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DISPLACER MOTION CONTROL WITHIN
AIR ENGINES

displacer from the second position to the ?rst position over a
second motion time small in comparison to the second time.

BACKGROUND OF THE INVENTION

the ?rst position for a remainder of the second time. In some

It also comprises maintenance of the displacer substantially at
embodiments, the ?rst time is substantially equal to the sec
ond time.

This application relates generally to thermodynamic air

The mechanical energy generated With the thermodynamic

engines. More speci?cally, this application relates to con
trolled motion of a displacer Within a thermodynamic air

air engine may be converted to electrical energy in some

engine.

embodiments. In addition, the motion pattern may be
designed to optimiZe an operational e?iciency of the thermo

The use of thermodynamic techniques for converting heat

dynamic air engine. In certain embodiments, the displacer
comprises a thermally insulating material.

energy into mechanical, electrical, or some other type of

energy has a long history. The basic principle by Which such
techniques function is to provide a large temperature differ

There are a variety of Ways in Which the direct actuation

may be achieved in speci?c embodiments. For instance, in
one embodiment, the thermodynamic air engine further com

ential across a thermodynamic engine and to convert the heat

represented by that temperature differential into a different
form of energy. Typically, the heat differential is provided by
hydrocarbon combustion, although the use of other tech

prises an electronic solenoid interfaced With the displacer so

that the displacer may be directly actuated by operating the

niques is knoWn. Using such systems, poWer is typically

electronic solenoid to move the displacer. In another embodi

generated With an e?iciency of about 30%, although some

ment, the thermodynamic engine further comprises a linear

internal-combustion engines have ef?ciencies as high as 50%

20

stepper motor interfaced With the displacer so that the dis

by running at very high temperatures.

placer may be directly actuated by operating the linear step

Thermodynamic air engines are one class of thermody
namic engine in Which a displacer acts to circulate a displacer

per motor to move the displacer. In a further embodiment, the

thermodynamic engine further comprises a rotary motor

?uid Within a Working chamber comprised by the air engine.

“Stirling engine,” but other types of air engines also share this

interfaced With the displacer so that the displacer may be
directly actuated by operating the rotary motor to move the
displacer. Examples of rotary motors that may be used

characteristic.

include a rotary dc motor, a rotary ac motor, and a rotary

A speci?c type of air engine that meets this criterion is a

25

Throughout industrial history, Stirling engines and other
types of air engines have been used for applications, such as
pumping Water and poWering machinery. Recent uses of the

stepper motor, among others. In some instances, the displacer
may be directly actuated by compressing a ?uid and directing
30

Stirling engine have been in electrical poWer generation.
Stirling-engine-poWered generators have been installed on

the compressed ?uid to move the displacer. A suitable ?uid is
air.

BRIEF DESCRIPTION OF THE DRAWINGS

submarines as Well as on satellites. Portable, extemal-com

bustion poWer-generation units have been produced in quan

tity. Large-scale solar-heated Stirling cycle poWer generation

35

units have been shoWn to produce poWer reliably on a com

ing portions of the speci?cation and the draWings Wherein

mercial scale.

While various poWer-generation techniques exist in the art,
there is still a general need for the development of alternative

techniques for generating poWer. For example, While the his
tory of thermodynamic air engines is long, there remain a
variety of inef?ciencies associated With their operation. There

40

is accordingly still a need in the art for improved methods of
45

FIG. 1E is a phase diagram shoWing the thermodynamic

50

dynamic air engine comprises a Working ?uid and a displacer
adapted to move through the Working ?uid. The temperature
55

beta-type engine;
FIGS. 3A-3D shoW different stages in the operation of a
displacer-type Stirling engine sometimes described as a
gamma-type engine illustrated Without a regenerator;
FIGS. 4A and 4B compare sinusoidal and trapezoidal dis
placer motions as implemented in different prior-art air

