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[57] ABSTRACT 
An electromechanical transducer particularly useful as 
a linear alternator driven by a free-piston Stirling engine 
is disclosed. A relatively high permeability material is 
formed into a ?ux loop having at least a pair of spaced 
gaps formed transversely through the loop. The gaps 
are aligned along a reciprocation path for a magnet 
which is mechanically mounted for reciprocation be 
tween alternate positions within the gaps. The magnet 
has a magnetization vector transverse to the reciproca 
tion path and is drivingly linked to a mechanical energy 
input or output for operation respectively as an alterna 
tor or motor. The armature coil is wound around a 
portion of the ?ux loop. 

9 Claims, 10 Drawing Figures 
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ELECTROMECHANICAL TRANSDUCER 
PARTICULARLY SUITABLE FOR A LINEAR 
ALTERNATOR DRIVEN BY A FREE-PISTON 

STIRLING ENGINE 

This is a continuation, of application Ser. No. 556,791 
?led Dec. 1, 1983 now abandoned. 

FIELD OF THE INVENTION 

This invention relates generally to electromechanical 
transducers of the electromagnetic type used as electric 
motors and generators and more particularly relates to 
a transducer which has a relatively small reciprocating 
mass and which is particularly advantageous for use in 
a linearly reciprocating alternator. 

BACKGROUND OF THE INVENTION 

All electromagnetic types of electromechanical trans 
ducers for converting energy between a mechanical 
form and an electrical form operate on the same basic 
principles utilizing a time change of magnetic flux 
through a coil of wire. The differences between them lie 
in their practicality and relative ef?ciency. 

In order to optimize efficiency and practicality, a 
variety of different parameters must be considered and 
optimized. For example, in a linearly reciprocating 
machine, such as a linear alternator, it is desirable to 
minimize the mass which must be driven in reciproca 
tion in order to minimize the momentum which must be 
overcome by the driving forces. Similarly, it is desirable 
to minimize the total mass of an electrical alternator in 
order to provide the maximum ratio of energy output to 
alternator weight. 

. One way to help accomplish this is to maximize the 
electric current at which the machine can operate be 
fore the transformer iron, which is used to provide a 
high permeability ?ux path, begins to saturate. The ?ux 
causing saturation arises from two components, one 
from the source of magnetic ?ux, such as a permanent 
magnet and the other from the current induced in the 
armature winding. The latter source, referred to as the 
armature reaction flux, is proportional to the armature 
current divided by air gap distance. Thus, reducing the 
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armature reaction flux by increasing the number of 45 
working gaps permits a higher operating current before 
saturation. 
A goal in the design of a linear alternator intended to 

be driven by a Stirling engine is that it be axially sym 
metrical so that it can be rotated or spun about its cen 
tral axis in order to permit the advantages of spin lubri‘= 
cation of a free-piston Stirling engine as described in 
U.S. Pat. No. 4,330,993. 
A variety of alternator designs have been suggested 

in the prior art but different ones of them have inherent 
weaknesses. Some designs require the use of two differ 
ent magnets for obtaining ?ux reversal, one for each 
oppositely directed ?ux polarity. Others utilize multiple 
magnets which have their poles interfacing in a manner 
to oppose or buck each other. These cause unnecessary 
complexity compared to the present invention. 
Other designs are electrically inefficient, in that the 

magnet ?ux is sufficient to nearly saturate the iron, 
leaving only a small margin for armature reaction. Opti 
mum design, approached by present invention, is to 
have equal armature reaction ?ux and magnet ?ux at 
iron saturation. This maximizes the power to weight 
ratio. a 
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2 
Further, it is well known that the relative motion of a 

magnet with respect to iron core material creates a 
substantial magnetic spring force tending to move the 
magnet toward a position of equilibrium. In ‘some de 
vices the equilibrium position is intermediate the oppo 
site boundaries of the reciprocation path. However, if a 
linear alternator is driven by a free-piston Stirling en 
gine, it is desirable that the linear alternator have two 
positions of equilibrium relatively near the opposite 
ends'of the reciprocation path to facilitate starting the 
engine. 

It is desirable that each turn of the windings be of 
minimum length and that the windings be wound com 
pactly. 

In some designs, one of the relatively reciprocating 
parts reciprocates into a space which could otherwise 
be occupied by winding conductors. This increases the 
weight by requiring more iron to position the windings 
away from moving magnets. 

Still other designs, such as that prior art illustrated in 
FIG. 1, generate waveforms with undesirable charac 
teristics as described below. 

