagent kaghedY segment
p g g g

40 attaches t themalyedeeobthlingd. onabehbugh dstotd 2d1e05| Pig 262 oaed Whi ch
IR o R e

the reciprocating 3%is of the cylindrical sleeve on which they are

formed, it is possible to have slots which are not

parallel to a sleeve axis. Since the flow of

10 current around the sleeve wall is circumferential,

any pon-circumferential slot formed in the sleeve

wall 24 will interfere with (and therefore be =z

barrier to) that current flow. Therefore, all slots

transverse to current flow are barriers to that

15 current, and when used in a magnetic body, are

considered part of the present invention. The

longitudinal slots shown in the preferred magnetic

bodies are perpendicular to the flow of current,

thereby providing the most effective barrier to

20 current flow. As an alternative, slots formed in a

magnetic body may have a helical orientation as

shown in PFig. 5.

In addition to the orientation of the slots

formed in the sleeve, a barrier to current flow is

25 also created by a slot which extends only partially

through the sleeve wall. This type of barrier would

only reduce current flow rather than eliminating it.

In Fig. 6, sleeve 80 has a sleeve wall 82 in which

a slot 84 is formed. Slot 84 is not formed
30 completely through wall 82 but extends from the
outer surface of wall 82 into a depth 4. This

current path is reduced in cross-sectional area

which increases the resistance to current flow

. compared to an adjacent portion of the sleeve wall
35 82 having no slot.

Forming a slot in a sleeve of a specific

material is a compromise between a decrease in



magnetic body 20 to, for exanple, the piston of a free piston Stirling
cycle engine. Referring to Figs. 2 and 3, the slots 26 forned 30 in the
sleeve wall 24 forman electrical barrier which is highly resistant to the
circunferential flow of current around the sleeve wall 24. The resistance
ari ses fromwdemmeeer gap, since air has much hi gher resi st arcrusdsasy7é he wal |
24. This 35 current flow, as described above, is generated by the

sl eeve wall 24 passing through a gap in v%’ch there is a tinme changing
magnetic field. Since the WO 97/ 13261
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t he sl eeve wall %gasses throughthe |rrec an%n rr%gnetlcfleld in
the gap. These Ioc?d‘lrc?g‘ SEFY-2hr r ERFESHoul §288nbi ne & gé\ﬁ es® t hout
slots 5 to forcomprosise; r ¢thefer ciet | @l spectrzun fdlowgarwhish tamy sl eeve

wal | 24. By for”‘Qﬁmﬁhﬁkélgﬁ EEa@TG%“%%ﬂfygiratlgﬁgf§E??g§§1v1tles

per pendi cul a e circunferentl a
(el ectri cal) eS| ﬁ‘%ﬂ@é‘rﬁ&ﬁ?:?‘e %?§af’5?ﬁéﬁtw’ﬁ cke b&%"&k’é"’,‘m& %f?r an19
application of the present invention. At one
extreme, a slot of infinitesimal depth results in
negligible structural losses, but gains
inconsequential resistance to current flow. At
10 another extreme, slots through the entire thickness,
extending from one end of the sleeve to the opposite
end, as shown in Fig. 4, vresult in dramatically
reduced strength and current flow. Additionally,
materials {such as copper or aluminum) having low
.18 resistivity can be used, but a substantially greater
number of slots (compared to titanium) will be
necessary to reduce the losses. Additionally,
extremely high resistivity materials such as
ceramics and plastics could be used, but the heat
20 resistance and strength characteristics may not be
suitable. Ideally, if no compromise were necessary,
a sleeve of infinite strength and no thickness would
be made from a material having infinite resistivity.
The inventor, in consideration of the
25 principles of engineering compromise, has arrived at
a preferred combination of slot depth and length,
and sleeve material. The preferred material is one
having high resistivity and substantial strength,
such as titanium or stainless steel. A plurality of
30 longitudinal slots extending completely through the
thickness of the sleeve side wall from near one
longitudinal end to near an opposite, longitudinal
end is the preferred slot arrangement. The
thickness of the sleeve wall is preferably
35 approximately one-tenth the distance across the gap
in which the entire magnetic body reciprocates {a
gap is shown for the prior art in Figs. 1A and 1B,



