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[57] ABSTRACT

A motor generator for providing high efficiency, controlled
voltage output or storage of energy in a flywheel system. A
motor generator includes a stator of a soft ferromagnetic
material, a motor coil and a generator coil, and a rotor has
at least one embedded soft ferromagnetic piece. Control of
voltage output is achieved by use of multiple stator pieces
and multiple rotors with controllable gaps between the stator
pieces and the soft ferromagnetic piece.
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RELUCTANCE APPARATUS FOR
FLYWHEEL ENERGY STORAGE

This invention was made with Government support
under Contract No. W31-109-ENG-38 awarded by the
Department of Energy. The Government has certain rights in
this invention.

BACKGROUND OF THE INVENTION

This invention is directed to a method and apparatus for
storing energy in a flywheel system. More particularly, the
invention is directed to a flywheel system having high-
temperature superconducting bearings and a hubless reluc-
tance motor-generator comprising at least one axial gap.

An essential component of most flywheel systems is a
motor-generator. The motor-generators are typically used in
applications where electrical energy is converted to rota-
tional kinetic energy and vice versa. An important feature of
a flywheel system is high velocity of rotation of the flywheel
itself. Unfortunately, a high velocity of rotation invariably
results in large centripetal forces which can stress the many
components of a flywheel system, including both the fly-
wheel and the motor-generator.

Efforts have been made to develop flywheel systems using
high temperature superconducting bearings and motor-
generators. For example, flywheel systems which utilize a
Halbach internal-dipole concept have been made. Such
flywheel systems have motor-generators with permanent
magnets that rotate around a central stator coil (e.g., “hub”).
The flywheel systems which utilize the Halbach internal-
dipole concept are often desirable because their internal
dipole field generally produces pure torque. Unfortunately,
however, such systems possess characteristics that are not
very favorable. For instance, flywheel systems utilizing a
Halbach internal-dipole concept have brittle permanent
magnets which can fracture upon being subjected to high
stresses at large rotational speeds. They also tend to have
dipole fields which leak out of the cylindrical region of the
permanent magnet array which can result in undesirable
eddy currents, hysteresis loss in magnetic materials or both.
Further, like all systems with brushless permanent magnets,
the flywheel systems with the Halbach internal-dipole con-
cept suffer from idling losses in their stator coils. These
characteristics prevent efficient operation in compact fly-
wheel system designs.

It is of increasing interest to develop a method and
apparatus for storing energy in a flywheel system that does
not display the above-described deficiencies. This invention,
therefore, is directed to a superior flywheel system that
unexpectedly stores energy substantially free of, for
example, eddy currents, hysteresis and idling losses.

SUMMARY OF THE INVENTION

It is therefore an object of the invention to provide an
improved motor generator and flywheel system with a
hubless motor-generator.

It is another object of the invention to provide a novel
system capable of producing a constant output voltage.

It is a further object of the invention to provide an
improved motor generator and flywheel system that is
substantially free of eddy currents, hysteresis loss in mag-
netic materials and idling losses.

It is also an object of the invention to provide a novel
motor generator apparatus and method of producing a con-
stant output voltage.
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It is an additional object of the invention to provide an
improved apparatus and method in a flywheel system having
an inverter which receives a constant voltage.

It is yet a further object of the invention to provide a novel
motor generator with controllable stator/rotor gap for pro-
viding controlled output voltages in accordance with a user
demand.

These and other objects, advantages and features of the
invention, together with the organization and manner of
operation thereof, will become apparent from the following
detailed description when taken in conjunction with the
accompanying drawings, wherein like elements have like
numerals throughout the drawings described below.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a single pole of the motor-generator used
in the flywheel system of this invention;

FIG. 2A illustrates one idealized timing diagram for the
current in a motor coil superimposed on inductance of a
motor generator apparatus; FIG. 2B shows an unaligned
position for the stator and rotor ferromagnetic piece and
FIG. 2C shows an aligned position for the stator and the
rotor ferromagnetic piece;

FIG. 3 illustrates one form of a rotor component of a
motor generator apparatus,

FIG. 4 illustrates another motor generator embodiment of
the invention;

FIG. 5 illustrates a further motor generator embodiment
without a split back yoke;

FIG. 6 illustrates a motor generator embodiment with
several rotor rings sharing a single stator coil; and

FIG. 7 illustrates an example use of a motor generator in
a high temperature superconductor flywheel system.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Referring to the figures, and more particularly to FIG. 1,
a single pole of a motor-generator 10 is generally shown.
The motor generator 10 comprises a stator 12 and a rotor 20.
The stator 12 includes a soft ferromagnet 13, a motor coil 14
and a generator coil 16. The rotor 20 has a stiff mechanical
ring 24 in which are embedded soft ferromagnetic pieces 22.
The high permeability ferromagnetic pieces 22 are located at
radius R from centerline 30 and travel with circumferential
velocity v. The rotor 20 rotates at angular velocity w=v/R.
There is one or more of sensors 40 that detects the position
of the ferromagnetic piece 22 and provides information to a
power supply/control system 25 that switches the current to
the motor coil 14. The system 25 can be conventional power
supply and a coupled computer/computer control device.
The sensor 40 can be an optical sensor, an eddy current
sensor, and other such conventional sensors. This type of
motor generator 10 can find utilization in a number of
systems, including flywheel energy storage systems such as
the ones disclosed in U.S. Pat. No. 5,214,981, which is
incorporated by reference herein.

FIG. 2A shows one form of idealized timing for the
current i, in the motor coil 14, superimposed on the induc-
tance L of the motor generator 10. The horizontal axis shows
the rotation angle 6, but could also be represented by time
since B=m t. The actual shapes of the inductance and current
would be smoother than the idealized curves shown. At 6=0,
the ferromagnetic piece 22 on the rotor 20 is far from the
stator poles of the soft ferromagnet 13, and the inductance
is at a minimum in this unaligned position (see FIG. 2B). By
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the time the rotor 20 moves to 0, the soft ferromagnet 13 is
close enough to the poles that the inductance begins to rise.
When the rotor 20 reaches 8, an aligned position (see FIG.
20), the ferromagnetic piece 22 of the rotor 20 is directly in
line with the stator poles of the stator 12 and the inductance
is at a maximum. The general idea for current timing is that
the voltage to the generator coil 16 is switched on at 8, so
that by the time the inductance starts to rise at 0, the current
has reached its maximum value. This then provides an
attractive force between the stator 12 and the ferromagnetic
piece 22 of the rotor 20. At time 6, the voltage is switched
off, so that the current has decayed to zero by the time the
ferromagnetic pieces 22 are aligned with the stator poles of
the stator 12. If the current is on during the part of the
rotation when the inductance is decreasing, then there is a
decelerating force on the rotor 20, and it is desirable to avoid
this. The desired timing signals can be generated in a
conventional manner from the power supply/control system
25 shown in FIG. 1.

To act as a generator, the voltage to the motor winding 14
is left on continuously. As the ferromagnetic pieces 22 of the
rotor 20 pass through the stator 12, the inductance changes;
and the flux passing through the generator coil 16 changes
in an alternating fashion, so that an alternating voltage is
produced at the output of the motor coil 14.

In a motor mode of operation the generator coil 16 is left
open circuited. In an idling mode, both the motor coil 14 and
generator coil 16 are left open circuited. It should be clear
that if there is no current in the motor coil 14, then there is
no flux in the circuit; and the rotor 20 will experience no
force when the motor coil 14 is deenergized. Thus, there
should be no idling losses.

FIG. 3 shows a possible embodiment of the rotor 20 of the
motor generator 10. The rotor 20 has the ferromagnetic piece
22, a nonferromagnetic piece 32 on either side of the
ferromagnetic piece 22 at the same radius, an inner mechani-
cal band 26, an outer mechanical band 28, and an optional
connection to flywheel inertial section 34. To reduce losses,
all of the pieces should be electrically nonconducting,
although it can be desirable in some modes of operation to
make the ferromagnetic piece 22 somewhat conducting. For
example, the ferromagnetic piece 22 can be composed of
steel laminations. Alternatively, the ferromagnetic piece 22
can be composed of nonconducting ferrite. The bands 26, 28
and 32 can be of fiber composites, e.g., carbon fiber in an
epoxy matrix. Other fibers such as E-glass, S-glass and
Kevlar are also quite acceptable. The band 26 is optional, but
if present, it should be as thin as possible to serve mainly as
a retaining ring. The band 28 carries all of the centrifugal
load and the band 32 serves mainly as a circumferential
spacer. The torque can be further increased in the motor
mode of operation by operating the generator coil 16 with
the same timing and polarity as the motor coil 14.

One aspect of the invention is to supply a constant output
voltage in the generate mode of the motor generator 10. One
way to achieve this is to increase the current to the motor coil
14 as the flywheel slows down. This requires a variable
voltage dc bus for the input to the motor coil 14. This can,
for example, be done with a voltage drop in the power
electronics, which results in inefficiency. This can be accom-
plished by allowing the voltage to vary at the output of the
generator coil 16. This can also be done more preferably by
placing a variable transformer (not shown) between the
power source and the input to the dc bus that powers the
motor coil 14. The use of the transformer is more efficient
than taking the loss in the power electronics but not as
efficient as the embodiments described below.
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Another embodiment of the invention is shown in FIG. 4.
In this embodiment the stator 12, shown without coils,
includes an upper stator piece 52 and a lower stator piece 54.
The upper stator piece 52 is stationary, while the lower stator
piece 54 is connected to an actuator 56 that is capable of
motion in the vertical direction. The actuator 56 can, for
example, be operated as a piezoelectric, hydraulic or elec-
tromagnetic component. The air gaps in the magnetic system
can be characterized by the following enumerated gaps: G1
between the upper stator piece 52 and the top of the
ferromagnetic piece 22 in the rotor 20, G2 between the lower
stator piece 54 and the bottom of the ferromagnetic piece 22,
G3 between the return yoke part of stator pieces 52 and 54,
and G4, the gap produced when the ferromagnetic piece 22
is in the unaligned position.

When the rotor 20 is in the unaligned position, the total
gap consists of G1+G2+G3+G4. When the rotor 20 is in the
aligned position, the gap consists of G1+G2+G3. In the
motor mode of operation, the motor generator 10 can be
operated so that G3=0 for maximum torque, but it could be
operated at any convenient setting. In the generate mode of
operation, at the minimum operating speed, the motor gen-
erator 10 is operated so that G3=0. Then the maximum
inductance is determined by Glo+G20; and the minimum is
determined by Glo+G20+G4. At maximum operating
speed, G3 is increased to maintain a constant voltage. For
example, if the ratio of maximum to minimum speed is 2/1,
then G3 is set so that G1+G2+G3=2(Glo+G20). Since
G1+G2 will increase by G3, we find that G3=(G1o+G20)/2.
In practice this is likely to be a gap of the order of a
millimeter. In this example, we have assumed that G4 is
large so that the minimum inductance is relatively insensi-
tive to G3. In most practical applications, one will likely
need to account for this small difference.

In FIG. § is shown another embodiment to produce
constant voltage and does not involve splitting the back
yoke. In this arrangement there is a movable pole piece 58
embedded in the motor generator 10 and connected to the
actuator 56. Other variations of this concept to change the
inductance in a similar manner should be apparent to those
of skill in the art.

A typical form of the motor generator 10 is likely to have
the pieces of the stator 12 distributed circumferentially
around the motor generator 10. A number of the ferromag-
netic pieces 22 on the rotor 20 will be similarly distributed,
although the number of the ferromagnetic pieces 22 need not
equal the number of stator pieces. The stator 14 can operate
from a single phase, or there can be several phases. If there
are two or more phases, the motor generator 10 will be self
starting.

One can also axially stack the rotors 20 to obtain larger
torque in a single machine. Each rotor ring can have its own
set of the stators 12, or several rings can share a single one
of the stators 12 as shown in FIG. 6. Here, the stators 12
include a C-shaped ferromagnetic yoke 60 which is attached
to a passive ferromagnetic pole 64 by means of a nonmag-
netic mechanical member 62.

For efficiency in the motor mode of operation of the motor
generator 10, it is desirable to recover the magnetic field
energy of the motor coil 14. This can be done by using that
energy to help energize the motor coil 14 in a following
phase, if the machine is polyphase.

For flywheel energy storage, an axial-flux type of machine
has an advantage over a radial-flux type of machine in that
when the motor or generator is operating, it tends to stabilize
the flywheel in the radial direction. This is important in
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flywheels with high temperature superconductor bearings,
because they tend to suffer several millimeters of radial
amplitude when traversing bearing resonances, but have
much smaller vertical amplitudes. The radial-flux machines
are radially destabilizing.

The axial-gap variable reluctance of the motor generator
10 described here has a number of advantages: the hubless
(inside-out) design of the motor generator 10 is more
amenable to high-speed operation than reluctance motor
designs that have the stator 12 on the outside of the rotor 20,
because it allows for a banding ring of substantial thickness.
Also if steel is used for the ferromagnet on the rotor 20, it
is inherently stronger than a permanent magnet type of
machine. Compared to permanent-magnet brushless
designs, such as for a Halbach array, the reluctance form of
the motor generator 10 should have much lower manufac-
turing cost. The motor generator 10, while operating, is
inherently stable in the radial direction. Varying the stator
gap provides the opportunity for a constant voltage output
from the generator coils 16 which should improve the
efficiency in generator mode over a wide range of operation
speeds, while at the same time using less complicated power
electronics. The variable gap also allows controlled varia-
tion of voltage for some applications.

Because the motor coils 14 can also be deenergized, there
should be no idling losses due to the motor generator 10.
Because the flux from the motor generator 10 is mostly
contained in a closed magnetic circuit, it should also be
possible to locate the motor generator 10 in close proximity
to the high temperature superconductor bearings 72 (see
FIG. 7).

In FIG. 7 is illustrated an example of use in a flywheel
system of the motor generator 10 of the invention. The
power supply/control system 25 provides electrical power
and control signals to the motor generator 10. The motor
generator 10 is coupled to a permanent magnet 70 which
interacts with a high temperature superconductor bearing 72
to levitate flywheel 74. As mentioned hereinbefore, these
types of superconductor based flywheel systems are well
known, as described in incorporated U.S. Pat. No. 5,214,
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981, and when combined with the motor generator 10, the
result is an advantageous system.

While preferred embodiments have been shown and
described, it should be understood that changes and modi-
fications can be made therein without departing from the
invention in its broader aspects. Various features of the
invention are defined in the following claims.

What is claimed is:

1. A motor generator for supplying a substantially con-
stant output voltage, comprising:

a stator comprised of an upper stator piece and a lower
stator piece, a motor coil and a generator coil;

a rotor having an embedded soft ferromagnetic piece
disposed between said upper stator piece and said lower
stator piece; and

an actuator coupled to said lower stator piece and able to
move vertically to enable control of a gap between said
lower stator piece and said soft ferromagnetic piece,
thereby establishing voltage control through adjusting
spacing of the gap.

2. The motor generator as defined in claim 1 wherein said
upper and lower stator pieces include a return yoke part and
a gap G3 is present between said return yoke part of said
upper and lower stator pieces, the gap G3=0 in a motor mode
of operation for optimizing torque of said motor generator
and in a generator mode of operation said motor generator
is operated at minimum operating speed.

3. A motor generator for supplying a substantially con-
stant output voltage, comprising:

a stator comprised of an upper stator piece and a lower

stator piece, a motor coil and a generator coil;

a rotor having an embedded soft ferromagnetic piece
disposed between said upper stator piece and said lower
stator piece; and

a movable pole piece coupled to the actuator, thereby
enabling controlled inductance charges to control out-
put voltage.



