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BRUSHLESS ELECTRICAL MACHINE

TECHNICAL FIELD
The present application generally relates to electrical machines, and more

particularly, but not exclusively, to brushless electrical machines.

BACKGROUND
Electrical machines such as motors and generators are in wide use. Some
existing systems have various shortcomings relative to certain applications. For
example, electrical machines in certain size ranges generate undesirable amounts of
torque ripple. Accordingly, there remains a need for further contributions in this area of

technology.
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SUMMARY

One embodiment of the present invention is a unique brushless electrical
machine powered by a DC voltage, Voc. The electrical machine has a stator core and a
plurality of windings subdivided into a plurality of multiphase motor cells, each
multiphase motor cell having M windings associated therewith, and having a phase shift
relative to other multiphase motor cells. The electrical machine may include N inverter
cells coupled in series; wherein each inverter cell is a multiphase inverter; and wherein
the voltage magnitude supplied to a corresponding multiphase motor cell is Vbc/N. The
electrical machine may include a sensor system in communication with the plurality of
inverter cells and operative to commutate each inverter cell in a sequence. Further
embodiments, forms, features, aspects, benefits, and advantages of the present

application shall become apparent from the description and figures provided herewith.
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BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 schematically depicts some aspects of an electrical machine in

accordance with a non-limiting example of an embodiment of the present invention.

FIG. 2 schematically depicts some aspects of a stator for an electrical machine in

accordance with a non-limiting example of an embodiment of the present invention.

FIG. 3 schematically depicts some aspects of an inverter system for an electrical
machine in accordance with a non-limiting example of an embodiment of the present

invention.

FIG. 4 schematically illustrates some aspects of a commutation sequence of a
motor cell in accordance with a non-limiting example of an embodiment of the present

invention.
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DETAILED DESCRIPTION OF THE ILLUSTRATIVE EMBODIMENTS

For the purposes of promoting an understanding of the principles of the
invention, reference will now be made to the embodiments illustrated in the drawings
and specific language will be used to describe the same. It will nevertheless be
understood that no limitation of the scope of the invention is thereby intended. Any
alterations and further modifications in the described embodiments, and any further
applications of the principles of the invention as described herein are contemplated as

would normally occur to one skilled in the art to which the invention relates.

Referring to the drawings, and in particular FIG. 1, some aspects of a non-limiting
example of an electrical machine 10 in accordance with an embodiment of the present
invention are schematically depicted. In one form, electrical machine 10 is a variable
speed permanent magnet motor. In other embodiments, electrical machine 10 may be
a motor and/or a generator, and may be any type of electrical machine, such as a
switched reluctance motor or an induction motor or any other type of motor, generator
or motor/generator. In various embodiments, electrical machine 10 may be a radial flux
machine, an axial flux machine or a machine having a three-dimensional (3D) flux path.
Electrical machine 10 includes a shaft 12, a rotor 14 having permanent magnets (poles)
16, a stator 18 having stator windings 20, a housing 22 and bearings 24. Shaft 12 and

rotor 14 rotate about an axis of rotation 26, which defines an axial direction 28.

Shaft 12 is constructed to support rotor 14 and react radial and axial or thrust
loads from rotor 14. In one form, shaft 12 is operative to transmit mechanical power

from electrical machine 10 as an output of electrical machine 10. In other
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embodiments, shaft 12 may be operative to transmit mechanical power to and/or from
electrical machine 10. Shaft 12 is axially and radially positioned by bearings 24. Shaft

12 and bearings 24 define axis of rotation 26 and corresponding axial direction 28.

Rotor 14 and stator 18 are in magnetic communication with each other. Each of
rotor 14/poles 16 and stator 18 have a construction that is operative to direct magnetic
flux toward and from each other. In some embodiments, rotor 14 may include other
operative sources of magnetic flux, e.g., bus bars, windings or both, in conjunction with
or in place of permanent magnets 16. In one form, permanent magnets 16 are surface
mount ferrite magnets. In other embodiments, other configurations and/or compositions
may be employed, e.g., including embedded configurations and/or rare earth magnet
compositions. Electrical machine 10 does not employ mechanical commutation.
Rather, electrical machine 10 is a brushless machine, employing electronic
commutation. Windings 20 are electronically switched or commutated based on the
output of a commutation sensor system 30, which detects rotor 14 position. In one
form, sensor system 30 is a plurality of Hall effect sensors 32. Hall effect sensors form
a relatively low cost rotor position detection system. In other embodiments, other
electric or electronic commutation sensor systems may be employed, e.g., encoders

such as wheel encoders, or other sensor systems.

