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Electric Machine With Permanent Magnet Rotor

CROSS-REFERENCE TO RELATED APPLICATIONS
{0001] The present application claims priority to U.S. Provisional Patent Application No.
62/753,518, filed October 31, 2018, the contents of which are incorporated herein by

reference in their entivety.
FIELD

[0002] The disclosure relates gemerally to clectric machines. More specifically, the

disclosure provides an improved electric maching of five phases.
BACKGROUND

{0003] Electric machines are utilized in a wide variety of applications. For example,
hybrid/electric vehicles (HEVs) typically include an electric traction drive system that
includes an alternating current (AC) electric machine which is driven by a power
converter with a direct current {(DC) power source, such as a storage battery. Machine
windings of the AC electric machine can be coupled to inverter sab-modules of 2
power inverter module (PIM}. Each inverter sub-module includes a pair of switches
that switch in a complementary manner to perform a rapid switching fonction to
convert the DC power to AC power. This AC power drives the AC electric machine,
which in tirn drives a shaft of HEV's drivetrain. Traditional HEVs implement a three-
phase pulse width modulated (PWM) inverter module, which drives a three-phase AC

machine (e.g., AC machine).

{0004] Many modern high performance AC machine drives use the principle of field oriented
control (FOC) or "vector” control to control operation of the AC elecwric machine. In
particular, vector control is often used in variable frequency drives to control the
torque applied to the shaft (and thus finally the spead) of an AC electric machine by
controlling the current fed to the AC electric machine. In shortt, stator phase currents
arc measured and converted into a corresponding complex space vector. This current
vector can then be ransformed to a coordinate system rotating with the rotor of the

AC electric machine.
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{00405] Recently, researchers have investigated the possibitity of using muiti-phase machines
in various applications including hybrid/electric vehicles. Higher-order multi-phase
sysiems are characterized by additional degrees of freedom and better reliability in
comparison to conventional three-phase machines, as well as by their enhanced torque

producing capability.

{00406] As used herein, the term "multi-phase” refers to more than three-phases, and can be
used in reference to AL electric machines that have five or more phases. While the
possibiity of using five-phase systems in HEVs is being explored, a ot of work
remains to be done before these inverter and machine configurations can actaally be
implemented particularly with respect to control techniques used in conjunction with

such five-phase systems,

BRIEF SUMMARY

{06087] The following presents a simplified summary of various aspects described herein.
This summary is not an extensive overview, and is not intended to identify key or
critical elements or to delineate the scope of the claims. The following sammary
merely presents some concepts in a simplified form as an introductory prelude o the

more detailed description provided below.

{6008] To overcome lmutations in the prior art described above, and to overcome other
limitations that will be apparent upon reading and understanding the present
specification, the present disclosure is directed to electric machine of five phases or

more phases.

{0009] An aspect of the present disclosure provides a tive phase permanent magnet electric
machine or surface mount which utilizes a unique magnet architecture and topology to
improve power density, L.e. power created relative to weight of the machine. In onc
aspect, each pole of the rotor’s magnets includes a combination magnet with varying
strengths {(non-consistent properties). In other aspects, a mulfi-phase electric
machine of the present disclosure includes a stator, and a rotor for rotating within the
stator, the rotor inciuding poles having combination magnet pieces with varying
strengths and dimensions creating a non-sinusoidal back EMF. In other aspects, a

multi-phase electric machine of the present disclosure includes a stator, and a rotor for

b2
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spinning within the stator, the rotor includes a plurality of poles having magnet
assemblies including at least a low strength maguet and a high strength magnet
thercin for creating a non-sinusoidal back EMF. In other aspects, a multi-phase
electric machine of the present disclosure includes a stator, and a rotor for spinning
within the stator, the rotor including a phwality of poles having magnet assemblies
including ar least a first magnet and second magnet therein for creating a non-
sinusoidal back EMF wherein a strength ratio of the first magnet and second magnet

greater than the absolute value of 1.

{6010] Based on intensive modeling, utilizing state-of-the-art modeling software, the novel
design produces 17% more torque than a similarly sized (length and circumference)
three phase machines. The new design offers a non-sinusoidal back EMF voltage
(including 18% of third harmonic) in the windings of the five phase machine.
Applying a non-sinusoidal current with 18% third harmonic to the windings creates a
higher torque density while concurrently exhibiting corrent losses on similar with
three Phase Electric Machine Dirives. The new machine design described improves the

torque density and efficiency.

