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(57) Abstract: Various embodiments of the present invention are directed toward a linear fiee piston combustion engine with indir -
ect work extraction via gas linkage, comprising: a cylinder with two opposed free pistons disposed therein that form a combustion
section in a center of the cylinder, each free piston comprising a front face facing the combustion section and a back face facing the
opposite direction; two opposed extractor pistons disposed in their own cylinders at opposite ends of the free piston cylinder, each
extractor piston comprising a front face facing the combustion section and a back face facing the opposite direction; and two gas
linkages, each gas linkage comprising a volume sealed between the back face of a free piston and the front face of an extractor pis -
ton; wherein each extractor piston is connected to a rotary electromagnetic machine.
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LINEAR FREE PISTON COMBUSTION ENGINE WITH INDIRECT WORK
EXTRACTION VIA GAS LINKAGE

Refercnce to Related Applications

This application claims priority over U.S. Patent Application No. 13/028,053 filed
February 15, 2011, the contents of which are incorporated herein by reference in their

entireties.

Field of the Invention

The present invention relates to a linear free piston combustion engine with

indirect work extraction via a gas linkage.

Description of the Related Art

Linear free piston combustion engines have two main benefits that enable the
production of electricity at higher efficiencies than conventional, slider-crank,
reciprocating engines: 1) decoupling of pistons from mechanical linkages for work
extraction, and 2) shorter amount of time spent at and near top dead center (TDC).
Decoupling the pistons from mechanical linkages enables the pistons to experience higher
pressures, and therefore forces, than conventional engines because conventional engines
are limited by mechanical stresses in the connecting rods and crankshaft. Going to higher
pressures prior to combustion (i.e., higher compression ratios) is beneficial because it
increases the theoretical efficiency of engines. Decoupling also enables longer strokes,
and variable piston dynamics that are not as well matched to a mechanical linkage.
Spending less time at and near TDC reduces the time spent at the highest temperatures and

therefore the time for heat transfer to occur.

It is difficult to reach high compression/expansion ratios (above 30) in
conventional, slider-crank, reciprocating engines (“conventional engines”) because of their
inherent architecture. A diagram illustrating the architecture of conventional engines and
issues that limit them from going to high compression ratios, is shown in Figure 1 (prior
art). Typical IC engines have bore-to-stroke ratios between 0.5-1.2 and compression
ratios between 8-24 (Heywood, 1988). As an engine’s compression ratio is increased
while maintaining the same bore-to-stroke ratio, the surface-to-volume ratio at TDC
increases, the temperature increases, and the pressure increases. This has threce major

consequences: ) heat transfer from the combustion chamber increases, 2) combustion
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phasing becomes difficult, and 3) friction and mechanical losses increase. Heat transfer
increases because the thermal boundary layer becomes a larger fraction of the overall
volume. In other words, the aspect ratio at TDC gets smaller, wherein the aspect ratio is
defined as the ratio of the bore diameter to the length of the combustion chamber.
Combustion phasing and achieving complete combustion is difficult because of the small
volume realized at TDC. Increased combustion chamber pressure directly translates to
increased forces. These large forces can overload both the mechanical linkages within the
engine (e.g., piston pin, piston rod, crank shaft) causing meChanical failure and the

pressure-energized rings causing increased friction, wear, and/or failure.

Conventional engines usc the slider-crank mechanism to reciprocate the piston
inside a cylinder with a rotating crankshaft. The piston position profile is dictated by the
crankshaft position, connecting rod and crankshaft geometry, and mechanism kinematics.
Rather than freely accelerating based on pressure and inertial forces, a piston connected to
a slider crank mechanism accelerates at a rate primarily determined by the rotational speed
of the crank shaft. The kinematic acceleration of the slider-crank piston is less than that of
a free piston driven by the same pressure and inertial forces. Thus, a kinematically
restricted, slider-crank piston has a lower acceleration at and near TDC than a free piston.
As a result, a slider-crank piston spends more time at the locations in a cycle when the

temperatures are at their highest in the combustion chamber during a cycle.

The main challenge associated with linear free piston engines is efficiently
converting the kinetic energy of the pistons to mechanical work and/or electrical energy.
Figure 2 (prior art) illustrates three common configurations of linear free piston
combustion engines. The existing solutions for converting the kinctic energy of free
pistons in linear free piston combustion engines to electrical energy can be broken down in
to two methods: 1) direct and 2) indirect. Direct methods involve the use of a linear
electromagnetic machine and indirect methods involve the use of transfer fluid and a

rotary machine.

There are two main types of configurations for linear electromagnetic machines
(LEMs) when used in conjunction with linear free piston combustion engines. The first is
wherein the translator (or “rotor”) of the LEM is integrated into the free pistons and the
stator is either integrated into the cylinder or is outside of the cylinder. A diagram of an
integrated linear electromagnetic machine configuration for direct conversion of kinetic

energy to electrical energy is shown in Figure 3 (prior art). The main shortcomings of this
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configuration are temperature control of the moving armature and magnetic losses
between the translator and stator (e.g., iron losses, hysteretic losses). Temperature control
of the translator is required because the magnetic tlux of magnets is inversely proportional
to temperature, and magnets lose their magnetism at temperatures above the Curie
temperature. Therefore, it is necessary to maintain the free piston at temperatures well
below the Curie temperature of the magnets integrated into the free piston, and, in general,
it is desirable to maintain the translator at temperatures as low as possible. This is difficult
to achieve in an engine, especially when high compression ratio operation is desired
(because the peak combustion temperature increases with compression ratio). Magnetic
losses between the translator and stator are caused by the thickness of the cylinder wall
and the “air gap” between the mover and cylinder wall. Magnetic losses are inversely
proportional to the thickness of the cylinder and air gap. The thickness of the cylinder
wall at the location of the stator is a function of the pressures that the wall must contain at
that location. It is desirablé to have the smallest air gap and thinnest cylinder wall as
possiblé. This is difficult to achieve in practice, especially with high compression ratio

operation due to high pressures and long strokes.

The second configuration for LEMs is wherein the translator is mechanically
linked to the free piston, but located outside of the cylinder. A diagram of a separate
linear electromagnetic machine configuration for direct conversion of kinetic energy to
electrical energy is shown in Figure 4 (prior art). This configuration remedies the issues
that make temperature control difficult, however at the expense of adding mass to the free
piston and equipxﬁent and length to the system. Mass is added to the free piston in order to
support the translator outside of the cylinder. The piston rod requires some type df linear
bearing in order to ensure linear motion and support the rod/translator against bending
(due to gravity and axial forces). Since the LEM is located outside of the combustion
section, the length of the engine is at least double that of an intcgrated design. All of these

additions add cost and complexity to the system.

The second pre-existing method for extracting work from a linear free piston
combustion engine involves indirectly converting the kinetic energy of the free pistons to
electrical energy via a transfer fluid and an expansion turbine. A diagram illustrating one
embodiment of gas compression with expansion turbine for indirect conversion of kinetic
energy to electrical energy is shown in Figure 5 (prior art). The transfer fluid can be either

a liquid or a gas. The main shortcomings of this solution are the low efficiencies and high
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capital costs of expansion turbines compared to reciprocating solutions, especially at

scales below 10 MW,

Several free piston engines have been proposed in the research and patent
literature. Of the many proposed free piston engines, several are known to have been
physically implemented. The report by Mikalsen and Roskilly describes the free piston
engines at West Virginia University, Sandia National Laboratory, and the Royal Institute
of Technology in Sweden. Mikalsen, R., & Roskilly, A. (2007), A review of free piston
engine history and applications, Applied Thermal Engineering, Volume 27, Issues 14-13,
October 2007, Pages 2339-2352.  Other research efforts are reportedly ongoing at the
Czech Technical University, http://www.lceproject.org/en/, INNAS BV in the
Netherlands,  http://www.innas.com/, and Pempek  Systems in  Australia,
http://www.freepistonpower.com/. All of the known, physically implemented free piston
engines, except the .engine by INNAS, directly convert the kinetic energy of the free
piston, or free pistons, to electrical energy using a linear electromagnetic machine. The
INNAS cngine is a hydraulic pump. All of the generators except the prototype at Sandia
National Laboratory (Aichlmayr, H., & Van Blarigan, P. (2009). Modeling and
experimental characterization of permanent magnet linear alternator for free piston engine
applications. Proceedings of £52009.) and the prototype developed by OPOC
(International Patent Application No. PCT/2003/078835) have single piston, dual
combustion chambers with the LEM around the center of main cylinder. The Sandia and
OPOC engines have two piston single combustion chamber configurations with two LEMs

around the main cylinder outside of the center combustion section.