Stator windings 20 are disposed within passages 34 in stator 18. In one form,
stator windings 20 are copper conductors. In other embodiments, aluminum and/or
other conductor materials may be employed in addition to or in place of copper.
Windings 20 are constructed for magnetic communication with poles 16. In one form,

passages 34 are linear, and extend through the length of stator 18 in axial direction 28.
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In other embodiments, passages 34 may be skewed, may be radial passages or may be
passages having a centerline that extends in any two or more of axial, radial and
circumferential directions through all or part of stator 18. In some embodiments, stator
18 may include other passages in addition to passages 34, e.g., cooling passages or
other passages. In some embodiments, passages 34 may be also constructed to allow

a flow of a cooling medium therethrough.

In one form, bearings 24 are mounted in and supported by end plates 36 of
housing 22. In other embodiments, bearings 24 may be mounted and coupled to
housing 22 via one or more other structures and/or integral features of housing 22.
Bearings 24 are constructed to react shaft 12 and rotor 14 axial or thrust loads in
direction 28, and to react shaft 12 and rotor 14 radial loads perpendicular to axis of
rotation 26. Housing 22 is constructed to enclose stator 18 and react loads associated
with stator 18, e.g., loads generated due to magnetic interaction between stator 18 and

rotor 14.

During the commutation period when one winding is switched on and another is
switched off, instantaneous currents and voltage are generated, which are a function of
the rise and decay of current due to the coil inductance, which changes with time
unequally, thus creating torque ripple. An electrical machine with a higher number of
phases will have smaller coil inductances, which are shifted spatially in the machine,
yielding a .torque ripple having a lower amplitude with a higher frequency. For example,
a high pole number permanent magnet machine with fractional slot concentrated
windings may be configured as a multi-phase brushless DC (BLDC) motor with

trapezoidal back emf, with a discrete number of multiphase motor cells, each motor cell



WO 2017/218204 PCT/US2017/035468

being formed of a plurality of windings, at least some of which are phased, e.g., 3-phase
motor cells, and phase shift between the multiphase cells. A multiphase (series or
parallel) inverter or converter may be configured as multiple discrete BLDC inverters.
Each of the motor and inverter cells may be operated independently with a square wave
operation based on feedback from one or more sensors, such as Hall effect sensors
independently placed for each cell operation. The number of Hall effect sensors may be
reduced, e.g., for any motor cells that have no phase shift or have the opposite phase

shift.

Referring to FIG. 2, some aspects of a non-limiting example of stator 18 in
accordance with an embodiment of the present invention are schematically illustrated.
Stator 18 includes a stator core 38, e.g., a laminated core, which has a plurality of teeth
40 and a plurality of slots 42. Each slot 42 is disposed between a corresponding
adjacent pair of stator teeth 40. Windings 20 are disposed about teeth 40. In one form,
windings 20 are fractional slot concentrated windings. In other embodiments, windings
20 may take other forms, and may be, for example, distributed windings in addition to or
in place of concentrated windings. In the non-limiting example of FIG. 2, a quantity of
24 windings 20 are employed, and a quantity of 20 permanent magnets or poles 16 are
employed. In other embodiments, the quantity of windings and the quantity of poles
may vary with the needs of the application. Windings 20 and are associated with
reference characters WA — WX, and identified in FIG. 2 with reference character pairs
WA-, WA; WB-, WB; WC-, WC; . . . WX-, WX, wherein the “W’ designates a winding,

({131}

the second alpha character indicates one of the 24 windings A-X, and the “-* character
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or lack thereof following the second alpha character pertains to the direction of current

flow of the depicted portion of the winding, e.g., into or out of the plane of FIG. 2.

Windings 20 are subdivided into a plurality of groups of windings, each group
forming a multiphase motor cell. Each multiphase motor cell has a number, M, of
windings associated therewith. In the non-limiting example of the 24 windings are
divided into eight (8) motor cells (MC) having M = 3 windings each, as follows: motor
cell MC1 is defined by windings WA, WE and WI; motor cell MC2 is defined by windings
WM, WQ and WU; motor cell MC3 is defined by windings WB, WF and WJ; motor cell
MC4 is defined by windings WN, WR and WV; motor cell MC5 is defined by windings
WC, WG and WK; motor cell MC6 is defined by windings WO, WS and WW; motor cell
MC?7 is defined by windings WD, WH and WL; and motor cell MC8 is defined by
windings WP, WT and WX. In other embodiments, the windings may be subdivided into
any number of motor cells suitable to the application, and the number of windings and
location of windings about stator 18 in each motor cell may vary with the needs of the

application.

