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VARIABLE FREQUENCY ELECTROSTATIC
DRIVE

Matter enclosed in heavy brackets [ ]| appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation-in-part of U.S. patent

application Ser. No. 15/453,347 filed Mar. 8, 2017 and
hereby incorporated by reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This 1nvention was made with government support under
1452230 awarded by the National Science Foundation. The
government has certain rights in the invention.

BACKGROUND OF THE INVENTION

The present mvention relates to electrostatic motors and
in particular to a drive providing electrical power to an
clectrostatic motor.

Electrostatic motors operate by exploiting forces gener-
ated by electrical fields on a respective stator and rotor, for
example, as established on opposed plates on the stator and
rotor. Electrostatic motors may be distinguished from con-
ventional electromagnetic motors which exploit forces gen-
crated by interacting magnetic fields generated by the stator
and rotor, for example, generated by current-carrying elec-
trical coils or a permanent magnet.

Synchronous electrostatic motors are a class of electro-
static motors that provide a rotor presenting a substantially
static electrical polarization which causes the rotor to rotate
synchronously with a rotating electrostatic field generated
by the stator. The stator generates this rotating electrostatic
field by applying different phases of a periodic voltage to a
set of circumierentially or axially displaced electrodes.

Electrical power to the stator, producing the desired
rotating electrostatic field, may be generated, for example,
by means of a high-voltage, three-phase, sinusoidal power
from a generator applied to appropriately phased stator
clectrodes. FElectrical power may also be synthesized by a
step approximation or by pulse width modulation synthesis
using high-voltage transistors to switch different polarities
of electrical voltage among the stator electrodes. Current
methods of controlling electrostatic motors provide rela-
tively primitive control of torque and speed resulting in
unnecessary power consumption or unutilized capability.

SUMMARY OF THE INVENTION

The present inventors have developed an electrical drive
for an electrostatic motor that can tailor the stator voltages
precisely to the rotor position to provide greatly enhanced
clectrostatic motor control. Current-source drivers are used
to adapt the field control transformation techniques of elec-
tromagnetic motors to the electrostatic domain. The novel
saliency of an electrostatic motor 1s modeled to provide for
improved characterization of the necessary current vector
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2

angles for eflicient production of torque. This control strat-
cegy utilizes a reference frame transformation to continu-
ously momitor and position the relative magnitudes and
angles of electrical quantities for precise torque modulation
and motion control. Prior techniques for electrostatic motors
were unable to extract maximum torque per volt or field
oriented control 1n dynamic variable speed situations.

Specifically, one embodiment of the invention provides a
variable speed drive for an electrostatic motor. The variable
speed drive includes a set of current-source drives adapted
to connect to the multiple field electrodes of the electrostatic
motor and a rotor position detector. A d-q transformation
circuit receives a position signal from the rotor position
detector and measures of the outputs of the independent
current drives to develop a measured d-gq vectors (being a
transformation to the rotating stator framework described
below), and an mput receives the desired d-q vectors. A
comparison circuit provides an error vector based on the
measured d-q vectors and desired d-q vectors. The compari-
son circuit may scale the d-q error vector by a regulator gain
and this scaled d-q error 1s then provided to an ABC
transformation circuit (reversing the d-q transformation)
receiving the position signal and producing an output based
on the error vector to develop a set of electrode signals
provided to the current-source drives for driving the stator
clectrodes.

It 1s thus a feature of at least one embodiment of the
invention to provide for sophisticated control of electrostatic
motors, for example, including torque and speed control, by
implementing field control methodology into the electro-
static framework. Current-source drives, capable of modu-
lating ampere-seconds to the electrostatic machine based on
a recerved command, permits tractable implementation of
d-q control with simplified feedback loops.

The current-source drives may provide a set of electrical
switches 1n series with a current-source implemented by an
inductance on the DC side serving to provide a stifl current

that may be modulated into the stator electrodes.

It 1s thus a feature of at least one embodiment of the
invention to provide a robust current-source drive using the
current regulating/energy storage properties of inductances
on the AC side to manage current demand present 1n
operating electrostatic motors.

The current-source drives may include a multi-phase

H-bridge of electrical switches recerving current from an
inductance operating to regulate current tflow.
It 1s thus a feature of at least one embodiment of the
invention to make use of conventional bridge circuitry used
for electrical control to provide a flexible synthesis of
arbitrary wavetorms in the current-source drives.

The current regulating inductance may be part of a
multiphase transformer on the AC side and the multiphase
H-bridge of electrical switches may provide current to a
multiphase transformer.

It 1s thus a feature of at least one embodiment of the
invention to obtain the needed current-regulating inductance
as part of a transformer that can step up voltage presented to
the electrostatic motor allowing the semiconductor devices
of the H-bridge to operate at preferred lower voltages.

The current-source drive may provide for a controller
controlling switching the electrical switches of the multi-
phase H-bridge according to a sensed current output and
sensed voltage output of the multiphase transformer.

It 1s thus a feature of at least one embodiment of the
invention to permit the simultaneous use of current and
voltage feedback to implement responsive current-source
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drives needed for variable speed control in a circuit having
a transformer interposed between the H-bridge and the
electrostatic motor.

The variable speed drive may include an input circuit
generating the desired d-q vector based on a received
command selected from the commands of torque and speed
to control current applied to the stator electrodes.

