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[57] ABSTRACT

A rotating electric machine with a permanent magnet
rotor, provided with a stator composed of a winding
and a ferrite structure to provide low power losses and
improved efficiency particularly at high rotor revolu-
tion rates, is constructed so as to optimize the perfor-
mance of the permanent magnets on the rotor. In the
preferred embodiment of the invention, the ferrite being
selected for its low hysteresis and eddy current power
losses, generically referred to as core loss and its low
loss factor which are frequency dependent, replaces
laminated electrical iron. Additionally the permanent
magnets selected to exhibit high intrinsic magnetic in-
tensity and low remanent magnetic flux density, are
arranged in conjunction with the ferrite to maximize the
magnet’s energy product as well as the magnetic circuit
gap length, which in combination provides a radical
improvement in machine energy density.

4 Claims, 6 Drawing Figures
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WIDE AIR GAP PERMANENT MAGNET MOTORS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of application Ser.
No. 160,315, filed June 17, 1980, which is a continua-
tion-in-part of application Ser. No. 055,266, filed July 6,
1979, both now abandoned.

BACKGROUND OF THE INVENTION

The invention relates to rotating electric machinery;
it relates, more particularly to electric motors and gen-
erators in which maximum mechanical power per unit
volume is increased over conventional designs for com-
parable efficiencies at low revolution rates. Further; at
elevated revolution rates, core losses in the stator as a
result of alternating currents in the stator winding and
alternating magnetic fields in the stator due to the rotat-
ing magnetic rotor are reduced by means of a ferrite
core upon which the stator winding is fixed.

In the text hereof, the following terms will be used
from time to time and their respective meanings are set
forth below for convenient reference:

(1) Magnetic Flux—A characteristic of an energy
field produced by a magnetomotive force. When this
state is altered in magnitude, a voltage is induced in an
electric conductor linked with it. The flux is thought to
be a line or lines (imaginary).

(2) Magnetic Flux Density (B)—The magnitude of
flux perpendicularly passing through a unit area.

(3) Saturation Magnetic Flux Density (Bs)—The max-
imum magnetic flux density that can be induced in a
material. It is the measured magnetic flux density minus
that of vacuum space.

(9 Remanent Magnetic Flux Density (B,)—The
Magnetic flux density of a material remaining after it
has been saturatsd and the magnetic field intensity has
been subsequently reduced to zero.

(5) Magnetic Iield Intensity (H)—A characteristic of
an energy field related to the magnetomotive force by a
line integral. It is commonly referred to as a coercive
force and is generated by current loops or a permanent
magnet.

(6) Intrinsic Magnetic Field Intensity (H;)—is the
‘magnetic field intensity required to reduce the magnetic
flux density in a material to zero after it has been satu-
rated.

(7) Magnetomotive Force (F)—The spacial distribu-
tion of the time derivative of charge whereby the mag-
netic field is manifested. :

(8) Energy Product (BH)—A convenient unit in engi-
neering whereby permanent magnets are compared; the
product of the magnetic flux density and the magnetic
field intensity at a point on the demagnetization curve
of a material; units of energy per volume.

(9) Maximum Energy Product (BHmax)—The prod-
uct of B and H which is larger than any other point on
the demagnetization curve.

(10) Energy Density (E/V)—The energy per unit
volume in cgs units found by dividing the energy prod-
uct by 8.

(11) Balanced Circuit—A magnetic circuit dimen-
sioned so that the magnetomotive forces are effica-
ciously distributed.
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(12) Operating Point—That point on the magnet de-
magnetization curve for which the magnetic circuit is
statically balanced.

(13) Cogging—A characteristic of electrical ma-
chines employing toothed components such that torque
is required to rotate the rotor a displacement of one
tooth to the next-used to advantage in stepper motors.

