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APPARATUS AND SYSTEM FOR EFFICIENTLY CONTROLLING A HUB
MOTOR
BACKGROUND OF THE INVENTION
FIELD OF THE INVENTION

This invention relates to electric motors and more particularly relates to a direct current
(“DC”) hub motor.

DESCRIPTION OF THE RELATED ART

Electric vehicles offer hope for reduction of dependence on fossil fuels. However, electric
vehicles have thus far been unpopular because of the limited range and the time required to recharge
batteries. One of the major obstacles to increasing electrical vehicle performance is the efficiency of
electric motors used to drive electric vehicles. While an electric motor may be smaller than a gas or
diesel engine, large batteries are required that at least in part replace the weight of an engine.

A hub motor is a type of motor where the exterior of the motor rotates while the inner portion
is fixed. A hub motor is advantageous because it can be attached to a wheel and can drive the wheel
without an axel, drive shaft, transmission, or other components of a typical drive train. Elimination
of a drive train greatly reduces the weight of a vehicle. While hub motors offers promise, typical hub
motors suffer the same inefficiencies as typical electric motors. The inefficiencies are multiplied
because two or more hub motors are required to power an electric vehicle. Typical hub motors are
also heavy because they are made of metal. Typical hub motors also get hot due to eddy current
losses and other inefficiencies.

What is needed is a new hub motor with increased efficiency that will overcome the problems
associated with typical hub motors.

SUMMARY OF THE INVENTION

From the foregoing discussion, it should be apparent that a need exists for an apparatus,
system, and method for an efficient hub motor. Beneficially, such an apparatus, system, and method
would be lightweight and have minimal eddy current losses and other inefficiencies.

The present invention has been developed in response to the present state of the art, and in
particular, in response to the problems and needs in the art that have not yet been fully solved by
currently available motors. Accordingly, the present invention has been developed to provide a hub
motor apparatus, system, and method that overcome many or all of the above-discussed
shortcomings in the art.

The hub motor apparatus and system are provided with a plurality of elements. These

clements, in the described embodiments include a direct current source, one or more stators, two or
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more coils, two or more rotors, two or more permanent magnets, a sequence control, two or more
shorting bars, a thin conductive shield, and an energy recovery circuit.

The one or more stators, in one embodiment, are fixedly attached to a shaft. In a further
embodiment, each stator is made of non-magnetic, non-conductive material. In another embodiment,
the two or more coils are embedded in each stator.

In one embodiment, the two or more coils are embedded in a stator in a circular pattern. A
row of coils, in another embodiment, are each positioned a same radius from the center of a stator,
and each coil in the row is of a uniform size. Each coil, in one embodiment, has a non-conductive,
non-magnetic core with a conductor wound around the core.

In a further embodiment, each coil is wound so that a conductor enters the coil at the exterior
ofthe coil and exits at the exterior of the coil without the conductor passing the windings of the coil
perpendicular to the windings. Each coil, in another embodiment, is constructed of two halves, and
each half is wound so that the conductor starts at an interior of the coil and is wound with increasing
radius so that the end of the conductor exits at the perimeter of the coil. Each half of the coil, in one
embodiment, is joined so that the start of each conductor that is located at the interior of the winding
are electrically connected together.

In one embodiment, the two or more rotors are rotatably coupled to the shaft so that the shaft
defines an axis of rotation of the two or more rotors. Each stator, in another embodiment, is
sandwiched between two rotors. The two or more rotors, in a further embodiment, comprise a non-
magnetic material. In one embodiment, the two or more permanent magnets are embedded in each
rotor. Two rotors, in a further embodiment, are spaced so that a length of each of the two or more
permanent magnets measured parallel to the axis of rotation is at least as long as a distance between
the two rotors.

The two or more permanent magnets, in one embodiment, each have a similar cross-sectional
shape as a core. An end of each of the permanent magnets, in another embodiment, is positioned
toward a stator. Ina further embodiment, the permanent magnets are positioned in a circular pattern
with a radius similar to the radius of the coils. In one embodiment, the permanent magnets are
positioned so that when a coil aligns with a permanent magnet a next coil aligns between two
magnets.

The cross-sectional shape of the two or more permanent magnets and the two or more coils,
in one embodiment, is a pie shape. In one embodiment, the pie shape is oriented so that a narrow
end of the pie shape is toward the axis of rotation. A line comprising a side of the pie shape, in a

further embodiment, substantially intersects the axis of rotation. In another embodiment, the cross-
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sectional shape is substantially circular and the two or more permanent magnets are substantially
cylindrical.

In one embodiment, the permanent magnets are positioned so that a distance between two
adjacent permanent magnets in a rotor is about equal to a width of the cross-sectional shape of the
two or more permanent magnets measured at a widest portion of the cross-sectional shape. A length
of the two or more permanent magnets measured parallel to the axis of rotation, in one embodiment,
is at least as long as a distance between two rotors. In a further embodiment, a length of the two or
more permanent magnets measured parallel to the axis of rotation is longer than a distance between
two permanent magnets in the two or more rotors.