Referring to FIG. 3, some aspects of a non-limiting example of an inverter system
44 in accordance with an embodiment of the present invention are schematically
illustrated. Inverter system 44 includes a quantity of N discrete inverter cells arranged
in series. The number, N, may vary with the needs of the application. In the present
non-limiting example, electrical machine 10 employs N = 8 discrete inverter cells, IC1-
IC8, one for each motor cell. Each inverter cell is a multiphase inverter. In other
embodiments, the number of inverter cells may vary with the needs of the application.

For example, in some embodiments, two (2) or more inverter cells may power each
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motor cell; whereas in other embodiments, one (1) inverter cell may power two (2) or

more motor cells.

Inverter system 44 is coupled to a power source that supplies a voltage Vpc. In
one form, Vpc is a DC voltage. In other embodiments, Vbc may be a rectified AC
voltage, e.g., effectively a DC voltage having an AC ripple component. In one form,
each of the discrete inverter cells is a square wave inverter, e.g., a BLDC inverter. In
other embodiments, the inverter cells may be configured to output one or more other
waveforms, e.g., trapezoidal waves. In one form, the output of the discrete inverter cells
is not pulse width modulated. In one form, each inverter cell employs low power
MOSFET's. In other embodiments, other power switching devices may be employed in
addition to or in place of MOSFET’s, e.g., IGBT’s, GaN wide band gap devices, or other
suitable switching devices. In one form, the discrete inverter cells are coupled in series,
and hence, the voltage drop across each inverter cell is Voc/N. In other embodiments,
the inverter cells may be coupled in parallel or in a combination series/parallel
relationship. For example, in some embodiments, groups of inverter cells, wherein the
inverter cells within each group are arranged in parallel with each other, and wherein
each group is arranged in series with the other groups. In such a case, N pertains to

the number of groups that are arranged in series with each other.

In one form, each inverter cell is multiphase, e.g., 3-phase. In one form, the
number of inverter phases defines the number of phases of the motor cells. In some
embodiments, a single winding may be associated with each phase of the respective
motor cell and/or inverter cell, whereas in other embodiments more than one winding

may be associated with each phase of the respective motor cell and/or inverter cell. In
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other embodiments, the inverter cells may be single phase or may have any number of
phases. FIG. 3 illustrates three (3) of the eight (8) inverter cells of electrical machine

10, IC1, IC2 and IC8, the balance being indicated by the vertical ellipsis 46.

Each discrete inverter cell is electrically coupled to a motor cell, and is operative
to supply power, e.g., a power signal, to the windings of that motor cell at a voltage
magnitude of Voc/N. For example, inverter cell IC1 is coupled to windings WA, WE and
WI of motor cell MC1, and is operative to supply 3-phase power to motor cell MC1 at a
voltage magnitude of Vboc/N. Similarly, inverter cell IC2 is coupled to windings WM, WQ
and WU of motor cell MC2, and is operative to supply 3-phase power to motor cell MC2
at a voltage magnitude of Voc/N. Inverter cells IC3-IC7 are similarly coupled to the
windings of respective motor cells MC3 - MC7 and supply 3-phase power to respective
motor cells MC3 - MC7 at a voltage magnitude of Vboc/N. Inverter cell IC8 is coupled to
windings WP, WT and WX of motor cell MC8, and is operative to supply 3-phase power
to motor cell MC8 at a voltage magnitude of Voc/N. In the illustrated embodiment, each
inverter cell is coupled to a cell bypass circuit 48, which bypasses the cell in the event of

an anomaly with that cell. Other embodiments may not employ cell bypass circuits.