Brief Summary of Embodiments of the Invention

Various embodiments of the present invention provide a linear free piston

combustion engine with indirect work extraction via a gas linkage.

One embodiment of the invention is directed toward a linear free piston
combustion engine with indirect work extraction via gas linkage, comprising: a cylinder
with two opposed free pistons disposed therein that form a combustion section in a center
of the cylinder, each free piston comprising a tront face facing the combustion section and
a back face facing the opposite direction; two opposed extractor pistons disposed in their
own cylinders at opposite ends of the free piston cylinder, each extractor piston
comprising a front face faciﬁg the combustion section and a back face facing the opposite

direction; and two gas linkages, each gas linkage comprising a volume sealed between the
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back face of a free piston and the front face of an extractor piston; wherein each extractor

piston is connected to a rotary electromagnetic machine.

In the above-described engine, each extractor piston is connected to a crankshaft of
a rotary electromagnetic machine using a connecting rod. In addition, each gas linkage
translates force on the front face of the free piston to the front face of the extractor piston,
and wherein each gas linkage translates force on the front face of the extractor piston to
the front face of the free piston. The force on the front face of an extractor piston is
directly converted into rotary motion, which is then converted to electrical energy through
the rotary electromagnetic machine. By way of non-limiting cxample, the rotary
electromagnetic machine may comprise a permanent magnet machine, induction machine,

switched reluctance machine, or a combination thereof.

In operation, the gas linkage acts a gas spring translating forces between two
moving pistons without dictating a specific axial separation or a specific volumetric
separation. In some embodiments, the engine may further comprise a device for directly
or indirectly applying a force to the free pistons in order to adjust piston velocity and
phasing to selected values. The engine may operate using a two-stroke piston cycle
including a power stroke and a compression stroke, with an expansion ratio greater than
the compression ratio, wherein combustion occurs after a compression stroke when the
velocities of the frec pistons are at or near zero. Alternatively, the engine may operate
using a four-stroke piston cycle including a power stroke, an exhaust stroke, an intake
stroke, and a compression stroke, with an expansion ratio greater than the compression
ratio, wherein combustion occurs after a compression stroke when the velocities of the

free pistons are at or near zcro.

A further embodiment of the invention is directed toward a free piston combustion
engine with indirect work extraction via gas linkage, comprising: a cylinder with curved
ends with two opposed free pistons disposed therein that form a combustion section in a
center of the cylinder, each free piston comprising a front face facing the combustion
section and a back face facing the opposite direction; two opposed extractor pistons, each
extractor piston disposed in its own cylinder at opposite ends of the free piston cylinder,
cach extractor piston comprising a front face facing the combustion section and a back
face facing the opposite direction; and two gas linkages, each gas linkage comprising a
volume sealed between the back face of a free piston and the front face of an extractor

piston; wherein each extractor piston is connected to a single rotary electromagnetic
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machine. Each extractor piston is mechanically connected to a crankshaft of the rotary

electromagnetic using a connecting rod.

Another embodiment of the invention is directed toward a linear free piston
combustion engine with indirect work extraction via gas linkage, comprising: a cylinder
with two opposed free pistons disposed therein that form a combustion section in a center
of the cylinder, each frce piston comprising a front face facing the combustion section and
a back face facing the opposite direction; two opposed extractor pisions disposed in their
own cylinders at opposite ends of the free piston cylinder, each extractor piston
comprising a front face facing the combustion section and a back face facing the opposite
direction; and two gas linkages, each gas linkage comprising a volume sealed between the
back face of a free piston and the front face of an extractor piston; wherein each extractor
piston is connected to a linear electromagnetic machine that convert kinetic energy of the
extractor piston to electrical energy. The lincar electromagnetic machine may comprise a
stator and a translator, wherein the extractor piston includes a piston rod that slides along
bearings and is attached to the translator. The linear electromagnetic machine 1is
configured to directly convert electrical energy into kinetic energy of the piston assembly
for providing compression work during a compression stroke. By way of non-limiting
example, the linear electromagnetic machine may comprise a permanent magnet machine,

induction machine, switched reluctance machine, or a combination thereof.

Additional embodiments of the invention are directed toward a linear free piston
combustion engine with indirect work extraction via gas linkage, comprising: a cylinder
having a combustion section located at a closed end of the cylinder; a free piston disposed
within the cylinder, the free piston comprising a front face facing the combustion section
and a back face facing the opposite direction; an extractor piston disposed in its own
cylinder at an end of the cylinder opposite the closed end, the extractor piston comprising
a front face facing the combustion section and a back face facing the opposite direction;
and a gas linkage comprising a volume sealed between the back face of the free piston and
the front face of the extractor piston: wherein the extractor piston is connected to a rotary

electromagnetic machine.

Yet further embodiments of the invention are directed toward a linear free piston
combustion engine with indirect work extraction via gas linkage, comprising: a cylinder
having a combustion section located at a closed end of the cylinder; a free piston disposed

within the cylinder, the free piston comprising a front face facing the combustion section
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and a back face facing the opposite direction; an extractor piston disposed in its own
cylinder at an end of the cylinder opposite the closed end, the extractor piston comprising
a front face tacing the combustion section and a back face facing the opposite direction;
and a gas linkage comprising a volume sealed between the back face of the free piston and
the front face of the extractor piston; wherein the extractor piston is connected to a linear

electromagnetic machine.

Other features and aspects of the invention will become apparent from the
following detailed description, taken in conjunction with the accompanying drawings,
which illustrate, by way of example, the features in accordance with embodiments of the
invention. The summary is not intended to limit the scope of the invention, which is

defined solely by the claims attached hereto.

Brief Description of the Drawines

The present invention, in accordance with one or more various embodiments, is
described in detail with reference to the following figures. The drawings are provided for
purposes of illustration only and merely depict typical or example embodiments of the
invention. These drawings are provided to facilitate the reader’s understanding of the
invention and shall not be considered limiting of the breadth, scope, or applicability of the
invention. It should be noted that for clarity and ease of illustration these drawings are not

necessarily made to scale.

Figure 1 (prior art) is a diagram illustrating the architecture of conventional
engines and issues that limit them from going to high compression ratios.

Figure 2 (prior art) illustrates three common configurations of linear free piston
combustion engines.

Figure 3 (prior art) is a diagram of an integrated linear electromagnetic machine
configuration for direct conversion of kinetic energy to electrical energy.

Figure 4 (prior art) is a diagram of a separate linear electromagnetic machine
configuration for direct conversion of kinetic energy to electrical energy.

Figure 5 (prior art) is a diagram illustrating one embodiment of gas compression
with expansion turbine for indirect conversion of kinetic energy to clectrical energy.

Figure 6 is a diagram illustrating a comparison between experimental data and the

ideal Otto cycle efficiency limit.
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Figure 7 is a diagram illustrating a two-free piston, two-extractor piston, two-

crank, two-stroke engine, in accordance with the principles of the invention.

Figure 8 is a diagram illustrating the two-stroke piston cycle with an expansion
ratio greater than the compression ratio, wherein the exhaust valve remains open after the

intake valve closes, in accordance with the principles of the invention.

Figure 9 illustrates a four-stroke piston cycle of the two-free piston, two-extractor
piston, two-crank embodiment of Figure 7, in accordance with the principles of the

invention.

Figure 10 illustrates a two-free piston, two-extractor piston; single-crank, two-
stroke embodiment that is similar to the embodiment shown in Figure 7, but with a both
extractor pistons connected to a single crankshaft, in accordance with the principles of the

invention.

Figure 11 illustrates a two-free piston, two-extractor piston embodiment that
utilizes two linear electromagnetic machines to convert the kinetic energy of the extractor

pistons to electrical energy, in accordance with the principles of the invention.

Figure 12 illustrates a single-free piston, single-extractor piston, single-crank, two-
stroke embodiment, in accordance with the principles of the invention.