Traditional designs employing permanent (magneti-
cally “hard”) ferrite magnets, typically barium or stron-
tium ferrite, or rare-earth magnets, typically samarium
cobalt, operate the magnet near the remanent magnetic
flux density while maintaining a small gap although
large enough to permit economical fabrication. The
magnet flux is made to flow through a slotted iron lami-
nated stator with the winding coils inserted into the
slots. The primary difficulty with this approach appears
when the width of the teeth are reduced, thus, enlarging
the slots which when taken to an optimum magnetic
circuit, meaning maximization of the magnet energy
product, results in mechanically unsound structures.
Generally, designs employing permanent ferrite or rare-
earth magnets are patterned after designs employing
Alnico magnets, where, in fact, the rule of thumb is to
minimize the air gap length. It is a common belief that
maximizing the circuit magnetic flux, which in effect is
to operate near the remanent magnetic flux density,
generically speaking, produces “the most powerful
configuration.” This approach ignores the fact that the
magnets are operating far from the maximum energy
product, and in fact, comparing maximum energy prod-
ucts between Alnico and rare-earth, suggests that a
rare-earth magnet motor should be at least three times
as “powerful.” '

The designers of rotating electric machinery have
been traditionally aware of the substantial role core loss
plays in the operation of electric motors and generators,
such core loss resulting as heat in the stator, since the
permissible temperature rise of the materials utilized to
insulate the conductors in these components and the
degradation of magnetic properties of magnetic materi-
als with temperature rise sets a practical limit to the
reduction in size and improvement in efficiency of their
products. Furthermore, the core loss being sensitive to
the frequency of the alternating current in the stator
core and the frequency of the alternating magnetic
fields in the stator due to the rotating magnetic rotor
and enhanced as the frequency is increased sets addi-
tional limits on maximum operating frequency of the
winding as well as the revolution rate of the rotor.

Not withstanding the difficulties of heat generated
within the stator core, the permeability of the prior art
laminated electrical iron stator core decreases as the
frequency of the alternating current in the stator wind-
ing increases and the frequency of the alternating mag-
netic fields due to the rotating magnetic rotor increases.
This results in nonlinear motor characteristics becom-
ing exaggerated as the frequencies increase appearing as
a loss of torque at high revolution rates.

Prior art is typified by design “rules of thumb” which
constitute design practices based on popular belief. It is
further asserted that these practices are applied to elec-
trical rotating machines irrespective of type. In particu-
lar, they are (1) maintenance of a gap as short as possi-
ble. (2) the incompatibility of soft magnetic ferrite and
permanent magnets, and (3) operation of the magnets
close to the remanent point to achieve the greatest
“power.”
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Minimizing the air gap is utilized to maintain the
magnetic fields predominantly in the rotor and stator,
that portion in the gap being unusable. The reluctance
of the gap generally being quite large demands a signifi-
cant portion of the magnet volume to sustain, as well as
in induction motors which also require a significant
portion of the total ampere turns to sustain. Obviously,
there is a spacial utility of the magnetic field based on
the intent of the structure as is illustrated by the U.S.
Pat. No. 2,885,645, it being an induction type machine
employing a magnetically “soft” ferrite (i.e. non-perma-
nent magnet) in both the stator and rotor. In any case,
the stator structure in which the winding is embedded
or inserted into slots therein, supports the magnetic field
and couples that field to the winding, requiring signifi-
cantly less magnetomotive force to maintain than air. It
is a hitherto unsuspected discovery of the invention that
a substantial magnetic field in a widened air gap, despite
the relatively large magnetomotive force to maintain it,
can be achieved provided a judicious selection of per-
manent magnets and efficacious utilization of that field
by placing the stator winding into the gap is made.

The principal reliance of the prior art has been on the
use of any permanent magnet material in conjunction
with an iron laminated stator core. The magnetic flux
density saturation of iron is greater than any known
remanent magnetic flux density found in permanent
magnet material, Alnicos having the highest known
remanent field. The intent of the classical toothed iron
core stator is to adjust the effective axially concentric
cylindrical tooth cross-sectional areas such that a maxi-
mum magnetic flux is achieved providing for the total
tooth cross-sectional area to be some fraction of the
total axially concentric cylindrical area. This mecha-
nism applied radially provides for the slots in which the
winding is inserted. Consequently, this construction
requires that the stator material saturation flux density
be greater than the flux density operation point of the
permanent magnet. Since the magnetic flux density
saturation of magnetically soft ferrite materials is some-
times equal to but generally less than the remanent
magnetic flux density of permanent magnets or gener-
ally favored operating points, the toothed stator core
employing a magnetically soft ferrite is prohibited; and,
for this reason, the two classes of materials is thought to
be mutually incompatible.