Sensor system 30 is in communication with inverter cells IC1 — IC8, and is
operative to commutate or activate and deactivate each discrete inverter cell in a
desired sequence to produce a rotation of rotor 14, e.g., in a direction RD illustrated in
FIG. 2. In one form, Hall effect sensors 32 are mounted on stator 18. In other
embodiments, Hall effect sensors 32 may be mounted on one or more other structures
in addition to or in place of stator 18. Hall effect sensors 32 are spaced apart

circumferentially from each other. The spacing between individual Hall effect sensors

10
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32 may or may not be the same, depending upon the embodiment. Hall effect sensors
32 are constructed to sense the position of rotor 14, e.g., rotational location, and to
provide on/off signaling for switching of corresponding inverters IC1 - IC8. The number
of Hall effect sensors varies with the needs of the particular application. For example, in
some embodiments one Hall effect sensor per winding 20 may be employed. As
another example, in applications where two or more windings or motor cells are turned
on or off at the same time, the number of Hall effect sensors may be reduced
accordingly. For instance, in the present non-limiting 12-phase electrical machine 10
configuration, there is a repetition of phases, e.g., wherein oppositely disposed windings
(e.g., disposed opposite to each other on stator 18) are turned on and off at the same
time. For example, MC1 and MC2 are powered by inverter cells IC1 and IC2
simultaneously, e.g., with wave forms that are simultaneous, as are the pairs MC3 and
MC4; MC5 and MC6; and MC7 and MCS8 by respective inverter cell pairs IC3 and I1C4;
IC5 and IC6; and IC7 and IC8. Accordingly, the same Hall effect sensors may be used
to commutate or provide on/off signals to MC1 and MC2; the same Hall effect sensors
may be used to provide on/off signals to MC3 and MC4,; and likewise with the pairs MC5

and MC6; and MC7 and MC8.

Similarly, in embodiments where two windings or motor cells have opposite
phases, i.e., are 180° out of phase, the same Hall effect sensors may be employed to
send on/off signals for the inverters that power those windings or motor cells. Also, in
embodiments using a parallel or series/parallel multiphase inverter or converter
configurations, the same Hall effect sensors may be employed to send on/off signals to

those windings or motor cells that have the same phase or opposite phase. In the non-

11
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limiting example of FIGS. 2 and 3, electrical machine 10 is a 12-phase machine
because there are eight (8) motor cells, which are commutated two (2) at a time; and
which are 3-phase motor cells. Hence, the number of phases of the electrical machine
10 of FIGS. 2 and 3 is (the number of phases per motor cell) x (the number of motor
cells) / (the number of motor cells that are commutated simultaneously) = (3x8)/2=12.
In other embodiments, electrical machine 10 may have any number of phases suitable
to the application, wherein any number of motor cells may be commutated
simultaneously or no motor cells may be commutated simultaneously, and where the
number of motor cells and the number of phases of each motor cell may vary with the

needs of the application.

In the non-limiting example of FIG. 2, a quantity of 12 Hall effect sensors 32 are
employed, identified as sensors HA, HB, HC, ... HL. Hall effect sensors HA, HE and
HI are coupled to inverters IC1 and IC2, and are used to send on/off signals to
commutate or actuate motor cell MC1 and oppositely disposed (180° about stator 18)
motor cell MC2 at the same time. Similarly, Hall effect sensors HB, HF and HJ are
coupled to inverters IC3 and 1C4 for sending on/off signals to actuate motor cell MC3
and oppositely disposed motor cell MC4. Likewise for Hall effect sensors HC, HG and
HK for inverters IC5 and IC6 and motor cell MC5 and oppositely disposed motor cell
MCB6; and Hall effect sensors HD, HH and HL for inverters IC7 and IC8 and motor cell
MC7 and oppositely disposed motor cell MC8. The motor cells within the pairs (MC1,
MC2), (MC3, MC4), (MC5, MC86) and (MC7, MC8) are commutated at the same time,
whereas each pair is phase shifted relative to the other pairs. In other embodiments,

the phase shift arrangement as between the motor cells (as well as between the

12
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windings that form each cell) may vary with the needs of the application. In one form,
inverters IC1-1C8 provide square wave power signals to windings 20, and hence,
computing hardware is not required for variable speed machine 10 operation. Rather,

variable speed operation is obtained by varying the supply voltage, Vbc.

