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COMBINATION STRUCTURE BETWEEN STATOR
AND ROTOR IN A BRUSHLESS MOTOR

[0001] The present invention claims the benefit of Chinese Patent Application No.

201510420866.2, filed in the People’s Republic of China on July 15, 2015, which is hereby

incorporated by reference.

[0002] In addition, Chinese Application Nos. 201510419131.8, 201510420136.2, and

201510420854 X, all of which filed on July 15, 2015, are hereby incorporated by reference.
BACKGROUND OF THE INVENTION

FIELD OF THE INVENTION

[0003] The present invention relates to a motor, and more particularly, to a brushless

motor having a stator combined with a rotor.

TECHNOLOGY BACKGROUND

[0004] A motor may comprise a rotor having a plurality of magnets and a stator having a

core and a winding on the core defining a plurality of coils. Such motors may be divided into

fractional-slot winding motors and integral slot winding motors depending on the winding

configuration in the winding. A fractional-slot winding motor greatly reduces slot area

occupied by an insulation bracket, thereby improving a slot fill factor of the winding,

reducing winding resistance, and improving motor efficiency.

[000S5] However, in a related art fractional-slot winding motor, the armature reaction has

increased amounts of higher harmonics, which leads to the increase of motor iron loss.

Further, the asymmetry of magnetic circuit easily causes partial magnetic saturation, which

leads to motor vibration and increased noise.
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SUMMARY
[0006] Accordingly, the present invention is directed to a brushless motor that
substantially obviates one or more of the problems due to limitations and disadvantages of the
related art.
[0007]  An object of the present invention is to provide a brushless motor with reduced
motor cogging torque and torque ripple during operation while controlling sharp change and
saturation level of flux that passes through stator tooth tip.
[0008] Another object of the present invention is to provide a brushless motor with
reduced radial electromagnetic force amplitude.
[0009] Another object of the present invention is to provide a brushless motor with
reduced vibration and noise.
[0010]  Another object of the present invention is to provide a brushless motor in which a
motor back electromotive force is substantially a sine wave, thereby reducing motor
harmonic current and motor iron loss.
[0011]  Another object of the present invention is to provide a brushless motor with high
efficiency that can be easily manufactured.
[0012] Additional features and advantages of the invention will be set forth in the
description which follows, and in part will be apparent from the description, or may be
learned by practice of the invention. The objectives and other advantages of the invention
will be realized and attained by the structure particularly pointed out in the written
description and claims hereof as well as the appended drawings.
[0013] To achieve these and other advantages and in accordance with the purpose of the
present invention, as embodied and broadly described, a brushless motor comprises a stator
including stator core and a plurality of winding teeth evenly distributed on the stator core;

and a rotor rotatably disposed within the stator with the winding teeth facing the rotor, the
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rotor including a rotor core and a plurality of magnets evenly distributed around the rotor
core; wherein a first symmetry axis is defined passing through a center of a first one of the
magnets to a center of the rotor, and a second symmetry axis is defined passing between
adjacent ones of the magnets to the center of the rotor, and wherein a first distance between
the outer surface of the rotor to a surface of a first one of the winding teeth when the first axis
is aligned with the first winding tooth is smaller than a second distance between the outer
surface of the rotor to the surface of the first winding tooth when the second axis is aligned
with the first winding tooth.
[0014] It is to be understood that both the foregoing general description and the following
detailed description are exemplary and explanatory and are intended to provide further
explanation of the invention as claimed.

BRIEF DESCRIPTION OF THE DRAWINGS
[0015] The accompanying drawings, which are included to provide a further
understanding of the invention and are incorporated in and constitute a part of this
specification, illustrate embodiments of the invention and together with the description serve
to explain the principles of the invention. In the drawings:
[0016] FIG. 1is a diagrammatic view of a stator and rotor combination in a brushless
motor according to an example embodiment;
[0017] FIG. 2 is a partial diagrammatic view showing the stator and rotor combination of
FIG. 1 in greater detail,;
[0018] FIG. 3 is a graph showing change in the cogging torque according to mechanical
angle when a stator and a rotor combination are used in the motor;
[0019] FIG. 4 is a bar graph showing different harmonic waves related to a radial magnet

force distribution when a stator and a rotor combination are used in the motor;
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[0020] FIG. 5 is a graph showing the back electromotive force changing with mechanical
angle of the motor when a stator and a rotor combination are used in the motor;
[0021] FIG. 6is an enlarged partial diagrammatic view showing the stator and rotor
combination of FIGs. 1 and 2; and
[0022] FIG. 7 is perspective view showing a rotor in accordance with an example
embodiment.

DETAILED DESCRIPTION
[0023] Reference will now be made in detail to embodiments of the present invention,
examples of which are illustrated in the accompanying drawings.
[0024]  As will be described, a brushless motor may comprise a stator and a rotor. The
stator may include a stator core, which may have at a tooth portion facing the rotor. The
tooth portion may have a plurality of teeth distributed evenly along the stator core described
herein. A winding may be provided on the tooth portion. The rotor may include a rotor core
and multiple magnets. For example, there may be a plurality of mounting slots distributed
evenly along the circumference direction of the rotor core, and each mounting slot may have
a magnet, such as a permanent magnet, therein. A first axis of symmetry herein may pass
through a middle of one of the magnets to a center of the rotor. A second axis of symmetry
may pass between adjacent ones of the magnets to the center of the rotor. A distance is
defined from the point on a contour line of the end face of the rotor to a side wall of the
adjacent tooth portion. As the motor rotates, this distance gets smaller as the motor rotates
from the second axis to the first axis. The change in this distance may effectively reduce
cogging torque and torque ripple during operation while also restraining sharp change and
saturation level of flux that pass through stator tooth tip. Further, radial electromagnetic

force amplitude is reduced, thereby efficiently controlling motor vibration and noise. In
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addition, motor back electromotive force is caused to be a sine wave, thereby reducing motor
harmonic current and motor iron loss.

[0025] FIG. 1is a diagrammatic view of a stator and rotor combination in a brushless
motor according to an example embodiment. FIG. 2 is a partial diagrammatic view showing
the stator and rotor combination of FIG. 1 in greater detail.

[0026] In the example embodiment of FIG. 1, a motor comprises stator 3 and rotor 5. The
stator 3 includes a stator core 31, a plurality of winding teeth 32, which are evenly distributed
on the stator core, and a winding 33 on each respective winding tooth 32. The winding teeth
are position on the stator core 31 to face the rotor 5.

[0027]  The rotor 5 includes a rotor core 51 and a plurality of magnets 52, which are
provided in corresponding ones of a plurality assembly slots 53 distributed evenly along an
outer surface of the rotor core 51. Each magnet 52 may be separately inserted into a
respective assembly slot 53. Here, the magnets 52 may be permanent magnets.

[0028]  With reference to FIG. 2, the plurality of magnets 52 are provided adjacent to each
other along the circumference of the rotor core 51. For example, a first magnet 521 and a
second magnet 522 are adjacent to each other. A first symmetry axis D is defined passing
through a center of the first magnet 521 to the center of the rotor 5. A second symmetry axis
Q 1s defined passing between the first magnet 521 and the second magnet 522 to the center of
the rotor 5. A distance g is defined from a point on the outer surface 50 of the rotor 5 to a
side wall of an adjacent winding tooth 32.

[0029]  The stator 3 and the rotor 5 have a configuration such that the separation distance
is not constant around their interface. For example, as the motor rotates from a state with the
second axis Q aligned with the winding tooth 32 to a state with the first axis D aligned with
the winding tooth, the distance g becomes smaller. Because the plurality of the magnets 52

are the same, the first magnet 521 and the second magnet 522 can be any two adjacent
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magnets among the plurality of magnets 52. Specifically, the distance from the outer surface
50 of the rotor 5 end to a side wall of an adjacent winding tooth 32 will be the smallest when
the rotor 5 is rotated to have a point corresponding to a middle of one of the magnets 52
facing the adjacent winding tooth 32.

[0030] In the above stator and rotor combination structure, the stator 3 includes a stator
core 31, a plurality of winding teeth 32, which are evenly distributed on the stator core, and a
winding 33 on each respective winding tooth 32. The winding teeth 32 are positioned on the
stator core 31 to face the rotor 5. The rotor 5 includes a rotor core 51 and a plurality of
magnets 52. The plurality of magnets 52 includes the first magnet 521 and the second
magnet 522, which are adjacent to each other. The first symmetry axis D is defined passing
through a center of the first magnet 521 to the center of the rotor 5, the second symmetry axis
Q 1s defined passing between the first magnet 521 and the second magnet 522 to the center of
the rotor 5, and the distance g is defined from a point on the outer surface 50 of the rotor 5 to
a side wall of an adjacent winding tooth 32. As the rotor 5 rotates from having the second
axis Q aligned with the adjacent winding tooth 32 to having the first axis D aligned with the
adjacent winding tooth 32, the distance g becomes smaller. Here, the distance g may become
smaller continuously. This arrangement can effectively reduce motor cogging torque and
torque ripple during operation while controlling sharp change and saturation level of flux that
passes through stator tooth tip. Further, radial electromagnetic force amplitude can be
reduced, thereby efficiently controlling motor vibration and noise. In addition, motor back
electromotive force can be caused to be a sine wave, thereby reducing motor harmonic
current and motor iron loss.

[0031] FIG. 3 is a graph showing change in the cogging torque according to mechanical
angle when a stator and a rotor combination are used in the motor. FIG. 3 shows the cogging

torque according to the mechanical angle of the stator relative to the rotor. In FIG. 3, the
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solid line represents a motor according to an example embodiment of the present invention
whereas the dotted line represents a related art motor. A cogging torque closer to zero is
generally better. Therefore, with regard to cogging torque, the motor according the example
embodiment of the present invention has better performance than the related art motor.
[0032] FIG. 4 is a bar graph showing different harmonic waves related to a radial magnet
force distribution when a stator and a rotor combination are used in the motor. Specifically,
FIG. 4 shows different harmonics related to a radial magnet force distribution diagram for a
stator and rotor combination in a motor. The cross-hatched columns represent a motor in
accordance with an example embodiment of the present invention wherein the hollow
columns represents a related art motor. The harmonics amplitudes for the present motor are
less than those of the related art motor. Thus, motor vibration and noise are effectively
restrained in the motor according to the example embodiment of the present invention.
[0033] FIG. 5 is a graph showing the back electromotive force (counter electromotive
force) changing with mechanical angle of the motor when a stator and a rotor combination
are used in the motor. Specifically, FIG. 5 shows the back electromotive force according to
the mechanical angle of the stator relative to the rotor. In FIG. 5, the solid line represents a
motor according to an example embodiment of the present invention whereas the dotted line
represents a related art motor. As clearly shown in FIG. 5, the back electromotive force of
the present motor is a sine wave whereas the back electromotive force for the related art
motor is an irregular. Because a back electromotive force with a sine wave (rather than an
irregular wave) is achieved, the motor can both reduce motor harmonic current, but also
reduce motor iron loss. Moreover, because the back electromotive of the present motor has a
sine wave and much less high-frequency harmonics, position can be more conveniently

detected.
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[0034] With reference to FIG. 2, a distance g2 is defined from the outer surface 50 of the
rotor 5 along the second axis Q to the side wall of the adjacent winding tooth 32. Similarly, a
distance g1 is defined from the outer surface 50 of the rotor 5 along the first axis D to the side
wall of the adjacent winding tooth 32. Here, distances gl and g2 satisfy a relationship such
that 1.5 < g2/ gl <3.5. That is, variation of the distance g is limited by limiting a ratio
between a maximum of g2 and a minimum of g1, thereby controlling motor vibration and
noise, and reducing motor iron loss.

[0035] In one configuration, the outer surface 50 of the rotor 5 may comprise alternating
circular arcs 54 and curved inwards V shapes 55. The circular arc segments 54 and V
segments 55 may be connected smoothly. The first axis passes through a center of the
circular arc segments 54, and the second axis Q passes through the center of the V segments
55. In another configuration, the outer surface 50 of the rotor 5 may have other
arrangements, for example, using V segments 55 of straight line segments. Since side wall of
winding tooth 32 may certain radius or curvature, straight line segments can also meet the
above distance g range in various ways. For example, the V segments 55 can be arc
segments that rise above the center of the rotor 5 to meet the distance g range in various
ways. There are many alternative configurations that can meet the distance g range in various
ways not listed here. However, it is generally desired that the arc segments 54 and the V
segments 55 are connected smoothly to meet the distance g range with an effectively
variation amplitude so that a motor is achieved with reduced motor vibration, noise, and
motor iron loss.

[0036] In FIG. 2, arc segment 54 has a radius R1, and the distance from outer surface 50
to the center of the rotor 5 along the first axis D is R2 such that R1 < R2 and R1>0.

Further, the arc segment 54 defines an angle 61, and the rotor 5 has a number P of poles

(magnets) such that 0.444 <61/(360°/P) < 0.665 and P is a natural number.
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[0037]  Specifically, if the distance variation range between the side wall of the adjacent
winding tooth 32 and each point on arc segment 54 adopting R1 and 01 as set forth, motor
vibration, noise, and motor iron loss may be reduced.

[0038] FIG. 6is an enlarged partial diagrammatic view showing the stator and rotor
combination of FIGs. 1 and 2.

[0039] As shown in FIG. 6, a winding tooth 32 may comprise a winding portion 321 and
front portion 322. Here, the surface of the front portion 322 can be straight or curved. To
increase the distance variation range between the side wall (i.e., the front portion 322) of the
winding tooth 32 and point on outer surface 50 of the rotor 5, a contoured front portion 322
may be used. The contoured front portion 322 includes an arc segment at the center part and
two straight line segments connected to respective ends of the arc segment. In the illustrated
embodiment, the distance c is defined between two endpoints of the contoured front portion
322 (i.e., a width of the front portion 322). Each straight line segment has a length a. The
winding portion 321 has a width b. Here, these dimensions satisfy a relationship: (c-b)/2 <a
<c¢/2 where a, b, and ¢ are greater than zero. The relative dimensions of a, b, and ¢ as
described can provide a sufficient arc segment length for the front portion 322 such that a
sufficient variation in distance g is provided.

[0040] In the example of FIG. 6, two adjacent winding teeth 32 have a stator slot 34 in
between. The base 341 of the stator slot 34 described herein comprises the arc segment of the
stator slot and two straight lines of the stator slot connecting two ends of the arc segment of
the stator slot described herein. The straight line segment of the stator slot is perpendicular to
the side line 3211 of the winding portion 321 and the straight line segment of the stator slot is
connected with the side line 3211 smoothly. Of course, in other configurations, the base 341
of the stator slot 34 can be composed by only an arc segment or by only a straight line

segment.
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[0041] In variations in accordance with the present invention, the rotor core 51 can
comprise rotor lamination with multiple layers, and/or the stator core 31 can comprise stator
lamination with multiple layers. In the lamination layers, the lamination can include a
magnetic steel sheet.

[0042] In accordance with FIGs. 6, the length of assembly slot 53 may be larger than the
magnet 52. Here, the magnet 52 may be at the center of assembly slot 53 and the two sides of
assembly slot 53 may have magnet barrier 56 (shown in FIG. 7) composed by non-magnetic
zone. The width M of magnet barrier 56 is 1.5-3.0 times of rotor lamination thickness. The
above design may ensure mechanical strength, meanwhile set width M of magnet barrier 56
is 1.5-3.0 times of rotor lamination thickness. This arrangement effectively restrains a
magnetic field short circuit that may be formed by a magnetic field produced from magnet
passing through the winding tooth 32 and magnet barrier 56, thereby achieving increased
magnet utilization and motor efficiency.

[0043] In the above example configuration, the number of winding teeth 32 and the
number of poles in the rotor 5 has a ratio of 3:2. Therefore, the example configuration can
effectively increase stator slot utilization by adopting fractional-slot design for stator and
rotor combination structure. Of course, this ratio represents only an example configuration,
and the ratio between the number of winding teeth 32 and the number of poles in the rotor 5
can have other values. Further, the number of winding teeth 32 and the number of poles in
the rotor 5 can be determined in accordance with actual design and manufacturing demands.
[0044] FIG. 7 is perspective view showing a rotor 5 in accordance with an example
embodiment. As shown in FIG. 7, the magnet 52 may be fastened into the assembly slot 53
by a fastener 57, such as a clip. Furthermore, the rotor 5 may also comprise a shaft 58 with
the rotor core 51 therearound. Alternatively, other arrangements may be used to fasten the

magnets. For example, the magnet 52 may be secured into the assembly slot 53 by endcaps
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(not shown) on each side of the rotor so that the magnet cannot shift along the axial direction.
The endcaps may be made of stainless steel to avoid a flux leakage path.

[0045] Not only the fractional slot structure as shown herein, but also a concentrated
winding design to reduce winding length, can help reduce resistance and increase motor
efficiency. In addition, embedded style permanent magnet rotor structure may be adopted to
obtain enough mechanical strength and stability without fasteners or other auxiliary
mechanisms. Furthermore, embodiments can take advantage of reluctance torque produced
from rotor saliency to material utilization.

[0046] In accordance with the example embodiments described herein, a brushless motor
may comprise a rotor and a stator around the rotor. The stator may include a plurality of
tooth portions facing the rotor and having windings around each. The rotor may include
magnets facing the stator.

[0047]  The stator and the rotor have a configuration such that the separation distance is
not constant around their interface. As shown in FIGs. 2 and 6, for example, the contour of
the rotor includes alternately located circular arc segments and inward curved V-segments.
Thus, a distance “g” between the stator and the rotor decreases from a position corresponding
to the center of a rotor magnet to a position between rotor magnets.

[0048] This example configuration can effectively reduce motor cogging torque and
torque ripple during operation while controlling sharp change and saturation level of flux that
passes through stator tooth tip. Further, radial electromagnetic force amplitude may be
reduced, thereby efficiently controlling motor vibration and noise. In addition, B-EMF (back
electromotive force) of the motor becomes more of a sine wave, thereby reducing current
harmonic and iron loss in the motor.

[0049] It will be apparent to those skilled in the art that various modifications and

variations can be made in the brushless motor of the present invention without departing from
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the spirit or scope of the invention. Thus, it is intended that the present invention cover the
modifications and variations of this invention provided they come within the scope of the

appended claims and their equivalents.
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WHAT IS CLAIMED IS:

1. A brushless motor, comprising:

a stator including a stator core and a plurality of winding teeth evenly distributed on
the stator core; and

a rotor rotatably disposed within the stator with the winding teeth facing the rotor, the
rotor including a rotor core and a plurality of magnets evenly distributed around the rotor
core,

wherein a first symmetry axis is defined passing through a center of a first one of the
magnets to a center of the rotor, and a second symmetry axis is defined passing between
adjacent ones of the magnets to the center of the rotor, and

wherein a first distance between the outer surface of the rotor to a surface of a first
one of the winding teeth when the first axis is aligned with the first winding tooth is smaller
than a second distance between the outer surface of the rotor to the surface of the first

winding tooth when the second axis is aligned with the first winding tooth.

2. The brushless motor according to claim 1, wherein a distance between the outer
surface of the rotor to the surface of the first winding tooth becomes smaller as the rotor
rotates from a state with the second axis being aligned with the first tooth to a state with the

first axis being aligned with the first tooth.

3. The brushless motor according to claim 1, wherein a distance between the outer
surface of the rotor to the surface of the first winding tooth becomes continuously smaller as
the rotor rotates from a state with the second axis being aligned with the first tooth to a state

with the first axis being aligned with the first tooth.
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4. The brushless motor according to claim 1, wherein the rotor and the stator are
configured such that the first and second distances satisfy
1.5<g2/g1 <35

where gl is the first distance and g2 is the second distance.

5. A brushless motor according to claim 1, wherein the outer surface of the rotor
includes alternating circular arc segments and curved inward V shaped segments that are
smoothly connected, wherein the first axis passes through a center of one of the circular arc
segments, and wherein the second axis passes through a center of one of the curved inward V

shaped segments.

6. A brushless motor according to claim 5, wherein each of the circular arc segments
has an arc radius R1 which is greater than a distance R2 defined from a center of the circular

arc segment to a center of the rotor.

7. A brushless motor according to claim 5, wherein an angle of each of the circular
arc segments relative to the center of the rotor satisfies
0.444 < 01/(360°/P) < 0.665

where 01 is the angle and P is the number of magnets distributed around the rotor core.

8. The brushless motor according to claim 1, wherein each winding tooth includes a
coil wound portion and a front portion facing the rotor at an end of the coil wound portion,
wherein a surface of the front portion has an arc segment at a center part and two

straight line segments connected to respective ends of the arc segment, and
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wherein a length of each straight line segment, a width of the winding portion, and a
width of the front portion are configured to satisfy:
(c-b)y2<a<c/2
where ‘a’ is the length of each straight line segment, ‘b’ is the width of the winding portion,

and ‘¢’ is the width of the front part.

9. The brushless motor according to claim 8, wherein a stator slot is defined between
two adjacent winding teeth portions,

wherein a base of the stator slot includes an arc segment and two straight lines
connected to respective ends of the arc segment, and

wherein each straight line segment is perpendicular to and smoothly connected to an

adjacent side wall of the coil wound portion.

10. The brushless motor according to claim 1, wherein a ratio of a number of winding

teeth to a number of poles distributed around the rotor core is 3:2.

11. The brushless motor according to claim 1, wherein magnets are disposed in

mounting slots evenly distributed around the rotor core.

12. The brushless motor according to claim 1, wherein the rotor core includes rotor

lamination, and wherein the stator core includes stator lamination.

13. The brushless motor according to claim 12, wherein a length of each mounting
slot is greater than a length of each respective magnet, and each magnet is disposed at a

center of each mounting slot,
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wherein a flux barriers are at each side of each respective mounting slot described,
and
wherein a width of the flux barrier is 1.5~3 times of the thickness of the rotor

lamination.

14. The brushless motor according to claim 11, wherein the magnets are fastened into

respective ones of the mounting slots by a fastening clip.

15. The brushless motor according to claim 1, wherein the magnets are along an outer

surface of the rotor to be within the rotor inside of the outer surface.
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