FIGS. 5A and 5B and 5C provide schematic illustrations of

structures for thermodynamic air engines implemented
60

according to embodiments of the invention; and
FIG. 6 is a ?oW diagram summarizing methods of gener
ating poWer in accordance With embodiments of the inven
tion.

comprises maintenance of the displacer substantially at the
second time. The second half cycle comprises motion of the

FIGS. 2A-2D shoW different stages in the operation of a
tWo-displacer-type Stirling engine sometimes described as a

engines;

displacer cyclically through the Working ?uid in accordance
With a de?ned motion pattern.

second position for a remainder of the ?rst time. The motion
pattern may also comprise a second half cycle effected over a

FIGS. 1A-1D shoW different stages in the operation of a

tWo-piston alpha-type Stirling engine;
operation of the Stirling engine;

Embodiments of the invention accordingly provide meth
ods and apparatus for generating poWer. A thermodynamic air

The motion pattern may comprise a ?rst half cycle effected
over a ?rst time. The ?rst half cycle comprises motion of the
displacer from a ?rst position proximate the ?rst side to a
second position proximate the second side effected over a ?rst
motion time small in comparison to the ?rst time. It also

hyphen to denote one of multiple similar components. When

multiple similar components.

BRIEF SUMMARY OF THE INVENTION

differential is established across the thermodynamic air
engine betWeen a ?rst side of the engine and a second side of
the engine. The displacer is directly actuated to move the

like reference numerals are used throughout the several draW
ings to refer to similar components. In some instances, a
sublabel is associated With a reference numeral and folloWs a
reference is made to a reference numeral Without speci?ca
tion to an existing sublabel, it is intended to refer to all such

operating thermodynamic air engines.

engine is con?gured to convert heat provided in the form of a
temperature differential to mechanical energy. The thermo

A further understanding of the nature and advantages of the
present invention may be realiZed by reference to the remain

DETAILED DESCRIPTION OF THE INVENTION
65

Embodiments of the invention provide for real -time exter
nal programmable control of the motion of a displacer Within
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3

4

a thermodynamic air engine. A Stirling engine is sometimes

represented by the vertical line in FIG. IE to point “D.”
During this part of the cycle, substantially the same amount of
heat QR absorbed during the transitionbetWeen FIGS. 1A and

referred to in the art as an “external combustion engine” and

typically operates by burning a fuel source to generate heat
that increases the temperature of a Working ?uid, Which in
turn performs Work. The operation of one type of conven
tional Stirling engine is illustrated in FIGS. 1A-1E. Each of

1B is given up to the regenerator 108. The tWo constant
5

volume transitions in the cycle accordingly have substantially
no net effect on the heat-transfer characteristics of the pro

FIGS. 1A-1D shoWs the con?guration of the Stirling engine

cess.

100 at a different position during a single cycle, With the

Finally, a return is made to the con?guration of FIG. 1A by

engine 100 operating by changing positions sequentially

moving the compression piston 116 upWards While maintain
ing the expansion piston 112 in a substantially ?xed position.

from FIG. 1A to FIG. 1D and then returning to the con?gu
ration shoWn in FIG. 1A. The phase diagram shoWn in FIG.
1E also shoWs this cycle, but from the perspective of relevant
thermodynamic variables. The phase diagram is a pressure
volume diagram, With pressure being plotted on the ordinate
and volume being plotted on the abscissa. Relevant isotherms

The resulting compression of the ?uid 104 is again substan
tially isothermic, as represented by the traversal along iso
therm 128 at temperature Tc in FIG. 1E back to point “A.”

During this compression, heat QC is removed from the Work
ing ?uid as a result of contact of the ?uid 104 With the heat
sink.

124 and 128 are shoWn With dotted lines.

