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[57] ABSTRACT

Incremental control of motion in the thermodynamic phase
space of a heat engine, by modulating the piston speed to
control the instantaneous rate of change of temperature
relative to the instantaneous heat flow during each cycle.
The modulation is independent of the overall operating
speed, overcoming a basic flaw in the concept of quasistatic
operation that thermal leakages cannot be diminished by
merely reducing the speed, and would cause the efficiency of
a real engine to also vanish in the limit. The modulation and
control are envisaged for more precise execution of given
thermodynamic cycles, asymptotic approach to the ideal
thermodynamic cycles, and emulation of the cycles of other
engines by real heat engines, as well as to mechanical and
electrical transformers for assuring the maximum power
factors at any operating speed by executing the analogous
“Carnot cycles”. Additionally, mechanical heat engines are
shown to have equivalent electrical forms as inductive or
capacitive engines, using magnetic or dielectric thermody-
namic media, respectively, so that the control analysis and
design are easily translated, in reverse, to analogous
mechanical forms, and hybrid engines are described poten-
tially combining the high power of mechanical heat engines
with the direct conversion capabilities of the electrical
forms, so that the electrical control embodiment is as such
available at the highest power levels currently achieved only
by gas (mechanical) heat engines.

24 Claims, 5 Drawing Sheets
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MOTION CONTROL METHOD FOR
CARNOTISING HEAT ENGINES AND
TRANSFORMERS

This application claims the benefit of U.S. Provisional
Application No. 60/040,739, filed Mar. 13, 1997.

TECHNICAL FIELD

The present invention generally relates to numerical
control, heat engines and transformers. More particularly, it
concerns non-sinusoidal modulation of the piston speed,
independently of the overall speed of the engine, in order to
control the phase space geometry of the engine cycle and to
reshape it for improving the efficiency. By providing means
to asymptotically approach the Carnot efficiency in real
engines, the invention provides a fundamentally new devel-
opment in thermodynamic theory.

BACKGROUND

A principal cause of inefficiency in heat engines is the
limited temperature range available in most cases, such as
under 500° C. in nuclear power plants. Another is the
deviation of the engine cycle from the Carnot form, because
any such deviation represents transfer of heat in and out of
the engine at intermediate temperatures. This wastes the
potential of the transferred heat to perform work for the
balance of the operating temperature range. In principle,
these losses are reversible, in that they would turn into
thermal gain if the engine cycles were executed in reverse to
pump heat, representing the absorption of ambient heat. Real
engines additionally have irreversible losses caused by ther-
mal leakage and by mechanical and thermal resistances; the
last is due to the temperature drop that accompanies heat
flow, similar to the voltage drop across an electrical resistor
in proportion to the current. The temperature difference is
evidently the “thermal motive force” driving the diffusion of
heat, with Fick’s law playing the role of Ohm’s law for
thermal resistance.

A common prescription for achieving Carnot efficiency is
quasistatic operation, viz. the idea that both thermal and
mechanical frictional losses should vanish when the engine
is operated infinitely slowly. In the limit, however, the output
power of the engine would also be reduced to zero, but the
rate of quiescent thermal losses, which depend only on the
available temperature difference, would generally remain
unaffected. As a result, quasistatic operation is guaranteed
by nature to destroy the efficiency altogether, so that the
principle is as such inadequately conceived. The operating
range of real engine speeds is in fact determined by the sum
of the static (quiescent) and frictional (irreversible) losses, as
the thermodynamic conversion must exceed this sum to
sustain the operation of a real engine.