10 | east reduces, the flow of <current in the circunferenti al
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current. Localized losses, that is, |osses due to current generated between
the slots, still exists in any 15 el ectrically conductive material, but
may be furt sisidyced by a greater nunber of slots. |nstegeapdochs?9é €asi ng
the nunber of slots, the relative length of the slots could be varied to
obtain different results. Fig. 4 shows a magnetic 20 body 60 simlar to
magneti c body 20 of Fig. 2. Fbmever |nsﬂéad of haV|ng | engt h sllghtly | ess

t han the sl eeve, 62 have t a I th._as_sl.eeve wall Slots 62
extend from one I8ﬁ§ Eﬂalﬁﬁ? I?ﬁf §W51°8p685FF81PBﬂ§a?udlnaI end
68, 25 conplenelylmhl@ngh tﬁ@ the apeferwsid embodimentr eBYigli 8 di ng

sl eeve wall 64 inhgpaoRimédediy Y. Oftd NBi widughesdOeve segments hel d toget her

the opposi e o de of  siBraliEartye sihodhrent "Rt 338 Prattdd o7 ne

sl eeve wal | 564 ondb6ferentesombinatimh ofissompenmicess| gts $Wn inn this

enbodi ment, magng E% ?0 §0%1§QGE sgtﬂﬁé asHibabbe ﬁ&ﬁyﬁéuéeaefﬂﬁt extend
across siots 62 tg B3l d the seg e He EgifoE W JLdoeider

This provides strength at the Ilongitudinal ends

{which are exposed to a smaller amount of

10 electromagnetic flux) by providing continuous rings
of material in the areas where circumferential
current flow is low. In the areas where
circumferential current flow is higher (near the
magnets), the slots are formed completely through

15 the thickness of the sleeve 88.

There is an inverse proportional relationship
between resistivity and the losses in the linear
motor or alternator. This means as the resistivity
increases, the 1losses decrease proportionally.

20 Therefore, it is desirable to have a higher
resistivity material if all other factors such as
strength and weight are constant.

While certain preferred embodiments of the
present invention have been disclosed in detail, it

25 is to be understood that various modifications may
be adopted without departing from the spirit cf the
invention or scope of the following claims.



35 ' The has  structural disadvantages
conpared to magnH“Iﬁf ﬂ Fi gs 2 and 3) since magnetic body 60 has
no conti nuous,

PCT/ US96/ 15776 8 |ntegral connectlng structures at the opposite

| ongi t udi naiwoessaetWhi ch tend to rigidify a cylinder. Hawareswsn s7dde
absence of a connecting structure at the opposite | ongi tudi nal ends also 5
reduces the flow of current circunferentiaglly around the sleeve wall 64
conpared to the enbodi nent of Figs. 2 an&iﬁ The resistivity of the
preferred magnetic body is preferably above 10 tines the resistivity of 10
copper (1.7 mcro ohns per centineter), and nore preferably is above 50
m cro ohnms per centineter. The resistivity of titaniumis about 170 micro
ohnms per centineter and the resistivity of stainless steel (300 series) is
about 75 mcro ohns per 15 centineter. If the resistivity of a
material is nore than 10 tines that of copper (i.e. nore than 17 mcro ohns
per centineter), it is considered a high

CLAIMS

1. A  reciprocating magnetic body for an
electromechanical transducer, the body comprising:
{(a) a cylindrical, metal support sleeve having
at least one slot; and
5 (b} a magnet segment mounted to the sleeve.

2. A magnetic body in accordance with claim 1,

wherein the magnet segment extends over at least a

portion of the slot, attaching to the sleeve on both
10 sides of the slot.

3. A magnetic body in accordance with claim 2,
wherein the sleeve is made of high resistivity
metal.

15
4. A magnetic body in accordance with claim 3,
wherein the sleeve has a plurality of slots formed
in it and an equal number of magnet segments is
mounted to the sleeve, each magnet segment extending

20 cver at least a portion of an associated slot
forming an egual number of paired slots and
segments, each magnet segment of each pair extending
over at least a portion of the associated slot and
attaching to the sleeve on both sides of the

25 associated slot.