The mechanical energy produced by the Stirling engine

The net result of the cycle is a correspondence between (1)
the mechanical movement of the pistons 112 and 116 and (2)

100 is indicated by positions ofpistons 112 and 116. To use or
retain the energy, the pistons 112 and 116 may be connected
to a common shaft that rotates or otherWise moves in accor

dance With the changes in piston positions that result from
operation of the engine 100. A con?ned space betWeen the
tWo pistons 112 and 116 is ?lled With a compressible ?uid
104, usually a compressible gas. The temperature difference
is effected by keeping one portion of the ?uid 104, in this

20

the absorption of heat Qh at temperature Th and the rejection
of heat QC at temperature Tc. The Work performed by the
pistons 112 and 116 is accordingly WIIQFQCI.
The type of Stirling engine illustrated in FIGS. 1A-1D is a

tWo-piston type of Stirling engine. This type of con?guration
is sometimes referred to in the art as having an “alpha” con
25

?guration. Other con?gurations for Stirling engines may be

instance the portion on the left, in thermal contact With a heat

implemented that traverse a similar thermodynamic path

source and by keeping the other portion, in this instance the

through the pressure-volume phase diagram of FIG. 1E.

portion on the right, in thermal contact With a heat sink. With
such a con?guration, piston 112 is sometimes referred to in
the art as an “expansion piston” and piston 116 is sometimes
referred to as a “compressionpiston.” The portions of the ?uid

One alternative con?guration that is sometimes referred to
as having a “beta” type of con?guration provides tWo pistons
30

Within a common cylinder and connected With a common

are separated by a regenerator 108, Which permits appreciable

crankshaft. Such a con?guration is illustrated schematically
in FIGS. 2A-2D. The beta Stirling engine 200 comprises a

heat transfer to take place to and from the ?uid 104 during
different portions of the cycle described beloW. This heat
transfer either preheats or precools the ?uid 104 as it transi

cylinder 216 Within Which a poWer piston 208 and a displacer
piston 212 may move. Both pistons 208 and 212 are linked
With a common ?yWheel 204. In the con?guration in FIG. 2A,

35

the poWer piston 208 has compressed the Working ?uid and

tions from one chamber to the other.

When the engine is in the position shoWn in FIG. 1A, the
?uid 104 has a pressure and volume that correspond to point
“A” in FIG. 1E. In this phase diagram, isotherm 128 corre
sponds to a temperature Tc of the cold side and isotherm 124
corresponds to a temperature Th of the hot side. During the

the displacer piston 212 has moved so that most of the ?uid is
proximate the hot side Where it can be exchanged With a hot

heat exchanger.
40

During the poWer stroke illustrated in FIG. 2B, the heated

Working ?uid pushes the poWer pistor 208 along the cylinder

portion of the cycle from FIG. 1A to FIG. 1B, the expansion

216. The displacer piston 212 then moves as illustrated in
FIG. 2C to shunt the ?uid to the cold side. The cooled ?uid is

piston 112 moves doWn at the same time that the compression
piston 116 moves up, maintaining a constant volume for the

subsequently compressed by the momentum of the ?yWheel

?uid 104. During such a change, ?uid 104 passes through the
regenerator 108 from the cold side to the hot side. Heat QR
supplied by the regenerator 108 causes the ?uid to enter the
hot side at temperature Th. The constant volume of this part of
the cycle is represented by a vertical line in FIG. IE to point

45

“B”
The transition to the con?guration shoWn in FIG. 1C is

50

204.

Another alternative con?guration for a Stirling engine uses
a displacer-type of engine, an example of Which is illustrated

schematically in FIGS. 3A-3D. This type of con?guration is
sometimes referred to in the art as having a “gamma” con

?guration. The fundamental principle of operation of the
displacer type of Stirling engine is the same as for the tWo

achieved by maintaining the compression piston 116 in a

piston type of Stirling engine in that thermal energy repre

substantially ?xed position While moving the expansion pis

sented by a temperature differential is converted to mechani
cal energy. Fundamentally, the gamma engine is similar to the

ton 112 doWnWards to increase the volume containing the
?uid 104. This causes the ?uid to undergo a substantially

55

isothermal expansion, as represented in the phase diagram by

are not coaxial.