Figure 13 illustrates a single-free piston, single-extractor piston, single-LEM, two-
stroke embodiment. in accordance with the principles of the invention.

The figures are not intended to be exhaustive or to limit the invention to the precise
form disclosed. It should be understood that the invention can be practiced with

modification and alteration, and that the invention be limited only by the claims and the

equivalents thereof.

Detailed Description of the Embodiments of the Invention

The invention disclosed herein provides a means to efficiently convert the kinetic
cnergy of free pistons in a linear free piston combustion engine to electricity, while
allowing for large and variable compression and expansion ratios and a short amount of

time spent at and near TDC.

The invention can be broken down into two components: 1) chemical energy
conversion and 2) work extraction. A single-shot, single-piston, prototype has been built

and operated at Stanford University. This prototype demonstrates concept feasibility and
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achieves indicated-work efficiencies of 60%. Figure 6 is a diagram illustrating a plot of
some experimental results showing a comparison: between experimental data from
prototype at Stanford University and the ideal Otto cycle efficiency limit. This prototype
demonstrates an ability to convert fuel energy to indicated work at very high cfficiency by
going to high compression ratios. It does not convert the kinetic energy of the piston to
work or electricity. The work extraction component of the invention is in the modeling

and prototype stages.

The following description of the invention is based on a two-free piston, two-
extractor piston, two-crank, two-stroke embodiment shown in Figure 7.  Other
embodiments and their differing physical and operating characteristics are discussed
thereafter. All of the embodiments are free piston, internal combustion engines that
indirectly convert the chemical energy in a fuel into electrical energy via an
electromagnetic machine through a gas linkage. As used herein, the term “fuel” refers to
matter that reacts with an oxidizer. Fuels include, but are not limited to: hydrocarbon fuels
such as natural gas, biogas, gasoline, diesel, and biodiesel; alcohol fuels such as ethanol,
methanol, and butanol; and mixtures of any of the above. The engines are suitable for

stationary power generation and portable power generation (e.g., for use in vehicles).

Figure 7 illustrates one embodiment of the two-free piston, two-extractor piston,
two-crank, two-stroke engine 100. In particular, the engine comprises one cylinder 105
with two opposed free pistons 110 that form a combustion section (or chamber) 115 in the
center of the cylinder 105 (i.e., a two opposed pistons, single combustion chamber
conﬁguration).. Locating the combustion section 115 in the center of the engine 100 has
the effect of balancing the combustion forces. Each free piston 110 comprises a front face
112 {(combustion side), back face 114 (gas linkage side), and piston seals. The free pistons
110 are free to move within the cylinder 105. The volume on the back tace of each free
piston 110 is referred to herein as the gas linkage 120. Specifically, each gas linkage 120
is sealed between the back face 114 of the free piston 110 and another piston referred to
herein ‘as an extractor piston 125. The extractor pistons 125 are located in their own
cylinders 130 that need not have the same diameter as the free piston cylinder 105. Each
extractor piston 125 includes a front face 126, back face 128 and piston seals. In the
illustrated embodiment, each extractor piston 125 is connected to a crank shaft 135 with a
fly wheel 140 via connecting rods 145. The crank shaft 135 is part of a rotary

electromagnetic machine (i.e., a generator).
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With further reference to Figure 7, the gas linkage 120 translates the force on the
front faces 112 of the free pistons 110 to the front faces 126 of the extractor pistons 125
and vice-versa, with some factor of force multiplication based on the relative area of the
two faces. The force on the front faces 126 of the extractor pistons 125 is directly
converted into rotary motion, which is then converted to electrical energy through the
rotary electromagnetic machine. By way of example, the rotary electromagnetic machine
can be a permanent magnet machine, induction machine, switched reluctance machine, or
some combination of the three. The gas linkage 120 essentially acts a “gas spring” with
pneumatic advantages, translating forces between two moving pistons without dictating a
specific axial separation (e.g. a mechanical linkage) or a specific volumetric separation
(e.g. a hydraulic linkage). Located on the combustion cylinder 105 is a device 150 to
directly or indirectly apply a force to the free pistons 110 in order to adjust piston velocity
and phasing to desired values. The device 150 includes a controller to direct the force

application as well as other aspects of the system behavior.

The distances traveled by the free pistons 110 and extractors-pistons 125 (i.e., the
piston strokes) are not restricted to match one another, as in the case of a mechanical
linkage. Further, the profiles followed by each set of pistons (free and extractor) are not
restricted to linear functions of one another, as in the case of mechanical or hydraulic
linkages. The free pistons 110 can have a stroke length that is significantly longer than
conventional engines and can be varied such that the geometric expansion ratio is greater
than the compression ratio for a given cycle.  As used herein, the term “stroke length”
refers to the distance traveled by the pistons between top dead center (TDC) and bottom
dead center (BDC). For two-piston embodiment, the stroke is the sum of the distances
traveled by each piston between TDC and BDC. For single-piston embodiments the
stroke is the distance traveled by the piston between TDC and BDC. The extractor piston

strokes are set by the geometry of the connecting rods and crank shafts.

The compressibility of the gas in the gas linkage 120 allows the extractor piston
125 to follow a slider-crank kinematic profile and the tree piston 110 to follow a typical
free piston profile where very little time is spent at its apex. Further, the diameter of the
extractor pistons 125 can be larger, the same as, or smaller than the diameter of the free
pistons 110. Utilizing extractor pistons 125 having a larger diameter (as shown in Figure
7) is preferred when it is desired to have a large compression ratio in the combustor 115

because the peak pressure in the gas linkage 120 will be lower than the peak pressure in
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the combustion section 115, which minimizes mechanical and frictional losses during
work extraction. Embodiments of this invention essentially decouple the combustion
section 115 from the work extraction pistons 125 through the gas linkage 120, which
provides the bencfits associated with free piston architectures while avoiding the

difficulties associated with direct work extraction from free piston engines.

With continued reference to Figure 7, the cylinder 105 has various ports for
exchanging matter (solid, liquid, gas, or plasma) with the surroundings. As used herein,
the term “port” includes any opening or set of openings (e.g., a porous material) which
allow matter exchange between the inside of the cylinder and its surroundings.
Additionally, as used herein, the term “surroundings” reters to the area outside of the
cylinder, including but not limited to the immediate environment, auxiliary piping, or
auxiliary equipment. The number and types of ports in cylinder 105 depends on the
engine configuration, injection strategy, and piston cycle (e.g., two- or four-stroke piston
cycles). As used herein, the term “piston cycle” refers to any series of piston movements
which begin and end with the piston in substantially the same configuration. One common
example is a four-stroke piston cycle, which comprises an intake stroke, a compression
stroke, a power (expansion) stroke, and an exhaust stroke. Additional alternate strokes

may form part of a piston cycle as described throughout this disclosure.

For the two-piston, two-stroke embodiment of Figure 7, there are ports 160 for the
removal of exhaust gases, the intake of air and/or air/fuel mixtures, as well as ports 165 for
the control of the gas linkage gases, and for injectors. As used herein, the term “injector”
refers to a device for controllably transferring fluid (gas or liquid) into another medium
(gas or liquid). These ports 160, 165 may be, but need not be, opened and closed via
valves. As used herein, the term “valve” refers to any actuated flow controller or other
actuated mechanism for selectively passing matter through an opening, including but not
limited to ball valves, plug valves, butterfly valves, choke valves, check valves, gate
valves, leaf valves, piston valves, poppet valves, rotary valves, slide valves, solenoid
valves, 2-way valves, or 3-way valves. Valves may be actuated by a method, including
but not limited to mechanical, electrical, magnetic, camshaft-driven, hydraulic, or
pneumatic means. In various embodiments, ports are required for the removal exhaust
gases and the control of gas linkage gases. If direct injection is the desired ignition
strategy, then injector ports and air intake ports may also be provided. If premixed

compression ignition or premixed spark ignition is the desired combustion strategy, then
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air/fuel intake ports may also be provided. If a hybrid premixed/direct injection strategy
with compression ignition and/or spark ignition is the desired combustion strategy, then
injector ports and air/fuel intake ports may also be provided. In the various engine
configurations described herein, exhaust gas from a previous cycle can be mixed with the
intake air or air/fuel mixture for a proceeding cycle. This process it is called exhaust gas

recirculation (EGR) and can be utilized to moderate combustion timing and peak

temperatures.

