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(57) Abrege/Abstract:

A feedback control method and circuit for inclusion Iin a control system of an electrical power generating source that comprises a
free piston Stirling engine driving a linear alternator. An Instantaneous value of a variable, Vinternal, is continuously derived from
other sensed and computed parameters and used In a negative feedback control loop of the control system to control engine
piston stroke In order to maintain the power produced by the engine equal to the power transferred from the engine to the
alternator. Vinternal is the sum of the voltage induced on the alternator winding and the voltage across the equivalent circuit lumped
resistance of the alternator winding. A negative feedback, alternator current control loop has an output connected to a pulse width
modulator of a switching mode rectifier and has a feedback circuit comprising a current sensor for sensing instantaneous alternator
current.
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(57) Abstract: A feedback control method and circuit for inclusion in a control system of an electrical power generating source that

CoImpriscs d

free piston Stirling engine driving a linear alternator. An instantaneous value of a variable, Vinternal, is continuously

& derived from other sensed and computed parameters and used in a negative feedback control loop of the control system to control
& engine piston stroke in order to maintain the power produced by the engine equal to the power transferred from the engine to the
N alternator. Vinternal is the sum of the voltage induced on the alternator winding and the voltage across the equivalent circuit lumped
resistance of the alternator winding. A negative feedback, alternator current control loop has an output connected to a pulse width
modulator of a switching mode rectifier and has a feedback circuit comprising a current sensor for sensing instantaneous alternator

current.
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TITLE
ELECTRONIC CONTROLLER MATCHING ENGINE POWER TO ALTERNATOR

POWER AND MAINTAINING ENGINE FREQUENCY FOR A FREE-PISTON
STIRLING ENGINE DRIVING A LINEAR ALTERNATOR

BACKGROUND OF THE INVENTION

[0001] Field Of The Invention

[0002] This invention relates generally to a free-piston Stirling engine driving a
linear alternator to gemerate electrical power and more particularly relates to a closed
loop, negative feedback control system that includes improved control loops for

maintaining the mechanical power generated by the engine equal to the power transferred

Tom the engine to the linear alternator.

[0003] Description Of The Related Art

[0004] A free-piston Stirling engine (FPSE) driving a linear alternator 1s an
attractive electrical power source because such sources are efficient, compact and light
weight and can generate electrical power from heat energy supplied by a variety of fuels.
A free-piston Stirling engine 1s a closed-cycle, reversible heat engine which converts heat
into work by moving a confined volume of working gas between a rélatively warmer heat
acceptor and a relatively cooler heat rejector. The resulting alternating, cyclical,
expansion and compression of the internal working gas provides an oscillating pressure
wave that drives an appropriately sprung piston to oscillate substantially sinusoidally in
linear reciprocation. The piston 1s mechanically linked to a ring of permanent magnets
that it drives in reciprocation within the winding or coil of the linear altemator thereby
inducing a voltage across the winding terminals. Typically, the piston of the engine is
directly linked by a flange on the back of the piston to an array of axisymmetrically
arranged magnets, for example arranged m a ring, and the engine and alternator are
integrated mto a common, hermetically sealed housing.

[0005] Many prior art eléctn'cal power sources of this type include a rectifier

circuit connecting the alternator output terminals to an electrical load and also have a
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controller which 1s a control system for controlling the operating parameters of the
Stirling engine and the alternator as well as the output electrical parameters. The
operation of a free-piston Stirling engine and 1ts connection to a linear alternator are
described m many publications, including patents such as U.S. patent 6,871,495 which 1s
herein incorporated by reference.

[0006] Fig. 1 is a stmplified schematic diagram illustrating the electrical circuit of
a prior art electrical power generating source having a linear alternator 10 driven by a
free-piston Stirling engine and applying the alternator AC output to a load 12. The
alternator is shown as its equivalent, lumped-element circuit. This equivalent circuit has,
1n series connection, an mductor 14 having mductance L,y representing alternator winding
inductance, a lumped resistance R, representing alternator resistance and an AC voltage
source 16 having an induced or back emf V, . The voltage V, 1s the open circuit voltage
induced 1n the alternator winding by the magnets that are driven in reciprocation by:the
free-piston Stirling engine.

[0007] A tuning capacitor 18 1s frequently connected 1n series with the alternator
winding in order to tune out the winding imductance. The capacitance of the tuning
capacitor 1s chosen so that, at the operating frequency of the alternator and engine, the
inductive reactance of the winding and the capacitive reactance of the tuning capacitor
form a series resonant circuit. Such a series resonant circuit exhibits a zero or resistive
impedance. The tuning capacitor consequently provides a unity or near unity power factor
which maximizes power transfer from the alternator to the electrical load and minimizes
resistive heat losses. However, such tuning capacitors are bulky and expensive so it is
desirable to eliminate the tuning capacitor. Also, the tuning capacitor impedance and the
series inductor impedance only match at a single frequency. Therefore, with a tuning
capacitor, the output power factor varies with engine operating frequency. The controller
of the present invention can compensate over a wide range of frequencies, provide unity
power factor or constant frequency operation. .

[0008] As also illustrated m Fig. 1, the output of the alternator can be connected
to the utility electrical power grid 20 and used to supply electrical power to the grid. As
known to those skilled in the prior art, this arrangement results in the free-piston Stirling
engine operating at the same frequency and substantially in phase with the electrical grid.

This synchronous operation occurs because the engine 1s coupled to the alternator by the
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magnetic coupling between the reciprocating permanent magnets and the alternator
winding. The coupling of the magnetic flux of the reciprocating magnets with the
magnetic flux resulting from the alternator current, causes the alternator current to be
reflected into the engine as complex damping forces acting upon the free-piston Stirling
engine. These forces, which are reflected back mto the engihe, act upon the piston of the
engine as a combination of mass, spring and damping forces. Consequently, the magnetic
force generated by the alternator current acts upon the Stirling engine piston to cause the
piston to run synchronously with the alternator current in the same way that a rotating

synchronous electric motor, having two rotating magnetic fields, remains synchronous. If

the magnetic field from the reciprocating magnets becomes advanced or retarded from the

magnetic field from the alternator current, there 1s a magnetic force pulling them together.
In the linearly reoiprocating engine and alternator, the result 1s that the reciprocating
piston of the FPSE will operate synchronously with the electrical power grid voltage, if -

the FPSE 1s designed to be mechanically resonant at or very near the power grid

frequency.

[0009] : = Fig. 2 illustrates an electrical power generating source like that of Fig. 1
but having a common, passive, full wave rectifier 22 using four diodes arranged in an H-
bridge to provide a DC output. The prior art has also substituted a full wave, switching
mode rectifier, also known as an active rectifier, for the full wave diode rectifier of Fig. 2
and eliminated the tuning capacitor 24. An example of such a configuration 1s shown in
the above cited U.S. patent 6,871,4935.