With the displacer-type of Stirling engine 300, ?uid 324

a traversal along isotherm 124 to point “C.” During this
expansion, heat Qh is absorbed into the Working ?uid at tem
perature Th from the thermal contact of the ?uid 104 With the
heat source. The heat is turned into mechanical Work W

60

during this expansion.

engine. The ?uid 324 is typically a gas. One or both sides of
the engine 3 00 are maintained in thermal contact With respec
tive thermal reservoirs to maintain the temperature differen

portion of the cycle betWeen the con?gurations of FIGS. 1A
and 1B, With both pistons 112 and 116 moving in concert to
hoWever, ?uid is forced in the other direction through the
regenerator 108, causing a decrease in temperature to Tc

that expands With a heat-energy increase is held Within an
enclosure that also includes a displacer 328. To simplify the
illustration, a regenerator is not shoWn explicitly in the draW

ings, but may be included to improve the e?iciency of the

The portion of the cycle to FIG. 1D is a counterpart to the

maintain a substantially constant volume. In this instance,

beta engine except that the poWer piston and displacer piston

65

tial across the engine. In the illustration, the top of the engine
300 corresponds to the cold side and the bottom of the engine
300 corresponds to the hot side. A displacer piston 304 is

US 7,805,934 B1
5

6

provided in mechanical communication With the displacer

a ?rst category of methods for displacer actuation uses a

328 and a power piston 308 is provided in mechanical com
munication With the ?uid 324. Mechanical energy repre

mechanical linkage to drive the displacer. Such methods typi
cally use a spinning crankshaft coupled With the mechanical
linkage. Examples of suitable mechanical linkage include a
connecting rod link; a connecting rod link With a bellcrank; a
yoke, examples of Which include Scotch or Ross yokes;
rhombic drives; and the like.
This category of methods is characteriZed by a number of
disadvantages. First, there are usually a relatively large num
ber of sliding and rolling interfaces Within the mechanical
linkage. Each sliding or rolling interface adds to the overall
frictional loss. Second, most mechanical linkages result in a

sented by the motion of the poWer piston 308 may be
extracted With any of a variety of mechanical arrangements,
With the drawing explicitly shoWing a crankshaft 316 in
mechanical communication With both the displacer and
poWer pistons 304 and 308. The crankshaft is illustrated as
mechanically coupled With a ?yWheel 320, a common con

?guration. This particular mechanical con?guration is indi
cated merely for illustrative purposes since numerous other
mechanical arrangements Will be evident to those of skill in
the art that may be coupled With the poWer piston 308 in

sinusoidal motion of the displacer. This general shape is

extracting mechanical energy. In these types of embodiments,

shoWn in FIG. 4A and acts to reduce the potential poWer
output of the engineithe motion is not ideal from the stand

the displacer 328 may also have a regenerator function to
permit heat transfer to take place to and from the ?uid 324

point of the thermodynamic cycle taking place Within the

during different portions of the cycle. Another arrangement

engine. The result is a realiZed thermodynamic cycle that is a

common in these types of embodiments comprises a displacer
that forms a seal With the Walls of the expansion chamber, and

Whose motion forces the ?uid through guides that lead into

relatively poor approximation of the ideal Carnot cycle. It
results in a loWer poWer output per cycle compared With the
20

the other half of the chamber past a regenerator.

When the displacer Stirling engine 300 is in the con?gu
ration shoWn in FIG. 3A, it has a thermodynamic state corre

sponding to point “A” in FIG. 1E. Heating of the ?uid 324 on
the loWer side of the engine 300 causes the pressure to
increase, resulting in movement of the poWer piston 308
upWards as illustrated in FIG. 3B. This transition is repre
sented thermodynamically in FIG. 1E With a transition to
point “B.” With the ?uid 324 primarily in contact With the hot
side of the engine, expansion of the ?uid 324 takes place to
drive the poWer piston 308 further upWards. This transition is
substantially isothermic and is illustrated in FIG. 1E With a

motion to a trapeZoidal motion that is a someWhat better

approximation of the ideal Carnot cycle. This shape of this
25

30

35

nied by reverse motion of the displacer 328, causes more of
the ?uid 324 to come in contact With the cold side of the