Although the embodiment of Figure 7 operates using a two-stroke piston cycle,
other embodiments of the invention can operate using a four-stroke piston cycle, as

described hereinbelow with respect to Figure 9.

Figure 8 is a diagram illustrating the two-stroke piston cycle 200 with an expansion
ratio greater than the compression ratio, wherein- the exhaust valve remains open after the
intake valve closes. A two-stroke piston cycle 200 is characterized as having a power
(expansion) stroke and a compression stroke. The engine 100 exhausts combustion
products and intakes air or an air/fuel mixture or an air/fuel/combustion products mixture
near BDC between the power and compression strokes (this process may be referred to as

“blow-down”, “intake”, and “breathing”™).

With reference to Figures 7 and 8, combustion 210 occurs after the compression
stroke 260 when the velocities of the free pistons 110 are at or near zero. The points at
which the velocities of the free pistons 110 are equal to zero after compression mark their
TDC positions for that cycle. Combustion causes an increase in the temperature and
pressure within the combustion section 115, which forces the. free pistons 110 outward.
During the power stroke 220, the pressure in the gas linkage 120 increases. The free
pistons 110 continue to move outward until the pressure in the gas linkage 120 increases to
the point at which the free pistons reach zero velocity (i.e., at the end 230 of the power
stroke). The points at which the velocitics of the free pistons are equal to zcro after the
power stroke 220 mark their expansion-BDC positions for that cycle. At or near the
expansion-BDC point, the exhaust and intake ports are opened to allow blow-down and
intake 240 to occur. The actuation of the exhaust and intake ports 165A, 165B may occur

at the same or different times.
At the expansion-BDC positions, the pressures in the gas linkages 120 are greater
than the pressure in the combustion section 115. This causes the frec pistons 110 to move

inward. As the free pistons 110 move inward, exhaust gases are removed through ports



WO 2012/112214 PCT/US2011/066214

-13 -
165A in the center of the combustion section 115 and intake gases are transferred into the
combustion section 115 through ports 165B near the expansion-BDC positions. The
intake ports 165B are located such that a sufficient amount of air and/or air/fuel mixture
can be transferred to the combustion section 115 before the front faces of the free pistons
110 reach the port 165. Intake continues until the intake ports 165B are closed. The

exhaust valves may close before, at the same time as, or after the intake ports 165B close.

Figure 8 illustrates a scenario wherein the exhaust valve remains open after the
intake valve closes. As the free pistons 110 move inward, combustion products continue
to be removed from the combustion section 115 in a process called “breathing” 250. The
pressure in the combustion section 115 can decrease, remain constant, or increase during
breathing 250, depending on the velocity of the pistons 110 and size of exhaust ports
165B. The exhaust ports 165A are closed when the free pistons 110 reach positions that
will provide the desired compression ratio. The positions of the free pistons 110 when the
exhaust ports 165A close mark their compression-BDC positions. Following the closing
of the exhaust valves, the free pistons 110 continue to move inward, causing the pressure
in the combustion section to increase. Compression 260 occurs until the pistons 110 reach
zero velocity, which marks their TDC positions. Combustion 210 occurs at or near TDC

and the next “cycle” begins.

Work is extracted from the engine 100 through the extractor pistons 125. In this
embodiment, each extractor piston 1235 is connected to a crank shaft 135 having a flywheel
140. The flywheel 140 enables the crank shaft 135 to rotate at constant speed, but is not
required. The crank shaft 135 can be connected to a rotary mechanical electrical machine
to convert thc mechanical work to electrical energy. The extractor pistons 125 can
otherwise be connected to a linear electromagncetic machine to directly convert their
kinetic energy to electrical energy, as discussed below. The free pistons 110 and extractor
pistons 125 are phased such that the indicated work in the combustion section 115 is equal
to the sum of the indicated work in the gas linkage 120 for a given engine geometry for

each cycle. This occurs when the following equation is satisfied for each piston cycle:

= ) . . '] .
( I PdV)c(,mhm,,',,n section Z jl gas linkage Aexiractor piston dX exiractor piston »

where P is gas pressure in the respective sections, V is volume of the combustion section,
A is area of the extractor piston, and X is axial position of the extractor piston (as shown in

Figure 8).
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Optimal phasing is maintained and controlled through a direct or indirect
application of force to the free piston 110, fuel amount, combustion product exhaust
amount, fresh air induction amount, and/or through the exchange of gas to and from the
gas linkage 120. The system may directly apply force to the free pistons 110 via physical
contact and/or indirectly apply force via electromagnetic communication. Force may be
applied at multiple points along the cylinder 105. Gas exchange with the gas linkage 120
may occur at various points within a cycle. The controller 150 may adjust the force
application, fuel amount, and/or gas exchange to achieve appropriate work extraction,

efficiency and safety.

Figure 8 shows one port configuration for breathing in which the intake ports 165B
are in front of both pistons near BDC and the exhaust ports: 165A are near TDC. There are
various possible port configurations, such as, but net limited to, having the exhaust ports.
165A in front of one piston near BDC and the intake ports 165B in front of the other
piston near BDC—allowing for what is called uni-flow scavenging, or uni-flow breathing.
The opening and closing of the intake and exhaust ports 165A, 165B are independently
controlled. The location of the exhaust ports and intake ports 165A, 165B can be chosen
such that a range of compression ratios and/or expansion ratios are possible. The times in
a cycle when the exhaust ports and intake ports 165A, 165B are activated (opened and
closed) can be adjusted during and/or between cycles to vary the compression ratio and/or
expansion ratio and/or the amount of combustion product retained in the combustion
section 115 at the beginning of a compression stroke. Retaining combustion gases in the
combustion section 115 is called residual gas trapping (RGT) and can be utilized to

moderate combustion timing and peak temperatures.

During the piston cycle, gas could potentially transfer past the free pistons 110
between the combustion section 115 and gas linkage 120. This gas transfer is referred to
as “blow-by”. Blow-by gas could contain air and/or fuel and/or combustion products.
The engine 100 is designed to manage blow-by gas by having at least two ports 165B in
each gas linkage 120, one port for removing driver gas and the other for providing make-
up driver gas. The removal and intake of gas from the gas linkage 120 are independently
controlled and occur in such a way to minimize losses and maximize efficiency. Figure 8
does not illustrate the transfer of gas-linkage gas, only the ports 165B. One strategy for
exchanging driver gas is to remove gas-linkage gzis at some point during the expansion

stroke and intake make-up gas-linkage gas at some point during the compression stroke.



WO 2012/112214 PCT/US2011/066214

-15-

The removal and intake of gas-linkage gas could occur in the reverse order of
strokes or during the same stroke. Removed gas-linkage gas can be used as part of the
intake for the combustion section 115 during a procccding combustion cycle. The amount
of gas in the gas linkage 120 can be adjusted to vary the compression ratio and/or
expansion ratio. As used herein, the “expansion ratio” is the ratio of the volume of the
combustion section 115 when the pistons 110 have zero velocity after the power stroke to
the volume of the combustion section 115 when the pistons 110 have zero velocity after
the compression stroke. Additionally, the “compression ratio” is the ratio of the volume of
the combustion section 115 when the pressure within the cohxbustion section 115 begins to
increase to the ratio of the volume of the combustion section 115 when the pistons 110

have zero velocity after the compression stroke.

Combustion ignition can be achieved via compression ignition and/or spark
ignition. Fuel can be directly injected into the combustion chamber 115 via fuel injectors
(“direct injection”) and/or mixed with air prior and/or during air intake (“premixed
injection”). The engine 100 can operate with lean, stoichiometric, or rich combustion
using liquid and/or gaseous fucls. Combustion is optimally controlled by moderating
(e.g., cooling) the temperature of the gas within the combustion section 115 prior to
combustion. Temperature control can be achicved by pre-cooling the combustion section
intake gas and/or cooling the gas within the combustion section 115 during the
compression stroke. Optimal combustion occurs when the combustion section 115
reaches the volume at which the thermal efficiency of the engine 100 is maximized. This
volume is called optimal volume. The optimal volume can occur before or after TDC is
reached. Depending on the combustion strategy (ignition and injection strategy). the
combustion section intake gas could be air, an air/fuel mixture, or an air/fuel/combustion
products mixture (where the combustion products are from EGR and/or recycled gas-
linkage gas), and the gas within the combustion section 115 could be air, an air/fuel
mixture, or an air/fuel/combustion products mixture (where the combustion products are

from EGR and/or RGT and/or the recycled driver gas).