The sequence control, in one embodiment, connects each coil so that current flows in a coil in
one direction and the sequence control disconnects the coil and reconnects the coil with current
flowing in the opposite direction in response to a set of permanent magnets aligning with a
predefined position relative to the coil. In a further embodiment, the sequence control adjusts the
predefined position relative to the coil in response to a speed of the two or more rotors. The
sequence control, in another embodiment, turns on and shuts off individual coils in response to
external demands on the hub motor.

In one embodiment, the two or more shorting bars are made of a conductive material. Each
shorting bar, in a further embodiment, connects exterior edges that do not face a stator of two or
more permanent magnets. In one embodiment, the thin conductive shield surrounds the core and the
conductor is wound around the shield.

The energy recovery circuit, in one embodiment, is in electrical communication with the two
or more coils. In a further embodiment, the energy recovery circuit recovers energy from a
collapsing magnetic field in response to the sequence controller disconnecting a coil. The energy
recovery circuit, in another embodiment, has two or more capacitors that each corresponds to a group
of coils that are connected and disconnected simultaneously by the sequence control, each. In one
embodiment, each capacitor stores the energy recovered from the corresponding group of coils.

Reference throughout this specification to features, advantages, or similar language does not
imply that all of the features and advantages that may be realized with the present invention should
be or are in any single embodiment of the invention. Rather, language referring to the features and
advantages is understood to mean that a specific feature, advantage, or characteristic described in
connection with an embodiment is included in at least one embodiment of the present invention.
Thus, discussion of the features and advantages, and similar language, throughout this specification

may, but do not necessarily, refer to the same embodiment.
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Furthermore, the described features, advantages, and characteristics of the invention may be
combined in any suitable manner in one or more embodiments. One skilled in the relevant art will
recognize that the invention may be practiced without one or more of the specific features or
advantages of a particular embodiment. In other instances, additional features and advantages may
be recognized in certain embodiments that may not be present in all embodiments of the invention.

These features and advantages of the present invention will become more fully apparent from
the following description and appended claims, or may be learned by the practice of the invention as
set forth hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

In order that the advantages of the invention will be readily understood, a more particular
description of the invention briefly described above will be rendered by reference to specific
embodiments that are illustrated in the appended drawings. Understanding that these drawings
depict only typical embodiments of the invention and are not therefore to be considered to be
limiting of its scope, the invention will be described and explained with additional specificity and
detail through the use of the accompanying drawings, in which:

Figure 1 is a side view of one side of a rotor and a stator illustrating one embodiment of a hub
motor in accordance with the present invention;

Figure 2 is an end view illustrating the hub motor of Figure 1 in accordance with the present
invention;

Figure 3 is a depiction of one embodiment of a coil for the hub motor in accordance with the
present invention;

Figure 4 is a depiction of one embodiment of an energy recovery circuit in accordance with
the present invention; and

Figure § is a side view of one side of'a rotor and a stator illustrating another embodiment of a

hub motor in accordance with the present invention.

DETAILED DESCRIPTION OF THE INVENTION

29 ¢,

Reference throughout this specification to “one embodiment,” “an embodiment,” or similar
language means that a particular feature, structure, or characteristic described in connection with the
embodiment is included in at least one embodiment of the present invention. Thus, appearances of

the phrases “in one embodiment,” “in an embodiment,” and similar language throughout this

specification may, but do not necessarily, all refer to the same embodiment.
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Furthermore, the described features, structures, or characteristics of the invention may be
combined in any suitable manner in one or more embodiments. In the following description,
numerous specific details are provided, such as examples of programming, software modules, user
selections, network transactions, database queries, database structures, hardware modules, hardware
circuits, hardware chips, etc., to provide a thorough understanding of embodiments of the invention.
One skilled in the relevant art will recognize, however, that the invention may be practiced without
one or more of the specific details, or with other methods, components, materials, and so forth. In
other instances, well-known structures, materials, or operations are not shown or described in detail
to avoid obscuring aspects of the invention.

The schematic flow chart diagrams included herein are generally set forth as logical flow
chart diagrams. As such, the depicted order and labeled steps are indicative of one embodiment of
the presented method. Other steps and methods may be conceived that are equivalent in function,
logic, or effect to one or more steps, or portions thereof, of the illustrated method. Additionally, the
format and symbols employed are provided to explain the logical steps of the method and are
understood not to limit the scope of the method. Although various arrow types and line types may be
employed in the flow chart diagrams, they are understood not to limit the scope ofthe corresponding
method. Indeed, some arrows or other connectors may be used to indicate only the logical flow of
the method. For instance, an arrow may indicate a waiting or monitoring period of unspecified
duration between enumerated steps of the depicted method. Additionally, the order in which a
particular method occurs may or may not strictly adhere to the order of the corresponding steps
shown.

Figure 1 is a side view of one side of'a rotor 102 and a stator 104 illustrating one embodiment
of'a hub motor 100 in accordance with the present invention. Depicted is one of two rotors 102. The
stator 104 is sandwiched between the two rotors 102. In other embodiments, the hub motor 100
includes three or more rotors 102 with stators 104 positioned between each pair of rotors 104. The
sequence of assembly of the hub motor would be rotor 1 102, stator 1 104, rotor 2 102, stator 2 104,
rotor 3 102, etc. Typically, each hub motor 100 includes rotors 102 at each end.

The rotor 102 includes cylindrical permanent magnets 106 located around the perimeter of
the rotor 102. The permanent magnets 106 are embedded in a non-magnetic material and connected
to a bearing assembly 108 that fits over a shaft 110. In the depicted embodiment, the rotor 102 is
connected to the bearing assembly 108 with spokes 112, but could also be attached with a solid

member, slotted disc, or other means. The shaft 110 defines an axis of rotation for the rotor 102.
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The stator 104 is connected to the shaft 110 such that the stator 104 does not move with
respect to the shaft 110. The stator 104 includes coils 114 situated around the perimeter of the stator
104 such that when the stator 104 and rotor are connected using the shaft 110, the center of the coils
114 coincide with the permanent magnets 106. Each of the coils 114 is wrapped around a core 116.
When the stator 104 and rotors 102 are assembled, the permanent magnets 106 are typically
positioned so that the center of each permanent magnets 106 aligns with the centers of the coils 114
and the cores 116 as the permanent magnets 106 pass the coils 114. While other configurations are
possible, aligning the permanent magnets 106 and coils 114 in this way increases efficiency of the
hub motor 100.

In the depicted embodiment, the permanent magnets 106 and the cores 116 are both
cylindrical, and have a similar shape and size. The cross-sectional shape of the permanent magnets
106 and the cores 116 as depicted in Figure 1 is circular. Figure 5 depicts another embodiment of the
rotor 102 and the stator 104 that has permanent magnets and cores that are pie shaped. Permanent
magnets and cores that have a pie shape or triangular shape are more efficient than cylindrical cores
because a greater percentage of the force that is generated is directed around the axis of rotation of
the rotor 102, increasing the rotational torque produced from the same input power. The cylindrical
permanent magnets 106 and the cylindrical cores 116, however, may be simpler to manufacture and
lower in cost than pie shaped magnets and cores, but are typically not as powerful or efficient as pie
shaped magnets and cores. While cylindrical and pie shaped permanent magnets 106, and cores 116
are depicted, other shapes and configurations are also contemplated.

Figure 2 depicts an end view illustrating the hub motor of Figure 1 in accordance with the
present invention. Figure 2 depicts two rotors 102 with a stator 104 sandwiched between the rotors
102. Note that the stator 104 is depicted in two parts 104A, 104B.

In a preferred embodiment, splitting the stator in two parts 104A, 104B allows the coils 114
to be constructed in two parts 114A, 114B. One half ofa coil 114A is wound so that a wire starts in
the center and is then wound like a bobbin with the wire existing on the outside perimeter of the coil
114A. The other half of the coil 114 B is wound in a similar way such that the two wires in the
center can be connected 202 when the two halves of the stator 104A, 104B are put together. The
center wires may be connected 202 by soldering, using a connector, or any other means to make
clectrical contact between the wires. In another embodiment, a coil 114 is constructed as a one piece
assembly with a wire placed in the center and then both halves 114A, 114B of the coil 114 are

wound simultaneously.
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By constructing a coil 114 in this way, the center wire need not exit along side the coil 114.
Having a coil where the center wire exits along side the coil 114 causes a flux leak that reduces
efficiency. Testing has shown that a coil 114 as depicted constructed so there is no wire running
from the center along side the wires of the coil 114 results in about a 10% increase in motor torque
for the same amount of power input. One of skill in the art will recognize other ways to wind a coil
114 so the wires to connect the coil 114 exit the coil 114 at the outside perimeter of the coil 114.

Figures 1 and 2 depict more permanent magnets 106 than coils 114. The coils 114 are
intentionally spaced so that when one coil 114 is aligned with a pair of permanent magnets 106, the
next coil 114 is between two other sets of permanent magnets 106. This arrangement is
advantageous because when a coil 114 is aligned with a set of permanent magnets 106 such that little
or no rotational torque is developed, the next coil 114 is positioned to generate rotational torque.

This concept can be seen by viewing the coils 114 and permanent magnets 106 in Figure 2.
A set of permanent magnets 106, for convenience of reference, includes two permanent magnets
opposite each other. In the depicted embodiment, there are six sets of permanent magnets 106 shown
running from the top of the page to the bottom. There are also four coils 114 running from top to
bottom. (Of course the other coils 114, and magnets 106 of the stator 104 and rotors 102 are
included but are outside of the view shown in Figure 2). The shaft 110 is shown running through the
stator/rotor assembly 102, 104 along the Z-axis.