5. A magnetic body in accordance with claim 4,
wherein the slots are helical.
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resistiy als having this resistivity or greater are
eﬁ‘g“ﬂﬂ“ﬁ“\ﬂ“ul‘ml . -having a resi-stivity

of | ess thare 2 tm #ro®ohhs per centimeter are considered | ow resistivity,
and are not preferred for the present invention. Materials having a
resistivity 2 and about 17 mcro ohns per centinet si dered
25 medi u‘?nsg)é)gﬁé&tlw ty, and may be preferred for the p?g@ﬁf‘ﬂ?ﬁ\}entlon
under certain circunmstances. Mediumresistivity materials nay be desired
for their advantageous properties such aslBigh strength or |ow density

whi ch may make them desirable in 30 spite of their resistivity

However, the smal|®r tHe PREReRic/ipqdnfin ﬁﬁF@F@%?cetHétﬁrEiPéW ﬁhe nunber
of slots necessar ywherdiadute lsissesare faraXdelnplcea ebppee dmass a
resistivity of about 1.7 mcro ohns per centineter, and would require

substantially 35 nore slots than_titani um Conversel , .the greater the
resistivity of thel matdtiBrIRYHE 1RAKY %Po?§°ﬁ€é%§%%1r‘§ll’€% Feddte Sosses and
still obtains Weridatelil? @lhe slots are parallel to each other, and

PCF/ US96/ 15776 9 are evenly spaced around the sleeve.

8. A magnetic body in accordance with claim 4,
wherein the slots are formed in the sleeve extending

10 from a first longitudinal end of the sleeve to an
opposite, second end of the sleeve.

9. A magnetic body in accordance with claim 4,
wherein the slots are formed in the sleeve from near

15 a first longitudinal end of the sleeve to near a
second, opposite end of the sleeve.

10. A magnetic body in accordance with claim 4,
wherein the slots extend into the sleeve to a depth
20 which varies along a slot length.

11. A magnetic body in accordance with claim 4,
wherein the slots extend into the sleeve to a depth
which is constant along an entire slot length.

25
12. A magnetic body in accordance with claim 11,
wherein the slots are formed completely through the
sleeve.

30 13. A magnetic body in accordance with claim 4,
wherein a first flange extends radially outwardly
from a first end of the sleeve, and a second flange
extends radially inwardly from a second end of the
sleeve.

35

14. A magnetic body in accordance with c¢laim 13,
wherein the slots are formed through at least one of



sati sf act ﬂ"luflmmﬁmuﬂ is because the greater resistivity reduces | ocal
eddy curr re | ocal | osses. By bal ancing the advant ages of
slots and resfstivity,® a*suitabl e magnetic body 5 may be obt ai ned.

Al t hough slots 26 of Fig. 2 and slots 62 of Fig. 4 are generally parall el
to the axi swaforhfd@r cyl indrical sleeve on which they are f ecymdssistrel s

possi ble to have slots which are not parallel to a sleeve axis. Si nce
the flow of 10 current around the sleeve wall is circunferential, any
non-circunferential slot formed in the steeve wall 24 will interfere with
(and therefore be.g Blhges to) that current flow Therefore, all slots
transverse to current flow are barriers to that 15 current, and when
used in a magnetic body, are considered part of the present invention.
The | ongi tudi nal = ot 3 sheymetiie todyprief ercceddemgaewithbedrén aBe

perpendicul ar to e oWl EHEESNhre | BRERLY BLOYLGANERENRITRSE, of fective

barrier to 20 trve rmed in a

magneti ¢ bodly rraye’H-'eﬁFéhé’%@FPEdFeatﬁ PefiBET GiPint bRBYRER £hg §lesve| )
addition to the candenits fdrsof flimgs|td sefaer aedecond hipisitedeeweanbarrier to

current flow is 25, g1c8va0a0hCRhE 0¥ Sﬂ}_%tng\é/f]i ch extends only partially

16. A magnetic body in accordance with claim 13,
10 further comprising a third flange extending radially

outwardly from the sleeve, intermediate the sleeve

ends, and wherein the slots are formed through the

sleeve, extending from near a first joint between

the sleeve and the first flange to near a third
15 joint between the sleeve and the third flange.