Since the irreversible losses can be reduced indefinitely in
mechanical and electrical systems by improvements in
design and engineering, it is the reversible losses, which
have been neither small nor asymptotically reducible, that
have been the main concern in thermodynamic theory. The
reversible losses are determined solely by the phase space
geometry of the engine cycle, and hitherto, the only general
way for minimising these losses has been to select or design
engines with the most efficient cycles, and to employ regen-
eration where possible. Opportunity is said to exist in
magnetic refrigerators to approximate the Carnot cycle by
shaping the medium and the magnetic poles, but the efficacy
of the approach appears to be quite limited. Though dynamic
control techniques have been applied to heat engines for
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over a century, the purpose and scope of the control has
remained conservative. In automotive applications, for
instance, the control over fuel injection and ignition timing
is merely intended to maintain the engine efficiency, in effect
preserving the engine cycle geometry, as the speed varies.
The possibility of dynamically and continually modifying
the cycle geometry has not been known at all in prior art,
where the design principles generally call for cycles of fixed
form, such as the diesel, Sterling or Otto cycles, and much
of traditional thermodynamics has been designed to deal
with integral segments of such cycles, like isothermal and
isobaric processes. Prior art engines are incapable of emu-
lating the phase space cycles of one another, since their
cycles are fixed by construction and principle of operation.

Motivation for the present invention comes partly from
the observation that the flywheel traditionally used for
sustaining engine operation also constrains the piston to
sinusoidal motion, but can be avoided in electrically oper-
ated heat engines, thus introducing a new degree of freedom,
piston motion control, in engine theory. Engines using bulk
magnetic or dielectric media do not perform well as replace-
ments for gas engines because of the large thermal mass and
the slowness of thermal diffusion in bulk solid media, as
described by K H Spring in Direct Generation of Electricity,
Acad. Press, 1965. The engines can be scaled to microscopic
dimensions and operated at very high frequencies, however,
avoiding both problems. U.S. Pat. No. 5,714,829, issued
Feb. 3, 1998, entitled Electromagnetic Heat FEngines and
Method for Cooling a System Having Predictable Bursts of
Hear Dissipation and incorporated herein in its entirety by
reference, particularly describes their use in situations where
the heat is generated within the medium, making large
temperature changes available at high repetition rates,
despite, and actually exploiting, the slowness of the diffu-
sion of heat in solids. While the operational flexibility of
these engines is noted in the above referenced Patent, the
possibility and manner of almost-Carnot operation had
remained undisclosed.

Importantly, these engines also bear a very close resem-
blance to electrical transformers, which is exploited both
ways in the present invention, to apply control techniques
taken from electrical and mechanical engineering disciplines
in the design and operation of heat engines, and to translate
the heat engine concepts of phase space and the Carnot cycle
to electrical and mechanical machines. Furthermore, the
special nature of heat is shown to make only a very specific
difference in the dynamical analysis, which detracts very
little from a purely dynamical perspective, thus providing
new insight into the origin and limitations of the second law.

Accordingly, the principal object of the present invention
is to provide a method for finely controlling the phase space
path of real heat engines, in order to realise engine cycles of
arbitrary forms in the phase space. A related object is to
provide a method for obtaining near-Carnot efficiencies in
real heat engines, and to make electrically operable heat
engines more efficient.

Another related object is to provide a method for obtain-
ing higher throughputs in power transformers even at low
frequencies. A further object is to develop a unified, dynami-
cal insight into and treatment of the transformation of power
and heat.

SUMMARY OF THE INVENTION

In the present invention, these purposes, as well as others
which will be apparent, are achieved generally by applying
motion control techniques to control the direction of incre-
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mental motion in the phase space of heat engines and
transformers. More particularly, the invention concerns
varying the instantaneous piston speed in a heat engine
relative to the instantaneous heat flow within the engine
cycle, and analogously, varying the instantaneous speed in a
transformer relative to the instantaneous input power within
the transformer cycle in order to control the incremental
direction of motion in the phase space of the respective
cycles, thereby permitting cycles of arbitrary geometries to
be executed by a given engine or transformer.

Unlike the case in prior art, where the engine speed is
often dictated by the application and any variation in the
ratio of the speed to the heat flow rate is merely a
consequence, the piston speed variations are used in the
present invention to control the very geometry of the ther-
modynamic cycle, and the variations involved are of finer
granularity, being performed within each cycle. In existing
engines, variations in speed are achieved relatively slowly
over many cycles, and the piston motion remains almost
perfectly uniform or sinusoidal within each cycle. In
contrast, the present invention is not at all concerned with
the cycle frequency or the overall engine speed, but with the
optimal modulation of the piston speed over each cycle, to
match the cyclic variations in the heat flow rate. Likewise,
unlike the prior art of transformers, where the instantaneous
load (secondary) power flow is invariably sinusoidal, the
present invention requires the instantaneous load
(secondary) power, as seen by the transformer, to be varied
during each cycle in order to control the conversion through-
put. Additional distinction lies in the reduction or elimina-
tion of flywheel inertia in the present invention, at least as
seen by the engine or transformer, in order to facilitate the
piston speed modulation, and the possible replacement of
this inertia by an auxiliary power source for driving the
“compression strokes”.