When compression ignition is the desired ignition strategy, optimal combustion is
achieve by moderating the temperature of the gas within the combustion section 115 such
that it reaches its auto-ignition temperature at the optimal volume. When spark ignition is
the desired ignition strategy, optimal combustion is achieved by moderating the

temperature of the gas within the combustion section 115 such that it remains below its
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auto-ignition temperature before a spark fires. The spark is externally controlled to fire at

the optimal volume. The combustion section 115 intake gas can be pre-cooled by means

of a refrigeration cvcle.  As used herein, the term “refrigeration cycle” refers to any

thermodynamic cycle that indirectly cools a medium (gas or liquid) by making another

medium hotter and/or by directly cooling a medium via expansion. The gas within the

combustion section 115 can be cooled during a compression stroke by injecting a liquid

into the combustion section 115 which then vaporizes. Tﬁe liquid can be water and/or
another liquid such as, but not limited to, a fuel or a refrigerant. The liquid can be cooled

prior to injection into the combustion section 115.

For a given engine geometry and exhaust and intake port locations, the power
output from the engine 100 can be varied from cycle to cycle by varying the air/tuel ratio
and/or the amount of combustion produc‘;ts in the combustion section 115 prior to
combustion and/or the compression ratio and/or the expansion ratio. For a given air/fuel
ratio in a cycle, the peak combustion temperature can be controlled by varying the amount
of combustion products from a previous cycle that are present in the combustion section
gas prior to combustion. Combustion products in the combustion section gas prior to
combustion can come from EGR and/or RGT and/or recycling driver gas. Piston
synchronization is achieved through a control strategy that uses information about the
piston positions, piston velocities, combustion section composition, and cylinder
pressures, to adjust the forces provided by the direct and/or indirect free piston controllers

and/or gas linkage operating characteristics.

The embodiment described with respect to Figures 7 and 8 only includes one
unit—defined as cylinders/free pistons/gas linkages/extractor pistons configuration—
referred to as “the engine”. However, as would be appreciated by those of skill in the art,
many units could be placed in parallel, which can collectively be referred to as “the
engine”. In other words, the invention is meant to be modular such that two or more
engine modules can be arranged to operate in parallel to enable the scales of the engine to
be increased as needed by the end user. Not all units need be the same size or operate
under the same conditions (e.g., frequency, stoichiometry, or breathing). When the units
are operated in parallel, there exists the potential for integration between the engines, such
as, but not limited to, gas exchange between the units and/or connection to crankshafts

from other units.
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The free piston architecture allows for large and variable compression and
expansion ratios while maintaining sufficiently large volume at TDC to minimize heat
transfer and achieve adequate combustion. An inherent benefit of the frec piston
architecture is that the pistons 110 spend less time at and near TDC than they would if
they were mechanically linked directly to a crank shaft (i.e., in a conventional slider-crank
engine architecture). The less time spent at and near TDC helps to minimize heat transfer
because less time is spent at the highest temperatures. Furthermore, since the work
extraction pistons 125 are decoupled from the free pistons 110, the peak pressures that the
extractor pistons 125 experience are less than the peak pressure the free pistons 110
experience, which reduces the mechanical and frictional losses experienced by the
extractor pistons 125 compared to the losses in a conventional engine. Together, the large
and variable compression and expansion ratios, the sufficiently large volume at TDC, the
indirect conversion of kinetic energy to electrical energy through the gas linkage 120, the
inherently short time spent at and near TDC, and the ability to control combustion, enable

the engine to achieve thermal efficiencies greater than 50%.

The losses within the engine 100 include: combustion losses, heat transfer losses,
electrical conversion losses, frictional losses, and blow-by losses. Combustion losses are
minimized by performing combustion at high internal energy states, which is achieved by
having the ability to reach high compression ratios while moderating combustion section
temperaturcs. Heat transfer losses are minimized by having a sufficiently large volume at
or near when combustion occurs such that the thermal boundary layer is a small fraction of
the volume. Heat transfer losses are also minimized by spending less time at high
temperature using a free piston profile rather than a slider-crank profile. Frictional losses
are minimized because the extractor pistons 125 expericnce lower peak pressures than the
free pistons 110. Blow-by losses are minimized by having well-designed piston seals and
using gas-linkage gas that contains unburned fuel as part of the intake for the next

combustion cycle.

The embodiment of Figures 7 and 8 describes in detail the physical and operational
characteristics of one configuration—a two-tree piston, two-extractor piston, two-crank,
two-stroke embodiment. The following embodiments present several alternative engine
configurations. The illustrated embodiments are not meant to be limiting. Other
embodiments may be utilized, and other changes may be made, without departing from the

scopc of the invention. Unless otherwise stated, the physical and operational
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characteristics of the embodiments described in the following embodiments are the same
as those described in the embodiment of Figures 7 and 8. Furthermore, all embodiments
may be configured in parallel (i.e., in multiple-unit configurations for scaling up) as

described above,

Figure 9 illustrates a four-stroke piston cycle 300 of the two-free piston, two-
extractor piston, two-crank engine 100 of Figure 7. The main physical difference between
the four-stroke and two-stroke piston cycles is that the exhaust, injector, and intake ports
165 are located at and/or near the center of the cylinder 105 between the two free pistons

110.

The four-stroke piston cycle 300 is characterized as having a power (expansion)
stroke 320, an exhaust stroke 340, an intake stroke 360, and a compression stroke 380. A
power stroke 320 begins following combustion 310, which occurs at the optimal volume,
and continues until the velocities of the pistons 110 are zero, which mark their expansion-
BDC positions for that cycle. At and near the expansion-BDC point 330, the pressure of
the gas in the gas linkage 120 is greater than the pressure of the gas in the combustion
section 115, which forces the pistons 110 inwards. The gas in the gas linkage 120 is used
to provide at least some of the energy required to perform an exhaust stroke 340. Exhaust
borts 165 open at some point at or near the expansion-BDC, which can be before or after
an exhaust stroke 340 begins. An exhaust stroke 340 continues until the velocities of the
pistons 110 are zero, which marks their exhaust-TDC positions for that cycle. Exhaust
ports 165 close at some point before the pistons 110 reach their exhaust-TDC positions
350. Therefore, at least some combustion products remain in the combustion section 115.

This process is referred to as “residual gas trapping”.
p g

At and/or near the exhaust-TDC, the pressure of the combustion section 115 is
greater than the pressure of the gas linkage 120, which forces the pistons 110 outwards.
The trapped residual gas acts as a gas spring to provide at least some of the energy
required to perform an intake stroke 360. Intake ports 165 open at some point during the
intake stroke 360 after the pressure within the combustion section 115 is below the
pressure of the intake gas. An intake stroke 360 continues until the velocities of the
pistons 110 are zero, which marks their intake-BDC positions 370 for that cycle. The
intake-BDC positions for a given cycle do not necessarily have to be the same as the
expansion-BDC positions. Intake ports 165 close at some point at or near intake-BDC. At

and/or near the intake-BDC position, the pressure of the gas in the gas linkage 120 is
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greater than the pressure of the gas in the combustion section 115, which forces the pistons
110 inwards and compresses the gas in the com_bustion section 115. This is the
compression stroke 380, which continues until combustion 310 occurs when the velocities
of the pistons 110 are at or near zero. The positions of the pistons 110 at which their

velocities equal zera mark their compression-TDC positions for that cycle.