17. A magnetic body in accordance with claim 4,

wherein the sleeve thickness is about 1/10 the

thickness of a gap in which the wmagnetic body
20 reciprocates.

18. A magnetic¢c body in accordance with claim 4,
wherein the sleeve is a high resistivity material.

25 19. A magnetic body in accordance with claim 18,
wherein the sleeve is titanium.

20. A magnetic body in accordance with claim 18,
- wherein the sleeve is stainless steel.
30
21. A magnetic body in accordance with claim 18,
wherein the sleeve resistivity is greater than about
50 micro ohms per centimeter.

22. A magnetic body in accordance with claim 18,
wherein the sleeve resistivity is greater than 10
times the resistivity of copper.



in which a slcot+ 84 3 or med Slot 84 is not formed 30

conpletely thr ough wal | 82 but extends fromthe outer surface of wall 82
into a dept hyg nIEI s current path is reduced in cross-seGdrRRgésTR €a
which i ncreases resistance to current flow conpared to an

adj acent portion of the sleeve wall 35 82 having no slot. Formng a
slot in a sleeve of a specific material i25 conpronise between a decrease
in WD 97/ 13261 / US96/ 15776 10
structural rigidit@and®af2PREFLASBORY Absiakeordanres c‘f’lFEu%E‘&;@n?‘{ ’al
current flow. whegginwihd skegve dms enipsairaflicyect ssbospebornad al ong

whi ch any conbi nat ijgn ;ef aﬁhOEnCQBEhGHi ahhﬂﬂér stﬁéﬁe\!ﬁ téé‘é{ﬂé:ts 1@nd
st .engt h char act erl Stics.is or_a he present

i nventi on. At Bfen 'é??r‘é?mth% %ecﬁvedf aitn%eﬁ\sge?f‘ﬁa\“aagﬁ’f hs?%'g?ﬂtt s in
negl igible st ruextenfling dwmsa®re thhutone ghots

throu‘gh t This type of barrier would only reduce current
f-I-%r—atfl lmmlnul Ml ﬁg—r-t-——i-n—Fr-g——ﬁ—s-t-eeve—Bﬁ—has a sl eeve—watt 82
S %
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I nconsequential resistance to current flow At 10 anot her extrene,
slots through the entir ' . ; ' nd of the sleeve to
the opposite end, as shown in Fig. 4, result in dramatically reduced
strength and current flow Additionally, materials (such as copper or

al um num having | ow 15 resistivity can be used, but a,Sibskqabsally
greater nunP¥979P2| ot s (conpared to titaniun) will be necessary to reduce
the | osses. Additionally, extrenely hi&”‘resistivity mat eri al s such as

ceram cs and plastics could be used, but the heat resi stance and
strength characteristics nmay not be suitab ef'TéEEJija I f no conprom se
were necessary, a sleeve of infinitg ' md_Nno t hickness woul d be
made froma material having infig p i nvent or, in
consi deration of the 25 (| ng conprom se, has
arrived at a preferred déhrising
material. The preferred matf

ivity and

substantial strength, Elurality of
30. | ongi t udi nal ﬁi ékness of the
sl eeve side wall fro bpposi t e,

| ongitudinal end is The
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thickness of the sleeve wall is preferably 35 approxi mately
one-tenth the distance across-the~—gap—h—whi-ch—the—entire nmaghetic-bedy
reci procates (a gap is shown for the prior art in Figs. 1A and 1B, WO
97/ 13261 PCT/ US96/ 15776 11 and the
ap in whic lLayention is reciprocated is simlar). In sB&ﬁ% rred
gngodinent,hvhggn#gyapproxinately .4 to .5 mllimeters. Anpgﬁﬁérnatﬁbe
enbodi ment, which illustrates a 5 di f f &4nt conbi nation of conpr om ses,
is shown in Fig. 7. A sleeve 88 has a slot 90_having a depth which varies
along the length of the sleeve 88. ThW§‘prGVI s strength at the