BRIEF SUMMARY OF THE INVENTION 

The present invention is an electromechanical trans 
ducer having a ?ux loop formed of a relatively high 
permeability material with at least a pair of spaced gaps 
formed transversely through the loop and aligned along 
a reciprocation path. A coil is wound around the loop to 
provide for magnetic coupling with the ?ux loop and 
electrical connection to the external circuitry. A mag 

_ net is mechanically mounted for reciprocation along the 
reciprocation path to alternate positions within the two 
gaps. The magnet has a magnetization vector which is 
transverse, and preferably perpendicular, to the recipro 
cation path and across the gap. The magnet is drivingly 
linked to a mechanical energy input or output for opera 
tion as a alternator or motor respectively. 
The present invention differs from prior art devices in 

a variety of ways most notably including: only the mag 
net itself reciprocates, essentially no iron mass recipro 
cates; the fundamental embodimentof the present in 
vention requires a single magnet within two gaps 
whereas others require two, sometimes in opposing 
relationship; the magnet of the present invention goes 
into the gaps rather than across a gap; and the magnet is 
magnetized across the gap preferably perpendicularly 
to its reciprocation path. 

Because the armature reaction ?ux passes through 
two gaps instead of one, the armature reaction ?ux is 
reduced thus permitting higher operating currents. As a 
consequence, electromechanical transducers in accor 
dance with the present invention exhibit a power to 
weight ratio which is an improvement over the prior art 
by a factor of at least two. This results in part because 
the total mass is less and more particularly because the 
mass which must reciprocate consists solely of the mag 
nets themselves. None of the high permeance ?ux path 
is reciprocated. This also results in part because in the 
present invention the ?ux induced by the magnet is 
about equal to the armature reaction ?ux. Their copper 
windings are used more ef?ciently because of the geo 
metric con?guration of the present invention which 
gives a high ratio of ?ux through the windings to length 
of wire in the windings. 
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DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a simpli?ed schematic diagram illustrating 
the principles of some prior art electromechanical trans 
ducers. 
FIG. 2 is a schematic diagram illustrating in its most 

simpli?ed form the basic principles of operation of em 
bodiments of the invention. 
FIG. 3 is a schematic diagram of a symmetrical dou 

bledl’ended embodiment of the invention created by a. 
re?ection or revolution of the embodiment of FIG. 2. 
FIGS. 4, 5, 6 and 7 are schematic diagrams of em 

bodiments of the invention of a type illustrated in FIG. 
3. . 

FIG. 8 is a schematic diagram of an alternative em 
bodiment of the invention. 
FIG. 9 is an alternative embodiment of the invention 

in which the reciprocating magnets reciprocate in a 
path which is inward of the armature coil rather than 
outward as illustrated in the embodiments of FIGS. 3-7. 
FIG. 10 is an exploded view of a preferred embodi 

ment of the invention. 
In describing the preferred embodiments of the in 

vention which is illustrated in the drawings, speci?c 
terminology will be resorted to for the sake of clarity. 
However, it is not intended that the invention be limited 
to the speci?c terms so selected and it is to be under 
stood that each speci?c term includes all technical 

"equivalents which operate in a similar manner to ac 
complish a similar purpose. 

DETAILED DESCRIPTION 

FIG. 1 illustrates the principles of operation of de 
vices which are numerous in the prior art. Such a device 
has a ?ux loop 10 formed by a relatively high permea 
bility material around which an armature coil 12 is 
wound. A gap 14 is provided in the path A magnet 16 is 

' embedded in a high permeability material 18 and is 
polarized in the direction of its reciprocation. The de 
vice of FIG. 1 induces a time changing ?ux in the flux 
“loop 10 as the magnet 16 crosses the gap 14. When the 
magnet 16 is positioned directly opposite a pole piece 
essentially no magnetic ?ux is set up in the flux path 10. 
The result is that during much of the cycle time there is 
not much flux change except as the magnet crosses the 
gap. Therefore that structure tends to generate voltage 
spikes of relatively short duration. 
US. Pat. No. 4,346,318 illustrates an electric motor 

which is somewhat different. It has a pair of oppositely 
polarized, adjacently mounted magnets which are re 
ciprocated within a single gap. 
FIG. 2 represents the present invention in its most 

simpli?ed form. In the embodiment of FIG. 2 a flux 
loop is formed of a high permeability material in two 
segments, a principle segment 20 and a relatively minor 
segment 22. The two segments are separate because in 
embodiments of the present invention there are at least 
two spaced gaps formed transversely through the flux 
loop. These two gaps 24 and 26 must also be aligned 
along a reciprocation path. An armature coil 28 is 
wound around the loop. 
A magnet 30, which is a permanent magnet or other 

source of magnetic flux, is mechanically mounted for 
reciprocation along the reciprocation path to alternate 
positions within the gaps 24 and 26. The magnet 30 has 
a magnetization vector transverse to and preferably 
perpendicular to the reciprocation path so that it is 
magnetized across the gap. The magnet 30 sets up a ?ux 
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4 
in the flux loop which varies nearly linearly with re 
spect to magnet position during reciprocation. There 
fore, it induces an e.m.f. which closely approximates a 
sinusoid. The ?ux set up in the ?ux path is in one direc 
tion, as illustrated in FIG. 2 when it is in the gap 26, and 
will be in the opposite direction when the magnet is 
moved to the gap 24. 
The magnet is preferably a permanent magnet i.e., it 

exhibits a high residual flux and a high coercive force. 
Preferably it is a rare earth cobalt permanent magnet 
most preferably having a linear demagnetization curve, 
such as samarium cobalt. The ?ux loop is formed of a 
high permeability material such as conventional trans 
former iron. 