In the depicted example, each set of magnets 106 is paired with another set of adjacent
magnets 106 and connected with a shorting bar 204. The shorting bar 204 is constructed of a
conductive material. The magnets 106 are arranged by polarity so that one set of magnets 106 has a
north-south field across the stator 104 while the next set has an opposite south-north field across the
stator 104. Two sets of magnets 106 connected with shorting bars 204 form a magnetic loop where
flux is tightly contained in the magnets 106, shorting bars 204 and across the gap between the two
rotors 102 through the stator 104. Any two sets of adjacent magnets 106 form a magnetic loop.

Spacing of the magnets 106 with respect to the width 120 of the magnets 106 is critical in
terms of directing magnetic flux efficiently and creating a matrix of magnets 106 and resulting flux
that is even. The width 120 of the magnets 106 is measured at the widest portion of the cross-
sectional shape of the magnet 106 in the direction of rotation. In the depicted embodiment, the
spacing 122 between magnets 106 is equal to the width 120 of a magnet 106, which is the diameter
ofthe magnet 106. This creates a matrix that is ladder-type for a configuration of two rotors 102 and

one stator 104. If the spacing 122 between magnets 106 is less, current limiting in the coil 114 is
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reduced. If the spacing 122 between magnets 106 is increased, motor torque is reduced.
Experimentation has shown that a spacing 122 of about one diameter 120 of a magnet 106 is optimal.

In addition, the length 206 of the magnets 106 is typically at least as long as the spacing 122
between magnets 106. The length 206 is measured parallel to the axis of rotation Z. Shortening the
length 206 of the magnets 106 beyond about a point where the length 206 equals the width 120
allows flux of a magnet to go from one end of the magnet 106 to the other end of the magnet 106
rather than traveling through the shorting bars 204 and forming a magnetic loop. Using a non-
magnetic material in the rotor 102 between magnets 106 also helps to direct flux around the
magnetic loop rather than going from one end of a magnet 106 to the other.

Like current, magnetic flux travels a path of least resistance. In the depicted embodiment,
magnetic flux created by this pattern of magnets 106 forms a very evenly distributed matrix with flux
substantially contained by the magnets 106 and through the stator 104 between the magnets 106. By
constructing the stator 104 and rotor 102 of non-magnetic, non-conductive material for portions in
the area of interest, other than the coils 114, magnets 106, and shorting bars 204, the hub motor 100
can be made to be efficient because the magnetic fields are not causing significant losses through
eddy currents in the motor housing. The hub motor 100 is efficient so it does not genecrate a
significant amount of heat so conductive housings are not required for heat transfer.

Spacing 208 between magnets 106 is also chosen for efficiency. If the magnets 106 are too
far apart, the path of least resistance for the magnets 106 is from one magnet 106 to an adjacent
magnet 106 rather than across the gap between rotors 102. Experimentation has shown that an
efficient distance 208 between magnets 122 on either side of the stator 104 is shorter than the length
206 of the magnets 106. For I inch long magnets, a preferable spacing 208 is 1 inch or shorter. A
spacing 208 of more than about 2 times the length 206 of the magnet 106 begins to degrade
efficiency very quickly.

If the magnets 106 are spaced much further apart, a significant amount of flux will go from
one magnet 106 to the adjacent magnet 106 instead of to the opposing magnet 106. If the spacing
208 is much, much less, the coils 114 must become very narrow and the interaction between the coils
114 and magnets 106 will be less efficient. The length 206 of the magnet 106 and the spacing 208,
or length of the coil 114 and the gap 210, are measured parallel to the Z axis, which is the axis of
rotation of the rotor 102.

By sizing the spacing 208 less than the length 206 of the permanent magnets 106, many
inefficiencies in the hub motor 100 are eliminated or reduced. For example, metal shiclding around

the cores 116 that is used to focus the magnetic field can be eliminated when the spacing 208 is
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shorter than the length 206 of the permanent magnets 106. Because the shielding is magnetic
material, eddy currents are created which decrease efficiency. Elimination of the shielding decreases
losses. Positioning the rotors 102 such that the spacing 208 is less than the length 206 of the
permanent magnets 106 allows the shielding to be eliminated and eliminates losses in the shielding
and other inefficiencies.

In the embodiment depicted in Figure 2, the first coil 114 (top) has current flowing such that
a magnetic field is set up through the core 116 where north is to the left and south is to the right. The
first set of magnets 106 (top) are set up so the north of the magnet 106 on the left side is next to the
coil 114. The opposite magnet 106 on the left of the coil 114 has a south pole that is facing the coil
114. The polarity of the next set of magnets 106 (the two magnets just below the top set) is opposite
the top set of magnets 106. The first coil 114 will be repelled from the first set of magnets 106 and
attracted to the second set of magnets 106.

The second coil 114 from the top has current flowing in an opposite direction so the magnetic
field created has a north to the right and south to the left. This will cause the second set of magnets
106 to be repelled and the third set to be attracted. This pattern continues for the remaining coils 114
and magnets. The magnetic forces created cause the rotors 102 to rotate as shown.

When the rotor 102 rotates so the first coil 114 is centered between the second set of magnets
106, it will no longer generate rotational torque because moving the rotor 102 in either direction
causes magnetic forces to move the magnets 106 back to the center. For the depicted example, the
spacing of the coils 114 and magnets 106 is such that every other coil 114 will reach a center of a set
of magnets 106 at the same time and the intervening coils 114 will be directly between two sets of
magnets 106. At this point, for efficient motor operation, current is reversed in the coils 114 that are
centered between magnets 106. This reverses the north and south poles of the generated magnetic
field such that the coils 114 centered between magnets repel those magnets 106 and are attracted to
the next set of magnets 106 in the rotation. This sequence continues and the coils 114 that were
between magnets 106 previously eventually reach a position where they are centered between a set of
magnets and the current in those coils 114 is reversed.

The air gap 210 between stator 104 and rotor 102 is also chosen for efficiency. The air gap is
preferably about 1/10 of an inch or less. Larger air gaps reduce efficiency and smaller air gaps are
more difficult to maintain, but if achieved, can increase efficiency.

Because of these factors discussed above, for optimum efficiency, the length 206 of the
permanent magnets 106, the spacing 208 between sets of permanent magnets 106 in two opposite

rotors 102, the width 120 of the permanent magnets 106, and the spacing 122 between adjacent
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permanent magnets 106 are specifically chosen to improve efficiency. In one embodiment, these

lengths have the following relationships:

Length 206 > Spacing 208
Length 206 > Spacing 122
Width 120 = Spacing 122

In another embodiment, although there will still be some losses and inefficiencies compared
to the more optimal relationships listed above, each of the length 206 of the permanent magnets 106,
the spacing 208 between sets of permanent magnets 106 in two opposite rotors 102, the width 120 of
the permanent magnets 106, and the spacing 122 between adjacent permanent magnets 106 may be
substantially similar. Increasing the spacing 208 or the spacing 122 beyond the length 206 of the
permanent magnets 106, however, typically greatly increases inefficiencies and losses.

Figure 3 illustrates one embodiment of'a coil 114. Each coil 114 includes a core 116. In the
depicted embodiment, the center of each core 116 is an air core surrounded by a conductive path
around the circumference of the core 116. In one embodiment, as depicted the core 116 is a hollow
tube 302, preferably of a non-conductive material, surrounded by conductors 304 that run the width
of the coil 114. In the depicted embodiment, the conductors 304 are spaced around the hollow tube
302 and are not touching each other. In another embodiment, the conductors 304 are coated with an
insulating material and can touch. In another embodiment, the conductors 304 touch each other and
are not coated with an insulator. In another embodiment, the conductors 304 are piano wire. By
having parallel conductors 304, a magnetic field formed in the core 116 will cause flux lines to fill
the center of the core 116 and will be contained by the conductors 304 with very little eddy current
loss or other loss.

In another embodiment, the core 116 and the coil 114 are shaped and positioned relative to
the permanent magnets 106 such that losses are minimized without the use of parallel conductors
304, so that there are also no eddy current losses due to the use of the conductors 304. For example,
using permanent magnets 106 that are at least as long as the coil 114 in certain embodiments may
remove the need for the conductors 304, and use of the conductors 304 in such a configuration may
decrease efficiency, as described above with regard to the spacing 208 of Figure 2.

The core 116 may be formed using a pipe of conductive material. In this embodiment, the

conductors 304 are typically not present. The pipe is typically thin to reduce eddy current losses.
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Using a pipe is typically more lossy than a tube 302 surrounded by conductors 304, but may be less
labor intensive or less expensive than a hollow tube 302 surrounded by conductors 304.

In one embodiment, the diameter 118 (see Figure 1) or shape of the conductors 304 or pipe is
chosen to match the diameter 120 or shape of the permanent magnets 106. This creates a flux
pathway between the permanent magnets 106 where the flux travels more or less straight between the
magnets 106. Rather than saturating an iron core, as in a traditional motor, and using the core as a
permanent magnet to attract some magnetic material, the non-magnetic core 116 of the coils 114 of
the present invention are used to focus magnetic ficlds. The small amount of conductive material
around the core, a pipe, conductors 304, or the like, typically saturate easily. This conductive
material surrounding the core 116 acts as a magnetic shield that will not easily allow magnetic flux
lines to cross through the shield. The magnetic flux lines then travel through the core 116.

Strong magnets 106 create a saturated or near saturated magnetic field through a core 116
when a coil 114 coincides with a set of magnets 106. This causes a current limiting effect that keeps
the current in the coils 114 at a minimum. As the rotor 102 rotates, the magnetic field created by the
coil is altered by the magnetic flux between magnets 106. When a coil 114 is not directly aligned
with a set of magnets 106, current in the coil 114 may increase. The faster the rotors 102 rotate, the
more current is allowed. The slower the rotors 102 rotate, the more the saturated magnetic field
affect current in the coils 114 so the lower the current.

The hub motor 100 has the desirable feature of a very low locked rotor current while
maintaining a high amount of torque due to this current limiting effect. This feature significantly
increases efficiency of the motor at slow speeds, and is not present in traditional motors.

As the hub motor 100 rotates, each time a coil 114 passes a set of magnets 106 and the
current is reversed, the magnetic field collapses. Energy stored in the field in a typical motor is lost
as heat. In the present invention, an energy recovery circuit is used to capture energy from a
collapsing magnetic field.

Figure 4 is a depiction of one embodiment of an energy recovery circuit 400 in accordance
with the present invention. The sequence control 402 drives switches Q5, Q7, Q12 and Q19. When
a coil 114 is in a position so it is ready to be connected, switches Q5 and Q19 close. This allows
current from the electrical direct current (“DC”) source 404 to flow through QS to the coil 114 and
return from the coil 114 through Q19 to ground. When the motor 100 rotates to the point where the
coil is to be disconnected, switches Q5 and Q19 open. While the generated magnetic field in the coil

114 collapses, current continues to flow through the coil 114. The current flows through diodes D14
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and D9 and charge up capacitor C7. Capacitor C7 is charged to a voltage higher than the DC source.

When the coil 114 is again connected, polarity is reversed so Q7 and Q12 are closed. This
allows capacitor C7 to discharge through Q7 and Q12 to start current flowing in a direction opposite
of the current flowing when Q5 and Q19 were closed. When the capacitor C7 discharges to the DC
source voltage, the DC source 404 begins to supply current. When the coil reaches the next set of
magnets 106, Q7 and Q12 open. Current again continues to flow through the coil, which charges up
capacitor C6.

This circuit 400 allows energy from a collapsing magnetic field, that would normally be lost
as heat, to be recovered in capacitors C6 and C7 and then returned when the current is reversed in the
coil 114. Testing has shown that when the hub motor 100 is moving slowly and current from the DC
source 404 is about 0.2 amperes (“A”), current flowing through the coil may be about 6 A. The
energy recovery circuit 400 typically increases motor efficiently significantly.

The sequence control 402 may also be used beneficially to increase motor efficiency by
adjusting the timing of when each coil 114 is connected as a function of motor speed. As the speed
of the motor 100 increases, generation of magnetic fields in the coils 114 is affected. The sequence
control 402 uses some predefined angle or position relative to the coil to determine the timing, and
may adjust the predefined position in response to a rotational speed of the rotors 102. By altering the
timing of when coils 114 are connected as a function of speed, motor efficiency is increased.
Typically, as motor speed increases, the timing is advanced so that current a coil 114 is reversed
sooner than if the motor 100 is running slowly. This timing advance is very similar to changing the
timing of a gasoline or diesel engine.

In one embodiment, timing is adjusted in two or more steps. For example, up to a certain
speed, the timing is such that the current reversal in a coil 114 occurs at top dead center (i.e. when a
coil aligns with a set of magnets) or at some angle before or after top dead center. When the motor
speed reaches a certain level, the timing is advanced so that the current of a coil 114 is reversed
ahead of reaching top dead center.

In another embodiment, the timing is adjusted continuously or substantially continuously as
the motor speed increases. This variable timing may be advantageous from an efficiency
perspective. One of skill in the art will recognize other ways that the timing can be advanced to
increase motor efficiency.

Figure 5 is a side view of one side of the rotor 102 and the stator 104 illustrating another

embodiment of the hub motor 100 in accordance with the present invention. In the embodiment
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depicted in Figure 5, the hub motor 100 has substantially pie shaped permanent magnets 506, coils
514, and cores 516, in place of the cylindrical permanent magnets 106, coils 114, and cores 116 of
Figure 1. The cross-sectional shape of the permanent magnets 506 and the cores 516 is substantially
pie shaped.

The permanent magnets 506 and the cores 516 are oriented so that the narrow end of each pie
shape is toward the shaft 110 and the axis of rotation of the rotor 102, and a line drawn along each
side along the length of the pie shapes substantially intersects the axis of rotation. In the depicted
embodiment, each pie shape is truncated to allow for room around the shaft 110 and the bearing
assembly 108 and coils around a core 516. In other embodiments, the general pie shapes may have
rounded edges or rounded sides, may be more triangular or rectangular, or may otherwise vary from
the depicted pie shapes based on design considerations.

Because the permanent magnets 506 and cores 514 are pie shaped, they are more efficient
than the cylindrical permanent magnets 106 and cores 114 of Figure 1, because a greater percentage
of the force that is generated by the cores 514 and permanent magnets 506 is directed around the axis
of rotation of the rotor 102. By directing more produced power in the direction of rotation, the pie
shaped permanent magnets 506, coils 514, and cores 516 greatly increase the rotational torque
produced using the same input power.

This increase can be used to provide greater speeds, greater force, and longer running times
while using the same or lower input energy as less efficient traditional motors. Using pie shaped
permanent magnets 506 and cores 514 can also increase the area of the permanent magnets 506 and
the cores 514 over cylindrical magnets and cores, further increasing the power output of the hub
motor 100. In the depicted embodiment, the width 118 of the pie shaped cores and the width 120 of
the permanent magnets are measured at the widest point. In another embodiment, the widths 118,
120 may be an average width of the pie shape.

Another significant advantage of the hub motor 100 is that the coils 114 are not custom
wound on the stator 104, but instead are wound separately from the stator 104 and are uniform. This
is desirable because each coil 114 can be machine wound instead of wound by a semi-skilled laborer.

This greatly reduces cost. In addition, because the coils 114 are a standard, uniform size, they are
modular and a coil 114 can fit in any stator 104 opening for a coil 114.

Another advantage of the hub motor 100 is that not all coils 114 are required for operation.
For example, if a coil starts to fail, it can be shut off and flagged for replacement. The motor 100
will continue to operate with a slightly lower power output. In another example, the sequence

control 402 can shut off or turn on certain individual coils 114 to conserve energy or to increase
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power based on external demands on the hub motor 100. If a high torque is required, such as in a
vehicle when accelerating from a stop, all of the coils 114 can be turned on to provide maximum
power. Once the vehicle is up to speed and less power is required, some of the coils 114 can be shut
off to conserve energy.

The hub motor 100 can also be customized based on speed and power requirements. For
example, two or more rings of magnets 106 can be built onto one rotor 102. The stator 104 would
then have more coils 114 with one ring of coils 114 corresponding to each ring of magnets 106. The
magnets 106 and coils 114 can also be spaced further apart. This would typically reduce power
output but may increase motor speed. As mentioned above, the number of rotors 102 and stators 104
can also be increased.

The hub motor 100 is also very flexible and can be used in various applications. For
example, the hub motor 100 can be used as a stepper motor with very little current being drawn at
low speed or in a fixed position.

The hub motor 100 advantageously is very efficient with respect to current motors now
available. The hub motor 100 offers an increase in efficiency at a lighter weight and lower heat
output that opens the door to many uses previously unavailable. For example, by using the hub
motor 100 in a vehicle, the drive train of the vehicle is eliminated, thus reducing weight. The hub
motor 100 is also lighter than current hub motors. The hub motor 100 also produces more torque
than current hub motors. The combined advantages of the hub motor 100 reduce energy
requirements so a vehicle could conceivably travel much farther on a single charge than current
electric vehicles.

The present invention may be embodied in other specific forms without departing from its
spirit or essential characteristics. The described embodiments are to be considered in all respects
only as illustrative and not restrictive. The scope of the invention is, therefore, indicated by the
appended claims rather than by the foregoing description. All changes which come within the

meaning and range of equivalency of the claims are to be embraced within their scope.
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1. An efficient hub motor, the hub motor comprising;:

one or more stators fixedly attached to a shaft, each stator comprising a non-

magnetic, non-conductive material;

two or more coils embedded in each stator in a circular pattern, wherein a row of
5 coils are each positioned a same radius from the center of a stator, wherein
each coil in the row is of a uniform size with a non-conductive, non-magnetic

core wherein a conductor is wound around the core;

two or more rotors rotatably coupled to the shaft such that the shaft defines an axis of
rotation of the two or more rotors, wherein each stator is sandwiched between

10 two rotors;

two or more permanent magnets embedded in each rotor, each permanent magnet

having a similar cross-sectional shape as a core with an end of each of the

permanent magnets positioned toward a stator, the permanent magnets

positioned in a circular pattern with a radius substantially similar to the radius

15 of the coils, the permanent magnets positioned such that when a coil aligns

with a permanent magnet a next coil aligns between two magnets;

two or more shorting bars comprising a conductive material, each shorting bar
connecting an exterior edge of two or more permanent magnets, the exterior

edge not facing a stator; and

20 a sequence control that connects each coil such that current flows in a coil in one
direction and the sequence control disconnects the coil and reconnects the
coil with current flowing in the opposite direction in response to a set of

permanent magnets aligning with a predefined position relative to the coil.

2. The hub motor of Claim 1, wherein the cross-sectional shape of the two or more
25 permanent magnets and the two or more coils comprises a pie shape, the pie shape

oriented such that a narrow end of the pie shape is toward the axis of rotation.

3. The hub motor of Claim 2, wherein the two or more permanent magnets and the two or
more coils are disposed such that a line comprising a side of the pie shape substantially

intersects the axis of rotation.
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The hub motor of Claim 1, wherein a length of each of the two or more permanent
magnets measured parallel to the axis of rotation is at least as long as a distance between

two rotors.

The hub motor of Claim1, wherein the permanent magnets are positioned such that a
distance between two adjacent permanent magnets in a rotor is about equal to a width of
the cross-sectional shape of the two or more permanent magnets, the width measured at a

widest portion of the cross-sectional shape.

The hub motor of Claim 1, wherein a length of the two or more permanent magnets
measured parallel to the axis of rotation is longer than a distance between two adjacent

permanent magnets in the two or more rotors.

The hub motor of Claim 1, wherein each coil is wound such that a conductor enters the
coil at the exterior of the coil and exits at the exterior of the coil without the conductor

passing the windings of the coil perpendicular to the windings.

The hub motor of Claim 7, wherein each coil is constructed of two halves wherein each
half is wound such that the conductor starts at an interior of the coil and is wound with
increasing radius such that the end of the conductor exits at the perimeter of the coil and
wherein each half of the coil is joined such that the start of each conductor located at the

interior of the winding are electrically connected together.

The hub motor of Claim 1, wherein the two or more rotors comprise a non-magnetic

material.

The hub motor of Claim 1, further comprising an energy recovery circuit in electrical
communication with the two or more coils, the energy recovery circuit recovering energy
from a collapsing magnetic field in response to the sequence controller disconnecting a

coil.

The hub motor of Claim 1, wherein a thin conductive shield surrounds the core and the

conductor is wound around the shield.

The hub motor of Claim 1, wherein the cross-sectional shape of the two or more
permanent magnets is substantially circular and the two or more permanent magnets are

substantially cylindrical.

An efficient hub motor system, the system comprising:
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a direct current source;

one or more stators fixedly attached to a shaft;

two or more rotors rotatably coupled to the shaft, wherein each stator is sandwiched
between two rotors;

two or more coils embedded in each stator in a circular pattern, wherein a row of
coils are each positioned a same radius from the center of a stator, wherein
cach coil in the row is of a uniform size with a non-conductive, non-magnetic
core wherein a conductor is wound around the core;

two or more permanent magnets embedded in each rotor, each permanent magnet
having a similar cross-sectional shape as a core with an end of each of the
permanent magnets positioned toward a stator, the permanent magnets
positioned in a circular pattern with a radius substantially similar to the radius
of the coils;

two or more shorting bars comprising a conductive material, each connecting an
exterior edge of two or more permanent magnets, the exterior edge not facing
a stator;

a sequence control that connects each coil to the direct current source such that
current flows in a coil in one direction and the sequence control disconnects
the coil and reconnects the coil with current flowing in the opposite direction
in response to a set of permanent magnets aligning with a predefined position
relative to the coil; and

an energy recovery circuit in electrical communication with the two or more coils,
the energy recovery circuit recovering energy from a collapsing magnetic

field in response to the sequence controller disconnecting a coil.

The system of Claim 13, wherein the energy recovery circuit comprises two or more
capacitors, each capacitor corresponding to a group of coils that are connected and
disconnected concurrently by the sequence control, each capacitor storing the energy

recovered from the corresponding group of coils.

The system of Claim 13, wherein the sequence control adjusts the predefined position

relative to the coil in response to a rotational speed of the two or more rotors.

The system of Claim 13, wherein the sequence control is configured to turn on and shut

off individual coils in response to external demands on the hub motor.
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An efficient hub motor, the motor comprising:

one or more stators fixedly attached to a shaft, each stator comprising a non-

magnetic, non-conductive material;

two or more coils embedded in each stator in a circular pattern, wherein a row of
coils are each positioned a same radius from the center of a stator, wherein
each coil in the row is of a uniform size with a non-conductive, non-magnetic

core wherein a conductor is wound around the core;

two or more rotors rotatably coupled to the shaft such that the shaft defines an axis of
rotation of the two or more rotors, the two or more rotors comprising a non-

magnetic material, wherein each stator is sandwiched between two rotors;

two or more permanent magnets embedded in each rotor, each permanent magnet
having a similar cross-sectional shape as a core with an end of each of the
permanent magnets positioned toward a stator, the cross-sectional shape
comprising a pie shape, the permanent magnets positioned in a circular
pattern with a radius substantially similar to the radius of the coils, the
permanent magnets positioned such that when a coil aligns with a permanent

magnet a next coil aligns between two magnets;

two or more shorting bars comprising a conductive material, each shorting bar
connecting an exterior edge of two or more permanent magnets, the exterior

edge not facing a stator; and

a sequence control that connects each coil such that current flows in a coil in one
direction and the sequence control disconnects the coil and reconnects the
coil with current flowing in the opposite direction in response to a set of

permanent magnets aligning directly with the coil.

The hub motor of Claim17, wherein the permanent magnets are positioned such that a
distance between two adjacent permanent magnets in one of the two or more rotor is
about equal to a width of the cross-sectional shape of the two or more permanent

magnets, the width measured at a widest portion of the cross-sectional shape.

The hub motor of Claim 18, wherein a length of the two or more permanent magnets
measured parallel to the axis of rotation is longer than a distance between two adjacent

permanent magnets in the two or more rotors.
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20. The hub motor of Claim 19, wherein a length of each of the two or more permanent
magnets measured parallel to the axis of rotation is at least as long as a distance between

two rotors.
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