0

4

| ongi tudinal ends (which are e a smal | e 24dunt of 10

el ectromagnetic fl ux) mﬂ!ﬁf / M ngs of material in 20
areas where circunferenRal IO, S N 0 \'\'A SO th ar eas
where circunferey urrent flow is thigher (near the nadwel¥), the slots
are fornmed conpletely thr dOg—TI5= TiTe i CRIESS o tfr bve 88. There
IS an inverse peggortional rel ati onshiyp 26
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between resistivity and the |losses in the linear nmotor or alternator. This
st | - proportionally. 20
Therefore, it is desirable to have a higher resistivity material if
all other factors such as strength and wei ght are constant. Wile certain
preferred enbodi nents of the present invention have been d|§¥4 2&%%%1
detail, it 28VO9133& {4 pe understood that various nodifica ns nay be
adopted wi t hout departing fromthe spirit of the invention or scope of the
foll owi ng clains. CLAI M5 1. A reci pro3ing magnetic body for an
el ectromechani cal transducer, the body conprising: (a) a cylindrical, netal
support sl eeve having a sI eeve wall and at |ea Jgh@ axially el OW{N ot
5 formed in said gllgeng ) Y Z¥INe slot is transvefse to

current flow direction ¢ \‘ aTEget segnent

mounted to the sleeve. 10 : A nagnetlc body In accordanc: {th claim1,
wherei n the nagnhet segngftexXterdS—Oover—ot roast—o—port+on—od PRl N
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sl ot , attachlng to the sl eeve on both si des of the slot 3. A nagnetic
b.od - C a A d

reS|st|V|ty netal 4, A nagnetlc body in accordance with claim3, wherein
the sleeve has a plurality of slots formed in it and an equal nunber of

nagnet seg nounted to the sleeve, 20 each nagnet spggp&%ﬂgﬁgending
over Zgiégyk%Ptlon of an associated slot form ng an equal nunber of
paired slots and segnents, each magnet segnment of each pair extendi ng over
at |east a portion of the associated slot and attaching to the sl eeve on

aa o - e a0 FFR-EHE 6

both sides of the associated slotgg5 5. A magneti c body in accordance
with claim4, wherein the slots are helical. WO 97/ 13261

PCT/ US96/ 15776 13 6. A magnetic body in accordance with claim4, wherein
the slots are parallel to a slee4axis. 7. da mag i ¢ body in accordance
with claim6, 5 wherein the suots are rallel tgp each other, and are
evenly spaced around the sleeye & ATagnetT T body in‘accordance wth
cIaim4, S N T . N W TSR W VA N
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A magnetic body in accordancg f/vith claim4, whereiin the slots are forned in
the sl eeve fromnear 15 & first longitudinal end of the slegve to near
a second, opposite end of the 'sleeve. 10. A magnetic body in @

ith claim a4, xn the si | to a IKEHE
mi chcvglr imes a}hmt sl ot | gﬁéﬁ]ﬁ%%%&%%hﬁg%%%ﬁ n accoro _
claim4, INTERRAMONA AFPRIGATRON PUBLISBED UNDERSHEONETEN COGIRRATION TIEER TS (pCT)
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{57) Abstract

A reciprocating magnetic body (20) suppert structure {42) for a linear motor or a linear altemator. The body (20) comprises a
cylindrical, metallic support sleeve (22) having a plurality of longitudinal slots (26) evenly spaced around the circumference of the siceve
(22). An equal number of magnet segments (40) is mounted to the sleeve (22) extending over at least a portion of the associated slot (26)
and attaching to the wall (24) of the sleeve (22} on both sides of the associated slot (26). The longitudinal slots (26) preferably extend
completely through the sleeve (22) from near one longitudinal end of the sleeve (22) to near an opposite longitudinal end of the sleeve
(22). The sleeve (22) is preferably stainiess steel or titanium, but should, regardless of metal, have a high resistivity, i.e., above 50 micro
ohms per centimeter.