{0011] In other aspects of the present disclosure, a muiti-phase machine magnet pieces are
separated by non-magnetic conductive materials. In another aspect, a multi-phase
machine magnet pieces are aftached with no space between them. In yet other
aspects, a multi-phase machine a magnet poles generate third harmonics in the back
EMF. In yet another aspect, a multi-phase machine may include back EMF

comtaining between 18% of third harmonics.

§0012] In further aspects of the present disclosure, a multi-phase machine back EMF contains
higher order harmonics thereby improving torque or cfficiency. In the aspects, a
multi-phase machine magnet contains rarc-carth material. In finther aspects, a multi-
phase machine magnet may contain Meyoadium or Samariumn Cobalt.  In another
aspect, a multi-phase machine magnet contains non rare-earth material.  In another
aspect, a multi-phase machine magnet contains combination of rarc-ecarth and non-
rare-carth materials. In other aspects, a multi-phase machine magnet poles are
disposed on the surface of the rotor. In yet other aspects, a multi-phase machine
magnet poles may be buried inside the rotor. In anocther aspect, a multi-phase

machine magnet poles may be disposed inset on the rotor. Further aspects include a
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multi-phase machine magnet poles placed as a combination of surface mounted,

buried, and inset on the rotor.
BRIEF DESCRIPTION OF THE DRAWINGS

{60131 A more complete understanding of the present invention and the advantages thereof
may be acguired by referring to the following description in consideration of the
accompanying drawings, in which like reference mumbers indicate like features, and

whereii:
{0014] Figure 1 depicts a conventional machine design (prior art);

{6015] Figure 2 illustrates a new electric machine magnet architecture and topology in which
various aspects of the present disclosure may be implemented in accordance with one

or more example embodiments;

{0016] Figure 3 illostrates the new magnet architecture and topology with non-consistent
magnet configuration in which various aspects of the present disclosure may bhe

implemented in accordance with one or more example embodiments;

{0017] Figure 4 illustrates the new interior permanent magnet architecture and topology with
won-consistent magnet configuration in which various aspects of the present
disclosure may be implemented in accordance with one or more example

embodiments; and

{0018] Figwes 5A-5C illustrate the new magnet architecture and topology in which various
aspects of the present disclosure may be implemented in accordance with one or more

example embodiments.

DETAILED DESCRIPTION

{0019] In the following description of the variocus embodiments, reference is made to the
accompanying drawings, which form a part hereof, and in which is shown by way of
illustration vartous embodiments in which the invention may be practiced. It is to be
understood that other embodiments may be utilized and structural and functional
medifications may be made without departing from the scope of the present invention.

The invention is capable of other embodiments and of being practiced or being carried
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out int various ways. Also, it is to be understood that the phraseology and terminology
used herein are for the purpose of description and should not be regarded as limiting.
Rather, the phrases and terms used herein are to be given their broadest interpretation
and meaning. The use of “including” and “comprising” and variations thereof is
meant o encompass the items listed thereafter and equivalents thereof as well as
additional items and equivalents thereof. The use of the torms “mounted.”
“comnected,” “coupled.” “positioned,” “engaged” and similar terms, is meant o
include both direct and indirect mounting, connecting, coupling, positioning and
engaging.

0020] Fgure 1 shows a conventional permanent magnet machine design. The design has
two main componcnts: the stator and the rotor. The stator, itlustrated in Figure 1,
includes the steel lamination core with 40 slots with a five-phase winding
configuration. The rotor, tHustrated in Figure 1, includes a four pole maguet segments
architecture and a laminated core. In conventional machines, the magnetic material’s
properties are homogeneous. The homogeneous topology is arranged to have a
sinusoidal counter-electromotive force, also known as Back Flectromotive Force
(BEMF) in the windings when the rotor spins inside the stator. Three phase electric
machine drives utilizing non-sinuscidal BEMF reduces the performances and

efficiency.

{0021] Referring to FIGS. 2-4 and 5A-5C, the new technology of the present disclosure
provides a five phase clectric machine that can improve the performance and
efficiency of older designs. Utilizing the new maguet architecture and topology of the
new electric machine design 1000 enables the use of a non-sinusoidal waveform
control the electric machine drive system, which has the positive effect of improving
the electric machine’s counter-electromotive force (refer to herein as “counter EME”
or “CEMEF"), also known as back electromotive force (or “back EMF”). The novel
design described in the present disclosure improves the torgue density and efficiency.
Both factors reduce cost, improve performance, and reduce weight in the new electric

machine 1000.