Thus, in the operation of the embodiment of FIG. 2 
an alternating electromotive force or e.m.f. is induced in 
the coil 28 by reciprocating essentially only the magnet 
30 between alternate positions within gaps 24 and 26 
while maintaining the magnetization vector of the mag 
net 30 transverse to the path of reciprocation. The re 
ciprocating mass is substantially devoid of any attached 
ferromagnetic flux path and therefore excess mass, such 
as iron, is not required to be driven in reciprocation. 
The fundamental, simple system illustrated in FIG. 2 

may be extended and made double-ended as shown in 
FIG. 3 or FIG. 4. 
FIG. 3 represents the addition of a mirror image onto 

the embodiment of FIG. 2 with the lower segment 
being a re?ection of the upper. This consists of two 
different ?ux loops 40 and 42 which share a common leg 
44 on which a single winding 50 is wound. The magnets 
46 and 48 are mechanically linked together, shown 
symbolically as link 49, in connection with a mechanical 
energy input or output device for utilizing the device as 
a generator or motor. In the embodiment of FIG. 3 the 
reciprocation of the magnets 46 and 48 sets up flux in 
the two flux loops and the ?ux adds in the intermediate 
leg 44 around which the coil 50 is wound. Since each 
turn encircles both flux loops, the ratio 0 flux to wind» 
ing length is improved. 
The shape of the high permeability material of FIG. 

3 may be physically modi?ed so that the flux paths are 
as shown in FIG. 4. In the high permeability mass 52 an 
annular peripheral channel 54 is formed within which 
the coil 56 may be wound. As a further alternative, the 
central portion of the high permeability material 52 may 
be omitted between phantom lines 57 and 59 to simplify 
fabrication of the laminated structure. Electrically the 
structure consists of two oppositely directed ?ux paths 
and cooperating reciprocating magnets of the type illus 
trated in FIG. 2. The ?ux paths are spaced from each 
other but both are surrounded by the coil 56. 
While FIG. 4 is a cross sectional view, FIG. 5 is an 

end view of the embodiment of FIG. 4 with the central 
portion of the high permeability material omitted. Fur 
thermore, the embodiment of FIG. 5 may be duplicated 
in quadrature in order to provide the embodiment illus 
trated in FIG. 6. FIG. 6 consists essentially of four ?ux 
loops 60, 62, 64 and 68 oriented at 90° to each other 
about a central axis 70 and wound with a coil 72. Each 
of those four ?ux paths is like that illustrated in FIGS. 
2 and 4 and the single coil 72 surrounds all four ?ux 
paths thereby improving the efficiency even over the 
structure of FIG. 3 by further improving the flux to 
winding length ratio. 

Further, the view of the embodiment of FIG. 4 may 
be continuously revolved around its central axis to pro 
vide a circular, axially symmetrical embodiment illus 
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trated in FIG. 7 having essentially the same cross-sec~ 
tional diagram as FIG. 4. In that embodiment, the recip 
rocating magnets become a single, circular band 74 
surrounding and passing between poles formed in the 
flux loop consisting of a major inner ring 76 and a minor 
outer ring 78. The coil is wound in a groove which is 
formed inwardly of the outer surface of the inner ring 
76. 
A principle advantage of the embodiment of FIG. 7 is 

that the magnet 74 may not only be reciprocated be-: 
tween the two gaps, in a direction inwardly and out 
wardly of the page in FIG. 7, but may also be rotated 
about its central axis without any effect upon its ability 
to generate the ?ux changes required to induce an e.m.f. 
in the armature coil. This is particularly useful with a 
linear alternator which is mechanically linked to the 
power piston of a free piston Stirling engine which is 
being spun in order to obtain the advantages of hydro 
dynamic lubrication described in U.S. Pat. No. 
4,330,993. 