It 1s thus a feature of at least one embodiment of the
invention to provide a general system that may receive
voltage, current, position, torque, speed, or other types of
commands by converting those commands into a vector 1n
d-g space.

The 1nput circuit may select an angle for the desired d-q
vector between the d- and g-motor axes as a function of
coupling capacitance between a rotor electrode and a stator
electrode and a coupling capacitance between two stator
electrodes.

It 1s thus a feature of at least one embodiment of the
invention to provide a modeling of a salient pole electro-
static motor that considers inter-capacitive coupling of the
motor components affecting an ideal phase of the stator
voltage vector with respect to rotor position.

The input circuit selects an angle for the desired d-q
voltage vector between the d- and g-motor axes according to
the formula:

Copm Vi £y Chin Vi + 8(Cosz +2Com) V2

5

+ 5%
4(C552 + 2C5m2) Vs i

Vmax = —arcsin

where:

V... 1S an optimum angle magnitude between the desired
d-q voltage vector and the g-axis, normally a constant value
for steady-state motor operation;

V. 1s the magnitude of the rotor excitation voltage;

V. 1s the magnitude of the stator excitation voltage;

C, 51 18 the magnitude of the fundamental of the coupling
capacitance between any one of the stator terminals (a, b, )
to any one of the rotor terminals (Vi+or Vi-), C_;,, can also
be expressed as the magnitude of the capacitance whose
product with applied field voltage v results in rotor charge
for fundamental frequency torque production;

C..- 1s the magnitude of the second harmonic of the
coupling capacitance between any two stator terminals (a-b,
b-c, c-a);

C.., 1s a magnitude of a second harmonic of a self
capacitance of any one of the stator terminals.

It 1s thus a feature of at least one embodiment of the
invention to provide a drive that can select an optimal phase
angle of the applied stator voltages for maximum torque per
volt 1n a motor with field and saliency torque.

Alternatively, the value of v, may be selected from the
group consisting of 0 and 1 (each £5%) for a motor with
field torque only and n/4, —n/4, 31/4, —371/4 (each +5%) for
a motor with saliency torque only.

These particular features and advantages may apply to
only some embodiments falling within the claims and thus
do not define the scope of the invention.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 1s a simplified exploded diagram of the drive
system of the present invention used with a “nested cylin-
der” type motor design;
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FIG. 2 1s a figure similar to FIG. 1 of the drive system of
the present invention used with an “opposed plate” type
design;

FIG. 3 1s a detailed block diagram of the principal control
elements of the drive of FIGS. 1 and 2 of the outputs
connected to electrodes of a simplified three-phase electro-
static motor providing current-source outputs for each elec-
trode;

FIG. 4 1s a first embodiment of the current-source drive of
FIG. 3 employing a single current regulating inductance;

FIG. 5 1s a second embodiment of the current-source drive
a FIG. 3 including three independent current-regulating
inductances:

FIG. 6 1s a third embodiment of the current-source drive
of FIG. 2 incorporating a step-up transformer for minimiz-
ing the drop voltage across the switching semiconductors
and using leakage inductance of the transformer for current
regulation;

FIG. 7 1s a plot of torque components as functions of the
torque angle v 1n a salient electrostatic synchronous machine
as informed by the present invention’s abstraction of torque
into field and elastance torques showing determination of
angle vy for maximum torque per volt, this plot positioned
adjacent to a vector diagram depicting the angle of the stator
field 1n a d-q reference frame;

FIG. 8 1s a diagrammatic representation of terms used to
determine the angle relationship of FIG. 7; and

FIG. 9 1s a steady state vector diagram of the salient
electrostatic synchronous machine parameters used in the
specification an appendix where the parameters X denotes
capacifive reactance and the parameters r denote resistance.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

Referring now to FIG. 1, an electrostatic drive system 10
may include an electrostatic motor 12 having a generally
cylindrical stator 14 supporting internal, longitudinally
extending and circumferentially displaced stator electrodes
16. Fitting within the stator 14 1s a rotor 18 having corre-
sponding, outwardly exposed longitudinally extending and
circumferentially displaced rotor electrodes 20 interacting
with the stator electrodes 16 when the rotor 18 1s positioned
within the stator 14.

In an alternative design, shown in FIG. 2, the stator 14
may be one or more disk-shaped plates having radially
extending, circumferentially displaced stator electrodes 16
interacting with corresponding radially extending, circum-
ferentially displaced rotor electrodes 20 on a corresponding
disk-shaped rotor 18 positioned adjacent to the disk-shaped

stator 14 for interaction therewith.
Motors of this type are described 1in U.S. Pat. No. 9,184,

676 as well as applications 2016/0211775 and 2016/
0344306 all assigned to the assignee of the present invention
and 1ncorporated by reference.

In both of the designs of FIGS. 1 and 2, the rotors 18 may
be supported for rotation on driveshafts 24 extending axially
outward for the extraction of mechanical work. A ship ring
or brushless type of power transfer (capacitive or inductive)
system 22 attached to the driveshaft 24 allows electricity
from a stationary rotor power supply 26 to be conducted to
the rotating rotor electrodes 20 through terminals Vi+ and
Vi— as 1s generally understood 1n the art to provide an
electrostatic polarization/excitation of the rotor 18.