Referring to FIG. 4, some aspects of a non-limiting example of a six-step
commutation of motor cell MC1 in accordance with an embodiment of the present
invention are illustrated. Other commutation sequences may be employed in other
embodiments. In the present non-limiting example, each motor cell MC2 - MC8 is
commutated similarly to the sequence illustrated in FIG. 4. Regarding motor cell MC1,
respective Hall effect sensors HA, HE and HI supply commutation signals 50, 52 and 54
as input signals for use by inverter cell IC1. Power signals 56, 58 and 60 represent the
power signals supplied to respective windings WA, WE and WI of motor cell MC1 from
inverter cell IC1 based on the respective Hall effect sensor HA, HE and HI commutation
signals 50, 52 and 54, e.g., and in some embodiments, also based on the use of a
lookup table. Voltage Vaelis the voltage supplied to motor cell MC1 by inverter cell IC1,
and has a magnitude of Vpc/N. Thus, it is seen that the voltage supplied to the motor
cells is in the form of square waves that step between Vael, zero voltage and -Vaei, or

Voce/N, zero voltage and -Vpc/N.

Each motor cell and discrete inverter cell is thus operated independently with a
simple square ware operation based on the feedback from Hall effect sensors 32, which
are independently placed for each cell operation or the operation of groups of cells. The
back emf tends toward being pseudo trapezoidal when typical stator teeth, permanent

magnets and windings are employed in some embodiments. In one form, stator teeth

13
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40 and/or windings 20 are constructed or modified to make the back emf trapezoidal or
more trapezoidal, e.g., using computer aided design analytical software and techniques.
In other embodiments permanent magnets 16 and/or rotor conductors may also or
alternatively be constructed or modified to make the back emf trapezoidal or more
trapezoidal, e.g., using computer aided design analytical software and techniques. In
still other embodiments, stator teeth 40, windings 20 and/or permanent magnets 16
and/or any rotor conductors may be constructed to yield back emf waveforms of other
desired shapes, e.g., sinusoidal. By subdividing electrical machine 10 into a plurality of
multiphase motor cells, the torque ripple may be reduced in some embodiments. By
arranging the inverters for the motor cells in series, the torque ripple may be further
reduced in some embodiments, e.g., because the torque generated by each motor cell
is reduced. The reduction in torque ripple is illustrated in Table 1, below, which
compares the 12-phase electrical machine illustrated in FIGS. 1-4 with a 3-phase BLDC

machine.

TABLE 1. Comparison Of 12-Phase and 3-Phase Electrical Machines

Phase 12-Phase 3-phase
Terminal Current (rms) (A) 10.8 10.8
Shaft Power (kW) 7.2 6.94
Output Torque Range (Nm) 44.9-46.4 40-46.6
Torque Ripple (%) 2.6 14.9

14
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From TABLE 1, it is seen that for two electrical machines having equivalent
terminal current, the 12-phase electrical machine of the non-limiting example of an
embodiment illustrated and described herein has a slightly higher shaft power output,
and a significantly tighter output torque range with a 2.6% torque ripple, whereas the 3-
phase electrical machine exhibits a significantly higher 14.9% torque ripple. Because
the inverter cells are arranged in series, the voltage across each inverter is lower,
allowing the use of lower voltage and hence less costly low power MOSFET'’s. Because
each inverter cell is phased, e.g., 3-phase, and the inverter cells are phased relative to
each other, a machine having a high phase number may be created using relatively low
cost multiphase, e.g., 3-phase, square wave BLDC inverters, reducing overall cost,
while substantially reducing torque ripple because of the number of phases of the
electrical machine. Square wave BLDC inverters provide a relatively low cost switching
system, e.g., relative to pulse-width modulated (PWM) sinusoidal converters. PWWM
sinusoidal converters cannot be replaced by substitution with square wave BLDC

inverters in existing electrical machines without substantially increasing torque ripple.

Embodiments of the present invention include a brushless electrical machine
powered by a DC voltage, VDC, comprising: a stator core having a plurality of teeth; a
plurality of windings, each winding disposed about at least one stator tooth, wherein the
plurality of windings are subdivided into a plurality of multiphase motor cells, each
multiphase motor cell having a number, M, of windings associated therewith; and each
multiphase motor cell having a phase shift relative to other multiphase motor cells; a
plurality of discrete square wave inverter cells, wherein a number, N, of the discrete

square wave inverter cells are coupled in series; wherein each square wave inverter cell

15
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is electrically coupled to a multiphase motor cell; wherein each square wave inverter cell
is a multiphase inverter; and wherein the voltage magnitude supplied from each square
wave inverter cell to the corresponding multiphase motor cell is VDC/N; and a sensor
system in communication with the plurality of square wave inverter cells and operative

to commutate each square wave inverter cell in a sequence.
In a refinement, M = 3 for each of the motor cells.
In another refinement, the windings are fractional slot windings.
In yet another refinement, the windings are fractional slot concentrated windings.
In still another refinement, the electrical machine has at least six (6) phases.