40

45

by less friction than mechanical linkages because the only
interface relative to the displacer is provided by a single
loW-friction sliding piston. In addition, the Ringbom methods
the need for complex mechanical linkages, particularly at
sloW engine speeds. But this method of displacer motion does
create a poWer loss Within the engine. A portion of the poWer
Within the expansion stroke is used to move the displacer via
the motion of the free piston that is attached to it. This poWer
Would otherWise be transmitted through the poWer piston to

50

the output linkage.

55

Both the mechanical linkage and Ringbom methods lack
real-time control of the displacer motion. In both of these
methods, the displacer moves in uni son With the motion of the
crankshaft according to the natural speed of the engine. As the
engine is running, there is no Way to alter the motion of the

ference depending in many respects on speci?c engine

parameters.
Embodiments of the invention are described beloW With

speci?c reference to displacer-type Stirling engines. This is
intended to be exemplary rather than limiting since the inven
tion may be more generally adapted to any type of air engine.
For example, While the embodiments beloW describe affect
ing the motion of a single displacer, the same principles may
be applied in Which multiple mechanical components are to
be moved. For instance, the invention may be applied to the

control. Such methods use a loW-friction piston that is actu

produce more favorable displacer motion that more closely
resembles the trapeZoidal motion shoWn in FIG. 4B Without

302 and decreases When the displacer 328 is in the bottom
portion of the enclosure 302. Mechanical energy is extracted
from the motion of the poWer piston 308, Which is out of

phase With the displacer piston 304, the preferred phase dif

The second category of methods for displacer actuation
may be described as using a “free-piston” design family,
Which is sometimes described in the art as using “Ringbom”

ated by the pressure of the Working gas Within the thermody
namic air engine. These methods are generally characteriZed

FIG. 1E With a return to point “A” and With the engine retum

ing to the physical con?guration shoWn in FIG. 3A.
This basic cycle is repeated in converting thermal energy to
mechanical energy. In each cycle, the pressure increases
When the displacer 328 is in the top portion of the enclosure

poWer piston strokes to take place in a more nearly isothermal
manner. One such type of linkage is referred to as a “displacer
slip-link” or “lost-motion” linkage and results in intermittent
motion of the displacer. Cams can also be used to produce

trapeZoidal motion of the displacer.

shoWn in FIG. 3C.

engine 3 00 and thereby reduce the pressure. This is illustrated
in FIG. 1E With the transition to point “D,” corresponding to
the arrangement shoWn in FIG. 3D. Cooling of the ?uid 324
induces a substantially isothermic contraction illustrated in

motion is shoWn in FIG. 4B and alloWs the displacer to pause
for a brief moment at both extremes of its motion to alloW the

transition to point “C,” corresponding to the arrangement
In FIG. 3C, expansion of the ?uid 324 has been accompa

output potentially available from the system. Various
mechanical linkages have sometimes been proposed to
modify the displacer motion from the conventional sinusoidal

displacer to better control the engine speed or performance.
This disadvantage is overcome in embodiments of the

60

invention, Which provide methods of real-time displacer con
trol in thermodynamic air engines. A ?rst embodiment is
illustrated schematically in FIG. 5A, in Which the relevant

tWo-piston alpha-type Stirling engine described in connec

portion of the air engine is denoted generically by reference

tion With FIGS. 1A-1E, although there are certain evident
simpli?cations that may be achieved When only a single dis
placer is to be moved.

number 500. The air engine 500 comprises a chamber 504 that
contains a Working ?uid 520 through Which the displacer 508
moves. The temperature difference across the air engine 500

There are a number of different methods that are knoWn in 65 is denoted With temperatures Thot and Tcold, With the labels

the art for displacer actuation, and embodiments of the inven
tion may be applied to the the different methods. For example,

being used only to identify the existence of a temperature
difference and not intended to imply any absolute value for

US 7,805,934 B1
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the actual temperatures used by the engine. A port for a power
piston is denoted by reference number 516.
An electrically controlled solenoid 512 is provided to move
the displacer 508 to alternate sides of the engine 500 in

speed and timing of the motion of the displacer may then be
directly controlled in a manner similar to that described for

the other embodiments.