All of the magnets illustrated in the ?gures recipro= 
cate along parallel linear reciprocation paths. The paral» 
lel, linear paths of FIGS. 5 and 6 are positioned in cylin 
drical arrangement about the central axis. Other recip 
rocation paths, such as arcuate, can be used within the 
concepts of the present invention. 
Flux loops of the present invention may also be 

formed in a cascaded series of adjoining loops such as 
illustrated in FIG. 8. FIG. 8 is merely a cascaded series 
of repetitions of the type of embodiment illustrated in 
FIG. 3. It has cascaded repetitions of two loops having 
a common central leg, such as central leg 80, as illus 
trated in FIG. 3 and in addition adjoining loops share 
side legs, such as legs 82 and 84. 
The embodiments of FIGS. 3-8 illustrate the recipro 

cating magnet or magnets positioned outwardly of the 
major ?ux path and the armature coils. However, the 
relative positions may be reversed so that the armature 
coils are outwardly of the reciprocating magnets. These 
analogous situations are illustrated in FIG. 9. 

In FIG. 9 a ferromagnetic, tubular outer core 92 has 
a plurality of annular channels, such as channel 94, 
formed inwardly of its central cylindrical passageway. 
A plurality of armature coils 101, 102, 103 and so forth, 
are wound within these channels. The outer cylindrical 
core 92 forms the major ?ux path. A minor flux path, 
107, is formed by a central, axial, linear rod inserted 
within the tubular outer path. This rod remains statio 
nery relative to the outer core 92 during operation. 
The magnets, such as magnets 110 and 111, are me 

chanically linked together and drivingly linked to a 
mechanical energy input or output. They are preferably 
circular magnets having the polarity shown. 
FIG. 10 illustrates a realistic, nondiagramatic em 

bodiment of the invention. It shows an alternator 210 in 
accordance with the present invention driven by a free 
piston Stirling engine 212. The engine has a displacer 
214 and power piston 216. The power piston 216 is 
linked to a pair of magnets 218 and 220 which are 
mounted to nonferromagnetic, such as aluminum, sup 
ports 222 and 224. These are driven in reciprocation 
across the gaps 226 and 228 formed in the iron ?ux path 
material 230 which is formed in the manner of the em 
bodiment of FIGS. 4 and 5, except that the central 
portion is not removed from the iron core material. The 
minor portion of the ?ux path 232 is a part of the exte 
rior housing. 

It is to be understood that while the detailed drawings 
and speci?c examples given describe preferred embodi 
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6 
ments of the invention, they are for the purposes of 
illustration only, that the apparatus of the invention is 
not limited to the precise details and conditions dis 
closed and that various changes may be made therein 
without departing from the spirit of the invention which 
is de?ned by the following claims. 

I claim: 
1. An electromechanical transducer comprising: 
(a) a plurality of flux loop members formed of a rela 

tively high permeability material, each said ?ux 
loop member being stationary relative to the below 
said magnetic flux source and extending generally 
radially outwardly from a central axis to de?ne a 
closed ?ux loop, each flux loop member having a 
pair of spaced gaps formed transversely through 
said loop member to provide two gaps in each 
magnetic ?ux loop member, said gaps being aligned 
along a reciprocation path parallel to said central 
axis; 

(b) a central armature coil wound to encircle the 
central portions of all of said loop members; and 

(c) a magnetic flux source mechanically mounted for 
reciprocation along said reciprocation path to al 
ternate positions within said gaps each alternate 
position providing a reversal of flux direction, said 
source having a generally radial magnetization 
vector transverse to said reciprocation path and 
across said gap in the same radial direction at every 
gap and drivingly linked to a mechanical energy 
input or output. 

'2. An electromechanical transducer in accordance 
with claim 1 wherein said flux path loop has a plurality 
of pairs of said spaced gaps and a magnet in accordance 
with claim 2 is associated with each of said pairs. 

3. An electromechanical transducer in accordance 
with claim 2 wherein each pair of gaps is formed along 
parallel, linear reciprocation paths. 

4. An electromechanical transducer in accordance 
with claim 1 wherein there are a plurality of said flux 
loops formed in a cascaded series of adjoining loops 
having their gaps aligned along parallel reciprocation 
paths. 

5. An electromechanical transducer in acordance 
with claim 1 wherein said ?ux loop is symmetrical about 
a central axis and said reciprocation path is cylindrical. 

6. An electromechanical transducer in accordance 
with claim 5 wherein said armature coil is wound about 
said central axis. 

7. An electromechanical transducer in accordance 
with claim 1 wherein said armature coil is wound in 
wardly of said magnet. 

8. An electromechanical transducer in accordance 
with claim 1 wherein said armature coil is wound out 
wardly of said magnet. 

9. A method of inducing an alternating e.m.f. in a coil 
wound about a ?ux loop member formed of a relatively 
high permeability, ferromagnetic material, said method 
comprising: reciprocating substantially only a magnetic 
flux source which is substantially devoid of any at 
tached ferromagnetic ?ux path member and has the 
magnetization vector of portions of the magnetic flux 
source in the same direction between alternate positions 
within a pair of spaced gaps formed in said loop member 
while maintaining the magnetization vector of said 
source transverse to the path of reciprocation, and 
maintaining said ?ux path member stationary relative to 
said ?ux source. 
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