In yet still another refinement, the plurality of discrete square wave inverter cells

supply power to pairs of the multiphase motor cells simultaneously.
In a further refinement, the poles are permanent magnet poles.

In a yet further refinement, each discrete square wave inverter cell is operative to

supply power to more than one winding.

In a still further refinement, the electrical machine further comprises a rotor,
wherein the sensor system includes a plurality of Hall effect sensors operative to sense
a rotor position; and wherein each Hall effect sensor is operative to provide a switch

signal to turn on or off a corresponding one of the discrete square wave inverter cells.

Embodiments of the present invention include a brushless electrical machine
powered by a DC voltage, the DC voltage being VDC, comprising: a rotor having a
plurality of poles; a stator having a plurality of windings constructed for magnetic

communication with the poles; wherein the plurality of windings are subdivided into a

16
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plurality of multiphase motor cells, each multiphase motor cell being formed of a
plurality of windings; and each multiphase motor cell being phase shifted relative to
another multiphase motor cell; a voltage converter formed of a plurality of discrete
brushless DC inverter cells, wherein at least a number, N, of the discrete brushless DC
inverter cells are coupled to each other in a series arrangement, wherein each
brushless DC inverter cell is operative to supply power to a multiphase motor cell; and
wherein the voltage magnitude supplied to each multiphase motor cell is VDC /N; and a
sensor system in communication with the plurality of brushless DC inverter cells,
wherein the sensor system is operative to sense a position of the rotor and to
commutate a corresponding brushless DC inverter cell based on the sensed rotor

position.
In a refinement, each multiphase motor cell is a 3-phase motor cell.

In another refinement, the stator including a plurality of slots, each slot being

disposed between adjacent windings, wherein the windings are fractional slot windings.
In yet another refinement, the windings are fractional slot concentrated windings.
In still another refinement, the electrical machine has at least six (6) phases.

In yet still another refinement, the voltage converter is constructed to supply

power to pairs of the multiphase motor cells simultaneously.
In a further refinement, the poles are permanent magnet poles.

In a yet further refinement, each brushless DC inverter cell is operative to supply

square wave power signals to the multiphase motor cell.

17
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In a still further refinement, the sensor system includes a plurality of Hall effect
sensors operative to determine rotor rotational location; and wherein each Hall effect
sensor is in electrical communication with a corresponding one of the discrete brushless

DC inverter cells.

Embodiments of the present invention include a brushless electrical machine,
comprising: a rotor having a plurality of poles; means for providing torque to the rotor;

and means for sensing a position of the rotor.

In a refinement, the means for providing torque includes a plurality of multiphase
motor cells powered by a plurality of discrete square wave inverter cells coupled in

series.

While the invention has been illustrated and described in detail in the drawings
and foregoing description, the same is to be considered as illustrative and not restrictive
in character, it being understood that only the preferred embodiments have been shown
and described and that all changes and modifications that come within the spirit of the
inventions are desired to be protected. It should be understood that while the use of
words such as preferable, preferably, preferred or more preferred utilized in the
description above indicate that the feature so described may be more desirable, it
nonetheless may not be necessary and embodiments lacking the same may be
contemplated as within the scope of the invention, the scope being defined by the
claims that follow. In reading the claims, it is intended that when words such as “a,”
“an,” “at least one,” or “at least one portion” are used there is no intention to limit the

claim to only one item unless specifically stated to the contrary in the claim. When the
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language “at least a portion” and/or “a portion” is used the item can include a portion

and/or the entire item unless specifically stated to the contrary.
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CLAIMS
What is claimed is:

1. A brushless electrical machine powered by a DC voltage, Vbc, comprising:

a stator core having a plurality of teeth;

a plurality of windings, each winding disposed about at least one stator tooth,
wherein the plurality of windings are subdivided into a plurality of multiphase motor
cells, each multiphase motor cell having a number, M, of windings associated therewith;
and each multiphase motor cell having a phase shift relative to other multiphase motor
cells;

a plurality of discrete square wave inverter cells, wherein a number, N, of the
discrete square wave inverter cells are coupled in series; wherein each square wave
inverter cell is electrically coupled to a multiphase motor cell; wherein each square wave
inverter cell is a multiphase inverter; and wherein the voltage magnitude supplied from
each square wave inverter cell to the corresponding multiphase motor cell is Voc/N; and

a sensor system in communication with the plurality of square wave inverter cells

and operative to commutate each square wave inverter cell in a sequence.