FIG. 6 summarizes the general methodology by Which
these different mechanisms may be used for poWer generation
in the form of a ?oW diagram. The methods begin at block 604
With a thermodynamic air engine being provided. It is con
?gured as a structure that has a Working ?uid through Which
a displacer moves. Energy is generated by maintaining a

accordance With a desired motion pro?le. For example, in one
particular implementation, the solenoid 512 is used to move
the displacer 508 quickly, With the transition occurring over a
time period that is small relative to the time of one half of one

cycle of the engine. For the remainder of the time of the time,
the displacer 508 is held substantially stationary at one end of
the engine 500. This alloWs the thermodynamic processes
Within the engine to folloW the ideal Carnot cycle more

temperature difference across the engine as indicated at block

606 and cyclically moving the displacer to different sides of
the engine as indicated generically at block 608. Details of

hoW the cyclic motion is implemented according to embodi

closely. In speci?c embodiments, the displacer comprises a

ments of the invention are indicated in the draWing.
At block 612, the displacer is actuated directly to move
from a ?rst side of the thermodynamic engine to a second side
of the engine over a short time. The displacer is then held in a

thermally insulating material. This may further enhance the
performance of the engine as the displacer is held substan

tially stationary against the thermal places de?ning part of the
chamber 504. This may further increase the overall poWer
output of the engine. In various alternative embodiments, a
linear stepper motor, a pneumatic piston, or a hydraulic piston
may be substituted for the solenoid.
The ability provided by such embodiments to control the

substantially ?xed position at the second side for a period of
time at block 616. The total time over Which steps 612 and 616
20

displacer motion externally and arbitrarily While the engine is
running may be manifested by an ability to modify the motion
of the displacer during operation of the engine to achieve the

best performance of the engine given speci?c conditions of

25

the driven load. For example, as the load on the engine

to move from the second side of the engine back to the ?rst

thus of the poWer piston, could be altered to achieve

side at block 620 and then holding the displacer at the ?rst
side for a period of time at block 624. Again, the displacer is

improved, even optimal, performance. In addition, the ability
to control the speed of the displacer electronically alloWs the
ability to control the speed of the engine itself by acting as a

moved at block 620 over a short time, meaning that the time

is small in comparison to the total time over Which steps 620

pacing mechanism for the thermodynamic cycle.
Other embodiments of the invention are illustrated sche
35

air engine being denoted generically by reference number
550. In these illustrations, the chamber 554 holds the Working
?uid 570 through Which the displacer 558 moves and includes
a port 566 for the poWer piston. The temperature difference
across the engine 550 is again denoted by identifying tem
peratures That and T60 id, but such identi?cations are not
intended to indicate any particular absolute temperatures,

and 624 occur. Generally, the total time over Which steps 620
and 624 occur Will be substantially the same as the half-cycle
time over Which steps 612 and 616 occur, but embodiments of
the invention are suf?ciently ?exible that the times for these

different portions of the total cycle may sometimes be differ
ent. In speci?c embodiments, the time over Which the dis
placer is moved from the second side to the ?rst side at block
40

instead identifying only the presence of the temperature dif
ferential across the engine 550. In an embodiment shoWn in
FIG. 5b, a rotary motor 574 is used to drive the displacer 558
through a linkage 562. The rotary motor 574 may comprise an

in comparison to the half-cycle time. For example, this time
might be less than 20%, less than 10%, less than 5%, less than
2%, less than 1%, less than 0.5%, less than 0.2%, or less than
0.1% of the half-cycle time in different embodiments.