fgggéézzétiﬁﬁéﬂg_mmgg— n accordance with cl am’gﬁmyﬁ'@gﬁt S

u, 5 extendingfrom%ﬁﬂrgc
bet ween the sl*eefe and®the i rst flange_to near a sec ol nt between the

sl eeve and the second flange. 16. A nagﬁ@tic body in accordance with claim.
13, 10 further conprising a third flange extending radially outwardly
fromthe sleeve, internediate the sl eeve ends, and wherein the slots are
formed through the sleeve, extending fromnear a first joint between the

sl eeve and the first flange to near a third 15 joint between the sleeve
and the third flange. 17. A magnetic body in accordance with claim4,
wherein the sleeve thickness is about 1/10 the thickness of a gap in which
t he magnetic body 20 reci procates. 18. A magnetic body in accordance
with claim4, wherein the sleeve is a high resistivity material. 25 19.
A magnetic body in accordance with claim18,

CLAIMS

1. A reciprocating magnetic body for an electromechanical
transducer, the body comprising:
{(a) a cylindrical, wmetal support sleeve having a
sleeve wall and at least one axially elongated slot
5 formed in said sleeve wall, wherein said slot is
transverse to current flow direction through the
sleeve wall; and
(b) a magnet segment mounted to the sleeve.

10 2. A magnetic body in accordance with claim 1, wherein
the magnet segment extends over at least a portion of the
slot, attaching to the sleeve on both sides of the slot.

3. A magnetic body in accordance with claim 2, wherein
15 the sleeve is made of high resistivity metal.

4. A magnetic body in accordance with claim 3, wherein
the sleeve has a plurality of slots formed in it and an
equal number of magnet segments is mounted to the sleeve,
20 each magnet segment extending over at least a portion of an
associated slot forming an equal number of paired slots and
segments, each magnet segment of each pair extending over
at least a portion of the associated slot and attaching to
the sleeve on both sides of the associated slot.
25
5. A magnetic body in accordance with claim 4, wherein
the slots are helical.



‘.whérein the sleeve is titanium 20. A magnetic body ordanc Lz
claim 18, wherein the sleeve is stainless.steel. ?@%h&SngflﬁB Jrfh

accordance with claim18, wherein the sleeve reS|st|V| eaL gl

about 50 micro ohns per centimeter. 22. A magnetic bodipm/&or Gaﬂégml

€l ai m*18, wherein the sleeve resistivity 1 greater than 10 tinmes the

resistivity of copper. WO 97/ 13261

PCT/ US96/ 15776 15 23. A mmgnetic body in accordance with claim 3, wherein

the sl eeve has a plurality of slots forned in it and an unequal nunber of

magnet segnments is nmounted to the sleeve, at |east one nagnet segnent
extendi ng over nore than one slot.

CLAIMS

1. A reciprocating magnetic body for an electromechanical
transducer, the body comprising:
(a}) a cylindrical, metal support sleeve -having a
sleeve wall and at least one axially elongated slot
5 formed in said sleeve wall, wherein said slot is
transverse to current flow direction through the
sleeve wall; and
(b) a magnet segment mounted to the sleeve.

i0 2. A magnetic body in accordance with claim 1, wherein
the magnet segment extends over at least a portion of the
slot, attaching to the sleeve on both sides of the slot.

3. A magnetic body in accordance with claim 2, wherein
15 the sleeve is made of high resistivity metal.

4. A wagnetic body in accordance with claim é, wherein
the sleeve has a plurality of slots formed in it and an
equal number of magnet segments is mounted to the sleeve,
20 each magnet segment extending over at least a portion of an
associated slot forming an equal number of paired slots and
segments, each magnet segment of each pair extending over
at least a portion of the associated slot and attaching to
the sleeve on both sides of the associated slot.
25
5. A magnetic body in accordance with claim 4, wherein
the slots are helical.
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