The electrostatic drive systems 10 provide for position
monitoring of the rotors 18 with respect to a stationary stator
14 through the use of a position detection system 30. The
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position detection system 30 may be a resolver or encoder
mechanically attached to the driveshaft 24 to provide a
signal uniquely 1dentifying the location of the rotor 18 with
respect to the stator 14 in a range of 0 to 2m radians.
Alternatively, similar measurements may be provided by
other position sensors or estimators well known 1n the art
including, for example, “back MMF” (magneto motive
force) sensors which equate changes i the back MMF
sensed at the stator electrodes 16 to a rotational position, or
“saliency tracking” sensors which inject a high-frequency
signal, for example, into the output of the rotor power supply
26 and detect changes 1n that signal as coupled to the stator
14 caused by the vanations 1n electrical coupling between
the stator and rotor caused by motor saliency. Each of these

alternatives will be termed a position determination system
30.

In both the designs of FIGS. 1 and 2, a variable speed
drive 32 of the present invention may provide for controlled
application of power to the stator electrodes 16 of the stator
14 based on the position signal generated by the position
detection system 30. In this regard, the vanable speed drive
32 may receive a command signal 34, for example, speed or
torque or other related quantity, and determine the proper
variable currents to be applied to the stator electrodes 16
necessary to provide operation of the electrostatic motor 12
in conformance with that command signal 34. As such, the
output of the variable speed drive 32 will provide multiple
phases 36 (also designated A, B, C, for a three-phase
embodiment) associated with different stator electrodes 16
providing sinusoidal or other continuously varying signals
to those stator electrodes 16 necessary to maximize motor
performance.

Referring now to FIG. 3, the mnstantaneous values of the
output phases 36 required for a given command signal 34
can be a function of not only the command signal 34 but also
rotor position and the characteristics of the motor 12. This
processing necessary to generate the output phases 36 may
be simplified through a coordinate transtormation known in
conventional electromagnetic motors 1 which constantly
varying multiple phases 36 are mapped to a reference frame
rotating with the motor rotor 18. This reference frame 1s
termed the d-q reference frame where the d axis (the direct
axis) 1s aligned with the positive electrode on the rotor 20
and the q axis (the quadrature axis) 1s positioned at 90
degrees with respect to the d axis. Viewed 1n this reference
frame, the complexity of the waveforms at the multiple
phases 36 (termed A, B, C, for an example, 1n a three-phase
system) devolves to a single vector that 1s largely unvarying
for steady-state operation ol the motor 12. Details of this
transformation in the context of electromagnetic machines
are described, for example, at D. W. Novotny and T. A. Lipo,
“Vector Control and Dynamics of AC Drives,” 1st edition,
Oxtord Umiversity Press, 1996 (including pages 88-102)
with the underlying mathematics also applicable to the
present invention.

Using this transformation, the present invention provides
a feedback control of a current-source drive 40 having
phases 36 connected to each of the stator electrodes 16. In
this regard, current and 1n some cases voltages from each of
these phases 36 are measured and these measurements
received by ABC-dq transformation circuit 42. The ABC-dq
transformation circuit 42 also receives a position signal 44
from the position detection system 30 to convert the
received phase signals (A, B, C) into a vector 1n d-q space
termed the “measured” d-q vector 48.

The mput command signal 34 will be converted to a
similar “desired” d-q vector 50 by mput conversion circuit
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52. This desired d-q vector 50 will generally have a difierent
angle and different magnitude than the measured d-q vector
48 when the eclectrostatic motor 12 1s not operating 1n
steady-state. When the input command signal 34 1s a torque
value, the magnitude of the desired d-q vector 50 will be
proportional to the desired torque and the 1deal angle with
respect to the g-axis will depend on the type of motor 12. For
a non-salient machine, the angle will simply be zero or pi
radians (a desired d-q vector 50 aligned with the g-axis);
however, for a salient machine this calculation will be more
complex as will be discussed below. The 1deal angle 1s one
that provides maximum torque per voltage thereby reducing
motor losses.

Once the desired d-q vector 30 i1s determined, 1t 1s
compared 1t to the measured d-q vector 48 to produce an
update value 53 at comparison block 34 which controls the
current-source 1s 40. In the simplest case, update value 53 1s
simply a difference between the desired d-q vector 50 and
the measured d-q vector 48; however, alternatively, this
difference may be further processed, for example, under
proportional/integral/derivative type control strategies in
which the update value 53 1s a weighted combination of the
difference value, a time running integration of this difference
value, and a derivative of this difference value. It will also
be appreciated that other control strategies may be intro-
duced 1n comparison at block 354 including feedback and/or
teedforward of other measured variables derived from the
motor 12.

Referring still to FIG. 3, the correction value 33 is then
provided to an dq-ABC transformation circuit 36 operating
in the reverse direction as the ABC-dq transformation circuit
42 (as inverse transiorms) to change the correction value 53,
being a vector 1 d-q space, phases 36 in a nonrotating
frame.

This feedback control process, traversing the loop of
ABC-dq transformation circuit 42 and dg-ABC transforma-
tion circuit 56, continues during operation of the motor 12.

When the command signal 34 1s a different value, for
example, a desired rotational speed (e.g., RPM), an addi-
tional, optional feedback loop may be incorporated, for
example, using the position signal 44 to deduce speed and
using a difference between the desired RPM of the command
signal 34 and the deduced RPM, at optional comparison
block 58, to create a torque value that may then be treated
as discussed above with respect to the torque signal. Other
input signals can also be handled in this manner, and 1n this
regard and the invention contemplates that programmable
command signals 34 may be used, for example, for soit start
and stop of the motor 12 as well as diflerent regimes at
different motor RPMs or operating conditions.