The cycle is completed by directly actuating the displacer

changes, the temporal motion trajectory of the displacer, and

matically in FIGS. 5B and 5C, With the relevant portion of the

occur is a half-cycle time for operation of the engine. The time
over Which the displacer is moved from the ?rst side to the
second side is considered to be “short” When that time is small

45

620 might be less than 20%, less than 10%, less than 5%, less
than 2%, less than 1%, less than 0.5%, less than 0.2%, or less
than 0.1% of the half-cycle time in different embodiments.
As the cycle Within block 608 is repeated, energy may be
extracted from conversion of the heat differential at block
628. When appropriate, this extracted energy may be con
ver‘ted to electrical energy as indicated at block 632.

ac motor or a dc motor in different embodiments, as Well as

The engine-control methods described herein generally

rotary stepper motors. Rotational motion is converted to lin
ear motion imparted to the displacer 558 through rack-and
pinion gearing or other mechanisms knoWn to those of skill in
the art. In this Way, a mechanism is provided for directly
controlled motion of the displacer 558. In a fashion similar to

make use of some driving poWer that effectively reduces the
50

Carnot cycle may more than make up for the poWer required

to actuate the displacer directly. In addition, the ability to
arbitrarily control displacer motion is expected to result in

the use of the embodiments that use a solenoid as described in

connection With FIG. 5A, use of a rotary stepper motor may
thus be used to obtain the desired motion of the displacer 558.

55

In certain instances, electromagnetic mechanisms may be
used to drive the displacer. For instance, magnets or electri

cally charged components may be provided in addition to
electromagnetic components comprised by the motors. Fur
thermore, control mechanisms beyond electronic control may

60

be used in some embodiments, examples of Which include the
use of hydraulic ?uids or compressed air. These mechanisms

or a gas. Electronically controlled valves may then be actu
ated to achieve the desired motion as shoWn in FIG. 50. Both

higher engine e?iciency and speci?c poWer (poWer divided
by Weight) through real-time control of engine speed and
output poWer.
Thus, having described several embodiments, it Will be
recogniZed by those of skill in the art that various modi?ca
tions, alternative constructions, and equivalents may be used
Without departing from the spirit of the invention. Accord
ingly, the above description should not be taken as limiting
the scope of the invention, Which is de?ned in the folloWing
claims.
What is claimed is:

can effect control over the location of the displacer in a similar

manner. A small portion of the poWer output of the engine
could be diverted to compress the ?uid, Whether it be a liquid

net engine output. It is expected, hoWever, that the increased
output that results from more closely approximating the ideal

65

1. A method of generating poWer, the method comprising:
providing a thermodynamic air engine con?gured to con
vert heat provided in the form of a temperature differen
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tial to mechanical energy, the thermodynamic air engine
comprising a Working ?uid and a displacer adapted to
move through the Working ?uid;
establishing the temperature differential across the thermo
dynamic air engine betWeen a ?rst side of the thermo
dynamic air engine and a second side of the thermody
namic air engine; and

compressing a ?uid;
directing the compressed ?uid to move the displacer.
12. The method recited in claim 11 Wherein the ?uid com

prises air.
13. The method recited in claim 1 Wherein the displacer

comprises a thermally insulating material.
14. An apparatus for generating poWer, the apparatus com

prising:

directly actuating the displacer to move the displacer cycli
cally through the Working ?uid in accordance With a

a thermodynamic air engine con?gured to convert heat
provided in the form of a temperature differential to
mechanical energy, the thermodynamic air engine com
prising a Working ?uid and a displacer adapted to move

de?ned motion pattern, Wherein the motion pattern com
prises a ?rst half cycle effected over a ?rst time;

the ?rst half cycle comprises:

through the Working ?uid; and

motion of the displacer from a ?rst position proximate
the ?rst side to a second position proximate the sec
ond side effected over a ?rst motion time small in