The invention exploits the principle of conservation of
energy, according to which the instantaneous rate of change
of temperature in the thermodynamic medium of a heat
engine is determined, to within the uncertainties of frictional
losses and thermal transients and leakages, by the instanta-
neous heat transfer rate and the instantaneous power flow in
or out of the medium. The rate of change of temperature, and
thence the instantaneous direction of motion in the thermo-
dynamic phase space, can be controlled, therefore, by incre-
mentally varying the piston speed. Since a complete cycle is
determined by a succession of such controlled incremental
motions, the present invention provides means for approxi-
mating any desired cycle, such as the Carnot cycle, with
precision limited mainly by the precision and accuracy of
thermometric measurements and speed control technologies.

The conservation of energy similarly dictates that the
instantaneous rate of change of a pressure-like property of a
transformer’s working medium would be determined by the
instantaneous load (secondary) and primary power flows,
again to within the uncertainties of frictional losses, tran-
sients and leakages. By varying the instantancous load
(secondary) power, the rate of change in a pressure-like
property of the medium can be controlled, providing control
over the direction of incremental motion in the transformer
phase space and the means for approximating any desired
transformer cycle with precision limited only by the preci-
sion and accuracy of the measurements and the control
means used.

An illustrative embodiment ascending to the present
invention comprises an electrically operated heat engine
system including an auxiliary power source in place of the
flywheel inertia as described; sensors to continuously moni-
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tor the instantaneous temperature and the heat flow rate, and
the instantaneous load power; an optional variable immit-
tance in the load circuit; and a control system using feedback
from the sensors to control the instantancous speed by
varying one or both of the auxiliary power source and the
variable immittance. The control system uses the tempera-
ture and heat flow data to compute the desired piston speed

X according to the formula
]71

where T is the measured temperature of the medium; q, the
measured heat flow rate; c,, the effective specific heat
capacity of the medium for processes in which the piston
displacement y remains constant (constant-y, processes); T,
the desired rate of change of temperature for the given heat
flow rate q at the current point on the engine cycle in the
thermodynamic phase space; and f, the force on the piston
as a thermodynamic function of the piston displacement
and the temperature T of the medium. It compares this
computed speed i, with the actual instantaneous piston speed
XO, obtained from the instantancous load power
measurement, and uses known motion control methods to
compute and synthesise the requisite control signals to vary
either the motive force generated by the auxiliary source, or
the reaction force of the variable immittance, or both, in
order to correct any deviations 6X=X—XO. Since the control
changes can only occur at a finite rate and both the heat flow
and the speed can otherwise change unpredictably in
practice, the speed being particularly susceptible to the
behaviour of the load, it is preferable to make the
measurements, the computation and the control corrections
continuously.

As the engine cycles are repetitive, the sensors could be
omitted by arranging to issue the control signal sequence in
a loop, thereby reducing the system to “open-loop control”.
The resulting system would be relatively inflexible and
incapable of handling fluctuations in the load or the heat
source, but would be simpler to implement and adequate for
less demanding purposes. The cyclic nature of operation also
makes it possible to employ filters for this purpose, so that
the piston speed modulation can be achieved over a wide
range of speeds, and, more importantly, to eliminate the need
for an auxiliary source for driving the compression strokes.
This idea is illustrated by a second embodiment ascending to
the present invention, in which a linear actuator is incorpo-
rated in the crankshaft of a mechanical heat engine to
modulate the piston speed, while keeping the flywheel and
load motions uniform.