The ABC-dq transformation circuit 42, mput conversion
circuit 32, comparison block 54, and dq-ABC transforma-
tion circuit 56 may be implemented by discrete circuitry or
preferably by a high-speed computer processor executing a
program stored 1n non-transient computer memory for
example as firmware and employing analog-to-digital con-
verters to operate 1n a digital domain.

Referring now to FIGS. 4 and 3, practical implication of
sophisticated field control of an electrostatic motor 1s
ecnabled by the ability to generate “stifl” current output
signals at the power levels needed to drive electrostatic
motor 12, that 1s, outputs that can provide open-loop current
control 1n the face of rapidly fluctuating voltages at the
multiple phases 36 caused by changes 1n capacitive coupling
with rotation of the motor 12. The invention contemplates
that the electrostatic motors 12 will operate at powers in
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excess of 10 watts, typically 1n excess of 100 watts, and
desirably in excess of 1000 watts.

The necessary “current-source” outputs may be produced
through the use of one or more series inductive elements
exploiting a feature of inductance that resists changes in the
current flowing through the inductor, a feature of the buildup
of self-induced energy within the magnetic field of the
inductor. The present invention recognizes that this property
can be enlisted to provide sufficient output current stability
to synthesized current waveforms without unduly prevent-
ing dynamic control of that current necessary for “field
control” of the motor or variable speed capabilities. In this
regard the inductance must be of a size to provide current
regulation (and hence energy storage) at the expected motor
power levels providing, for example, for the control of
current output to the motor to within 25 percent of the
command value controlling the semiconductor switches, and
typically within 10 percent, and desirably within five per-
cent.

In a first such implementation, a current regulating induc-
tor 70 provides current to a set of solid-state switches 72, for
example, transistors such as MOSFET transistors, receiving
ABC current values from the switching logic circuit 73. The
solid-state switches 72, for example, are configured 1n an
H-bridge where each of the phases 36 connects to a junction
between a pair of series-connected switches 72, the pair in
turn spanning a positive power rail 74 and a negative power
rail 76 providing a direct current stabilized by inductor 70.
Rudimentary use of this circuit can produce square wave
outputs; however the present invention contemplates that the
phases 36 produced are continuous waveforms of arbitrary
shape and frequency dictated by the control algorithm.
Accordingly the switches 72 will receive control signals
determining their switch state that are pulse-width modu-
lated (or modulated by a similar modulation technique
including pulse-density modulation etc.). In pulse width
modulation, an on-time of the switch 72 1s varied to deter-
mine the average current value output through the phase 36.
In such modulation, the switches 72 are operated 1n switched
mode (either on or off) for energy efficiency, but switch at
high rates to produce continuous waveforms (e.g., sine
waves of different frequencies) smoothed by the capacitance
of the electrostatic motor 12 In pulse width modulation, the
switching speed of the semiconductors 1s at many times the
fundamental frequency of the waveform of phases 36 and
typically more than 10-20 times that frequency.

Referring now to FIG. 5, an alternative version of the
circuit shown 1n FIG. 4 breaks the inductor 70 into three
inductor components 78 placed after the connection of the
phases 36 to the junctions between switching switches 72 of
the H-bridge with one inductor component 78 placed in the
series with each of the phases 36. In this case, the voltage of
the power rails 74 and 76 feeding the H-bridge may be
stabilized by a capacitor 80 extending between those rails.

Referring now to FIG. 6, a third topology of the current-
source drive 40 provides an advantage of allowing the
switches 72 to operate at a lower, preferred voltage range
than would be optimum for the voltage for the phases 36. In
this circuit, precursor phases 82 are produced at the junc-
tions of each pair of switches 72 of the H-bridge (otherwise
identical to the H-bridge of FIG. 4) and each of the precursor
phases 82 connect to a corresponding phase of a multi-phase
primary 84 of a step-up transformer 86. The step-up trans-
former 86 has a number of primary phases equal to the
number of phases 36 of the motor (three phases are shown
in FIG. 6 comporting with a standard three phase motor).
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The secondary winding 88 of the transformer 86 has an
equal number of taps as the mnput, but a greater number of
turns, substantially increasing the voltage applied to the
phases 36 in comparison to the voltage of the precursor
phases 82. The step up 1n voltage may be at least 3, but
typically no more than 100.

Leakage flux from the transformer 86 provides the nec-
essary 1inductive storage of energy to promote current regu-
lation in each of the phases 36. In this embodiment, the
output of each of the phases 36 may be sensed by a current
sensor 90 and at a voltage phase 92 so that separate current
and voltage measurements may be made and separate cur-
rent and voltage feedback loops may be used to control the
switches 72 for improved fidelity and stability. In this case,
for example, current feedback may be used to provide d-g
cross coupling decoupling.