[0010] A switching mode rectifier 1s a type of circuit that 1s known in the prior art

and described in multiple publications. It typically has an H-bridge configuration but has
controllable electronic switches, commonly MOSFETS, substituted for the diodes of Fig.
2. An active rectifier control 1s connected to the gate of each electronic switch and
switches them ON and OFF by switching one diagonally opposite pair ON and the other
OFF and alternating the pair that 1s ON while the other pair 1s OFF. This switching is
done at a frequency that 1s much higher than the sinusoidal frequency of the FPSE and
alternator. For example, the electronic switches may be switched at a rate of 10kHz or
20kHz while the FPSE and alternator may be operated at 60 Hz or 120 Hz. The switching
control not only turns the electronic switches ON and OFF as described, but also varies

the duty cycle of the electronic switches in response to a modulating input signal.
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Consequently, the switching control of a switching mode rectifier 1s essentially a pulse
width modulator that mcludes a high frequency oscillator for alternately switching the
diagonally opposite switch pairs and also modulates the duty cycle of the ON and OFF
switching states that are switched at the high frequency. As a result, it is the phase of the
switching of the switching mode rectifier that controls the phase of the current though the
H-bridge relative to the alternator terminal voltage. That phase control by the switching
mode rectifier creates the same effect on the phase as a tuning capacitor and therefore
allows the tuning capacitor to be eliminated. However, because the phase control by the
switching mode rectifier does not depend upon resonance, which 1s frequency dependent,
the switching mode rectifier maintains the desired phase relationship over a range of
engine operating frequencies. The pulse width modulating circuit and function can be
impl-emented not only with analog circuits but also and more importantly using
microprocessors or microcontrollers, as 1s preferred, and other digital logic' and
processing circuits that are programmed, such as with software, to perform the pulse
width modulating function. Because switching mode rectifiers, summarized above, are
described in prior art text books and technical literature about switch mode poOwer
supplies, switch mode inverters or switch mode motor drives, switching mode rectifiers
are not explained here in more detail. )
[0011] Energy for driving the FPSE 1s supplied from an external heat source, such
as fuel combustion, solar energy or heat from radioisotope power sources, applying heat
to the engme heat acceptor (“hot end”). The heat energy 1s converted by the engine to
mechanical work energy which drives the linear alternator to convert the mechanical
energy to electrical energy. It 1s highly destrable that the mechanical power generated by
the FPSE be exactly equal to the power transferred from the FPSE to the linear alternator,
most of which 1s ultimately transferred to the load. This balanced power condition avoids
significant problems with engine operation. If the power transferred to the alternator
exceeds the power generated by the FPSE, the engine will stall. If the power transferred to
the alternator 1s less than the power generated by the FPSE, the piston stroke will increase
uncontrollably and can cause damaging internal collisions and engine temperature will
slowly increase over time. Piston stroke is the distance traveled by the piston between the

boundaries of its reciprocation. Piston motion as a function of time can be represented as

a phasor with a piston amplitude Xp and 1s sometimes alternatively used to describe piston
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displacement. Piston amplitude Xp has a magnitude of one half piston stroke and the two
terms are sometimes used interchangeably when describing qualitative aspects of
operation.

[0012] Fuel combustion systems for electrical power generating systems of this
type cemmonly have temperature control systems that control the temperature at the
engine’s heat acceptor. Consequently, for relatively long term control, the mechanical
power delivered from the engine to the alternator can be modulated by increasing or
decreasing the thermal input power to the engine head which causes its temperature to
change. However, that 1s an msufficient control for at least two reasons. First, the rate of
temperature change that can be accomplished 1s relatively slow, far too slow to respond 1n
time to prevent either engine stalling or piston over-stroking. Second, engine efficiency is
strongly dependent upon heat acceptor temperature. The hotter the heat acceptor
temperature at the engine head, the more efficient the engine. Therefore, modulating
thermal input power and temperature not only is too slow but also reduces engine
efficiency because 1t does not maintain the highest possible input head temperature. It 1s
therefore desirable to provide a way to control engine output power in order to maintain
the power transfer balance between the engine and the alternator, but it is desirable to do
so 1 a way that permits the hot end temperature of the FPSE to remain at a constant
maximum temperature in order to maximize engine efficiency. Although embodiments of
the invention advantageously include a fuel combustion control system that maintains a
constant temperature that 1s as hot as the engine materials can withstand, that alone is not
a viable option for controlling engine power output and piston stroke and maintaining the
power balance described above.

[0013] Fig. 1 also 1llustrates the use of a “dump” resistance 26 as another prior art
way of controlling piston stroke and maintaining the power balance between the engine
and the alternator. The resistance 26 1s an additional electrical load that can be switched
into the circuit or varied in resistance to essentially waste excess power produced by the
engine. However, this is obviously undesirable because it simply dissipates excess power
produced by the engine 1n order to maintain the power balance and consequently reduces

efficiency by wasting heat energy and therefore wasting fuel.

[0014] The prior art has recognized that the power out from a FPSE can be
controlled by controlling piston stroke because the power produced by a FPSE is
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approximately proportional to the square of the piston stroke. However, the voltage
induced in the alternator is proportional to stroke and most electrical loads require a
stable, constant voltage, such as 24 vdc or 28 vdc or 115 vac. Consequently, 1t 1s a
problem to design a control system that accomplishes both (1) matching the power
delivered to the alternator by the FPSE to the power demanded by the electrical load plus
electrical losses; and (2) maintaining a constant output voltage. The problem 1is that, if the
electrical power demand of the electrical load decreases and the stroke 1s decreased to |
reduce FPSE power, the induced voltage drops. Conversely, if an increased electrical
power demand results in an increased stroke to provide more power from the FPSE, the
output voltage also increases. It 1s therefore desirable to modulate the power from the
FPSE to match electrical load power while reducing or eliminating voltage variations at
the electrical load that result from variations in load power demand.

[0015] Additionally, there is a need for a manner of controlling piston stroke by a
feedback control system that can more quickly detebt variations in operating parameters
that lead to variations in piston stroke from the commanded or desired piston stroke and
that can quickly respond to the detected variations so that the actual piston stroke is
maintained within boundanes that are narrower and closer to the commanded piston
stroke.

[0016] Therefore, it 1s an object and feature of the present invention to provide an
improved way of controlling piston stroke 1n order to match mechanical power produced
by the enginé to mechanical power transferred from the engine to the alternator.

[0017] A further object and feature of the immvention 1s to control piston stroke
based upon an operational parameter that can be more easily and more quickly controlled
thereby permitting control of piston stroke, and therefore of power balance, within closer
tolerances.

[0018] A further object and feature of the invention is to combine the piston
stroke control with additional circuitry and feedback control loops to provide improved
voltage regulation so that the FPSE can be operated over a wide range of piston stroke for
maintaining the balance of the engine power transferred to the alternator and yet still

provide a constant, well regulated output voltage to the electrical load over a wide range

of load power consumption.
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BRIEF SUMMARY OF THE INVENTION

(0019] The invention is a controller and a method for controlling the piston
stroke of a free-piston Stirling engine driving a linear alternator so that the
mechanical power generated by the engine is maintained equal to the power
transferred to the linear alternator. The invention has a feedback control loop
(termed the Vinema control loop) that senses operating parameters of the engine and
alternator, computes a sum (termed Vigema) Of operating parameters, at least one of
which can not be directly sensed, and uses that sum as the feedback signal in the
control loop so that the feedback control loop drives the computed sum to a
commanded value (Vinemal emd) for that sum. One pair of computed operational
parameters that can be computed and summed are the induced or back emf (termed
V,) of the alternator and the voltage drop (termed Vgac) across the lumped sum
resistance of the alternator, both of which are operating parameters of components of
the equivalent circuit for the alternator. An alternative pair of operational parameters
that can be computed and summed to compute Viyema are the terminal voltage Vi
and the voltage drop V. across the alternator winding. The output of the Viyemal
feedback control loop controls the alternator current by generating a current
command input, I.ng, that is applied to a current controlling feedback control loop
that controls the pulse width modulation of a switching mode rectifier connected
between the alternator terminals and an energy storing capacitor, a battery or other
suitable electrical energy storage means. The commanded input, Vipemal cmds t0 the
Vinternal control loop is generated by one or more additional, outer control loops, the

choice or selection of which depends upon the application of the invention including

the type of output that is desired and how the designer wants to control 1t.