The underlying premise that g is uncontrollable and that
T must be controlled in order to shape the engine cycle over
the phase space, reflects the fact that i has been invariably
constrained to sinusoidal motion by the flywheel inertia in
traditional engine design, leaving q as the only variable
controllable to a significant degree, such as by varying the
ignition timing. The present invention is accordingly
intended for use where q cannot be controlled at all, or where
further improvement in the control of q already yields
diminishing returns. It should be obvious, however, that the
control equation could be turned around and employed to
modulate X indirectly by controlling one of q and T with
respect to the other, or to control q by controlling one of X

and T with respect to the other; the adaptation would entail

L [af m
x_—(q+cXT)-[Tﬁ
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a corresponding replacement of sensors and actuators,
together with the requisite computational mechanism.

The derivative [9f/0T], ] in eq. (1) is computed knowing
the current point, determined by the instantaneous displace-
ment y and temperature T, and the equation of state of the
medium, which is generally of the form

F=f0eT)- @

The generality of eq. (1) is established by observing that
thermodynamic conversion is possible only because of the
dependence of a force-like property of the medium f on both
its displacement x and an intrinsic property T that can be
independently varied, so that a cyclic variation of y can
result in net work due to the difference in f obtained by
varying T between the two halves of the cycle. The deriva-
tive [0f/9T], ] signifies the net effect of the internal forces in
the medium, such as van der Waals forces in real gases and
the effect of coupling between the ingredients in ferrite
mixtures, for example, representing an internal reactive

(reversible) storage of energy u contributing the net force
du 3)
fo= oo .

and more commonly recognisable as the Maxwell equation

fo= (T% -7} @

The heat capacity correspondingly relates to the internal
energy as

du
Tarl)

®

CX

The control equation (1) is obtained from the power balance
relation

w+g+w=0, (6)
required by the energy conservation principle, where w is
the instantaneous power flow from the medium and w, the
work done by the medium

dw=fdy, @)

with all quantities, including q, being denoted positive when
outbound from the medium. The total energy change in the
medium can be expressed as the sum of the changes due to
variations in the force f and displacement 5

du

T T

du
dT+ —‘ dx=cdT+ f,dx,
x x|y

8
du ®

so that eq. (6) can be rewritten as

K(F+F e, T+=0, ©)
which can be manipulated to yield
g+cT 10

T

from which the control equation (1) follows. Using eq. (9),
f, can be independently measured thermodynamically in
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order to accurately determine the state function f(y, T) (eq.
2) over the expected range of engine operating conditions.

The control of transformers according to the present
invention depends on analogous equations for mechanical
and electrical transformers, obtained by considering a
mechanical transformer, comprising a fluid working
medium and a cylinder and piston on both primary and
secondary sides, and writing the applicable equation of state
as

=502, an

where y once again denotes the piston displacement on the
load (secondary) side, f, the corresponding force on the load
side piston, and P, the pressure within the medium. Net
conversion is again possible only because P, and thereby f,
can be varied between the two halves in a cyclic variation of
%, the corresponding energy conservation law

dw+du+dg=0, 12
now requiring q to be interpreted as mechanical energy on
the primary side of the transformer in place of heat, involv-
ing the pressure P and the volumetric displacements du
caused by the primary piston:

dg=Pdu. 13)
A mechanical “Carnot” cycle is then construed over the
phase space defined by the coordinates f and 7, to comprise
the successive steps of
A. isobaric expansion, during which P is maintained by
moving the primary side piston inward,
B. “adiabatic” expansion in which the primary side piston
is kept stationary,
C. isobaric compression while moving the primary side
piston outward, and finally,
D. “adiabatic” compression with the primary piston being
once again locked in position.
In a differential cycle, the isobaric segments would be the
only first order contributions to energy transfers, and the
energy balance for a complete differential cycle is then

w+d’q=0, 14

the second order differentials representing differences in the
corresponding isobaric components in the two halves of the
cycle, equivalent to

df dy+dPdu=0, 15
yielding
9
dq:—P—f d Pd x. {16)
P

x

The total internal energy change du again has contributions
from the changes in both ¢ and P, so that

du 17

None of the equations (11) through (17) assume energy
losses of any kind, and the differentials therefore describe
only the reversible changes. In particular, the second deriva-
tive represents a reversible energy change directly associ-
ated with a physical displacement, i.e. a conservative force

