{60221 In the new construction of electric machine 1000 described in the present disclosure
and a shown in FIGS. 2 - 5A-5C, each pole 1200 of the rotor’s magnets includes a

combination magnet or magnet assembly with varying strengths  {non-consistent
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properties), for example, N335, N52. The strength of each the magnet is specified via
its magnet emancnee (e.g., residual magnetisio) (Br in Tesla unit). The new rotor
design 1100, shown in Figures 2, 3 and 4, the ratic of the low and high strength
magnets as well as thetr angle lengths are provided for the induced voltage in the
windings. In the present design 1000 having a trapezoidal BEMF with 18% of third
harmonics on top of the sinusoidal BEMF, the five phase machine can produce 17%
more torgue while it fed with a wapezoidal symmetric five phase currents. In the
novel design 1000 the high grade magnet has 17% more remanence than the low
grade magnet (for example high grade magnet Br=144T and low grade magnet
Br=1.23T) and the low grade magnet is 40% of the high grade magnet angle length
(for example low grade magnet angle length=30deg and high grade magnet angle
length=75deg). Hence in one aspect, the new design 1000 provides a new ratio of the
angle length of the low grade magnet to high grade magnet. Further another aspect,
the new machine design 1000 provides that magnet grades ratios for low grade and

high grade magnets in the same rotor can be provided.

[0023] Figure 4 illustrates a new electric machine 1000 design a stator 1300 and newly
provided rotor 1100, The stator 1300 includes the steel lamination core with 40 slots
with a five-phase winding configuration. The rotor 1100, illustrated in Figure 4,
includes magnet architecture and topology with a combination magnet with varying
strengths (non-consistent properties), for example, N335, N52, with a four pole
magnet 1200 as discussed above with regarding Figures 2 and 3. In another
comstruction, a multi-phase machine 1000 magnet contains non rare-carth material
such as, Ferrite and Alnico. In other constructions, the maguet 1200 can be rare carth
material such as, Neyoadium and Samarium Cobalt. In a further construction, a
multi-phase machine 1000 magnet contains combination of rare-carth and non-rare-
earth materials as noted n the foregoing. In other aspects of the present disclosure, a
nulti-phase machine 1000 magnet pieces 1200 are separated by non-magnetic
conductive materials. These non-conductive materials may be a ceramic or other
material. In another construction, a mult-phase machine 1000 magnet pieces 1200

are attached with no space between them.

§0024] Referring to FIGS. SA-5C, the magnet architecture and topology of the present

disclosure can be of various constructions. In FIG. 5A, a multi-phase machine 1000
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magnet poles 1200 may be disposed on the surface of the rotor. In yet another
construction shown in FIG. 5B, a multi-phase machine 1000 magnet poles 1200 may
be disposed inset on the votor.  In another coustruction shown in FiG. 5C, a multi-
phase machine 1000 magnet poles 1200 may be buried inside the rotor. Further
constuctions include a multi-phase machine magnet poles placed as combination of

surface mounted, buried and inset on the rotor.

{0025] Referring to FIGS. 2-4 and FIGS. 5A-5(, based on intensive modeling, utilizing state-
of-the-art modeling software, the new machine design 1000 produces 17% morte
torque than a similarly sized (length and circurnference) three phase machines. The
new design offers a non-sinusoidal back EMF voltage (including 18% of third
harmonic) in the windings of the five phase machine. Applying a non-sinuseidal
current with 18% third harmonic to the windings creates a higher torque density while
concurrently exhibiting current losses on similar with three phase eleciric machine

drives.

{0026] The concept covers the five phase permanent magnet rotors configurations. Surface
mounted type like figure 2 and interior permanent magnet rotor figure 3. The design
discussed in this present disclosure, there are four pole rofors but it can apply to any
numnber of rotor poles. The rotor lamination core can be designed in different
structures like solid, with saliency and even with barriers inside. The new machine
design can be applied o applications such as aerospace, automotive, and marine

industries.