As in the two-stroke piston cycle, work is extracted from engine 300 through the
extractor pistons 125. In this embodiment, the extractor pistons 125 arc connected to
crank shafts 135 that have flywheels 140. The free pistons 110 and extractor pistons 125
are phased such that the indicated work in the combustion section 115 is equal to the sum
of the indicated work in the gas linkage 120 for a given engine geometry for each cycle.
Optimal phasing is maintained and controlled through a direct or indirect application of
force to the free piston 110, fuel amount, and/or through the exchange of gas to and from
the gas linkage 120. The system may directly apply force to the free pistons 110 via
physical contact and/or indirectly apply force via electromagnetic communication. Force
‘may be applied at multiple points along the cylinder 105. Gas exchange with the gas
linkage 120 may occur at various points within a cycle. The controller 150 may adjust the
force application, fuel amount, and/or gas exchange to achieve appropriate work

extraction, efficiency and safety.

Figure 10 illustrates a two-free piston, two-extractor piston, single-crank, two-
stroke engine 400 that is similar in many ways to the engine 100 of Figure 7, wherein like
elements have been labeled accordingly. The main structural distinctions are that the
cylinder 105 of Figure 7 is replaced with a cylinder with curved ends 405 that forms
curvilinear path or track, such that both extractor pistons 1435 are connected to a single
crankshaft 435 and flywheel 440. Accordingly, only one crankshaft 4335, flywheel 440,
and rotary generator is required per unit, thereby reducing capital cost. This embodiment
has all of the same operating characteristics as those discussed above with respect to the
embodiment of Figure 7. Additionally, this single-crank engine 400 can also operate using

a four-stroke piston cycle.

Figure 11 illustrates a two-free piston, two-extractor piston engine 500 that is
similar in many ways to the engine 100 of Figure 7, wherein like elements have been
labeled accordingly. One structural difference is the engine 500 utilizes two linear
electromagnetic machines (LEMs) 504 to convert the kinetic energy of the extractor

pistons 125 to electrical energy, instead of the crankshaft/rotary generator combination
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described in the previous embodiments of Figure 7 and Figure 10. Each LEM 504
comprises a stator 506 and a translator 508. Another structural distinction involves the use
of linear bearings 516 for the connecting/piston rod 545. As used herein, the term
“bearing” refers to any part of a machine on which another part moves, slides, or rotates,
including but not limited to slide bearings, flexure bearings, ball bearings, roller bearings,

gas bearings, or magnetic bearings.

With continued reference to Figure 11, the piston rods 545 move along the
bearings 520 and are sealed from the surroundings by gas seals that are fixed to the
cylinder. The only operational difference of this embodiment involves the manner in
which the motion, or kinetic energy, of the connecting rod 345 is converted into electrical
energy. In previous embodiments, a slider-crank mechanism is employed to convert the
linear motion of the extractor piston to rotary motion, which can then be converted to
electrical energy using an off-shelf rotary electrical machine. In the embodiment of Figure
11, the linear motion of each extractor pistons 125 is directly converted into electrical
energy through an LEM 504. The LEM 504 is also capable of directly converting
electrical energy into kinetic energy of the piston assembly for providing compression

work during a compression stroke (similar to a flywheel).

During operation, the translator 508 is attached to the piston rod 545 and moves
linearly within the stator 506, which is stationary. The volume between the translator 508
and stator 506 is referred to as the air gap. Figure 11 depicts one suitable LEM
configuration in which the translator 508 is shorter than the stator 506. In other
configurations, the translator 508 could be longer than the stator 506, or they could be
substantially the same length. By way of example, the LEM 504 may comprise a
permanent magnet machine, induction mzichinc, switched reluctance machine, or some
combination of the three. The stator 506 and translator 508 can each include magnets,
coils, iron, or some combination of the threc. Since the LEM 504 directly transforms the
kinetic energy of the pistons 545 to and from electrical energy (i.c., there are no
mechanical linkages), mechanical and frictional losscs have the potential to be less than
those in previously described slider-crank embodiments. This embodiment has all of the
same operation characteristics as those discussed with respect to the embodiment of Figure

7, and can also operate using a four-stroke piston cycle.

Figures 12 and 13 illustrate single-free piston, single-extractor piston embodiments

of those shown in Figure 7 and Figure 11, respectively. In particular, Figure 12 illustrates
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a single-free piston, single-extractor piston, single-crank, two-stroke engine 600, while
Figure 13 illustrates a single-free piston, single-extractor piston, single-LEM, two-stroke
engine 700. All of the previously discussed embodiments include two free pistons 110
forming a combustion section in the center of the cylinder 105, whereas the two
embodiments shown in Figure 12 and Figure 13 have a single-free piston 110 and the
combustion section 615 is formed between the front face 112 of the piston 110 and the
closed end 622 of the cylinder (the “head”). Since these embodiments only have one set
of free and extractor pistons 110, 125, they only have one electrical machine—a
crankshaft/rotary electrical machine in Figure 12 and an LEM 504 in Figure 13. In
addition, these embodiments have a different velocity and acceleration profile than the
corresponding two-free piston embodiments as a result of having a single-free piston.
However, they still provide the benefit of a free piston profile in that less time is spent at
and near TDC than in a conventional, slider-crank, reciprocating engine.  Both
embodiments share all of the same operation characteristics as those discussed above with
respect to the embodiment of Figure 7, and can also operate using 'a four-stroke piston

cycle.

The embodiments illustrated in Figures 7, 10 and 12 extract work through the
extractor piston 1235 using direct connection via a connecting rod 145 to a crankshaft 135.
This is often referred to as a “slider-crank™ mechanism. However, the invention is not
limited to a slider-crank mechanism, as it is also compatible with other mechanism that
convert linear motion to rotary motion, such as, but not limited to, a scotch-yoke

mechanisms, rack-and-pinion mechanisms, and four-bar linkage mechanisms.

While various embodiments of the present invention have been described above, it
should be understood that they have been presented by way of example only, and not of
limitation. Likewise, the various diagrams may depict an example architectural or other
configuration for the invention, which is done to aid in understanding the features and
tunctionality that can be included in the invention. The invention is not restricted to the
illustrated example architectures or configurations, but the desired features can be
implemented using a variety of alternative architectures and configurations. Indeed, it will
be apparent to one of skill in the art how alternative functional, logical or physical
partitioning and configurations can be implemented to implement the desired features of
the present invention. Also, a multitude of different constituent module names other than

those depicted herein can be applied to the various partitions. Additionally. with regard to
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flow diagrams, operational descriptions and method claims, the order in which the steps
arc presented herein shall not mandate that various embodiments be implemented to

perform the recited functionality in the same order unless the context dictates otherwise.

Although the invention is described above in terms of various exemplary
embodiments and implementations, it should be understood that the various features,
aspects and functionality described in one or more of the individual embodiments are not
limited in their applicability to the particular embodiment with which they are described.
but instead can be applied, alone or in vari().us combinations, to one or morc of the other
embodiments of the invention, whether or not such embodiments are described and
whether or not such features are presented as being a part of a described embodiment.
Thus, the breadth and scope of the present invention should not be limited by any of the

above-described exemplary embodiments.

Terms and phrases used in this document, and variations thercof, unless otherwise
expressly stated, should be construed as open ended as opposed to limiting. As examples
of the foregoing: the term “including” should be read as meaning “including, without
limitation™ or the like; the term “example”™ is used to provide exemplary instances of the
item in discussion, not an exhaustive or limiting list thereof; the terms “a” or “an” should
be read as meaning “at least one,” “one or more” or the like; and adjectives such as

k4

“conventional,” “traditional,” “normal,” “standard,” “known” and terms of similar
meaning should not be construed as limiting the item described to a given time period or
to an item available as of a given time, but instead should be read to encompass
conventional. traditional, normal, or standard technologies that may be available or known
now or at any time in the future. Likewise, where this document refers to technologies
that would be apparent or known to one of ordinary skill in the art, such technologies

encompass those apparent or known to the skilled artisan now or at any time in the future.

1 L,

The presence of broadening words and phrases such as “one or more,” “at least,”
“but not limited to” or other like phrases.in some instances shall not be read to mean that
the narrower case is intended or required in instances where such broadening phrases may
be absent. The usc of the term “module” does not imply that the components or
functionality described or claimed as part of the module are all configured in a common
package. Indeed, any or all of the various components of a module, whether control logic
or other components, can be combined in a single package or separately maintained and

can further be distributed in multiple groupings or packages or across multiple locations.
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Additionally, the various embodiments set forth herein are described in terms of
exemplary block diagrams, flow charts and other illustrations. As will become apparent to
one of ordinary skill in the art after reading this document, the illustrated embodiments
and their various alternatives can be implemented without confinement to the illustrated
examples. For example, block diagrams and their accompanying description should not be

construed as mandating a particular architecture or configuration.
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Whgt is claimed is:

1. A linear free piston combustion engine with indirect work extraction via

gas linkage, comprising:

a cylinder with two opposed free pistons disposed therein that form a combustion
section in a center of the cylinder, cach free piston comprising a front face facing the

combustion section and a back face facing the opposite direction;

two opposed extractor pistons disposed in their own cylinders at opposite ends of
the free piston cylinder, each extractor piston comprising a front face facing the

combustion section and a back face facing the opposite direction; and

two gas linkages, cach gas linkage comprising a volume sealed between the back

face of a free piston and the front face of an extractor piston,;
wherein each extractor piston is connected to a rotary electromagnetic machine.

2. The engine of claim 1, wherein the gas linkage acts a gas spring translating
forces between two moving pistons without dictating a specific axial separation or a

specific volumetric separation.

3. The engine of claim 1, wherein the torce on the front face of an extractor
piston is directly converted into rotary motion, which is then converted to electrical energy

through the rotary electromagnetic machine.

4. The engine of claim 1, wherein the rotary electromagnetic machine
comprises a permanent magnet machine, induction machine, switched reluctance machine,

or a combination thereof.

5. The engine of claim 1, further comprising a device for directly or indirectly
applying a force to the free pistons in order to adjust piston velocity and phasing to

selected values.

6. The engine of claim 1, wherein the engine operates using a two-stroke
piston cycle including a power stroke and a compression stroke, with an expansion ratio
greater than a compression ratio, wherein combustion occurs after the compression stroke

when the velocities of the free pistons are at or near zero.
7. The engine of claim 1, wherein the engine operates using a four-stroke
piston cycle including a power stroke, an exhaust stroke, an intake stroke, and a

compression stroke, with an expansion ratio greater the compression ratio, wherein
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combustion occurs after a compression stroke when the velocities of the free pistons are at

OT near zero.
8. The engine of claim 1, wherein:

fuel is directly injected into the combustion section via fuel injectors or is mixed

with air prior to or during air intake; and

the engine is capable of operation with lean, stoichiometric, or rich combustion

using liquid or gaseous fuels.
9. The engine of claim 1, further comprising:

one or more exhaust/injector ports that allow exhaust gases and fluids to enter and

leave the free piston cylinder:

one or more intake ports that allow the intake of air or air/fuel mixtures or

air/fuel/combustion product mixtures;

one or more driver gas removal ports that allow for the removal of driver gas; and
one or more driver gas make-up ports that allow for the intake of make-up gas for

the driver section.

10. The engine in claim 1, wherein combustion products from a previous cycle
can be mixed with intake air and/or an intake air/fuel mixture prior to or during a

compression stroke.
11.  The engine of claim 1, wherein:
engine ignition is achieved via compression ignition; and

optimal combustion is achieved by moderating the gas temperature such that it

auto ignites at its optimal volume.

12. The engine of claim 1, wherein:

engine ignition is achieved via spark ignition; and

optimal combustion is achieved by moderating the gas temperature such that it
does not auto-ignite before a spark fires at its optimal volume.

13. A free piston combustion engine with indirect work extraction via gas

linkage, comprising:
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a cylinder with curved ends with two opposed free pistons disposed therein that
form a combustion section in a center of the cylinder, each free piston comprising a front

face facing the combustion section and a back face facing the opposite direction;

two opposed extractor pistons, each extractor piston disposed in its own cylinder at
opposite ends of the free piston cylinder, each extractor piston comprising a front face

facing the combustion section and a back face facing the opposite direction; and

two gas linkages, each gas linkage comprising a volume scaled between the back

face of a free piston and the front face of an extractor piston;

wherein each extractor piston is connected to a single rotary electromagnetic

machine.

14.  The engine of claim 13, wherein the gas linkage acts a gas spring
translating forces between two moving pistons without dictating a specific axial separation

or a specific volumetric separation.

15, The engine of claim 13, wherein the force on the front face of an extractor
piston is directly converted into rotary motion, which is then converted to electrical energy

through the rotary clectromagnetic machine.

16.  The engine of claim 13, wherein the rotary electromagnetic machine
comprises a permanent magnet machine, induction machine, switched reluctance machine,

or a combination thereof.

-

17. The engine of claim 13, further comprising a device for directly or
indirectly applying a force to the free pistons in order to adjust piston velocity and phasing

to selected values.

18.  The engine of claim 13, wherein the engine operates using a two-stroke

\
piston cycle including a power stroke and a compression stroke, with an expansion ratio
greater than a compression ratio, wherein combustion occurs after the compression stroke

when the velocities of'the free pistons are at or near zero.

19.  The engine of claim 13, wherein the engine operates using a four-stroke
piston cycle including a power stroke, an exhaust stroke, an intake stroke, and a
compression stroke, with an expansion ratio greater the compression ratio, wherein
combustion occurs after a compression stroke when the velocities of the free pistons are at

Or near zZero.
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20.  The engine of claim 13, wherein:

fuel is directly injected into the combustion section via fuel injectors or is mixed

with air prior to or during air intake; and

the engine is capable of operation with lean, stoichiometric, or rich combustion

using liquid or gaseous fuels.
21.  The engine of claim 13, further comprising:

one or more exhaust/injector ports that allow exhaust gases and fluids to enter and

leave the free piston cylinder;

one or more intake ports that allow the intake of air or air/fuel mixtures or

air/fuel/combustion product mixtures;

one or more driver gas removal ports that allow for the removal of driver gas; and
one or more driver gas make-up ports that allow for the intake of make-up gas for

the driver section.

22.  The engine in claim 13, wherein combustion products from a previous
cycle can be mixed with intake air and/or an intake air/fuel mixture prior to or during a

compression stroke.
23. The engine of claim 13, wherein:
engine ignition is achieved via compression ignition; and

optimal combustion is achieved by moderating the gas temperature such that it

auto ignites at its optimal volume.
24, The engine of claim 13, wherein:
engine ignition is achieved via spark ignition; and

optimal combustion is achieved by moderating the gas temperature such that it

does not auto-ignite before a spark fires at its optimal volume.
25. A linear free piston combustion engine with indirect work extraction via
gas linkage, comprising:

a cylinder with two opposed free pistons disposed therein that form a combustion
section in a center of the cylinder, each free piston comprising a front face facing the

combustion section and a back face facing the opposite direction;
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two opposed extractor pistons disposed in their own cylinders at opposite ends of
the free piston cylinder, each extractor piston comprising a front face facing the

combustion section and a back face facing the opposite direction; and

two gas linkages, each gas linkage comprising a volume sealed between the back

face of a free piston and the front face of an extractor piston;

wherein cach extractor piston is connected to a linear electromagnetic machine that

convert kinetic energy of the extractor piston to electrical energy.

26.  The engine of claim 25, wherein the linear electromagnetic machine

comprises a stator and a translator.

27. The engine of claim 26, wherein the extractor piston includes a piston rod

that is attached to the translator.

28.  The engine of claim 25, wherein the linear electromagnetic machine is
configured to directly convert kinetic energy of extractor piston into electrical energy

during an expansion stroke.

.
29.  The engine of claim 23, wherein the linear electromagnetic machine
comprises a permanent magnet machine, induction machine, switched reluctance machine,

or a combination thereof.

30.  The engine of claim 25, wherein the force on the front face of an extractor
piston is directly converted into rotary motion, which is then converted to electrical energy

through the rotary electromagnetic machine.

31 The engine of claim 25, wherein the gas linkage acts a gas spring
translating forces between two moving pistons without dictating a specific axial separation

or a specific volumetric separation.

32. The engine of claim 25, further comprising a device for directly or
indirectly applying a force to the free pistons in order to adjust piston velocity and phasing

to selected values.

33.  The engine of claim 25, wherein the engine operates using a two-stroke
piston cycle including a power stroke and a compression stroke, with an expansion ratio
greater than a compression ratio, wherein combustion occurs after the compression stroke

when the velocities of the free pistons are at or near zero.
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34.  The engine of claim 25, wherein the engine operates using a four-stroke
piston cycle including a power stroke, an exhaust stroke, an intake stroke, and a
compression stroke, with an expansion ratio greater the compression ratio, wherein
combustion occurs after a compression stroke when the velocities of the free pistons are at
Or near zero.