SUMMARY OF INVENTION

The inventive machine design is effectuated by in-
creasing the gap between the permanent magnet rotor
and stator to the extent that the magnetic circuit is
balanced for optimum magnet performance while ap-
plying the largest portion of the developed magnetomo-
tive force across the gap. Utilization of the gap mag-
netic field is accomplished by placing the stator winding
into the gap and dispensing with the conventional
toothed stator construction. The stator core, then,
serves to shape the gap field referred to mathematically
as “imaging” and to provide a low reluctance return
path at a minimum core loss. An added advantage of
this construction is that “cogging” normally associated
with toothed iron laminated cores is completely elimi-
nated. '

Although an iron laminated stator core may be used
in the present invention, a molded magnetically soft
ferrite cylindrical toroid shaped stator core is preferably
used which offers a number of advantages over an iron
laminated core of the same shape. The permeability of
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ferrite, in most cases, is at least an order of magnitude
higher and persists to much higher frequencies than
iron. The magnitude of the permeability offers such a
low reluctance that, even though the same flux passes
through the air gap as the stator core, little magnetomo-
tive force is required to sustain it thus placing most of
the magnetic energy in the gap.

It is a hitherto unsuspected discovery of the invention
that permanent magnetic materials are compatible with
magnetically soft materials such as magnetically soft
ferrites, despite the fact that the saturation magnetic
flux density of the magnetically soft material is no
higher than the remanent magnetic flux density of the
permanent magnet material and preferably equal to a
lower flux density commensurat with the maximum
energy product thereof, if a toothed stator core is not
used. Therefore, the stator core takes on a cylindrical
toroidal shape and the winding is inserted into the air
gap which, to be practical, requires the permanent mag-
net material to exhibit as high an intrinsic magnetic
intensity as possible so that the air gap may be widened.
To effectuate the design, the energy density within the
permanent magnets and the air gap is maximized and the
energy within the stator core in minimized.

Permanent magnet materials suitable for use in the
inventive machine are generally either a barium or
strontium ferrite or a samarium cobalt (rare-earth). Al-
nico, generally alominum-nickel-cobalt alloys, magnets
are generally excluded as they are incompatible with
magnetically soft ferrites for the reasons stated herein.

Although the inventive machine may be accom-
plished employing a toroidally shaped iron laminated
stator core, magnetically soft ferrites exhibit much
higher permeabilities facilitating a lower energy density
for the same magnetic flux, are more economical to
fabricate, and offer much less core loss particularly at
high frequencies. The high frequency low core loss
properties of magnetically soft ferrites have been used
to an advantage in induction type rotating machines (i.e.
having non-permanent magnet rotors) disclosed in U.S.
Pat. No. 2,885,645 and British Pat. No. 760,269. The use
of magnetically soft ferrite in these machines allows the
use of higher efficiencies at high frequencies than would
be achievable with iron or nicket alloys.

The principal reliance of the permanet magnet motor
prior art has been on the provision of improved grades
of electrical iron and means of heat transfer by conduc-
tion from the stator. For alternating current frequencies
in the stator winding about 400 Hertz or rotor revolu-
tion rates greater than 20,000 revolutions per minute,
the various grades of electrical iron do not offer signifi-
cant advantages each grade becoming similar in their
loss of magnetic properties. Generally the heat arising
from core loss is conducted away from the stator
through the motor housing and sunk into its mounting
structure or cooled by means of a water jacket heat
exchanger either method facilitating higher operating
frequencies although the motor efficiency continues to
decrease. : _

The reliance of the prior art on electrical iron and
conductive heat transfer has resulted in manifold prob-
lems which complicate the size and simplicity of any
high revolution rate or high frequency alternating cur-
rent motor setting practical limits to these frequencies
foresaking efficiency entirely. '

Such methods and techniques of the prior art are
obvidted and improved in the permanent magnet elec-
tric motor of the invention, where the magnetically soft
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ferrite stator core embodies an added. feature which
principally is the means of core loss reduction and pres-
ervation of magnetic properties. Since the electromag-
netic properties of the ferrite offer improvement over
the electrical iron, not only is core loss greatly reduced
eliminating elaborate cooling systems, -the practical
limits of the alternating current frequency and the rotor
revolution rate are greatly extended- without a Ioss of
overall efficiency or torque.

It is well known that operating- an Alnico magnet
near the magnetic flux density point corresponding to
the maximum energy product offers the highest energy
density machine. Most literature acknowledges this;
however, the design point is picked closer to the mag-
netic flux density remanent point to avoid problems
with demagnetization. When the barium or strontium
ferrite or rare-earth: magnets are used in-conjunction
with the laniinated. iron toothed stator core, it appears
that the higher the total flux the more powerful or
higher energy density machine will be accomplished in
practice. The-apparent contradiction manifests itself in
the basic incompatibility between these later magnets
and the traditional stator. It is a hitherto unsuspected
discovery of the invention that the “powerfulness” o
energy density of electrical machines employing barium
or strontium ferrite or rare-earth magnets can be im-
proved by operating the magnets near to the magnetic
flux density corresponding to the maximum energy
product and, further, providing the aforementioned
configuration of the invention. Demagnetization of the
magnets does not occur to the same extent as with Al-
nicos providing another advantage.

The above objects and advantages of the invention
‘are attained in a rotating electrical machine of unique
"construction—including brushless or brush permanent
magnet motors and generators; designed for direct cur-
rent or alternating current, for continuous or intermit-
tent duty. The unique construction and combination of
materials obtains-optimum performance for the barium
or strontium ferrite magnets, samarium cobalt (rare-
earth) magnets, or materiial of like characteristics as
well as optimum utilization of the developed magnetic
fields. The use of magnetically soft ferrite in the stator
permits proper balarice of the magnetic circuit field; for
a minimum of magnetomotive force and further extends
the operating frequency or rotation rate at a minimum
core loss. The inventive machine when fabricated with
rare-earth magnets exhibits the highest energy density
‘of any known electrical rotating machine.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an exploded perspective view of a rotating
electrical brushless machine of the prior art;
FIG. 2-is an end view of the machine of FIG. 1;
FIG. 3 is an exploded perspective view of a rotating
brushless electrical machine of the invention;
" "'FIG. 4 is an end view of the machine of FIG. 3;
" FIG. §'is a perspective ‘view of an alternate rotor of
the invention of four pole construction;
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cal samarium cobalt permanent magnet; and, a virgin
magnetization- curve for-a typlcal magnetically - soft
fernte

. DESCRIPTION OF THE PREFERRED
. EMBODIMENT

FIG. 1 illustrates a conventional rotating brushless
electric machine in which a cylindrically symmetric
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rotor 14 with permanent magnets 30 is journalled in
bearings supporting shaft 40 and rotates inside a concen-
tric wound field stator 12. The alternating current in the
winding 20 of the stator 12 is synchronized with the
position of the rotor 14 by a mechanism, not shown for
the sake of clarity of illustration, to cause motion of that
rotor. The electric machine in FIG. 1 is constructed
according to principles well known in the prior art.

The rotor 14 is manufactured by bonding the perma-
nent magnets 30 to an iron shaft 40 such that the shaft
provides'a low reluctance path for the magnetic field
generated by the magnets whose polarity is indicated.
The magnets 30 are typically samarium cobalt although
barium or strontium ferrite magnets are occasxonally
used.

The stator 12 is manufacturéd by stamping toothed
laminations from sheets of electrical steel or a variety of
iron alloys which are stacked employing a variety of
well known techniques to form a stator core 10. The
winding 20 is then inserted into the slots, after which it
is common to pot the entire structure with epoxy or
vacuum impregnate it with a varnish.

The cross-section view in FIG. 2 of the electric ma-
chine of the prior art in FIG. 1 illustrates the employ-
ment of a narrow air gap 50. It is instructive to note the
operating point of the magnets denoted by X1 in FIG. 6.
The low energy density of the magnets at this point of
operation, the inefficient use of the stator to support the
developed field, and the narrow air gap are characteris-
tic of this configuranon and result in a low energy den-
sity machine.

The exploded perspectlve view of FIG. 3 shows the
electric machine of the invention with the rotor 140 and
the stator 120. The construction of the rotor 140 is
identical to the rotor of the prior art 14 except the oper-
ating point of the magnet differs substantially. The sta-
tor 120 differs in every respect with the stator 12 of the
prior art in that the ferrite core 100 and the surface
winding 200 in the cross-section view of FIG. 4 of the
stator 120 replaces the electrical iron core 10 and the
field winding 20 in the cross-section view of FIG. 2 of
the stator 12 respectively.

FIG. 5 illustrates an alternative rotor 145 on which
the magnets 35 are not segmented but magnetized into
an isotropic barium ferrite magnet. The polarities of the
illustration indicate a four pole rotor although any mul-
tiple of two is feasible. The construction of the rotor is
typical of the prior art; however, the operating point of
the magnets 35 share a common property with the sa-
marium cobalt magnets 30 as applied and operated in
the inventive machine. This common property. is the
slope of the effective magnetization curve; the only
substantial difference between the two types of material
magnetically being the magnitude of the maximum en-
ergy product.

FIG. 6 illustrates the variance in operating points of a
samarium cobalt magnet as operated in the prior art and
inventive machine being X1 and X2 respectively. The
principle reliance of the prior art has been the applica-
tion of the magnets 30 to the stator 12 for which the
operating point X1 is favored as necessitated by the use
of an electrical -iron toothed laminated stator core 10
further requiring a narrow air gap 50 as shown in FIG.
2. For these reasons, the magnet operating point X2 of
the inventive machine for which the energy product is
maximized is not considered and cannot be effectuated
with out a corresponding improvement in the stator.
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The stator core 100 of the stator 120 of the inventive
machine, of which FIG. 4 is a cross section, depicts a
substantially cylindrical toroid shape and the widened
air gap 500 which is virtually filled with a winding 200.
The largest portion of the magnetic fluid is manifested
in this widened gap this gap widening being contrary to
effective use of space and material as employed by prior
art. For these reasons, a widened air gap is not consid-
ered in the design of rotating electric machinery. It is a
principal, and hitherto unsuspected, discovery of the
invention that by widening the air gap the magnet oper-
ating point moves from X1 to X2 achieving magnet
maximum energy product and utilization of this field
may be effectuated by placing the winding 200 into the
gap 500.

The application of laminated electrical iron core sta-
tors is employed in the prior art, as indicated in the cross
section view in FIG. 2. The illustration of Flg. 2 shows
a stator 12 employing a stamped lamination electrical
iron core 10 upon which a winding 20 is fixed. If a
magnetically soft ferrite had been chosen for the core
material as suggested by the U.S. Pat. No. 2,885,645 and
the British Pat. No. 760,269 (both having non-perma-
nent magnet rotors), the saturation magnetic flux den-
sity (Bs) of the magnetically soft ferrite as shown in
FIG. 6 would have been fundamentally inconsistent
with the preferred operating point X1 of the permanent
magnets 30. As can be seen in FIG. 6, the magnetically
soft ferrite reaches its saturation magnetic flux density
long before the permanent magnet reaches its remanent
magnetic flux density point.

For these reasons magnetically soft ferrite as a stator
core material is not considered in the design of perma-
nent magnet rotating electric machinery, and reliance is
placed entirely on the laminated electrical iron core
stator discussed above. It is a principal, and hitherto
unsuspected, discovery of the invention that magneti-
cally soft ferrite is compatible with certain permanent
magnets given the design considerations discussed
above. In the principles of the invention, the operating
point X2 of the magnets 30, typified by the correspond-
ing magnetization curve in FIG. 6, corresponds to the
maximum energy product and the magnetic flux density
at point X2 is equal to or less than the saturation mag-
netic flux density (B;) of the magnetically soft ferrite as
typified by the corresponding magnetization  curve in
FIG. 6.

In addition to the economic advantage of using a
magnetically soft ferrite core 100, there is the advantage
of low core loss particularly at high frequency or revo-
lution rates. The frequency of the alternating current in
the field winding 20 of the stator 12 being synchronized
with the position of the rotor 14 increases with the
revolution rate of the rotor 14. As the revolution rate is
increased, three inter-related effects become increas-
ingly apparent and dominate the performance of the
motor until further increase of the revolution rate be-
comes prohibitive. These three effects correspond to
the real and imaginary components of the complex
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magnetic permeability, the temperature sensitivity of 60

the complex magnetic permeability and. the electrical
resistivity of the electrical iron core 10. .
The imaginary component of the magnetic permea-
bility and the electrical resistivity of the electrical iron
generically referred to as core loss give rise to heat
which can be removed by conduction. However, as the

rotor revolution rate increases these losses increase .

resulting in a continual degradation of motor efficiency.
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As the temperature rises in the stator 10, the real
component of the magnetic permeability decreases re-
sulting in lower magnetic flux density which tends to
increase the revolution rate of the motor; however, the
available torque decreases reducing the motor’s ability
to supply mechanical power to a load. To maintain a
load more current must be supplied to the winding 20
which further aggravates the thermal problem. Pro-
vided that low motor efficiency can be tolerated and the
generated heat effectively removed, the frequency de-
pendence of the real component of the magnetic perme-
ability results in a decrease of magnetic flux density
independent of temperature and loss of mechanical
power available to a load necessitating the delivery of
more current to the winding 20 which again is self-feat-
ing. ,

The variation of maximum magnetic permeability of
electrical irons with frequency of the alternating mag-
netic fields often decreases in excess of an order of
magnitude from 60 to 1000 hertz. Such properties of
electrical irons provide limited effective usefulness in
high frequency or high revolution rate electric ma-
chines resulting in very low efficiencies, non-linear
speed-torque characteristics, low torque, and excessive
thermal problems.

The preferred embodiment of the invention, as illus-
trated in FIG. 3 and the cross section of FIG. 4 employs
a ferrite core 100. Such ferrite cores may be produced,
in the preferred embodiment of the invention, by grind-
ing or machining of a sintered block or form sintering of
a core. In particular, the application of any ferrite fea-
turing a spinel crystal structure, and in most cases, con-
form to the formula XFe;04, where X may be manga-
nese, zinc, cobalt, nickel, or other metallic ion or any
mixture thereof. Judicious selection of ferrite based on
the complex magnetic permeability and saturation flux
density will facilitate individual design requirements,
the core loss for ferrite being typically three to four
orders of magnitude less than the best electrical iron.
Additionally, typical values of the cut-off frequency of
the initial magnetic permeability of ferrite are greater
than the best electrical steel.

It is a hitherto unsuspected discovery of the invention
that the proper combination and application of the prin-
ciples of the invention result in improved energy den-
sity, improved efficiency, and radically extend the fre-
quency or revolution rates of permanent magnet elec-
tric machines. Typical variations of the brushless elec-
tric machine preferred embodiment include permanent
magnet D.C. motors, tachometers, alternators, genera-
tors, and stepper motors.

In any of these machines, the role of the rotor and
stator can be reversed. The permanent magnets can be
placed either on the internal or external member, and
likewise with the field winding. It is, also, common
practice to allow either the rotor or stator to act as the
rotating element. The principles fo the invention apply
quite generally such that the description of the pre-
ferred embodiment is only one variation.

The terms and expressions which have been em-
ployed in the foregoing abstract and specification are
used therein as terms of description and not of limita-
tion, and there is no intention, in the use of such terms
and expressions, of excluding equivalents of the features
shown and described or portions thereof, it being recog-
nized that the scope of the invention is defined and
limited only by the claims which follow.

What is claimed is:
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1. In an electrical machine comprising a permanent
magnet having a predetermined remanent flux density, a
core separated from said permanent magnet by a gap,
said magnet, said core and said gap forming a magnetic
circuit in which said magnet is at a magnetic flux den-
sity and a magnetic field intensity determined by the
size of said gap, the product of said flux density and said
field intensity corresponding to an energy product, said
magnet having a predetermined maximum energy prod-
uct which occurs at a flux density lower than said rema-
nent flux density, an electrically-conductive winding
interposed within said gap between said permanent
magnet and said core, and means for permitting relative
motion between said permanent magnet and said wind-
ing, the improvement which comprises: '

(a) means for substantially maximizing the energy

- product of said magnet by making the size of said
gap sufficiently large to limit the flux density of
said magnet to a flux density substantially nearer to
that corresponding to said predetermined maxi-
mum energy product than to said remanent flux
density;

(b) said magnet having an effective magnetization

curve of a slope corresponding substantially to the
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slope of the effective magnetization curve of any
one of barium ferrite, strontium ferrite and rare
earth permanent magnets; and

(c) said gap being virtually filled with said winding.

2. The electrical machine of claim 1 wherein said
means for substantially maximizing the energy product
of said magnet includes means for making the size of
said gap sufficiently large to limit the flux density of said
magnet to a flux density in the vicinity of that corre-
sponding to said predetermined maximum energy prod-
uct.

3. The electrical machine of claim 1 wherein said
magnet is selected from the group consisting essentially
of barium ferrite, strontium ferrite, rare earth and mix-
tures thereof.

4. The electrical machine of claim 1 wherein said core
is composed of a magnetically soft ferrite having a pre-
determined saturation flux density less than said rema-
nent flux density of said permanent magnet, further
including means for making the size of said gap suffi-
ciently large to limit the magnetic flux density of said
permanent magnet to a flux density less than said satura-

tion flux density of said magnetically soft ferrite.
®x %x ¥ * %
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