Referring now to FIGS. 7 and 8, as noted above, for a
salient machine having both field and saliency torques,
being an electrostatic motor 12 having significant perturba-
tions 1n rotor/stator capacitive coupling with rotation, the
optimum angle of the mput command signal may not be
aligned along the q vector 1n d-q space but displaced slightly
therefrom based on the construction of the motor. Such
motors provide for two different torque features including a
primary field torque feature 102 and a secondary elastance
torque feature 104 each varying as a function of the angle
from the g-axis. The combination of these torques indicated
by curve 106 provides the net torque of the motor 12 and has
been modeled by the present inventors to be maximized at
a torque angle v, according to the following formula:

F Csﬁnl Vﬁ’ == ‘Jci‘ml V}r + S(CSSZ + QCsmz)z VSZ q

&

4(C552 + zcst) Vs

where:

Y, 1S an optimum angle magnitude between the desired
d-q voltage vector and the g-axis, normally a constant value
for steady-state motor operation;

V. 1s the magnitude of the rotor excitation voltage;

¥

V. 1s the magnitude of the stator excitation voltage;

C,fn1 18 the magnitude of the fundamental of the coupling
capacitance between any one of the stator terminals (a, b, )
to any one of the rotor terminals (Vi+or VI=); C_, | can also
be expressed as the magnitude of the capacitance whose
product with applied field voltage v, results in rotor charge
for fundamental frequency torque production;

C.,. - 1s the magnitude of the second harmonic of the
coupling capacitance between any two stator terminals (a-b,
b-c, c-a);

C., 1s a magnitude of a second harmonic of a self
capacitance of any one of the stator terminals.

Because the values of terminal capacitance typically vary
as a function of rotor position they are characterized by the
frequency spectrums of this periodic signal looking either at
the fundamental or second harmonic as indicated. The
components of the periodic terminal quantities are C,,,
Comz» and C_,. The values of V_and V, are normally, but
need not be, constant.

For motors that have only field torque, the value of y__
may be selected from the group consisting of 0 and T (each
+5%) for the motors with only saliency torque the value of
Y.... may be selected from the group of m/4, —w/4, 3n/4,
—31/4 (each £5%).
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The term ABC 1s intended to represent an arbitrary
number of phases not just three phases as context would
require. Variable names having upper case letters generally
denote steady-state versions of those measures while corre-
sponding lowercase letters indicate dynamic, time varying
versions of those measures.

Certain terminology 1s used herein for purposes of refer-
ence only, and thus 1s not intended to be limiting. For
example, terms such as “upper”, “lower”, “above”, and

“below” refer to directions in the drawings to which refer-
ence 1S made. Terms such as “front”, “back”, “rear”, “bot-
tom” and “side”, describe the orientation of portions of the
component within a consistent but arbitrary frame of refer-
ence which 1s made clear by reference to the text and the
assoclated drawings describing the component under dis-
cussion. Such terminology may include the words specifi-
cally mentioned above, derivatives thereof, and words of
similar import. Similarly, the terms “first”, “second” and
other such numerical terms referring to structures do not
imply a sequence or order unless clearly indicated by the
context. Although the stator and rotors are shown as disks 1n
the disclosed embodiments, there 1s no requirement that the
stator or rotor be in a disk form.

When introducing elements or features of the present
disclosure and the exemplary embodiments, the articles “a”,
“an’’, “the” and “said” are intended to mean that there are
one or more of such elements or features. The terms “com-
prising”’, “including” and “having” are intended to be inclu-
sive and mean that there may be additional elements or
features other than those specifically noted. It 1s further to be
understood that the method steps, processes, and operations
described herein are not to be construed as necessarily
requiring their performance 1n the particular order discussed
or 1llustrated, unless specifically identified as an order of
performance. It 1s also to be understood that additional or
alternative steps may be employed.

It 1s specifically intended that the present invention not be
limited to the embodiments and illustrations contained
herein and the claims should be understood to include
modified forms of those embodiments including portions of
the embodiments and combinations of elements of different
embodiments as come within the scope of the following
claims. All of the publications described herein, including
patents and non-patent publications, are hereby incorporated
herein by reference in their entireties.

APPENDIX

In general, the resultant torque 1n a synchronous electrostatic
machine can be expressed as:

3P 3P
— ? (Ca's =+ Cqs)vqsvds— ? mfsl VsV fr
elastance torque field t:arque

1n which,

1) P 1s the number of poles;

2) C o and C_ are the magnitude of the stator d- and g-axis
referred capacitances;

3) C,,» 1s the magnitude of the capacitance whose product
with applied field voltage v, results in rotor charge for
fundamental frequency torque production.

4) 6, and v_ are the magnitude of the stator d- and
g-axis referred voltages in the rotor reference frame;

J) Vi 1s the magnitude of the rotor excitation voltage.
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Additional explanation of these capacitances 1s found for
example 1n B, Ge, A, N. Ghule and D. C. Ludois, “A dg-axis
framework {for electrostatic synchronous machines and
charge oriented control,” 2017 IEEE Energy Conversion
Congress and Exposition (ECCE), Cincinnati, OH, USA,
2017, pp. 2396-2403.

doi: 10,1109/ECCE.2017,8096463 hereby incorporated by
reference.

In terms of the physical terminal capacitances, the same
torque equation may be rewritten as:

3P Csp
TE' — T(Cssl + Q’CS?}"IZ)V{;svdS_T sfmlv{?—gvﬁ“

clastance torque field torque

1n which,

1) Cg4,1 1s the magnitude of the capacitance whose
product with applied field voltage v, results in rotor
charge for fundamental frequency torque production;

2) C_, 1s a magnitude of a second harmonic of a self
capacitance of any one of the stator terminals;

3)C,_ - 1s amagnitude of a second harmonic of a coupling
capacitance between any two stator terminals.

Defining angle vy as the angle between the d-q voltage vector
vV V4, and the g-axis, the angle corresponding to the
steady state maximum torque production is,

Cmﬁl Vﬁ‘ =+ ‘\/Ciﬁl V}{w + S(Cds _ CQS)EVSE q
4(Ca's + Cqs)Vs

Vmax = —arcsin + 5%

in terms of the referred d-g capacitances, or

- Csﬁnl Vﬁ’ == ‘Jcé‘ml V}r + S(CSSZ + QCsmz)z VSZ -
max — l + 5%
! e 4(C552 T zcsmz) Vs i
in terms of the physical terminal capacitances. V. 1s the

magnitude of the rotor excitation voltage and V_ 1s the
magnitude of the stator excitation voltage.

If only one type of the torque exists, e.g. only field torque or
only saliency/elastance torque, then the maximum torque
production angle reduces to v, ..=0 or T for the field torque,
and

-3 -7 A
Ymax = . — O —

47 474 4

for the saliency/elastance torque.

We claim:

[1. A variable speed drive for an electrostatic motor of a
type having a stator with multiple stator electrodes adapted
to generate a rotating stator electric field vector about an axis
and a rotor having multiple rotor electrodes providing a rotor
electric field interacting with the rotating electric field
primarily by electrostatic forces rather than magnetic forces,
the variable speed drive comprising:

a set of current-source drives adapted to connect to the
multiple stator electrodes wherein the current-source
drives provide a set of electrical switches 1n series with
a current source implemented by an inductance serving
to regulate current to the stator electrodes;
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a rotor position determination system;

an ABC-dq transformation circuit receiving a position
signal from the rotor position detector and measures of
outputs of the current-source drives to develop a mea-
sured d-q vector;

an input for receiving the desired d-q vector;

a comparison circuit providing an error vector based on

the measured d-q vector and desired d-q vector; and

a dg-ABC transformation circuit receiving the position

signal and providing an output based on the error vector
to develop a set of electrode signals provided to the
current-source drives for driving the stator electrodes of
the electrostatic motor.}

[2. The variable speed drive of claim 1 wherein the
inductance regulates current to the stator electrodes to within
25 percent of electrode signals provided to the electrical
switches for a motor of at least 10 watts.}

[3. The variable speed drive of claim 2 wherein the
current-source drives include a multi-phase H-bridge of
electrical switches receiving current from an inductance
operating to regulate current flow.}

[4. The variable speed drive of claim 2 wherein the
current-source drive 1s a multiphase H-bridge of electrical
switches and 1ncludes current to three inductances operating
to regulate current flow to respective stator plates.}

[S. The variable speed drive of claim 2 wherein the
current-source drive includes a multiphase H-bridge of
electrical switches providing current to a multiphase trans-
former system providing a current regulating inductance.]

[6. The variable speed drive of claim 5 wherein the
current-source drive provides for a controller controlling
switching the electrical switches of the multiphase H-bridge
according to a sensed cuwrrent output and sensed voltage
output of the multiphase transformer.}

[7. The variable speed drive of claim 1 further including
an 1put circuit generating the desired d-q vector based on a
received command selected from the group of commands of
torque and speed to control current applied to the stator
electrodes.}

[8. The variable speed drive of claim 7 wherein the input
circuit selects an angle for the desired d-q vector between the
d- and g-motor axes as a function of coupling capacitance
between a rotor terminal and a stator terminal and a coupling
capacitance between two stator terminals.]

[9. The variable speed drive of claim 1 wherein the input
circuit selects an angle vy, __. for the desired d-q vector
between the d- and g-motor axes from the group consisting
of 0 and ® (each £5%).]

[10. The variable speed drive of claim 1 wherein the input
circuit selects an angle v ___ for the deswred d-q vector
between the d- and g-motor axes from the group consisting
of m/4, —n/4, 3n/4, —3n/4 (each +5%).]

[11. The variable speed drive of claim 1 wherein the
position detection system 1s selected from the group con-
sisting of a position encoder, an MMF sensor, and a saliency
or MMF ftracking sensor using injected high-frequency
current.]

[12. The variable speed drive of claim 1 wherein the stator
includes three electrically independent sets of electrodes 1n
equal angles about the axis, the electrodes of each set joined
electrically to a common terminal. ]

[13. The variable speed drive of claim 1 further including
an electrostatic motor of a type having a stator with multiple
stator electrodes receiving output from the current-source
drives and adapted to generate a rotating stator electric field
vector about the axis and a rotor having multiple rotor
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electrodes providing a rotor electric field interacting with the
rotating electric field primarily by electrostatic forces rather
than magnetic forces.]

[14. The variable speed drive of claim 13 further includ-
ing an insulating liguid contained to be present between the
stator electrodes and rotor electrodes.}

[15. A variable speed drive for an electrostatic motor of a
type having a stator with multiple stator electrodes adapted
to generate a rotating stator electric field vector about an axis
and a rotor having multiple rotor electrodes providing a rotor
electric field interacting with the rotating electric field
primarily by electrostatic forces rather than magnetic forces,
the variable speed drive comprising:

a set of current-source drives adapted to connect to the

multiple stator electrodes;

a rotor position determination system;

an ABC-dg transformation circuit receiving a position

signal from the rotor position detector and measures of
outputs of the current-source drives to develop a mea-
sured d-q vector;

an 1nput for receiving the desired d-q vector;

a comparison circuit providing an error vector based on

the measured d-q vector and desired d-q vector; and
a dg-ABC transformation circuit receiving the position
signal and providing an output based on the error vector
to develop a set of electrode signals provided to the
current-source drives for driving the stator electrodes;

wherein the mput circuit selects an angle for the desired
d-q vector between the d- and g-motor axes according
to a formula:

FClmeﬁ.,: i -JC%me}d + SC%SVE _
4Co5 Vs

Ymax = —min + 5%

where:

Y, 1S an optimum angle magnitude between the desired
d-q voltage vector and the g-axis;

C,.r 1s @ magnitude of a fundamental of a coupling
capacitance between any one of the stator terminals to
any one of the rotor terminals;

C,. 1s a magnitude of a second harmonic of a coupling
capacitance between any two stator terminals;

V., 1s a magnitude of the dc rotor voltage; and

V. 1s the magnitude of the fundamental of the stator
voltage.]

[16. A method of providing variable speed control of an
electrostatic motor of a type having a stator with multiple
stator electrodes adapted to generate a rotating stator electric
field vector about an axis and a rotor having multiple rotor
electrodes providing a rotor electric field interacting with the
rotating electric field primarily by electrostatic forces rather
than magnetic forces, comprising the steps of:

providing a set of current-source drives for providing
current to the stator electrodes wherein the current-
source drives provide a set of electrical switches 1n
series with a current source 1implemented by an induc-
tance serving to regulate current to the stator elec-
trodes:

receiving a position signal from the rotor position detector
and measures of outputs of the current-source drives to
develop a measured d-q vector;

receiving a desired d-q vector and comparing it to the
measured d-q vector to produce an error vector; and
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transforming the error vector to produce a set of outputs
provided to the current-source drives for driving the
stator electrodes of the electrostatic motor.]

[17. The method of claim 16 further including the step of
generating the desired d-q current vector based on a received
command selected from commands selected from the group
consisting of torque and speed to control current applied to
the stator electrodes.}

[18. The method of claim 17 wherein the desired d-q
voltage vector has an angle between the d- and g-motor axes
that 1s a function of coupling capacitance between a rotor
electrode and a stator electrode and a coupling capacitance
between two stator electrodes.]

[19. The method of claim 18 wherein the torque input
circuit selects an angle for the desired d-q voltage vector
between the d- and g-motor axes according to a formula:

[ 2 2 2 v72
Clmeﬁ i Jclmfvﬁ" ‘I— SCZSVS N 5(}/
max — T J0.

4 4C,.V,

where:

Y.... 18 an optimum angle between the desired d-q vector
and the g-axis;

C,,.r 18 a magnitude of a fundamental of a coupling
capacitance between any one of the stator terminals to
any one of the rotor terminals;

C,. 1s a magnitude of a second harmonic of a coupling
capacitance between any two stator terminals;

V., 1s a magnitude of a dc rotor voltage; and

V. 1s the magnitude of the fundamental of the stator
voltage.]

[20. The method of claim 16 wherein the position detec-
fion system 1s selected from the group consisting of a
position encoder, an MMF sensor, and a saliency or MMF
tracking sensor using injected high-frequency current.}

21. A variable speed drive for an electrostatic motor of a
rvpe having a stator with multiple stator electrodes adapted
fo generate a rotating stator electric field vector about an
axis and a rotor having multiple rotor electrodes providing
a rotor electric field interacting with the rotating electric
field primarily by electrostatic forces rather than magnetic
forces, the variable speed drive comprising:

a set of current-source drives adapted to connect to the
multiple stator electrodes serving to regulate current to
the stator electrodes and regulating current output to
the motor to within 25 percent of a command value;

a rotor position determination system providing a position
signal,

an ABC-dqg transformation circuit receiving the position
signal from the rotor position determination system and
measures of outputs of the current-source drives to
develop a measured d-q vector;

an input for receiving the desired d-q vector;

a comparison circuit providing an ervor vector based on
the measured d-q vector and desired d-q vector, and

a dg-ABC transformation circuit receiving the position
signal and providing an output based on the error
vector to develop a set of electrode signals provided to
the current-source drives for driving the stator elec-
frodes;

where in the current-source drives provide a set of elec-
frical switches in series with a current source imple-
mented by an inductance serving to regulate current to

the stator electrodes.
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22. The variable speed drive of claim 21 wherein the
current-source drives include a multi-phase H-bridge of
electrical switches receiving current from an inductance
operating to regulate current flow.

23. The variable speed drive of claim 21 wherein the
current-source drive is a multiphase H-bridge of electrical
switches and includes current to three inductances operating
to regulate current flow to respective stator plates.

24. The variable speed drive of claim 21 wherein the
current-source drive includes a multiphase H-bridge of
electrical switches providing current to a multiphase trans-

former system providing a current regulating inductance.

25. The variable speed drive of claim 24 wherein the
current-source drive provides for a controller controlling
switching the electrical switches of the multiphase H-bridge
according to a sensed current output and sensed voltage
output of the multiphase transformer.

26. The variable speed drive of claim 21 further including
an input circuit generating the desired d-q vector based on
a received command selected from the group of commands

of torque and speed to control current applied to the stator
electrodes.

27. The variable speed drive of claim 26 wherein the input
circuit selects an angle for the desired d-q vector between
the d- and g-motor axes as a function of coupling capaci-
tance between a rotor terminal and a stator terminal and a
coupling capacitance between two stator terminals.

28. The variable speed drive of claim 21 wherein the input
circuit selects an angle for the desired d-q vector between
the d- and g-motor axes according to a formula:

F Csﬁnl Vﬁ’ =+ »JCéfml VE‘} T S(Cssl + zcsmz)z Vsz q
4(C552 + chmz) VS

where:

Y. 1S an optimum angle magnitude between the desired
d-q vector and the g-axis, normally a constant value for
steady-state motor operation,

V. is the magnitude of the rotor excitation voltage,

V_is the magnitude of the stator excitation voltage,

Cpny 1S the magnitude of the fundamental of the coupling
capacitance between any one of the stator terminals (q,
b, ¢) to any one of the rotor terminals (VA or V),

C 5,7 1S the magnitude of the capacitance whose product
with the applied field voltage v, results in a rotor
charge for fundamental frequency torque production,

C..- is the magnitude of the second harmonic of the
coupling capacitance between any two stator terminals
(a-b, b-c, c-a); and

C... is a magnitude of a second harmonic of a self

capacitance of any one of the stator terminals.

29. The variable speed drive of claim 28 wherein the input
circuit selects an angle ¥, for the desired d-q vector
between the d- and g-motor axes from the group consisting
of 0 and T (each +5%).

30. The variable speed drive of claim 28 wherein the input
circuit selects an angle vy ___ for the desired d-g vector
between the d- and g-motor axes from the group consisting
of /4, —n/4, 3n/4, —3n/4 (each £5%).

31. The variable speed drive of claim 21 wherein the
position detection system is selected from the group consist-
ing of a position encoder, an MMF sensor, and a saliency or
MMF tracking sensor using injected high-frequency current
on either the stator or rotor.
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32. The variable speed drive of claim 21 wherein the
stator includes three electrically independent sets of elec-
trodes in equal angles about the axis, the electrodes of each
set joined electrically to a common terminal.

33. The variable speed drive of claim 21 further including
an electrostatic motor of a type having a stator with multiple
stator electrodes receiving output from the current-source
drives and adapted to generate a rotating stator electric field
vector about the axis and a rotor having multiple rotor
electrodes providing a rotor electric field interacting with
the rotating electric field primarily by electrostatic forces
rather than magnetic forces.

34. The variable speed drive of claim 33 further including
an insulating fluid contained to be present between the stator
electrodes and rotor electrodes.

35. A method of providing variable speed control of an
electrostatic motor of a type having a stator with multiple
stator electrodes adapted to generate a rotating stator
electric field vector about an axis and a rotor having
multiple rotor electrodes providing a rotor electric field
interacting with the rotating electric field primarily by
electrostatic forces rather than magnetic forces, comprising
the steps of.

providing a set of current-source drives for providing

current to the stator electrodes;

receiving a position signal from the rotor position detec-

for and measures of outputs of the current-source
drives to develop a measured d-q vector,
receiving a desired d-q vector and comparing it to the
measured d-q vector to produce an error vector; and

transforming the error vector to produce a set of outputs
provided to the current-source drives for driving the
stator electrodes;

wherein the current-source drives provide a set of elec-

frical switches in series with a current source imple-
mented by an inductance serving to regulate current
stator electrodes.

36. The method of claim 35 further including the step of
generating the desired d-g current vector based on a
received command selected from commands selected from

16

the group consisting of torque and speed to control current
applied to the stator electrodes.

37. The method of claim 36 wherein the desired d-q vector
has an angle between the d- and g-motor axes that is a

S function of coupling capacitance between a rotor electrode
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and a stator electrode and a coupling capacitance between
wo stator electrodes.

38. The method of claim 37 wherein the torque input
circuit selects an angle for the desired d-q vector between
the d- and g-motor axes according to a formula:

| Csﬁnl Vﬁ" == ‘\/Cérml V;r T S(CSSZ + Q'C.S'?HZ)Z V52 -

+ 5%
4(6552 + 2Csm2) Vs i

Vmax = —arcsin

where:

Y. . IS an optimum angle magnitude between the desired
d-q vector and the g-axis, normally a constant value for
steady-state motor operation,

V.. is the magnitude of the rotor excitation voltage,

V_is the magnitude of the stator excitation voltage;

C 57 IS the magnitude of the fundamental of the coupling
capacitance between any one of the stator terminals (aq,
b, ¢) to any one of the rotor terminals (V{4 or V=),

Cpng 18 the magnitude of the capacitance whose product

with the applied field voltage v, results in a rotor

charge for fundamental frequency torgue production;

_ 1§ the magnitude of the second harmonic of the

coupling capacitance between any two stator terminals

(a-b, b-c, c-a); and

- 1§ a magnitude of a second harmonic of a self

capacitance of any one of the stator terminals.

39. The method of claim 35 wherein the position detection
system is selected from the group consisting of a position
encoder, an MMF sensor, and a saliency or MMF tracking
sensor using injected high-frequency current on the stator or
rotor.
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