a displacer actuator adapted to provide direct actuation of

comparison to the ?rst time; and
maintenance of the displacer substantially at the second

the Working ?uid in accordance With a de?ned motion
pattern, Wherein the motion pattern comprises a ?rst half

position for a remainder of the ?rst time.
2. The method recited in claim 1 Wherein;
the motion pattern further comprises a second half cycle

the displacer to move the displacer cyclically through
cycle effected over a ?rst time;

the ?rst half cycle comprises:
20

effected over a second time;

the ?rst side to a second position proximate the sec
ond side effected over a ?rst motion time small in

the second half cycle comprises:
motion of the displacer from the second position to the

comparison to the ?rst time; and
maintenance of the displacer substantially at the second

?rst position over a second motion time small in com

parison to the second time; and
maintenance of the displacer substantially at the ?rst

25

position for a remainder of the second time.
3. The method recited in claim 2 Wherein the ?rst time is

the second half cycle comprises:
30

verting mechanical energy generated With the thermody
namic air engine to electrical energy.
5. The method recited in claim 1 Wherein the motion pat
tern optimiZes an operational ef?ciency of the thermody
namic air engine.

35

40

nent magnet.
7. The method recited in claim 1 Wherein:

dynamic air engine further comprises an electronic solenoid
interfaced With the displacer to provide the direct actuation of

the displacer.
20. The apparatus recited in claim 14 Wherein the thermo
50

directly actuating the displacer comprises operating the

dynamic air engine further comprises a rotary motor inter
faced With the displacer to provide the direct actuation of the

displaccr.
21. The apparatus recited in claim 20 Wherein the rotary
motor is selected from the group consisting of a rotary dc

linear stepper motor to move the displacer.
9. The method recited in claim 1 Wherein:

motor, a rotary ac motor, and a rotary stepper motor.

the thermodynamic air engine further comprises a rotary
55

directly actuating the displacer comprises operating the

ing the displacer comprises:

18. The apparatus recited in claim 14 Wherein the thermo
dynamic air engine further comprises a coil and a permanent
19. The apparatus recited in claim 14 Wherein the thermo

45

electronic solenoid to move the displacer.
8. The method recited in claim 1 Wherein:

rotary motor to move the displacer.
10. The method recited in claim 9 Wherein the rotary motor
is selected from the, group consisting of a rotary dc motor, a
rotary ac motor, and a rotary stepper motor.
11. The method recited in claim 1 Wherein directly actuat

pattern optimiZes an operational e?iciency of the thermody
namic engine.

magnet mechanically coupled With the displaccr.

directly actuating the displacer comprises operating the

motor interfaced With the displacer; and

16. The apparatus recited in claim 15 Wherein the ?rst time

17. The apparatus recited in claim 14 Wherein the motion

to generate an electromagnetic ?eld to move the perma

the thermodynamic air engine further comprises a linear
stepper motor interfaced With the displacer; and

parison to the second time; and
maintenance of the displacer substantially at the ?rst
position for remainder of the second time.

is substantially equal to the second time.

the thermodynamic air engine further comprises a coil and
a permanent magnet mechanically coupled With the dis

the thermodynamic air engine further comprises an elec
tronic solenoid interfaced With the displacer; and

motion of the displacer from the second position to the
?rst position over a second motion time small in com

6. The method recited in claim 1 Wherein:

placer; and
directly actuating the displacer comprises charging the coil

position for a remainder of the ?rst time.
15. The apparatus recited in claim 14 Wherein:
the motion pattern further comprises a second half cycle
effected over a second time;

substantially equal to the second time.
4. The method recited in claim 1 further comprising con

motion of the displacer from a ?rst position proximate

22. The apparatus recited in claim 14 further comprising:
a source of compressed ?uid; and
a valve arrangement to deliver the compressed ?uid to

provide the direct actuation of the displacer.
23. The apparatus recited in claim 14 Wherein the displacer
60

comprises a thermally insulating material.
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