§6027] In some tmplementations of the present disclosure an electric machine includes five
phases or more phases. In one implementation, a nwilti-phase electric machine
includes a stator, and a rotor for votating within the stator, the rotor including poles
having combination magnet pieces with varying strengths and dimensions creating a
ron-sinusoidal back EMF. In some implementations, a multi-phase electric machine
includes a stator, and a rotor for spinning within the stator, the rotor includes a
plurality of poles having magopet assemblies includes at least a low strength magnet
and a high strength magnet therein for creating a non-sinusoidal back EMF. In other
implementations, a multi-phase electric machine includes a stator, and a rotor for
spinning within the stator, the rotor including a plurality of poles having magne

assemblies inchudes at least a first magnet and second magnet therein for creating a

~
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non-sinusoidal back EMF wherein a strength ratio of the first magnet and second

magnet greater than the absoluie value of 1.

{00281 Although the present fechnology has been described in detail for the purpose of
dlustration based on what is currently considered to be the most practical and
preferred implementations, it 18 to be understood that such detail is solely for that
purpose and that the technology is not limited to the disclosed implementations, but,
on the contrary, is intended to cover modifications and equivalent arrangements that
arc within the spirit and scope of the appended clatms. For example, it s to be
understood that the present technology contemplates that, to the extent possible, one
or more features of any implementation can be combined with one or more features of

any other implementation.
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What is claimed is:

1. A multi-phase electric machine, comprising:

a stator, and a rotor for rotating within the stator, the rotor inclading poles having
combination magnet picces with varying strengths and dimensions creating a non-

sinusoidal back EMF.

2. The multi-phase clectric machine according to claim 1, wherein the machine has five
phases.

3. The multi-phase electric machine according to claim 1, wherein the magnet pieces are
separated by a non-magnetic conductive material.

4. The multi-phase electric machine according to claim 1, whercin the magnet pieces are
attached with no space between them.

5. The mult-phase electric machine according to claim 1, wherein the magnet poles
generate third harmonics in the back EMF.

6. The multi-phase electric machine according to claim 1, wherein the back EMEF
comntains between 18% of third harmonics.

7. The multi-phase electric machine according to claim 1, wherein the back EMF
contains higher order harmonics improving torque or efficiency.

8. The multi-phase electric machine according to claim 1, wherein the combination
magnet pieces contains rare-earth material.

9. The owlti-phase electric machine according to clatm 1, wherein the combination

raagnet pieces contains no rare-earth material.

10. The multi-phase electric machine according to claim 1, wherein the combination

magnet pieces contains combination of rare-carth and non-rare-carth materials.

11. The multi-phase electric machine according to claim 1, wherein the magnet poles are

placed on the surface of the rotor.

12. The multi-phase electric machine according to claim 1, wherein the magnet poles are
buried inside the rotor.

13. The multi-phase electric machine according to claim 1, wherein the magnet poles are

focated inset on the rotor.
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14, The multi-phase electric machine according to claim 1, wherein magnet poles are

&

placed as combination of surface mounted, buried and inset on the rotor.

15. A multi-phase electric machine, comprising:

a stator, and a rotor for spinning within the stator, the rotor including  a plurality
of poles having magnet assemblies includes at least a first magnet and second
magnet therein for creating a non-sinusocidal back EMF wherein a strength ratio of

the first magnet and second magnet greater than the absolute value of 1.

16. The multi-phase electric machine according to claim 15, wherein the machine has five
phases.

17. The multi-phase electric machine according to claim 15, wherein the magnets are
separated by a non-magnetic conductive material.

18. The multi-phase electric machine according to claim 15, wherein the magnets are
attached with no space between them.

19. The multi-phase clectric machine according to claim 15, wherein the magnet poles
generate third harmonics in the back EMF.

20. The multi-phase electric machine according to claim 15, wherein the back EMF
contains between 18% of third harmonics.

21. The multi-phase electric machine according to claim 15, wherein the back EMF
contains higher order harmonics improving torque or efficiency.

22. The mult-phase elecwric machine according to claim 15, wherein the magnet
assemblics confains rare-earth marferial.

23. The multi-phase electric machine according to claim 15, wherein the magnet
assemblies contains non-rare-carth material.

24, The multi-phase electric machine according to claim 15, wherein the magaet
assernblies contains combination of rave-earth and non-rare-carth materials.

25. The multi-phase electric machine according to claim 15, wherein the magnet poles are
placed on the surface of the rotor.

26. The multi-phase electric machine according to claim 15, wherein the magnet poles are

buried inside the rotor.
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27. The multi-phase electric machine according to claim I5, wherein the magnet poles are
located inset on the rotor,
28. The multi-phase electric machine according to claim 15, wherein the magnet poles are

placed as combination of surface mounted, burted and inset on the rotor,
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