10019a] In one aspect, the present invention resides in an electrical power
generating source comprising a free piston Stirling engine, including a power piston,
driving a linear alternator, the alternator having an alternator winding, the power
source comprising: (a) a switching mode rectifier connecting the alternator winding
to an electrical energy storage means and including a pulse width modulator for
controlling the rectifier switching duty cycle; (b) a negative teedback control loop
for controlling alternator current and having a command input connected to a

summing junction and an output connected to the pulse width modulator for
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/a

controlling the operational duty cycle of the switching mode rectifier, the current
control loop having a feedback circuit comprising a current sensor connected to the
alternator winding for sensing instantaneous alternator current and applying a
current feedback signal to the summing junction of the current feedback control
loop; and (c¢) a negative feedback control loop for controlling a voltage, Vinermal,
which is the sum of the voltage induced on the alternator winding and the voltage
across the lumped resistance of the alternator winding, the Viyema control loop
having a command input applied to a summing point and a feedback circuit
including a sensor means connected as an input to a computing circuit, the current
sensor also being connected as an input to the computing circuit, the computing
circuit computing and applying a signal representing Vinema to the feedback input of
the summing point of the Viyema control loop, the output of the Vigema control loop
being connected as the command input to the current feedback control loop.

[0019Db] In another aspect, the present invention resides in a method for
controlling an electrical power generating source that comprises a free piston
Stirling engine including a power piston driving a linear alternator including an
alternator winding, the method comprising controlling the stroke of the piston by: (a)
generating a sinusoidally varying commanded Vipema Input signal at the operating
frequency of the Stirling engine, the input signal having an amplitude generated by a
piston stroke feedback control loop; (b) continuously sensing at least two operational
parameters of said source and computing, from the operational parameters, the
instantaneous value of Viyema, Wherein Viperar 1S the sum of the voltage induced on
the alternator winding and the voltage across the lumped resistance of the alternator

winding; and (¢) driving the sensed and computed value of Vipema to the

commanded value of Viyemal.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

10020] Fig. 1 i1s a schematic and block diagram of a prior art alternator,
alternator output circuit and load for supplying AC power out.

10021] Fig. 2 is a schematic and block diagram of a prior art alternator,
alternator output circuit and load for supplying DC power out.

10022] Fig. 3 1s a schematic and block diagram of an embodiment of the

invention.
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[0023] Fig. 4 1s a negative feedback control system transier function diagram

illustrating the preferred embodiment of the imnvention.

[0024] Fig. 5 1s a schematic diagram of the mid-stage voltage control circuit 50 of
Fig. 3.
[0025] In describing the preferred embodiment of the invention which 1s

illustrated in the drawings, specific terminology will be resorted to for the sake of clarity:.
Howeyver, it 1s not intended that the invention be limited to the specific term so selected
and it is to be understood that each specific term includes all technical equivalents which
operate in a similar manner to accomplish a similar purpose. For example, the word
connected or term similar thereto are often used. They are not limited to direct
connection, but include connection through other circuit elements where such connection
is recognized as being equivalent by those skilled m the art. In addition, many circuits are
illustrated which are of a type which perform well known operations on electronic

signals. Those skilled 1 the art will recognize that there are many, and in the future may

‘be additional, alternative circuits which are recognized as equivalent because they provide

the same operations on the signals.

DETAILED DESCRIPTION OF THE INVENTION

[0026] The apparatus of the mvention 1s an improved, free-piston Stirling engine
driving a linear altermator having 1ts output current controlled by a switching mode
rectifier where thé improvement comprises a combination of particular negative feedback
control loops controlling the switching mode rectifier. The concepts of the invention are
best illustrated by means of a feedback control loop diagram of the type that those skilled
in the feedback control art are familiar with. However, the feedback control loop diagram
can be better understood if preceded by an explanation of an embodiment of the physical
circuitry that is represented by the feedback control loop diagram. This description of the
invention mcludes several variables and parameters and they are collected together and
defined at the end of this description.

[0027] Fig. 3 1s a schematic diagram of an embodiment of the mvention. The
alternator that is driven by the free-piston Stirling engine 1s, as in Figs. 1 and 2, shown as
its equivalent, lumped-element circuits V, , R, and L, having a terminal voltage Vr .

The instantaneous value of voltage Vy 1s directly proportional to the instantaneous piston
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velocity and they are related by an experimentally determined proportionality constant

which is the open circuit linear alternator motor constant a . Piston velocity is directly

proportional to piston stroke. The terminal voltage Vr 1s less than Vg by the amount of

voltage drop across the impedances R and Ly

[0028] The alternator terminals are connected to an H-bridge of a full wave
switching mode rectifier 32 consisting of four power MOSFETSs 34, 36, 38 and 40 and a
control circuit 42, identified as an Active Rectifier Control. Although not shown in Fig. 3,
the active rectifier control circuit 42 mcludes a closed loop, negative feedback current
control system that controls a pulse width modulator within the control circuit 42. The
pulse width modulator controls the switching of the four MOSFETs 34, 36, 38 and 40 1
the manner .known to those skilled i the art and summarized above. As will be more fully
described, the current control loop controllably varies the duty cycle of the pulse width
modulator. The feedback signal for the current control loop 1s obtained from an alternator
current sensor 43 that applies a signal representing the alternator current to the altemat01'
current control circuit within the control circuat 42. Although not as effective, a half wave,
switching mode rectifier can alternatively be used.

[0029] The output from the switching mode rectifier 32 is applied, i preferred
embodiments, to an energy storage capacitor 44. However, a storage battery may be
substituted for or inserted parallel to the capacitor 44. Other types of devices can be used
if they are able to store electrical energy under static conditions such as in the form of
electrical charge. The two most practical devices currently known which can be used are
a capacitor and a battery. Another device can be used if it allows an electrical current to
be passed through the device to incrementally increase the stored energy, retains its stored

energy in the absence of an electrical current and allows the energy to be recovered in the

form of electrical current through a load attached to the device. For example, such a

device would be a motor/alternator with an attached flywheel for storing energy. Because
there are alternative energy storage devices that can be used, the term “electrical energy
storage means” is used to refer to devices that meet these criteria for alternative
implementations of the invention.

[0030] A conventional voltage regulating circuit 30, identified as a DC/DC
Power Supply, has its input connected across the 'energy storage capacitor 44. The voltage

regulating circuit 30, operates in the manner known to those skilled i the art to provide
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an output at a constant voltage despite variations in the mid-stage voltage across the
energy storage capacitor 44. There are a variety of conventional circuits that can be
substituted as alternatives for the regulating circuit 30 to provide output electrical power
having a variety of different characteristics. For example, an mverter 45 can be
substituted in order to provide an AC output for a useful load or a gnd tie circuit 47 can
be substituted to connect the output to the power grid . Additionally, the regulating circuit
can be eliminated for supplying less regulated DC power, such as for battery charging.

[0031] The circuit of Fig. 3 additionally has a power dumping circuit connected
parallel to the energy storage capacitor 44 and consisting of a transient dump resistor 46
serially connected to a power MOSFET 48. A mid-stage voltage control circuit 50 1s also
connected across the energy storage capacitor 44 and senses the voltage across that
capacitor. One function of the mid-stage voltage control circuit 50 1s to turn ON the
MOSFET 48 if the voltage across the capacitor 44 exceeds a predetermined, selected,

excessive level, such as 95 vdc, in order to allow excess energy transferred from the

- Stirling engine to be consumed and thereby prevent the Stirling engine from over-stroking

and colliding in the event that the mid-stage voltage across the capacitor 44 becomes

excessive. Such an excessive mid-stage voltage can occur if an electrical load 1s suddenly

‘removed causing a step function reduction in consumed power. This power dumping

circuit is needed only during the transient period following the step function change 1n the
output load and until the remaining control circuit accdmmo dates the change and comes
to a steady state condition.

[0032] Because of the space limitations, the mid-stage voltage control circuit 50 1s
separately illustrated in Fig. 5. Resistors RS and R6 form a voltage divider that divides the
mid-stage voltage Vpc pus across the energy storage capacitor 44 (Fig. 3) down to
something close to 3.3V max. This reduced voltage 1s then used in two places. First, the
reduced voltage is used to control the over-voltage protection power dumping circuit
consisting of the transient dump resistor 46 serially connected to the power MOSFET 48.
When the reduced mid-stage voltage 1s greater than about 3.0V (corresponds to a mid-
stage voltage of 95Vdc), the output of the comparator 49 changes from high to low. This
signal is then inverted, turning on the MOSFET 48 and dump resistor 46, which
discharges the energy storage capacitor 44 (Fig. 3) and protects the power components

from damage due to overvoltage. Once the output of the comparator 49 has gone low, it
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remains low unfil the reduced mid-stage voltage drops below about 2.7V (corresponds to
a mid-stage voltage of 85Vdc). The comparator output then returns high and MOSFET
48 1is turned off.

[0033] Returning to Fig. 3, importantly, the mid-stage voltage control circuit 50
also provides a commanded piston stroke, Xpcmg, t0 @ closed loop, negative feedback
control 52 for controlling piston stroke. This control loop will be discussed further in
connection with Fig. 4 and receives a feedback signal, representing the sensed piston
stroke Xpsy, from a sensor 54 mounted to the FPSE. The sensor 54 can be either a piston
position sensor, which 1s preferred, or a piston velocity sensor. The prior art has disclosed
examples of such sensors. The commanded piston stroke, Xpema, provided by the mid-
stage voltage control circuit 50, 1s derived from the voltage divider that comprises
resistors RS and R6 shown in Fig. 5 andr described above. First, it is buffered by the
amplifier/buffer 51 (and can be filtered and scaled, not shown) and sent to the DSP or
microprocessor A/D mput of the engine stroke control 52 (Fig. 3). This mid-stage voltage
value 1s used to adjust X,emg up or down; lower X,.mg 1f the mid-stage voltage 1s greater
than 65Vdc and higher X,.ma 1f the mid-stage voltage is less than 65Vdc.

[0034] = -The engine stroke control loop 352, has an output that 1s a commanded |
instantaneous value, Iong , Of alternator current that 1s applied as a commmand input to the
current control loop in the active rectifier control 42. That current control loop 1s briefly
described above and 1s described in more detail in connection with Fig. 4.

[0035] ' Fig. 4 1s a diagram of a closed loop, negative feedback control system that
1s embodied in the circuit of Figs. 3 and 5 and can, of course, be embodied in other
hardware implementations. As known to those skilled 1n the control systerri art, a closed
loop, negative feedback control system has a forward loop and a feedback loop. In the
forward loop, a command input is applied to a summing point (or summing junction). The
command input 1s a signal representing a desired (commanded) value of an operating
output variable parameter that 1s being confrolled. The feedback loop has a sensor for
measuring the actual value of that output parameter and applies a signal representing that
actual value to the summing point. The output of the summing point provides an error
signal representing the difference between the desired value and the measured value of
the controlled parameter. That error signal 1s applied to one or more forward control

elements each of which 1s represented by a forward transfer function, which is a
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mathematical expression relating its input to its output. The mathematical expressions are
advantageously Laplace transform expressions which tell an engineer skilled in the art the
operating characteristics of the elements in the control system and therefore how to
construct hardware implementations of them. Ordinarily, of course, there are multiple
ways known to those skilled in the art to implement each element 1n the control system so
long as they perform the transfer function described by their mathematical expressions.
[0036] " As also known to those skilled in the control system art, closed loop,
negative feedback control systems are not limited to a smgle feedback loop, a single
summing point or a single forward control element. It 1s common to iclude multiple
feedback loops, summing points, forward control elements and other elements 1n a control
system. Commonly, control loops are nested within other control loops.

[0037] Persons skilled in the control system art also recognize that such control
systems can be implemented with analog or digital circuits and combinations of them.
The mathematical operations described in the diagram of a control system are desirably
implemented with any of a variety of commercially available microprocessors,
microcontrollers or other computing circuits. As known 1in the current state of the art,
analog circuit and mathematical operations can be economically performed by software
programmed digital circuits having software al gorithms- that simulate analog circuit
operations and perform mathematical operations. Many of these operations can be
performed by discrete logic, programmable logic array (PLA), programmable gate array
(PGA) or digital signal processor (DSP) implementations, as well as by microprocessors
or microcontrollers. Therefore, the term “controller circuit” generically includes the
known types of analog and digital logic control implementations that can be used to
implement a control circuit. The term “computing circuit” refers to -circuit
implementations utilizing such circuits for transforming an electrical signal in accordance
with a mathematical operation or algorithm.

[0038] Referring now to Fig. 4, each of the multiple control loops of the preferred
embodiment illustrated in Fig. 4 1s idenfified by a reference numeral, 1 through 35,
associated with its summing point. An additional summing point 6 1s within loop 3. The
ultimate output of all the nested control loops is applied to a pulse width modulator 60
that controls the duty cycle of the switches of a switching mode rectifier 62 in the manner

previously described. The forward loop signal passing across the top of the diagram along
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the forward elements of the multiple control loops essentially represents the duty cycle of
the switching mode rectifier switches. This duty cycle controls alternator current. Each of
the multiple control loops adjustably controls this duty cycle signal in response to each
particular loop’s feedback signal and the consequent error s.i gnal generated at 1ts summing
pomt. As described in connection with Fig. 3, the switching mode rectifier 62 1is
comnected to the winding of an alternator 64 that i1s driven by a Stirling engine 66. The
output of the switching mode rectifier 62 1s connected to an output circuit 68, such as
illustrated in Fig. 3, and includes an energy storage device, may include a regulator circuit
and ultimately connects to an electrical load. '

[0039] The outermost control loop 1 controls the mid-stage voltage Vpc gus
according to negative feedback control principles. Its command mput, Vemg , 1S @ signal
representing the desired value of the mid-stage voltage Vpc gys - The circuit can be
designed to permit V¢ ng to be manually selected or, preferably, its value 1s fixed in.the
circuit or software based upon the particular application and the desired, design value of
the mid-stage voltage Vpcgus - The feedback signal for this mid-stage voltage control loop
1 1s obtained, as explained above, from a voltage sensing circuit in the DC voltage control
circuit 50 (Figsl._ 3 and 5) that senses Vpc pus and applies a signal representing it through a
constant multiplier 70 to the summing point 1. The error signal from summing point 1 is
integrated and amplified (multiplied) by the forward control element 71 as shown by 1ts
transfer function as is well known in the feedback control system art. The mid-stage
voltage control loop 1 performs a voltage regulator function by controlling and
maintaining the bus voltage Vpc gys within acceptable limits. The output of the mid-stage
voltage control loop 1 is applied to the subsequent piston stroke control loop 2 as a piston
stroke command 1mput Xpcmg. Piston stroke controls mid-stage bus Voltage because piston
stroke controls engine power output. If Vpe pys 18 reduced, the reason is an increased
electrical load demand that drains more energy from the energy storing capacitor than is
being supplied by the alternator. Consequently, more power and greater stroke is needed
to raise and restore the Vpcpys voltage. Conve'rsely, an mcrease of Vpc gys results from a
decreased load and requires a decrease 1n piston stroke so the ellgilie provides less power
to the alternator.

[0040] The second 1legative feedback control loop 2 controls piston stroke, Xp ,

according to negative feedback control principles. The feedback loop of the piston stroke
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control loop 2 has a piston position sensor 72 mounted or connected to the Stirling engine
to provide a piston position signal. The piston position sensor 72 corresponds to the
sensor 54 in Fig. 3 and may be of a type known in the art for providing a signal
representing the instantaneous position of the piston. Alternatively, a piston velocity
sensor can be used and its output integrated with respect to time to obtain a piston
position signal. Because the piston motion 1s substantially sinusoidal, the piston position
sensor 72 provides a substantially siusoidal signal representing sinusoidal displacement
of the piston as a function of time. The amplitude of the piston position sensor output
represents the amplitude of piston linear oscillation. In the preferred embodiment, the
output of sensor 72 is multiplied by a constant Kg, 3 and applied to a peak detector 74. The
peak detector 74 detects the peak to peak value (1.e. the envelope) of the sinusoidal
displacement signal and this peak to peak value of the piston displacement signal
represents the measured value, Xpg, , of the piston stroke. The measured piston stroke Xpg,

is applied as the feedback signal to the summing point 2, along with the commanded

- stroke signal Xpyng to provide an error signal that is applied to the forward control

element 76. This forward control element 76 integrates and amplifies the error signal in
the manner known in the art. The output of the forward control element 76 1s applied to a
sinusoidal function generator 78 having a modulatable amplitude that 1s modulated by the
signal from the forward control element 76. The frequency ® of the sinusoidal function
generator 78 1s fixed at or near the resonant frequency of the Stirling engime and, 1n the
illustrated embodiment, 1s the designed operating frequency of the Stirling engine and
alternator. Although these operations are preferably performed digitally using
conventional programming algorithms, the effect 1s to apply, to the summing point 3 of
the next negative feedback control loop, a smmusoid having an amplitude that is
proportional to the output signal from the forward control element 76. This sinusoid is the
commanded value Vintemal emd Of the circuit parameter Vigtemal . This circuit parameter is a
critical part of the present invention and will be discussed in considerably more detail ‘
below.

[0041] The third, negative feedback, control loop having summing point 3
controls the instantaneous value of Viyema . The definition, operation and significance of
Vintena1 and the feedback loop for the Vinema feedback control loop will be described

below after describing the remaining control loops. The error signal from the summing
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point 3 of the Vinema feedback control loop is applied to a forward control element 80
which integrates and amplifies the error signal to generate a sinusoidal commanded
current, Iomg , for the next control loop. |

[0042] The fourth, negative feedback, control loop controls the instantaneous
value of the alternator current and has summing point 4 to which the commanded c1iu*rent
I.ma 18 applied. The feedback loop for this alternator current control loop has a current
sensor 82 that corresponds to the current sensor 43 of Fig. 3. The output signal from the

1

current sensor 82 is multiplied by Ky, ; and applied to the summing point 4 as a sinusoidal

signal representing the instantaneous alternator current I. The error signal from the
summing point 4 of the alternator current feedback control loop 1s applied to a forward

control element 81 which integrates and amplifies the error signal.

10043] The fifth control loop, which mcludes summing point 5, 1s a feed forward

loop. The operation of feed forward loops 1s known to those skilled in the art. The feed
forward loop 1llustrated mm Fig. 4 1s not necessary for the invention but enhances operation
of the preferred embodiment and is used for purposes already known in the prior art.
Generally, the recognized purpose of a feed forward loop 1s to sense one or more circuit
disturbances, anticipate and predict changes n a controlléd variable and use the sensed
signals to makes process or operational changes before the controlled variable 1s affected
by the disturbances. In the preferred embodiment illustrated in Fig. 4, the principal fed
forWard signal 1s the induced alternator voltage V, and less importantly the mid-stage
voltage Vpc pus - The V, signal 1s derived from the piston position sensor signal 72 by
differentiation to derive piston velocity and multiplication by the motor constant o at
element 90 and then applied to divider 92. The Vpc gys signal 1s obtained from the same
Vpe Bus sensor 94 previously described and used for the Vpe pys feedback signal for the

mid-stage voltage control loop 1. It 1s multiplied by Ky, ¢ , and applied to the divider 92.

" The output of the divider 92 1s V, divided by [Vpc Bus X K, 6 ]. That dividend essentially

represents duty cycle. Consequently, this feed forward loop senses disturbances in the
form of changes in V, and i Vpc pys and modifies the duty cycle and therefore the
alternator current to maintain the same V, and Vpc gus without waiting for the negative
feedback current control loop 4 to respond. The division by divider 92 means that an
increase in V, increases the duty cycle and therefore the alternator current and an increase

1n Vpe gus decreases the duty cycle and therefore the alternator current.
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[0044] The simnusoidal output from the summing point 5 of the feed forward loop
(or from forward element 81 if the feed forward loops is omitted) provides a control
signal at the frequency o that 1s applied to the pulse width modulator 60 and controls the
duty cycle of the switching of the switching mode rectifier 62 at the high frequency rate.
The duty cycle of the switches of the switching mode rectifier 1s proportional to the
instantaneous value of this sinusoidal control signal at each time of switching. Therefore,
the duty cycle of the ON and OFF states of the high frequency switching of the switching
mode rectifier varies across the low frequency cycles of the alternator operating
frequency o in proportion to the instantaneous value of the simnusoidal output signal from

the summing point 5, as known 1n the art of switching mode rectifiers. More specifically

(with reference to Fig. 3), over one half cycle of the low frequency w, the duty cycle of
the ON time for one pair of diagonally opposite switches 36 and 40 varies from 50% at
zero cross over of the sinusoidal control signal to a maximum at the peak of the sinusoidal
control signal. Over the next half cycle, the duty cycle of the ON time for the other pair of
diagonally opposite switches 34 and 38 varies from 50% at zero cross over of the
sinusoidal control signal to a maximum at the peak of the sinusoidal control signal.

[0045] The use of Vintemaj for controlling the FPSE 1s central to the present
invention. Referring to Fig. 3, Vintema 15 defined as the sum of the voltage V, and the
voltage Vrae across the lumped sum resistance R,. of the alternator equivalent circuit.
However, because the voltages across these equivalent circuit elements are not
independently accessible for sensing, their instantaneous values must be computed from
other accessible and sensed values. Referring to Fig. 4, the value of V, 1s computed from
the piston position sensor 72 based upon the relationship that the open circuit induced
voltage V, is equal to the piston velocity multiplied by the motor constant o . The piston
position signal is differentiated to derive piston velocity and multiplied by the motor
constant o, as shown at element 84, to provide a signal representing V,. The constant Kp
5 shown in element 84, is the motor constant o. . This signal representing V, is applied to
a summing point 6. In order to compute Vg, , element 86 multiplies the sensed current
signal from the current sensor 82 by the value of R, , with Kp 5 being the value of R, .
The computed value of Vgrac 1 also applied to summing point 6. Therefore, the output of

summing point 6 is the sum Vg + Vg, and i1s the “measured” computed instantaneous
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value of Vipernal for the Vipemar control loop 3. This Vinyema signal is the output of the
feedback loop for the closed loop, negative feedback control loop that controls Vinternas -
[0046] There are alternative ways of computing Vinemal Using signals derived from
other operating variables of the system. In the way described above, the piston position
signal is differentiated to derive piston velocity and multiplied by the motor constant o, as
shown at element 84, to provide a signal representing V.. As an alternative, instead of
differentiating a piston position signal to derive piston velocity, a piston velocity sensor
can be used with its output multiplied by the motor constant o to provide a signal
representing V, . To implement that, mstead of connecting the output of the position
sensor 72 to the element 84 and applying the result to summing point 6, the output of a
piston velocity sensor 18 applied to an element like element 84 with the K that represent
the motor constant o but without any differentiation (without the Laplace operator s) and
its output applied to the summing point 6.

[0047] It will be apparent to those skilled in the electronics art that a simple
application of Kirchoff’s second law (summing voltages around a closed loop) shows that
V, can, as yet another alternative, be computed by sensing thé 'V”'oltage Vr , for example
with a voltage sensing circuit 88 illustrated in phantom in Fig. 3, and subtracting the
voltage across the alternator inductance, L,y As those skilled in the art will be aware
however, the addition and subtraction mathematical operations are algebraic summing
operations and whether they are sums or differences 1s dependent upon the sign
conventions that are adopted. For application of this alternative way of computing Vinternal
, the elements 84 and 86 are omitted. Instead, one input to the summing point 6 1s the
sensed alternator terminal voltage Vr from voltage sensor 88 (Fig. 3). The other input 1is
derived by differentiating, at element 89 (Fig. 3), the current signal from the current
SENsor 82 (43 1 Fig. 3) with respect to time to derive di/dt, multiplying di/dt by the
inductance L of the alternator and applying the result as a second input to the summing
point 6.

[0048] Because there are alternative operating variables of the system that can be
sensed and used, in addition to the sensed alternator current, to compute Vinema , the term
“sensor means” 1s used to generically designate alternative sensors that can be used, in

addition to a current sensor, to equivalently compute Vinterna - Those described above are a



10

15

20

25

30

CA 02670254 2009-05-21
WO 2008/066998 PCT/US2007/077982

18

piston position sensor, a piston velocity sensor and a terminal voltage sensor for sensing
the voltage V.

[0049] The most important aspect of the invention 1s that piston stroke 1s
controlled from Viyema rather than V, or some other circuit variable. Controlling from
Vintemal means that the feedback loop of the negative feedback control loop 3 uses, as its
“measured” feedback signal, an instantaneous value of Viyema rather than V, or some
other circuit variable. This gives the advantage of tighter control (1.e. within closer
tolerances) than other fed back variables for the reason now described.

[0050] In the following discussion it should be bome in mind that the Vi]ltelf,;a]
control loop 3 and the subsequent loops are operating with instantaneous values across the
low frequency cycles of the Stirling engine and alternator. Further, it should be borme 1n
mind that the switching mode rectifier, which controls alternator current, is switching at
the high frequency rate. Therefore, there may be on the order of 80 to 400 switching
cycles of the switching mode rectifier over each low frequency cycle of the engine and
alternator, with the duty cycle of each high frequency switching cycle determined by the

instantaneous value of the sinusoidal control signal from summing pomnt 5 at the time of

switching. As a result, these negative feedback control loops can respond and make

adjustments at a rate far higher than the low ﬁ‘eqﬁency operating frequency of the engine
and alternator. Adjustments can be made within a small interval of a low frequency cycle.
[0051] Piston stroke 1s adjusted by temporarily reducing or increasing alternator
current to allow a piston stroke change. This 1s based upon the relationship of alternator
current to the force exerted upon the piston by the magnetic field generated by the
alternator current. Specifically, a damping force 1s exerted on the piston that 1s directly
proportional to the alternator current and the proportionality constant 1s the motor
constant o. . Temporarily reducing the alternator current results in less damping force and
therefore less mechanical load upon the piston which allows the piston stroke to increase.
Temporarily increasing the alternator current results in a greater damping force applied to
the piston and therefore a greater mechanical load upon the piston which reduces the
piston stroke. After the stroke changes, the system comes to a new equilibrium at the
higher or lower piston stroke and therefore at a higher or lower power output with the
power output from the engine again equal to the power transferred from the engine to the

alternator. However, 1t 1s desirable that these changes are able to occur at a rate much
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higher than the operating frequency of the engine; that 1s within a time interval far less
than the period of the oscillations of the engine reciprocations. '
[0052] The piston of the Stirling engine follows Vinemar and the piston stroke 1s
controlled by alternator current. Vipgemar 18 the sum of Vg + Vyac and these voltages are 1n
phase because neither V, nor the resistance R, mncludes a reactive component. However,
the inclusion of the voltage Vrac across Ry as a component of Vipemar allows changes in
Vinternal 10 be more quickly sensed thereby allowing the Vigemar control loop 3 to respond
more quickly (sooner).

[0053] The reason control from Vinema allows tighter control of piston stroke to
within closer boundaries around Vintemal cmd Mmay be explained by first comparing control
from Vipemal to control from V., . Changes in V, occur more slowly because Vg 1S
proportional to piston velocity and piston velocity changes slowly because of the mass
and inertia of the piston, the magnets and 111a§116t support attached to the piston and the
springs acting upon them. Because of the mass of this oscillating piston, 1t takes an engine
cycle or two for instantaneous piston velocity (at a corresponding point in its cycle) to
change appreciably. Therefore, over a few PWM switching cycles, Vg 1s essentially
constant. ' ' .

[0054] However, any change in alternator current will be immediately reflected in
a change of the voltage Vg across the alternator resistance R, . Consequently, because
Vintenal = Vg T VRac , a0y change 1n alternator current will be immediately reflected mn a
change of Vinema €ven though V, remains constant for a cycle or two of engine operation.
Sensing changes in alternator current is important because alternator current 1s controlling
piston stroke. A change of the voltage Vg, across resistance R, will be sufficient to be
sensed and responded to by the control loop within a very small portion of a period of the
engine operating frequency . This contrasts with the requirement of one or two engine
operating periods being required for a change i Vg to occur that 1s sufficient to be sensed
and responded to by the control loop. Since Vipemar 15 the sum of Vy and Vgae , using
Vintermal t0 control the current and therefore the stroke, allows the negative feedback
control loop to respond to changes that occur at the high frequency switching rate rather

than being confined to responding to changes that occur at the low frequency engine

operating frequency. The result is that the invention provides a quicker response to small
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changes in alternator current and therefore permits control of piston stroke within closer
or tighter boundaries. The Vinema control loop responds at a rate of a few kHz.

[0055] The manner in which changes i Vipema controls changes in alternator
current can be seen from the equivalent circuit for the alternator illustrated in Fig. 3. The
sum of the voltages around the circuit loop consisting of Vs , Rac and Vinterna must be
zero, according to Kirchoff’s second law. Consequently, a reduction 1 Vipiema Imeans an
increase in current through R, because Vy is essentially constant over a cycle of the high
switching frequency of the switching mode rectifier. Conversely, an mncrease m Vintemal
means a decrease In current throu‘gh Rac . The Vintemar control loop 3 and the current
control loop 4 are responsive at the high frequency rate. Therefore, a circuit embodying
those two feedback control loops are able to respond to small, incremental changes that

occur in a small fraction of a low frequency cycle of the engine and thereby maintain

tighter control of piston stroke and power balance.

[0056] Representative Values of K Constants
[0057] = The invention illustrated mn Fig. 4 can be embodied in differing circuits

having differing values of the K constants. However, as an example, a representative set

of values 1s given 1n the following table:

Ki4=6.3
Kp 4 = 0.05
Ki3 =126
Kps=0.1
K, =739
Kp, = 0.2
Ky = 860
Kp; = 8.55
Kps=15
K= 1
Kepp = 1
Kps=1.7
Kps=15
Kaps = 1
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[0058] Parameter Definitions

0L linear alternator motor constant which relates open circuit alternator voltage to
piston velocity and relates alternator current to force on the piston 1s

o = v(aZternatbr —voltage)[volts]  jforce[newtons|
V(piston —velocihy[meters /sec]  current|amps]

Actual terminal voltage is a function of current flowing through the alternator
because of the internal impedance of the alternator coil. Since piston stroke is
proportional to piston velocity, voltage is proportional to stroke at a constant
frequency.

Vemd the commanded voltage, Vpc sys . across the energy storage capacitor.

Vpemus . the DC voltage across the storage capacitor or battery.

Xpemd commanded piston stroke.

Xpa(t) the instantaneous piston position as a function of time.

Xpf the feedback piston stroke/amplitude signal. It is proportional to the peak to
peak or zero to peak (amplitude) of the instantaneous piston position X,m(t).

A the instantaneous, open circuit voltage induced on the alternator winding (the
back emf voltage).

VRac the instantaneous voltage across the lumped resistance of the alternator.

Viat the instantaneous voltage across the alternator inductance.

Vr the alternator terminal voltage.
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Vintemal cmd Comlnanded Vintemal

Vintemat  1Instantaneous sum of Vg + Vgac -

Lemg mstantaneous, commanded altemator current

1 alternator current

S Laplace operator designating differentiation

1/s Laplace operator designating integration

[0059] While certain preferred embodiments of the present invention have been

disclosed in detail, it 1s to be understood that various modifications may be adoptéd

without departing from the scope of the invention or scope of the following claims.
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CLAIMS

1. An electrical power generating source comprising a free piston Stirling engine,
including a power piston, driving a linear alternator, the alternator having an alternator
winding, the power source comprising:

(a) a switching mode rectifier connecting the alternator winding to an electrical
energy storage means and including a pulse width modulator tor controlling the
rectifier switching duty cycle;

(b) a negative feedback control loop for controlling alternator current and having a
command input connected to a summing junction and an output connected to the
pulse width modulator for controlling the operational duty cycle of the switching
mode rectifier, the current control loop having a feedback circuit comprising a
current sensor connected to the alternator winding for sensing instantaneous
alternator current and applying a current feedback si gnal to the summing junction
of the current feedback control loop; and

(c) a negative feedback control loop for controlling a voltage, Vintema , Which 1s the
sum of the voltage induced on the alternator winding and the voltage across the
lumped resistance of the alternator winding, the Viyema control loop having a
command input applied to a summing point and a feedback circuit including a
sensor means connected as an input to a computing circuit, the current sensor also
being connected as an input to the computing circuit, the computing circuit
computing and applying a signal representing Vinemar to the feedback input of the
summing point of the Viyema control loop, the output of the Viyema control loop

being connected as the command input to the current feedback control loop.

2. An electrical power generating source in accordance with claim 1 wherein:
(2) the sensor means is a piston position sensor or piston velocity sensor; and
(b) the computing circuit further comprises,
(1) a multiplying circuit for generating a signal representing instantaneous piston

velocity multiplied by the alternator motor constant to provide a product signal
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representing the instantaneous voltage induced on the alternator winding and
applying the product signal to a computing circuit summing junction; and

(ii) a multiplying circuit connected to the current sensor for 111u1tipiying the
instantaneous alternator current by a value representing the equivalent lumped
resistance of the alternator winding to provide a signal representing the voltage
drop across the lumped resistance of the alternator winding and applying the
voltage drop signal to the computing circuit summing junction;

wherein the output of the computing circuit summing junction represents Vintemal -

3. An electrical power generating source in accordance with claim 2 wherein the sensor
means comprises an instantaneous piston position sensor connected to a differentiator

circuit for differentiating instantaneous piston position to compute piston velocity.

4. An electrical power generating source in accordance with claim 2 wherein the sensor

means comprises a piston velocity sensor.

5. An electrical power generating source in accordance with claim 1 wherein the
computing circuit ¢011'1pris es:

(a) the sensor means is a voltage sensor connected to the alternator winding to sense
the winding terminal voltage, Vr , and apply a signal representing the terminal
voltage to a summing junction; and

(b) a differentiating circuit and multiplying circuit connected to the current sensor
for computing the rate of change of the alternator current with respect to tune and
multiplying that rate by the winding inductance to provide a signal representing
the voltage drop across the lumped inductance of the alternator winding and
applying the winding inductance voltage drop signal to the summing junction;

wherein the summing junction computes the difference between the terminal voltage

signal and the winding inductance voltage drop signal which represents Vintema -
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6. An electrical power generating source :n accordance with claim 1 or 2 or 3 or 4 or 5

wherein the circuits performing mathematical operations are embodied in a digital

computing circuit.

7. An electrical power generating source in accordance with claim 1 or 2 or 5 wherein a

sinusoidal function generator circuit is connected to apply a command nput to the Vintemal

feedback control loop that is sinusoidal and has a frequency substantially equal to the

resonant frequency of the free piston Stirling engine.

8 An electrical power generating source in accordance with claim 7 and further

‘comprising a negative feedback control loop for controlling piston stroke, the piston

stroke control loop including said sinusoidal function generator as its output connected to
the summing point of the V:uema feedback control loop to provide the command input to

the Vinema feedback control loop, the piston stroke control loop having a feedback loop

including a piston stroke sensor connected to apply a piston stroke signal to a summing

point of the piston stroke control loop.

0. An electrical power generating source in accordance with claim 7 and further

comprising a negative feedback control loop for controlling the voltage across said energy

storage capacitor or battery, the voltage control loop having a feedback loop including a

voltage sensor connected to the capacitor or battery and having an output connected to a

summing point of the voltage control loop.

10. An electrical power generating source in accordance with claim 9 having a DC/DC

voltage regulator having its mnput connected across the capacitor or battery for providing a

constant DC voltage to a load.
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11. A method for controlling an electrical power generating source that comprises a
free piston Stirling engine including a power piston driving a linear alternator
including an alternator winding, the method comprising controlling the stroke of the
piston by:

(a) generating a sinusoidally varying commanded Viyema input signal at the
operating frequency of the Stirling engine, the input signal having an amplitude
generated by a piston stroke feedback control loop;

(b) continuously sensing at least two operational parameters ot said source
and computing, from the operational parameters, the instantaneous value ot Vinernal,
wherein Viyema 1S the sum of the voltage induced on the alternator winding and the
voltage across the lumped resistance of the alternator winding; and

(¢) driving the sensed and computed value of Viyema to the commanded

value of Vinternal.

12. A method in accordance with claim 11 wherein the step of driving the sensed
and computed value of Viyera to the commanded value of Vipemar further comprises:

(a) generating a current command signal from a feedback control loop having
the commanded Viyema Input signal as its command input and the computed
instantaneous value of Viuemar as 1ts feedback signal;

(b) sensing the instantaneous alternator current; and

(¢) pulse width modulating the duty cycle of a switching mode rectitier
connecting the alternator winding to an energy storage capacitor or battery from the

output of a current feedback control loop having the sensed instantaneous alternator

current as 1ts feedback signal and the current command signal as its command 1nput.

13. A method 1n accordance with claim 12 wherein the step of sensing and
computing the instantaneous value of Viyema further comprises:

(a) sensing the instantaneous alternator current and multiplying the sensed
alternator current signal by a constant representing the equivalent lumped resistance
of the alternator winding to provide a signal representing the voltage drop across the

lumped resistance of the alternator winding;
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(b) sensing the instantaneous piston position and differentiating the sensed

instantaneous piston position signal to compute piston velocity; and

(¢) summing the sensed signals to obtain a signal representing Vinternal-

14. A method in accordance with claim 12 wherein the step of sensing and
computing the instantaneous value of Viyema further comprises:

(a) sensing the instantaneous alternator current and multiplying the sensed
alternator current signal by a constant representing the equivalent lumped resistance
of the alternator winding to provide a signal representing the voltage drop across the
lumped resistance of the alternator winding;

(b) sensing the instantaneous piston velocity to provide a piston velocity
signal; and

(¢) summing the sensed signals to obtain a signal representing Vipternal-

15. A method in accordance with claim 12 wherein the step of sensing and
computing the instantaneous value of Viyema further comprises:

(a) sensing the terminal voltage across the alternator winding to provide an
alternator terminal voltage signal;

(b) sensing the instantaneous alternator current, differentiating the sensed
current for computing the rate of change of the alternator current with respect to
time and multiplying that rate by the winding inductance to provide a signal
representing the voltage drop across the lumped inductance of the alternator
winding; and

(¢) computing the difference between the signals which represents Vipernal-



WO 2008/066998

CA 02670254 2009-05-21

Fig. 1 PRIOR ART

16

—

10

Fig. 2  PRIOR ART

PCT/US2007/077982
1/4
14
[
Rac Lalt Tuniﬂg CaPaC‘]ltor
| I I | . .
/ ’— 12 Variable-amplitude,
1.8 1L varjable frequency
AC power suppi
26% ‘ %g J l:iowor -
Vel Y ity gric
| | . 50Hz/60Hz
FPSE Engine/Altemator Model | ' 20
"\
22
X DC ouiput voltage
[ yy yY
Lalt Rac Tuning Capacitor
Vg@ 24 20 %Load
1 |
———— I S
FPSE Englne/Allemator Mode] |
— £ %



CA 02670254 2009-05-21

PCT/US2007/077982

WO 2008/066998

YA
AN
1..m oueaup T
: _. —
B nﬂ ol] PUD w... . | 1 m puady
. | . e
_ i _ B -
Jaynosy aAloy
T ____ _ .y
| . t ayang auiblg .
| 0% é oy 68 B
_ ,. \ _+ <
Omw ............. II].I...WI .........
AN / I*\J/ — _I. ~ 1 | | B ¢
. .. Y (& W@
ynoin | ~ ] 1 8¢ LA | m\ww 5]
_ \A_QQDW _o.acow ebejjon __L ‘uy ._owmomamo 1 / ] — \_.I — l\ / —
00 8bES-PIN 1/ abeloig X
1oMO4 DA/0d _ . Afisouy L efeon | \ .
| . / 8V . Sidad L T A fewajul A\
OPASZ . - 04 144 | _ — _ R /
_ | A
o . =
dung waisue | _|.®/\V/ ot | He'l OBy
Ot _ | W ¢
— g OPASE 01 OPAGE
. JoueAu] - | N
i ovoloa
. \ o A
Gy ¢ "3



CA 02670254 2009-05-21

PCT/US2007/077982

WO 2008/066998

v6

5ng 00 A

3/4

(¢ B14)

d3!d41L03H
3Q0N
ONIHOLIMS

INIONI

HOLVYNY3ILTY

¢l

TVYNDIS HOSN3S
NOILISOd

"dOSN3S
IN3IEHND

NOILV INAOW
HL1QIM 3STNd |

09

0.

QQVN

qu_

|eusaiul A

ﬁ?% . @

08

€

pwo jeulsjul A

8.

NOILO313d

AVId

/

v.

shg 0d A

SUBSTITUTE SHEET (RULE 26)



CA 02670254 2009-05-21

WO 2008/066998 PCT/US2007/077982
4/4
Fig. 5
3bVde o 95Vde
~
1000 %46
35Vde to 95Vd . |
35Vde _}g SVdc . 12v
| < | R4
T00KQ j?» R5 Gomparator :2* A4.7k0
| N T

1 w—, >

| 3.3v LA

| _[:.mw!\vﬁri,uw« ] RE

ke T 1
3.3kQ % | 270kQ <
R6 L <
° 10kQd s R2
= |
v mmmmmmmmmmmm e
1 ! L To A/D input of DSP or
| s B N MICroprocessor — adjusts

oJ /\ — Xpemd to maintain constant
1 51 6bVdce af Mid-stage Voltage

Amplifier

Buffer



66 ENGINE I

80 60
Vinternal cmd 3 / 4 64 ALTERNATOR
Icmd 62
K, {PULSE WIDTH “: SWITCHING
T"'K;O,z MODULATION | MODE
I
Voce Bus Xpb Vinternal
CURRENT
SENSOR
74
PEAK " POSITION
DETECTION [ fou SENSOR SIGNAL
/2

VDC Bus




	Page 1 - abstract
	Page 2 - abstract
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - claims
	Page 27 - claims
	Page 28 - claims
	Page 29 - claims
	Page 30 - claims
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - abstract drawing