35.  The engine of claim 25, wherein:

fuel is directly injected into the combustion section via fuel injectors or is mixed

with air prior to or during air intake; and

the engine is capable of operation with lean, stoichiometric, or rich combustion
using liquid or gaseous fuels.

36.  The engine of claim 25, further comprising:
one or more exhaust/injector ports that allow exhaust gases and fluids to enter and

leave the free piston cylinder;

one or more intake ports that allow the intake of air or air/fuel mixtures or

air/fuel/combustion product mixtures;

one or more driver gas removal ports that allow for the removatl of driver gas; and
one or more driver gas make-up ports that allow for the intake of make-up gas for

the driver section.

37.  The engine in claim 25, wherein combustion products from a previous
cycle can be mixed with intake air and/or an intake air/fuel mixture prior to or during a

compression stroke.
38.  The engine of claim 25, wherein:
engine ignition is achieved via compression ignition; and

optimal combustion is achieved by moderating the gas temperature such that it

auto ignites at its optimal volume.
39.  The engine of claim 25, wherein:
engine ignition is achieved via spark ignition; and

optimal combustion is achieved by moderating the gas temperature such that it

does not auto-ignite before a spark fires at its optimal volume.
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40). A linear free piston combustion engine with indirect work extraction via

gas linkage, comprising:
a cylinder having a combustion section located at a closed end of the cylinder;

a free piston disposed within the cylinder, the free piston comprising a front face

facing the combustion section and a back face facing the opposite direction;

an extractor piston disposed in its own cylinder at an end of the cylinder opposite
the closed end, the extractor piston comprising a front face facing the combustion section

and a back face facing the opposite direction; and

. a gas linkage comprising a volume sealed between the back face of the free piston

and the front face of the extractor piston;
wherein the extractor piston is connected to a rotary electromagnetic machine.

41. The engine of claim 40, wherein the force on the front face of the extractor
piston is directly converted into rotary motion, which is then converted to electrical energy

through the rotary clectromagnetic machine.

42.  The engine of claim 40, wherein the rotary electromagnetic machine
comprises a permanent magnet machine, induction machine, switched reluctance machine,

or a combination thereof.

43, The engine of claim 40, wherein the engine operates using a four-stroke
piston cycle including a power stroke, an exhaust stroke, an intake stroke, and a

compression stroke.

44.  The engine of claim 40, wherein the force on the front face of an extractor
piston is directly converted into rotary motion, which is then converted to electrical energy

through the rotary electromagnetic machine.

45.  The engine of claim 40, wherein the rotary electromagnetic machine
comprises a permanent magnet machine, induction machine, switched reluctance machine,

or a combination thereof.
46.  The engine of claim 40, wherein the gas linkage acts a gas spring
translating forces between two moving pistons without dictating a specific axial separation

or a specific volumetric separation.
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47.  The engine of claim 40, further comprising a device for directly or
indirectly applying a force to the free pistons in order to adjust piston velocity and phasing

to selected values.

48.  The engine of claim 40, wherein the engine operates using a two-stroke
piston cycle including a. power stroke and a compression stroke, with an expansion ratio
greater than a compression ratio, wherein combustion occurs after the compression stroke

when the velocities of the free pistons are at or near zero.

49.  The engine of claim. 40, wherein the engine operates using a four-stroke
piston cycle including a power stroke, an exhaust stroke, an intake stroke, and a
compression stroke, with an expansion ratio greater the compression ratio, wherein
combustion occurs after a compression stroke when the velocities of the free pistons are at

Or near Zero.
50.  The engine of claim 40, wherein:

fuel is directly injected into the combustion section via fuel injectors or is mixed

with air prior to or during air intake; and

the engine is capable of operation with lean, stoichiometric, or rich combustion

using liquid or gaseous fuels.
51.  The engine of claim 40, further comprising:

one or more exhaust/injector ports that allow exhaust gases and fluids to enter and

leave the free piston cylinder;

one or more intake ports that allow the intake of air or air/fuel mixtures or

air/fuel/combustion product mixtures;

one or more driver gas removal ports that allow for the removal of driver gas: and
one or more driver gas make-up ports that allow for the intake of make-up gas for

the driver section.

52. The engine in claim 40, wherein combustion products from a previous
cycle can be mixed with intake air and/or an intake air/fuel mixture prior to or during a

compression stroke.
53. The engine of claim 40, wherein:

engine ignition is achieved via compression ignition; and
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optimal combustion is achieved by moderating the gas temperature such that it
-auto- ignites at its optimal volume.

54, The engine of claim 40, wherein:

engine ignition is achieved via spark ignition; and

optimal combustion is achieved by moderating the gas temperature such that it
does not auto-ignite before a spark fires at its optimal volume.

55. A linear free piston combustion engine with indirect work extraction via
gas linkage, comprising:

a cylinder having a combustion section located at a closed end of the cylinder; -

a free piston disposed within the cylinder, the free piston comprising a front face
facing the combustion section and a back face facing the opposite direction;

an extractor piston disposed in its own cylinder at an end of the cylinder opposite

the closed end, the extractor piston comprising a front face facing the combustion section

and a back face facing the opposite direction; and

a gas linkage comprising a volume sealed between the back face of the free piston

and the front face of the extractor piston;
wherein the extractor piston is connected to a linear electromagnetic machine.

56.  The engine of claim 55, wherein the linear clectromagnetic machine

comprises a stator and a translator.

57.  The engine of claim 56, wherein the extractor piston includes a piston rod

that is attached to the translator.

58.  The engine of claim 55, wherein the linear electromagnetic machine is
configured to directly convert electrical energy into kinetic energy of the piston assembly

for providing compression work during a compression stroke.

59. The engine of claim 55, wherein the linear electromagnetic machine
comprises a permanent magnet machine, induction machine, switched reluctance machine,
or a combination thereof.

60. The engine of claim 53, wherein the force on the front face of an extractor

piston is directly converted into rotary motion, which is then converted to electrical energy

through the rotary electromagnetic machine.
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61.  The engine of claim 55, wherein the gas linkage acts a gas spring
translating forces between two moving pistons without dictating a specific axial separation

or a specific volumetric separation.

62.  The engine of claim 35, further comprising a device for directly or
indirectly applying a force to the free pistons in order to adjust piston velocity and phasing

to selected values.

63. The engine of claim 55, wherein the engine operates using a two-stroke
piston cycle including a power stroke and a compression stroke, with an expansion ratio
greater than a compression ratio, wherein combustion occurs after the compression stroke

when the velocities of the free pistons are at or near zero.

64.  The engine of claim 55, wherein the engine operates using a four-stroke
piston cycle including a power stroke, an exhaust stroke, an intake stroke, and a
compression stroke, with an expansion ratio greater the compression ratio, wherein
combustion occurs after a compression stroke when the velocities of the free pistons are at

Or near zero.
65.  The engine of claim 55, wherein:

fuel is directly injected into the combustion section via fuel injectors or is mixed

with air prior to or during air intake; and

the engine is capable of opcration with lean, stoichiometric, or rich combustion

using liquid or gaseous fuels.
66.  The engine of claim 55, further comprising:

one or more exhaust/injector ports that allow exhaust gases and fluids to enter and

leave the free piston cylinder;

one or more intake ports that allow the intake of air or air/fuel mixtures or

air/fuel/combustion product mixtures:

one or more driver gas removal ports that allow for the removal of driver gas; and
one or more driver gas make-up ports that allow for the intake of make-up gas for

the driver section.

67.  The engine in claim 55, wherein combustion products from a previous
cycle can be mixed with intake air and/or an intake air/fuel mixture prior to or during a

compression stroke.
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68.  The engine of claim 55, wherein:
engine ignition is achieved via compression ignition; and

optimal combustion is achieved by moderating the gas temperature such that it

auto ignites at its optimal volume.
69. The engine of claim 55, wherein:
engine ignition is achieved via spark ignition; and

optimal combustion is achieved by moderating the gas temperature such that it

does not auto-ignite before a spark fires at its optimal volume.
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