2. The electrical machine of claim 1, M = 3 for each of the motor cells.

3. The electrical machine of claim 1, wherein the windings are fractional slot

windings.
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4. The electrical machine of claim 3, wherein the windings are fractional slot

concentrated windings.

5. The electrical machine of claim 1, wherein the electrical machine has at least

six (6) phases.

6. The electrical machine of claim 1, wherein the plurality of discrete square

wave inverter cells supply power to pairs of the multiphase motor cells simultaneously.

7. The electrical machine of claim 6, wherein the poles are permanent magnet

poles.

8. The electrical machine of claim 1, wherein each discrete square wave inverter

cell is operative to supply power to more than one winding.

9. The electrical machine of claim 1, further comprising a rotor, wherein the
sensor system includes a plurality of Hall effect sensors operative to sense a rotor
position; and wherein each Hall effect sensor is operative to provide a switch signal to

turn on or off a corresponding one of the discrete square wave inverter cells.

10. A brushless electrical machine powered by a DC voltage, the DC voltage

being Vbc, comprising:

a rotor having a plurality of poles;
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a stator having a plurality of windings constructed for magnetic communication
with the poles; wherein the plurality of windings are subdivided into a plurality of
multiphase motor cells, each multiphase motor cell being formed of a plurality of
windings; and each multiphase motor cell being phase shifted relative to another
multiphase motor cell;

a voltage converter formed of a plurality of discrete brushless DC inverter cells,
wherein at least a number, N, of the discrete brushless DC inverter cells are coupled to
each other in a series arrangement, wherein each brushless DC inverter cell is
operative to supply power to a multiphase motor cell; and wherein the voltage
magnitude supplied to each multiphase motor cell is Vpc /N; and

a sensor system in communication with the plurality of brushless DC inverter
cells, wherein the sensor system is operative to sense a position of the rotor and to
commutate a corresponding brushless DC inverter cell based on the sensed rotor

position.

11. The electrical machine of claim 10, wherein each multiphase motor cell is a

3-phase motor cell.

12. The electrical machine of claim 10, the stator including a plurality of slots,

each slot being disposed between adjacent windings, wherein the windings are

fractional slot windings.
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13. The electrical machine of claim 12, wherein the windings are fractional slot

concentrated windings.

14. The electrical machine of claim 10, wherein the electrical machine has at

least six (6) phases.

15. The electrical machine of claim 10, wherein the voltage converter is

constructed to supply power to pairs of the multiphase motor cells simultaneously.

16. The electrical machine of claim 10, wherein the poles are permanent magnet

poles.

17. The electrical machine of claim 10, wherein each brushless DC inverter cell

is operative to supply square wave power signals to the multiphase motor cell.

18. The electrical machine of claim 10, wherein the sensor system includes a
plurality of Hall effect sensors operative to determine rotor rotational location; and
wherein each Hall effect sensor is in electrical communication with a corresponding one

of the discrete brushless DC inverter cells.

19. A brushless electrical machine, comprising:

a rotor having a plurality of poles;

means for providing torque to the rotor; and
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means for sensing a position of the rotor.

20. The electrical machine of claim 19, wherein the means for providing torque

includes a plurality of multiphase motor cells powered by a plurality of discrete square

wave inverter cells coupled in series.

24



WO 2017/218204 PCT/US2017/035468

1/4
28
10 30
~ 2
N 2 20
18&::::::::;;:::::&
12 gy Mo
\ 24/\., ________ j ________
et sttt iyt el I
276_ ——————— ~.24
! ~.14
36 i Y IR 36
N
2

FIG. 1



2/4

FIG. 2



WO 2017/218204 PCT/US2017/035468

3/4

44

tMC1

£
2
T —
2
[T
2
o]
=
[

2
T 1]
=
CorT
=
Cor T
=
<
=

@)

48
ﬁl} 45’} 45’} wu Ndmc2
b i &
2}46 ~18
I; HDJHH[HL
| . hF B} RF||we, .
ﬁl} 45’} 45’} wx Ndmcs

¢
IC8

FIG. 3



PCT/US2017/035468

WO 2017/218204

4/4

Hall Sensor

FIG. 4



	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - claims
	Page 22 - claims
	Page 23 - claims
	Page 24 - claims
	Page 25 - claims
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings

