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The present invention relates to a super high

speed brushless DC motor, and more particularly, relates

to a super high speed brushless DC motor which includes

an armature which is constructed by winding an armature

winding to an armature core, and a rotor constructed by

providing a rotor core having interior faces consisting

of permanent magnets, which rotor rotates at greater

than 10,000 r.p.m..

Background Art

Traditionally, a motor can be used as a driving

source for a compressor, or the like, due to advantages

such as ease of electrical control.

A motor includes

various species, but a three-phase induction motor is

most commonly used in the applications presently

contemplated because of advantages such as a rotating
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mﬁndTng to an armature core, and a rotor constructed by providing a rotor
core having interior faces consisting of permanent magnets, which rotor
rotates at greater than 10,000 r.p.m. Background Art
Tradltlonally, a notor can be used as a driving source for a conpressor,
or the like, due to advantages such as ease of electrical control. A notor
i ncl udes varmagnesbecféeldbstbaingreesphusebtaﬂuedioainptbhree—phase
commonly used in the applications presently contenpl ated because of
advant ages sugitépnatingapoR@r source, thus making commutators
unnecessary, and that a three-phase induction motor is
steady, inexpensive, and is easy to deal with. In an
induction motor, an armature winding is wound to an
armature core and a rotor windinq is wound to a rotor
core. Current flows not only in the armature winding,
but also in the rotor winding. Therefore, output can
decrease due to secondary copper loss caused by current
flowing in the rotor winding and efficiency of the
induéticn motor cannot be significantly raised even when
no mechanical losses exist.

In view of this consideration, a brushless DC
motor is proposed in which permanent magnets are mounted
to a rotor core rather than winding a rotor winding to
the rotor core, so as to minimize secondary copper
losses while providing high driving éfficiency.

Further, it is contemplated that a brushless DC motor is
to be applied as a high speed mofﬁr in a precision
machine, compressor or the like, because a brushless DC
motor can perform with high driving efficiency. In the
present case, a brushless-DC motor is contemplated with
a focus toward raising driving efficiency. An air gap
length between a stator and a core is designed to be
about 1/100 ~ 1/200 of an inside diameter of the stator
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-2- "~ magnetic field s being easily obtained using three-phase

al ternating power source, thus nmaking conmutators unnecessary, and that a
t hr eg- phase induction notor is st eady, inexpensive, and is easy to deal
with. In an I nduction notor, an armature winding is wound to an

armature core and a'rotor, winding is wound to a rotor core. Current flows

not only in t B &BmPur@ifengrnglingygf tirdgney PﬁemPSP8F1W|ﬁdPﬁg

Ther ef ore, output can
between the stator and the rotor. Further, a metallic

tube is pfovided so as to prevent breakage of permanent
mégnets during high speed rotation (refer to an Offician
Gazzett of Tokukaihei 3-11950).

When a brushless DC motor is rotated at high
speed, a variation in magnetic flux density ocurrs
caused by slots in the stator. Although the gap length
is extremely small as described above, the rotor is
greatly influenced by the variation of the magnetic flux
density so that an eddy current is generated. Driving
efficiency of a brushless DC motor is lowered caused by
the eddy current. Previously, it was thought that the
driving efficiency of a brushless DC motor could be
sufficiently raised by reducing an air gap length
between a stator and a rotor so as to raise flux
linkages efficiency, even when an eddy current is
generated caused by variation in magnetic flux density.
Brushless DC motors having high e%ficiency are typically
designed with a minimal gap length.

More specifically, most conventional brushless
DC motors ;re brushless aﬁd are rofated in a
comparatively low output region, therefore calorific

value caused by eddy current loss has minimal impact,

hence, raising magnetic flux couplihg efficiency is a
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decrease due to secondary copper |oss caused by current flowng in the
rotor winding and efficiency of the I nducti on notor cannot be
significantly raised even when no mechani cal | osses exi st. I'n
view of this consideration, a brushless DC notor is proposed in which

per manent magnets are noynted to rotor core rather th wi_nding a rotor
winding to tHEIPoPBFnEoFE§%§8das ?SnﬁFﬁPﬁpgéYseQSRdé?9gggpb§rgolg?ses
whil e providing high driving efficiency. Further, it is contenplated that
a brushl ess DBiRdM3Refs FyriBeEpphred 8sPZufPIRsSpBEI™REPEr 1Sn a preci sion

machi ne, conpressor or the |ike, because a brushless DC notor can perform
with high dridesdoeefi éPcheya hdghheutput brushless DC motor and/or a

high speed rotating brushless DC motor, exothermic
response caused by eddy current loss becomes a problem,
In response, heat radiating measures having effect
greater than exothermic heating c;used by eddy current
loss are provided by providing small slot openings in a
stator, and/or performing forced cooling by fan, or
suppljing a cooling medium or the like. When stator
"slots are designed to be small, a distance between teeth
of a stator becomes small, and variation in magnetic
flux density is minimized between tooth sections and
opening sections of slots. Therefore spacial harmonic
components are greatly reduced. It also is believed
that eddy current loss is greatly reduced. Determining
width 'of mouse of slot involves design limits bécause a
stator winding most be housed within the slots.
Therefore, the design limit becomés the limit for
supbressing exothermic response caused by eddy current
loss. When forced cooling is performed, the increase in
heat radiétion turns upon.the peformance of a fan,
species of refrigerant, a limit of flowing speed of the
cooling medium, or the like. Consequently, designing a

brushless DC motor for high output and/or a high speed
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present case, a brushless DC notor is contenplated with a focus toward
raising driving efficiency. An air gap |ength between a stator and a core
is designed to be about 1/100 ~ 1/200 of an inside dianeter of the stator
- 3- so as to raise coupling efficiency of magnetic fl ux bet ween t he

stator and th§o£8£°£ Kyétfgritg metallic tube is provided so as to
prevent breakage ot %ernanen? )

The inventors of the present invention have
earnestly pursued obtaining a brushless DC motor which
can rotate at super high speed, and have analyzed high
speed rotating motors which are presently available. As
a resuit, the inventors have found that existing high
speed rotating motors have limits in raising rotating
speed, as is illustrated in Fig. 9, and have confirmed
that a brushless DC motor has limits in raising its
output and/or raising its rotating speed. 1In Fig. 9,
the data points illustrate outputs and rotating speeds
for conventionally constructed motors (or high épeed
motors). The inventors have found a cause of the limit
is that generation of eddy current becomes remarkable
following an increase in rotating speed, that efficiency
decreases, and rotor temperature rises extremely due to

eddy current loss.

Consequently, in_the past, it was impossible to
construct a super high speed motor which exceeds the
solid line illustrated in Fig. 9.

Furtﬁer, thouéh alconventional brushless DC
motor shouid be designed ﬁaving a small air gap length,
work accuracy, assembling accuracy for each constructing
component must be raised accordingly. A disadvantage
arises in that manufacturing such a brushless DC motor
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magnets during high speed rotation (refer to an Ofician Gazzett of
Tokukai hei 3-11950). When a brushless DC notor is rotated at high
speegl, a variation in magnetic flux density ocurrs caused by slots in the
stator. Although the gap |ength is extrenmely small as descri bed above,

the rotor is begéﬁ@élgxtpghgggcggmgylgggeaarlatlon of the magnetic flux
density so that an eddy current is generated. Driving efficiency of a
brushl ess DC notor is | owered caused by the eddy current. Previously, it
was thought that the driving efficiency of a brushless DC notor could be

sufficiently raised by_reducing ap.air gap |ength between a stator and a
rotor so as tépﬁﬂigg-gfuihe Invention

The present invention was madé in view of the
above-mentioned proble@s. It is an object of the
present invention to supply a supér high speed brushless
DC motor which requires no special design considerations
such as decreasing width of mouth of slot, or providing
cooling apparatus.

To achieve the above-mentioned object, a super
high speed brushless DC motor according to a first
embodiment of the present invention provides an air gap
length between a stator and a portion having metallic
characteristics of a rotor to be equal to or greater

5/6,51/8

than N +d:Kg {wherein d represents an inner

diameter of the stator, N represents a rated speed (ten
thousands r.p.m.), P represents a rated output (kW), and
Kg represents a constant which is determined based upon
the stator of the motor}.

A éuper high speed brushless DC motor according
to a secodd embodiment defines an air gap length between
a stator and a portion having metallic characteristics

of a rotor to be equal to or greater than

1.95 5/6 ,1/8

{7/0.3) N -d-Kg {wherein 4 represents a ratio
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| i nkages efficiency, even when an eddy current is gener ated caused by
variation in magnetic flux density. Brushl ess DC notors having high
efficiency are typically designed with a mninmal gap |ength.
Nbré‘specifically, nost conventional brushless DC notors are brushless and
are rotated in therefore c ific

val ue caused Bgaﬁﬁd9ng8$$éh¥ %Eg %%guagﬁ?ﬁéfg#ﬂpﬁi?pecﬁeﬁ%éa ¥ ? i ng

magneti c fl ux cougllng efficiency iis a ] .
pitch of the stator, d represents an inner diameter of

the stator, N represents a rated speed (ten thousands
r.p.m.), P represents a rated output (kW), and Kg
represents a constant which is determined based upon the
sfator of the motor}. ,

A super high spged brushless DC motor according
to a third embodiment includes fins for naturally air-
cooling, and determines the air gap length between the
.stator and the portion of the rotor having metallic

1/2

characteristics to be 1/Ks multiplied to the above-

mentioned air gap length.

A super high speed brushless DC motor according
to a fourth embodiment determines the air gap length g
to be less than 7D/(2p) (wherein D represents a diameter

- of a surface of magnets of the rotor).

A super high speed brushless DC motor according
to the present invention may employ a rotor to which
permanent magnets made of rare eafth elements have been
mounted.

A super high speed brushless DC motor according
to the présent invention ﬁay employ permanent magnets
which are magnetized over an entire region in a
direction parallel to a magnetic pole axis, as permanent

magnets mounted to the rotor.
- 7T -
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-4- ~ main point instead. Consequently, gap length is to be m nim zed.

Furt her,

when a brushl ess DC notor is desi gned to be a high output

brushl ess DC notor and/or a hi gh speed rotating brushless DC notor,

exot herm ¢
response

response caused by eddy current |oss becones a problem

, heat radi aty r %EQ% ern1c
heati ng caused by ed&y C rre%ﬁtlig(:fls é(g’%s d;r%eﬁ{)é;hg\%s 3“%%?{% I ng smﬁq sl ot

openi ngs in ator a d/or rfornln r d cQQl.i
supplying a %c?ol | dﬁﬁ ot r’kénay\g/,\b‘?é“%l at o(r%%t I?&%Zwélrle%hdeay ghed to
be small, a dlstance betmeen teeth

protection tube made of metal is mounted at an outermost
portion.

A super high speed brushless DC motor according
to the present invention may employ a rotor to which a
protection tube made of insulating material is mounted
at an outermost portion.

A super high speed brushless DC motor according
to the present invention may employ a rotor to which a
protection tube made of metal or insulating material is
mounted- at an outermost portion, the protection tube
providing compressing force to the permanent magnets
made of rare earth elements toward a central axis of the
rotor.

A éuper high speed brushless DC motor according
to the present invention may employ permanent magnets
made of casting hot worked rare earth elements as the
permanent magnets. The permanent magnets made of .
casting hot worked rare earth elements are preferable in
which at least one species of rare earth elements which
include ytfrium, at least one species of transition’
metals, and at least one species of IIIb group elements
are melted and cast as basic components, then are hot

worked to equal to or greater than 500°C, so that
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of a stator becones small, and variation in magnetic
m ni m zed between tooth sections and

openi ng sections of slots.

flux density is

Therefore

spacial harnonic conponents are greatly reduced. It also is believed
that eddy current loss is greatly reduced. Determ ning wi dt h of nouse of

sl ot

i thin the ctane a8y 646 Sonlesddd Ao haRORSTRL S5 G

suppressi ng exot herp c.response caused by eddy, current | oss. \Wen forced
At f ot

cooling is pet¥ eqd Ry | peshanicsy atiQR at i More BTRE
pef ormance of a fan, species of refrigerant, a limt of flown
the cooli n@helRamt ne 1$Re¢ieR OLFRRR RAX Y elrmerts plecte

¥he
speed of

from Pr, Nd, Dy, Ce, La, Y, Th, at least one species of

transition metals selected from Fe, Co, Cu, Ag, Au, Ni,

Zr, and at least one species of IIIb group elements

selected from B, Ga, Al are exemplified, and it is

preferable that their atomic percentages are 12-25 %, 65-

85 % and 3-10 %.

As to the super high speed brushless DC motor

according to the first embodiment of the present

invention the air gap length between the stator and the

portion having metallic characteristics of the rotor is

determined to be eqgual to or greater than

5/6 ,1/8

N P

air gap length of a conventional brushless DC motor.

+d-Kg, which air gap length is greater then an

Consequently, when variation in magnetic flux density is

caused by slots of the stator, variation in magnetic

flux density in the rotor is greaily suppressed due to

the air gap length being great, so that generation of

eddy current in the rotor is significantly decreased.

Therefore, driving efficiéncy is raised, heat generation

in the rotor is greatly suppressed due to the air gap

length being great, so that a stable, super high speed

rotating can be performed. Further, the super high
. -9 -
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brushl ess DC notor for high output and/or a high speed
-5- rotating has limts. The inventors of the present

i nvention have earnestly pursued obtaining a brushless DC notor which
can rotate at super high speed, and have anal yzed hi gh speed rotating

not ors whi ch ?%FPgbgﬁgﬂﬁbg b@lh@Qb% réﬁulr%sr%%“b%51bﬁe i nventors have

found that ex
consideration for redesigning the stator because of the

enlarged air gap length. Furthermore, assembling of the
super high speed brushless DC motor becomes simple
because of the air gap length design.

As to the super high speed brushless DC motor
according to the second embodimen¥, though the air gap
length between the stator and the pdrtion having
metallic characteristics of the rotor is determined to

1.95 5/6 ,1/8

be equal to or greater than (7/0.3) +d-Kg,
the air gap length is designed to be greater then an air
gap length of a conventional brushless DC motor when the
brushless DC motor has a large diameter with respect to
a wire diameter of a stator winding, for example.
Consequently, even when variation in magnetic flux
density is great, to some degree, caused by slots of the
stator, variation in magnetic flux density in the rotor
is suppressed due to the air gap length being great, so
that generation of eddy current in the rotor is greatly
decreased. 'Therefore, driving efficiency is raised,
heat generation in the rotor is greatly reduced by the
air gap length being great, so that stable, super high
speed, rotating is capable. Furtherf the super high
speed brushless DC motor of the present invention
requires no redesigning of the statér because the design

- 10 - -
This Sheet Has Been Reﬂlaced




speed rotating notors have |limts in raising rotating speed, as is
illustrated in Fig. 9, and have confirned that a brushl ess DC notor has
limts inraising its out put and/or raising its rotating speed. In Fig.
9, ° the data points illustrate outputs and rotating speeds for

conventionall con r ed. no S [ to H- nygnt ors
have found a? 5 g%f % gf?négé 1éﬁﬁ Qa?hgggerg%w%ﬁgoféid%@ gﬁ?é S

becones renarkable f ol n i ncr ease rotati.n eed, that
efficiency H%c?%%%%shl%ﬂds?%?gqu%ﬁﬁigiﬁLﬁé:W?E@% Qék? §21SP%e to  eddy
current | oss. Consequently, in the past, it was inpossible to
construct a ReGRWS®i Hhe sptRdIARt LRIGHR IS SReigRed Hio be great.

As to the super high speed brushless DC motor
according to the third embodiment, though the motor
includes fins for naturally air-cooling, and determines
the air gap length between the stgtor and the portion of
the rotor having metallic characteristics to be 1/Ksl/2
multiplied to the above-mentioned air gap length, the
air gap length is designed to be greater then an air gap
length of a conventional brushless DC motor.when the
brushless DC motor has an extremely large diameter with
respect to a wire diameter of a stator winding, for
example. Consequently, even when variation in magnetic
flux density is great, to some degree, caused by slots
of the stator, variatiqn in magnetic flux density in the
rotor ‘is suppressed due to the air gap length being
great, so that generation of eddy current in the rotor
is greatly decreased. Therefore, driving efficiency is
raised, heat generation in the rotor is greatly
suppressed due to the air gap length being great, so
that stable, super high speed, rotating is possible.
Further, the super high speed brushless DC motor of the

present invention requires no redesigning of the stator

because the motor merely enlarges the air gap length.

Sheet Has Been Reﬂlaced
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solid line illustrated in Fig. 9. Further, though a conventiona
brushl ess DC notor should be designed having a snmall air gap length, work
accuracy, assenbling accuracy for each constructing conponent nust be

rai sed accordingly. A disadvantage arises in that manufacturing such a

brushl ess DC not or - 6- becones
extrenel y coh%VTE%?§ﬂ°re assembling of the super high speed

brushless DC motor becomes easy because the air gap
length is designed to be great.

As to the super high speed brushless DC motor
according to the fourth embodiment, though the air gap
length g is determined, to be less than 7D/(2p), super

high speed rotation is performed.

As to the super high speed brushless DC motor
having permanent magnets mounted to the rotor, magnetic
force of the permanent magnets is strong (BH product is
great) so that sufficient flux linkages efficiency is
performed although the air gap length is large.

As to the super high speed brushless DC motor
employing permanent magnets which are magnetized over an
entire region in a direction parallel to the magnetic
pole axis, as permanent magnets mounted to the rotor,
magnetic flux density in the air gap between the stator
and the rotor is varied according to a sine function so
that the magnetic flux density avoids inclusion of
higher harmonic components. Therefore, iron loss in the
stator caused by the highér ha¥monic components is
nearly reduced to zero so that thé driving efficiency is
raised.

As to the super high speed brushless DC motor
employing a rofor to which a protection tube made of

- 12 -
This Sheet Has BeenRﬂ

A



Surmary of The Invention The present invention was nmade in view
of the above-nentioned problens. It is an object of the present invention
to supply a super high speed brushless DC notor which requires no speci al
desi gn considerations such as decreasing width of nmouth of slot, or

providing copbtRy 28PR6GRhYEd at an outJPm@§Pi$UFti@§,a@ﬂ@efég§%ﬁ&§§d

obj ect, a super high speed brushless DC notor according to rst

o e o' obr B FREChshRUETLbAR BhR B Re0uRbS B8Tho'GIEAY bt veen @
compafison with the conventional brushless DC motor so
that the permanent magnets are protected even when the
motor rotates at super high speed. Consequently, stable
super high speed rotatjon is provided.

As to the super high speed brushless DC motor
employing a rotor to which a protection tube made of
insulating material is mounted at an outermost portion,
no eddy current is generated in the protection tube.
Therefore, driving efficiency is increased due to the
lack of eddy current in the protection tube.

As to the super high speed brushless DC motor
which employs a rotor to which a protection tube made of
metal or insulating material is mounted at an outermost
portion, wherein the protection. tube gives compressing
force to the permanent magnets made of rare earth
elements toward a central axis of the rotor, permanent
magnets protection effect which is greater is performed
so that higher super high speed rotation is further
provided. The thickness of the protection tube can be
designed to be significani in view of the air gap length
considerations thus giving high compression effect to
the permanent magnets.

As to the super high speed.brushless DC motor

This Sheet Has Been Rerlaced - 13-
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characteristics of a rotor to be equal to or greater than [err] {wherein d
represents an inner dianeter of the stator, N represents a rated speed
(ten thousands r.p.m), P represents a rated output (kW, and Kg
represents a constant which is determ ned based upon the stator of the

not or}. . A super high speed brushl ess DC notor accordin to a
second enbodi'FRHER o"éﬁ?Jrfé%sa?le aneph PRERATS fradR %F‘%’f’aﬁ%rh‘gﬁd a portion
having netallic characteristics of a rotor to be equal to or greater than
([err]/0.3)[ efeqkatharare sartl) ¢ippenithtas Lthetpermanent magnets,

strength of the permanent magnets is greater than that
of sintered rare earth elements magnets, providing
optional omission of the protection tube. Of course, if
the protection tube is provided, an upper limit of the
rotating speed can be raised. Purther, casting hot
worked rare earth elements permanent magnets have
characteristics which are similar to these of metal, so
that working with high accuracy is possible and density
is uniform within the permanent magnet. Therefore,
balancing of the rotor having the permanent magnets
mounted thereto is easily performed. When a protection
tube is employed, stress within the permanent magnet is
decreased, good overall balance is maintained, and
manufacturing and assembling are simplified. When the
brushless DC motor which employs a rotor having a
protection tube made of metal, the permanent magnets
made of rare earth elements are pbsitioned at the
outermost position of the rotor so that flux linkages
efficiency is improved. -

Mofe particularly; the inventors of the present
invention.have earnestly pursued providing a brushless:
DC motor which provides an output which exceeds a limit

output of a conventional brushless DC motor, and

This Sheet Has Been RTlaced - 14 -
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-7- - of an opening length of a slot wth respect to a slot pitch of the
stator, d represents an I nner dianeter of the stator, N represents a rated

speed (ten t housands .p.m), Prepresents a rated output (kW, and Kg
represents a constant mhlch i s determ ned based upon the stator of the

motor}. perfdrisiPet A Bbvspeefohr wsitiesexdbeddtariascording to a

third enbodlnent I ncludes fins for naturally air- cooling, and determ nes

the air gap |sagb i, PEINESP 4 NSonventional brushless DC motor. The
inventors have found that shortening the air gap lenéth
as much possible between a stator and a rotor for
raising flux linkages efficiency impedes super high
speed rotation. That is, when a brushless motor is
driven at super high speed rotati;n, a frequency of
magnet flux density caused by slots of a stator becomes
high, significant eddy current flows within a rotor
caused by the magnetic flux density so tﬁat driving
efficiency is greatly reduced. Further, heat generation
in the rotor is great as caused by eddy current loss
becoming great, and efficiency for radiating heat cannot
be improved because of the air gap length being so short
that the temperature of the rotor increases so that
permanent magnets lose their magnetic force and that a
rotor itself can melt. |

The inventors have pursued lengthening an air

gap length of a super high speed brushless DC motor to
some degree, and have found that when the air gap length
between a stator and a rotor is determined based upon a
rated revolution and a rated output and is determined to

5/6 51/8

be equal or greater than N -d-Kg, for example, a

great decrease in eddy current is achieved, and that the

heat generation caused by the decreased eddy current is

-— 1 5 -
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stator and the portion of the rotor having netallic characteristics to be
1/Ks[err] multiplied to the above- nentioned air gap |ength. A
super hi gh speed brushless DC notor according to a fourth enbodi nent
determnes the air gap length g to be less than [err]D (2p) (wherein D

represents a dianeter, .of a surface of. net.s .Qf the r.otor). . A

super hi gh sPo&d SEERIFLEAR DESTRYS® g‘&?g? g'laﬁt ating; ﬁ%?d‘l"é?é%&y ifventi on may
enploy a rotor to which pernmanent nmagnets made of rare earth el ements have
been ~mount egufficient tR QysEiconeyhedie SENFTEHOEss Bhendnyerderd ding to

the present invention may enpl oy pernmanent nagnets
complete the present invention based upon the following

findings:

5/6 p1/8 4.¢g

We describe the formula of N
regulating the air gap,length.

Amplitude of space harmonics within an air gap
caused by slots of a stator can be represented by a
difference between an average value of magnetic flux
density within the air gap when the stator has no slots
and an average value of magnetic flux density within the
air gap when the stator has slots.

The average value Bg of magnetic flux density
within the air gap when the stator has no slots is
represented by the following formula:

Bg = Br-C¢/(1 + Pm/Po).

Wherein Pm represents permeance of a magnet, Po
represents permeance of an air gap, C¢ represents a
ratio of a magnet-air gap surface'areas, Br represents a
remanent magnetic flux density of a magnet.

The average value Bgs of magnetic flux density
within the.air gap when tﬁe stator has slots is
represented by the following formula:

Bgs = Br:C¢/(1 + Pm/Ps).
Wherein Ps represents permeance whep a stator has slots.

P 1 6 -
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whi ch are magnetized over an entire region in a direction parallel to a
magneti c pole axis, as permanent nmagnets nounted to the rotor.

-8- A super high speed brushless DC notor according to the
presbnt i nvention may enploy a rotor to which a protection tube nade of

netal is nounted at an_outer nost
The permeance Ps is represented by the following

formula:

Ps = n0{w/g - (4/7) log(l + ws/4g)}.

Wherein w represents a width of a tooth of a stator, g
represents an air gap length between a stator and a
rotor. When an approximate expression of Carter's
coefficient is introduced to the formula representing
the permeance Ps, the following formulae are obtained:
Ps = n0-Ag/k-g;

k = t/[t - {(s/g)2/(5 + s/g)}-g].

Wherein Ag represents an air gap surface area, t

represents a slot pitch, s represents a length of mouth

*

of slot.

Therefore, the amplitude of space harmonics Bm
becomes Bm = |Bg - Bgs| {refer to Fig. 3(A)}, and when
Bm is made non-dimensionalized using g/d (wherein 4
represents an inner diameter of a stator), Bm is
illustrated in Fig. 3(B).

Further, when Bm is expreésed with a function of
g/d, the following formula is obtained:

Bm = a/(g/d). |

Wherein a-represents a constant determined based upon a
length of mouth of slot. Therefore, the relationship
between ¢ and s/t is illustrated in Fig. 3(C), and the

relationship is approximated to ¢ B(s/t)l'95

il

{(wherein

—17_.



portion. A super high speed brushless DC notor according to the
present invention may enploy a rotor to which a protection tube made of
insulating material is nmounted at an outernost portion. A super
hi gh speed brushl ess DC notor according to the present invention may
enploy a rotor to which a protection tube made of nmetal or insulating

material is &oTnfelO88 anl o?RE hostCPRFedesntive Protaheyemmenbioned

providing conpressing force to the pernmanent {reggets nade of rare earth
el ement s t oveewp bitede rBm bacemes Bmc= £ 036F) /{(g/d) A super high speed

brushl ess DC notor accordi ng
Next, metallic tube loss W1l is represented by

the following formula.

Wl « Bm2

Therefore, in g/d, the metallic tube loss W1
becomes Wl « 1/(g/d)2 so that the metallic tube loss Wi
is in inverse proportion to the second power of a ratio
of an air gap length to an inner diameter of a stator.

But, in an actual brushless DC motor, variation
in loss generation degree should be taken into
congideration, because the loss generation degree varies
caused by variation in motor shape following variation
in.number of rotation and variation in output. This
point is described in detail in the following.

When it is assumed that an output of a motor is
P (kw), a rotating speed is N (ten thousands r.p.m.), a
diameter of a rotor is D (m), a length of the rotor in
an axis direction is L (m), outpuf coefficients are K,
K1, K2, output equations of the motor are given as
follows:

P = K:-D°.L-N;

P = Kl-Ds-L-N:
p = xk2.08/3.14/3.y.
When it is assumed that D and L varies at the
— e s
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to the present invention may enpl oy pernmanent magnets nmade of casting hot
worked rare earth elenents as the permanent nagnets. The pernmanent
magnet s made of casting hot worked rare earth elenments are preferable in
whi ch at | east one species of rare earth el enents which include yttrium
at | east on ' fotr I 1 S : I t hes of
[11b group :sfa;hprregﬁ’tagéi%r%' ne eécp% {(}gé%a%qgﬁgfgﬁ%oﬁg%n%ﬂﬁ%ft %‘?} are hot
wor ked to qugl to or greater than 500[err]C, so that

follows
P = a3-N;
P = a4-N.

Therefore, when a motor having the same output
is varied its rotating speed to kN times, it is

understood that sizes of each section generally varies

-1/3 -1/4

within an extent of ¢ = kN ~ kN times.

Further, when a motor having the same rotating

speed is varied its output to kP times, it is understood

-1/3 P-1/4

that g = kP ~ Kk times similarly.

<determining an air gap when a rotating speed becomes kN

times>

As is described above, when a motor having the

same output is varied its rotating speed to kN times, g

-1/3 _ ,y-1/4

becomes ¢ = kN kN times. In this case, a

volume of heat generating section of a rotor caused by
eddy current becomes a3 as is similar as that of a motor
volume. But, eddy current loss per unit volume becomes
sz times because a frequency of the eddy current
becomes kN times. Therefore, an increase of heat

generation quantity of a rotor becomes as follows.

a3 kN2 = kN L1.kN? ~ kN34 k2

5/4

= kN ~ kN times.

On the other hand, though a heat radiating area
1o - e
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-9 -° magnetic phases are conpressed and magneti c ani sotropy i's applied

by mechanical orientation. Mdre preferably, at | east one species of rare
earth el ements sel ected fromPr, Nd, Dy, Ce, La, Y, Th, at |east one
speci es of transition netals selected fromFe, Co, Cu, Ag, Au, N, Zr,
and at |east one species of IlIb group elenents selected fromB, G, 'Al
are exenplifiefl, aandtpbr becompsefer tbhhest hhhet haventoovai baper fenndges are
12-25 % 65- 85 % and 3-10 % As to the super high speed

brushl ess DC ghaéran adeogdpnghbaléihbef endbrgetiodonast tof rédecer heant
I nvention the air gap | ength between the stator and the

generation quantity caused by eddy current so that a
temperature of the rotor is prevented from rising.

Heat generation quantity/heat radiating area =

2/3 5/4 2/4

~ kt-kN 1 kN

1/4

kt-kN-kN

5/3

~ kt-kN constant

= kt- kN
Further, when temperature rise becomes an issue,

size of a motor is generally enlarged. A rafio for

decreasing loss by an air gap is determined to be kN5/3

by taking the enlargment in size into consideration. A
relationship between an air gap length g and a loss W1

is expressed by the following formula:

g/d « w1~ 1/2

Therefore, loss W1l' when the rotating speed is
varied to kN times should be determined by the following

formula.

Wi' = wi/kno/3

Consequently, the air gap length g should be

5/3.-1/2 5/6

increased by a ratio of g/d = (1/kN = kN

)

<determining an air gap when an output becomes kP times>

As is apparent from the above formulae, when a

motor having the same rotating speed has varied its

1/3 1/4

output to kP times, g becomes g = kP ~ kP times.

In this case, a volume of heat generating section of a

i
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porfion having nmetallic characteristics of the rotor is determ ned to be
equal to or greater than [err], which air gap length is greater then an
air._.gap length of a conventional brushless DC notor. Consequently, when
variation in magnetic flux density is caused by slots of the stator,
variation in magnetic flux density in the rotor isgreatly suppressed due
to the air FRFanmAUsaskiby efdmcurgenthReqpues &t | @F dis sdamblagu@®nt in
the rotor is significantly decreased. Therefore, driving efficiency is
rai sed, heat tWertersft izomotior tved ume.or Thergieatd vy sgupprossesask dife Hemat he air
gap length being great, so that a stable, super high speed rotating can

be perfor ned.gdrdrdi€lion tiariRer Jdf @ rotor becomes as follows.

3 3/4

a~ = kP ~ kP times.

On the other hand, though a heat radiating area
of a rotor becomes az times, the inventors have found
that an air gap should be enlarged so as to reduce heat
generation quantity caused by eddy current so that a
temperature of the rotor is prevented from rising.

Heat generation quantity/heat radiating area =

3/ 2/4

kt-kp-kp 273 ~ xr.kp3/%.xp”

/3 /4

= kt-kp2/3 « kt.kpl/? = constant

Further, a ratio for decreasing loss by an air

1/4

gap is determined to be kP as similar as that of the

case in which the rotating speed becomes kN times. A
relationship between an air gap length g and a loss W1l

is expressed by the following formula.

g/d « wi"1/2

Therefore, loss W1' when fhe rotating speed is
varied to kP times should be determined by the following

formula:

Wi' = wi/kpt/4,

Consequently, the air gap length g should be

increased by a ratio of g/d « (1/kP:"/“")_1/2 = kPl/s.

By uniting the result when the rotating speed
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- 10- speed brushless DC notor requires no design consideration for

redesi gning the stator because of the enlarged air gap |ength.

Furthernore, assenbling of the super high speed brushless DC notor becones
sinple because of the air gap | ength design. As to the super high

speed brushl ess DC notor according to the second enbodi nent, though the
air gap becomes kN times and the result when the output beconmes

kP times, a relational formula of the air gap length g

and the inner diameter d of the stator is obtained which

follows:

1/8

S/G-kP )

g/d 2 Kg-kN
Wheréin Kg represents a constant which is determined
based upon a shape and material of a motor.

When it is assumed that a rotating speed of an
§bject motor is N, an output of the motor is P, standard
rotating speed is NO, a standard output is PO, the
relational formula is expressed as follows.

g/d = Kg- (N/N0)3/8. (p/p0)1/8

5/6 pg=1/8,5/6 p1/8

= kg'NO °/°.pO

When both the standard rotating speed and the

5/6,p,-1/8

standard output are determined to be 1, NO
becomes 1, therefore the above formula is expressed as
follows:
g/d Kg-N5/6-P1/8.

In the foregoing, we descfibed a brushless DC
motor which has a normal ratio of a size of a brushless
DC motor with respect to a wire diameter of a stator
winding. 'But, when the s;ze of a brushless DC motor is
extremely large with respect to the wire diameter of a

stator windihg, (s/t) cannot be ignored which is

included in the above formula expressing an amplitude Bm

i{leﬂllaced
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| engt h between the stator and the portion having netallic characteristics
of the rotor is determned to be equal to or greater than
([err]/0.3)[err], the air gap length is designed to be greater then an air
gap length of a conventional brushless DC notor when the brushless DC

not or has a Iggggm ag?%gggmmeﬁﬁ gg?ct *Qe gfg$£e g 3gggfiloftékétator

wi ndi ng, for éxanple eque gven when vatiatTon Ic flux

den5|ty S gr sonme degree used. by ts of he tator, variation
in magnetic f ﬁﬁsdéﬁs??yr?ﬂr ﬁﬁnfﬁéaPY FRes 5%% uing the air gap

| engt h bei ng 8reat so _thaps 9enerat|on of eddy current |n the rotor is
greatly decr¥is&d{71Bedbforef/ (afdVing efficiency is raised,

Whérein 79 = s/t, and 0.3 is a general value of s/t.

And, transforming of formula based upon the
above formula representing a metallic tube loss W1 and
the above finéings is performed and both §téndard
rotating speed N and a standard output'P are determined
to be 1, the following formula is obtained.

6/d 2 Kg- (7/0.3)1-95.45/6 p1/8,

Brief Description of The Drawings

Figure 1 is a schematic view illustrating a main
portion of a super high speed brushless DC motor
according to an embodiment of the present invention;

Figure 2 is a diagram illustrating magnetic flux
density between a stator and a rotor;

Figure 3(A) is a graph illustrating variation of
spacial harmonics relative to air gap length;

Figure 3(B) is a graph illustrating variation of
amplitude'of spacial harmbnics relative to g/d (air gap
length/inner diameter of a stator);

Figure 3(C) is a graph illustrating variation of

constant g relative to s/t (length of mouth of slot/slot
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heat generation in the rotor is greatly reduced by the air gap length
being great, so that stable, super high speed, rotating is capable.
Further, the super high speed brushless DC notor of the present invention
requires no redesigning of the stator because the design

enlarges the air_gap length. Furthernore, assenbling of the super high
speed brushl%%%cfg?nntor becones easy

Figure 4 is a graph illustrating increase of
amplitude of spacial harmonics relative to s/t (length
of mouth of slot with respect to slot pitch);

Figure 5 is a schematic view illustrating a main
portion of a super high speed'brushless DC motor
according to another embodiment af the present
invention;

Figure 6 is é schematic view illustrating a
magnetization direction of a permanent magnet made of
rare earth elements;

Figure 7 is a diagram illustrating variation in
magnetic flux density;

Figure 8 is a schematic view illustrating a main
portion of a super high speed brushless DC motor
according to a further embodiment of the present
invention; and

Figure 9 is a diagram illustrating a limit for

raising rotating speed of conventional brushless DC

motors.

-

Description of the Preferred Embodiments

Hereinafter, referring to the attached drawings,

we describe the present invention in detail.

- 24 -
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becduse the air gap length is designed to be great. As to the
super high speed brushl ess DC not or according to the third enbodi nent,

t hough the notor i ncludes fins for naturally air-cooling, and determ nes
the air gap |l ength between the stator and the portion of the rotor having

netallic characteristics to be, 1/Ks %A I1ed to
above- mentioned air daPY4Ehgt nistH ?t’gcap‘”r g%#?%t’a%g*%e% B3ide

greater then an air ga | engt h of a conventional brushl ess DC notor when
the  brushl eerponAhra HuPen kigh rReeA |1 RFYRNIBIFHEmMFN  respect to

a wre dianmeter of a stator w nding, for exanpl e. Consequently, even when
variation in amgpeling tdlax embaxdinents of cthe preseme teygreiomausba by
slots

the super high speed brushless DC motor, an air gap

length g between a stator 1 and a rotor 2 is determined

to be equal to or greater than Ns/ﬁ-Pl/8

-d-Kg. Wherein,
d represents an inner diameter of a stator, N represents
a rated revolution (ten thousands r.p.m.), P represents
a rated output (kW), Kg represents a constant which is
determined based upon a stator of a motor. Further, la
represents a slot, 1b represents a tooth, 1c¢c represents
a stator winding, 2a represents a shaft, 2b represents a
permanent magnet made of rare earth elements, 2c
represents a protection tube made of metal. Of course,
at least one pair of permanent magnets 2b are provided
‘having gaps therebetween. But, it is possible that a
cylinder shaped permanent magnet made of rare earth
elements which magnet is made in one body be employed.
The constant Kg is 1/200 ﬁhen the inner diameter
of the stator 1 is ¢31, a slot pitch is 5.4 mm, a
length of mouth of the slot is 1.08 mm, and a tube made
of stainlegs steel is empioyed as the protection tube
2c, for example. When a tube having an electric
resistivity of 72 X 10°° ~ 144 X 10°% gm is employed as
the outermost portion among a portion having metal-like

- 25 -
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of the stator, variation in magnetic flux density in the rotor is
suppressed due to the air gap | ength being great, so that generation of
eddy. current in the rotor is greatly decreased. Therefore, driving
efficiency is rai sed, heat generation in the rotor S greatly

suppressed du t P; , super

hi gh speed, roaarﬁcntgeeii‘lggéelocgggr 4;&%&1?@ ﬂ‘?er LP%% super é}hﬂh speed brushl ess
DC nmotor of the pr sent_inventi n re U|res ni of the st at or
because the Y& merd PUH N9 “resg lr]?oqm ﬁfmﬂ when the

rated. revolution is determined to be 170,000 r.p.m. and
the rated output is determined to be 5 kW, the air gap
length g is determined to be equal to or greater than
2.01 mm based upon the above formula. When a brushless
DC motor in which the air gap leneth is determined to be
equal to or greater than 2.01 mm is actually driven, the
brushless DC motor continues rotating stably by the
above revolution and the above output. In comparison to
conventional brushless DC motors employing stators
having the above arrangement in which air gap lengthes
are determined to be 0.16 ~ 0.31 mm, thé air gap length
of this embodiment is greater by one figure.

Figure 2 is a diagram illustrating magnetic flux
density between a stator and a rotor. Magnetic flux
density on a surface (refer to a dashed line in Fig. 2)
of a rotor of a conventional brushless DC motor is the
greatest at positions opposing to'the teeth 1b and is
the smallest at positions opposing to the slots l1la, and
the difference between the greatest megnetic flux
density aed the smallest ﬁegnetic flux density is great.

In opposition to the above, magnetic flux density on a
surface (refer to a solid line in Fig. 2) of a rotor of

the brushless DC motor according to this embodiment is

-— 2 6 —
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-12-- Furt hernore, assenbling of the super high speed brushl ess DC
not or becones easy because the air gap | ength i s designed to be great.
As to the super high speed brushless DC notor according to the fourth
enbodi ment, though the air gap length g is determned to be |ess than
[err] D/ (2p), super high speed rotation is perforned. As to the
super hi gh spgmebtests 8 eReSS At orfing the kefih Y@ sdsdidied to
the rotor, magnetic

smallest at positions opposing the slqts la, and the

difference between the greatest megnetic flux density

and the smallest megnetic flux density is extremely

small. The difference between the both magnetic flux

densities is an amplitude of spacial harmonics and is

coincident with graphs illustrated in Figs. 3(A) and

3(B) which illustrate a decrease of an amplitude of

spacial harmonics following increase of air gap length

and g/d. The greater the variation of the magnetic flux

density on the surface of the rotor 2 is, the greater

the generation of eddy current is. Therefore, eddy

current generated on a surface of the rotor 2 according

to this embodoment is decreased in. comparison with

conventional brushless DC motor, heat generation caused

by eddy current is also decreased. Consequently, a

degree of increase of eddy current which rises following

an increase of revolution is suppressed even when a

super high speed brushless DC motbr which is rated for

high revolution is employed.

Further, when generation of eddy current is
suppressea, heat generati;n occurs in the rotor 2 caused
by the suppressed eddy current. The heat generation

_becomes a quantity which cannot be ignored. But in this

embodiment, the air gap length g is determined so that
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force of the permanent magnets is strong (BH product is

sufficient flux linkages efficiency is performed althoug
| ength is |arge. As to the super high speed brus
enpl oyi ng per manent magnets whi ch are magneti zed over an

great) so that
h the air gap
hl ess DC not or
entire region in

a direction par aglagl',otnoﬁ%%ﬁyg%ﬁr%%n pqlse s%ﬁ’ci%%tﬁ?f rgg@g@,tesr&gpet S

nmounted to t €N ensi ty i n the arr

between t he

stator and the rotor is varied accordjng to sine fynction so that the
magneti ¢ f1 uendehsaty g&\?&"@é“i%l“‘l?é‘ist??# 5’?’ %d%hé’r“rﬁ' A conponent s.

Therefore, iron loss in the stator caused by the higher
conmponent s i suffdgrieptlyduesdatedrero so that the driving

Specifically, N5/6

sufficiently decreasing an eddy current loss
/8

. . . 1
an increase in revolution, and P

har nmoni ¢
efficiency is

is a coefficient for

following

is a coefficient for

evading difficulty of heat radiation following an

increase in capacity of a brushless DC motor.

When the air gap length is determined to be

great as is described above, it may be thought that flux
linkages efficiency betwéen the stator 1 and the rotor 2
decreases so as to lower driving efficiency. But, in
this embodiment, sufficient flux linkages efficiency is
performed because permanent magnets 2b, made of rare
earth elements which have great magnetic force (BH
product), are employed in the rotor 2.

Therefore, a super high speed brushless DC motor
is actualized which was previously thought to be
impossible. When a brushless DC motor having a rotating
speed which is the same as a conventionally actualized
rotating speed is to be obtained, size accuracy,
assemblin§ accuracy are not necessarily raised too much,
and cost reduction of a brushless DC motor is achieved,
because an air gap length can be large.

Further, in this embodiment, a protection tube

- 2 8 -
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rai Sed. As to the super high speed brushless DC notor enploying a
rotor to which a protection tube nade of

-13. - nmetal is nounted at an outernost portion, the thickness of the
protection tube can be designed to be great in conparison with the

conventi onal , br ushi gss. DG, IDLAT A9cn! B3b1108 8" YRMSPS UBABSLSSELS

pr ot ect ed evB%

‘force to the permanent magnets 2b. In this case, the
permanent magnets 2b are securely prbtected up to a
super high rotating speed at which centrifugal stress
caused by the rotation of the rotor 2 Becomes great, and
a thickness of the protection tube 2c¢ can be
appropriately determined. 1In turn, inward comprssion
force can be made great, so that this embodiment is
suitable for higher rotating speed.

_In the foregoing, "a brushless DC motor is
described of which ratio 7 {= (s/t)} of a length of
mouth of slot with respect to a slot pitch of a stator
is about 0.3. But, when 7 has a value substantially
different from 0.3, an amplitude Bm of spacial harmonics
varies depending upon not only g/d but also 4, as is
illustrated in Fig. 4. 1In Fig. 4, white circles
reﬁreéent a case in which g/d is determined to be 0.01,
black circles represent a case in which g/d is
determined to be 0.02, white recténgles represent a case
in which g/d is determined to be 0.05, black rectangles

represent a case in which g/d is determined to be 0.1,

respectively.
Therefore, when a rated revolution and a rated
output are determined, a maximum amplitude of spacial

harmonics is obtained based upon the rated revolution

— 2 9 -—
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notor rotates at super high speed. Consequently, stable super high speed
rotation i s provided. As to the super high speed brushless DC
notor enploying a rotor to which a protection tube made of insulating
material is nounted at an outernost portion, no eddy current is generated
in the protection tube. Therefore, drlvkﬁﬁleff|0|ency IS increased due to

the |ack of &GRdy & F&hed PWIRtor ofedn DC motor ispprnoguces super
hi gh speed brushl ess DC not or mhlch enpl oys a rotor to which a protection
tube made of WRECH PROViiglad & iappbimeddion dfs hemet e datfoam out er nost
portion, wherein the protection tube gives conpressing force to the

per manent nagpess timdd ngl amarempddrtilde of spacial harmonics in a

region (lower region than a dashed line in Fig. 4) in
which an amplitude is smaller than the maximum
amplitude. That is, the combination can be dealt with
by decreasing the value of 7 or increasing the value of
g/d.

When the value of ¢ is decreased, a stator
should be manufactured to suit the value of 9 and a
stator winding should be set to all slots. On the
contrafy, when the value of g/d is increased, only
manufactufing a rotor which has no windings to suit the
value of g/d is nscessary. Therefore, it is preferable
that only g/d be varied without varying the value of 7

(that is, exchanging only a rotor).

Second Embodiment

Figure 5 is a schematic view illustrating a main
portion of a super high speed brushless DC motor
according fo another emboéiment of the present
invention.

This embodiment differs fromlthe embodiment
illustrated in Fig. 1 in that a protectiop tube 2d made
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elenents toward a central axis of the rotor, per manent nmagnets protection
effect which is greater is perforned so that higher super high speed
rotation is further provided. The thickness of the protection tube can be
deS|gned to be significant in view of the air gap length considerations

thus giving beghnsoUREesA| RALELEAL iE50embN8yBAT TREEBAANBENEhS - As
to the super high speed brushl ess DC notor
protection tube 2c made of metal.

In this embodiment, no eddy current is generated
in the protection tube 2d which is different from the
embodiment illustrated in Fig. 1. But, eddy current is
generated in a portion (rotor core, permanent magnets
made of rare earth elements) haviﬁg metallic
characteristics and being positioned within the interior
of the protection tube 2d. Therefore, a distance
between the tooth 1b of the stator 1 and the surface of
the portion having metallic characteristics is
determined to be an air gap length.

Conseqﬁently, the protection tube 2d made of
insuating material such as carbon fiber, ceramics, glass
fiber or the like is mounted within the air gap length
which is sufficiently great compared to that of a
conventional brushless DC motor. The thickness of the
protection tube 2d can be determined to be great so as
to provide sufficient permanent magnet protection.

On the contrary, in conyentional brushless DC
motors, an air gap length is about 1/100 ~ 1/200 of an
inner diameter of a stator so that a protection tube
made of insulating material for performing sufficient

permanent magnet protection effect cannot be provided

within the gap length. o ) o
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-14-- whi ch enpl oys pernmanent nagnets made of casting hot worked rare
earth el enents as the pernmanent nmagnets, strength of the pernmanent magnets
is greater than that of sintered rare earth el enents magnets, providing
optional om ssion of the protection tube. OF course, if the protection
tube is provided, an upper linmt of the rotating speed can he raised.

Further, casting hot FUieR: rif ERLF (SPRASHRSAS pbt rEh RRsHR Rt L Have

characteristics which are simlar to these of nmetal, so that working with
hi gh accur acya ipreestite tulke Rae yempLoyed R HE R Emﬁhi&?ﬂeafpe? t
magnet. Therefore, balancing of the rotor having the pernmanent nmagnets

compression force to the permanent magnets 2b. In this

case, the permanent magnet 2b, made of rare earth

elements, are securely protected up to a super high

rotating speed at which centrifugal stress caused by the

rotation of the rotor 2 becomes great, and a thickness

of the protection tube 2c can be appropriately

determined, in turn, inward comprssion force can be

supplied, so that this embodiment is suitable for higher

rotating speeds.

Third Embodiment

Figure 6 is a schematic view illustrating a
magnetization direction of a pgrmanent magnet made of
rare earth elements, the permanent magnet being to be
mounted to a rotor of a super high speed brushless DC
motor according to the present invention.

The permahent magnet 2b is magnetized so that
the permanent magnet 2b generates magnet flux which are
in parallei to one anothef.

Therefore, in this embodiment, magnetic flux
density becomes greatest value in a condition that the

permanent magnet 2b opposes the tooth 1b of the stator

T . - 3 2 -
This Sheet Has Been Reﬁaced




nounted thereto is easily performed. Wien a protection tube is enployed,
stress within the permanent nagnet is decreased, good overall balance is
mai nt ai ned, and manufacturing and assenbling are sinplified. Wen the
brushl ess DC notor which enploys a rotor having a protection tube made of

nmetal, the permanent magnets, e of rare earth el enent re. pqositioned at
the outernost’ dg'é{ﬁﬁ e‘i’r&”‘?ﬂ‘i’br‘i%’bs’t%fb%‘tﬁ?ﬁ iﬁﬁ?glglzes& efti%iency is

I mproved. . Mre particularly, the inventars of the present

i nventi on haeendir i WheR R PHRAR hPePf udh LRPosss r?ﬁ’teorsr}\ﬂﬁ ch

provi des an out put which exceeds a linmit output of a conventional
brushl ess DC ¥etaff  thendstator 1. In a condition that the permanent

magnet 2b opposes neither the tooth 1b nor the slot 1la,
a magnetic flux quantity of coupled magnetic flux among
the magnetic flux of the permanent magnet 2b which is
magnetized in a direction which i; in parallel to a
magnetic pole axis, with the tooth 1b of the stator 1,
varies gradually in correspondence to a shifted angle so
that magnetic flux density smoothly varies relative to
the shifted angle. Consequently, magnetic flux varies
according to sine function and includes almost no
harmonics (refer to Fig. 7). When magnetic flux varies
according to sine function, generation of iron loss in
the stator is significantly suppressed so that a
substantial increase in efficiencj is achieved. Thus, a
super high speed brushless DC motor is actualized.

A rectangular wave illustrated with a dashed
line in Fig. 7 illustrates a variation in magnetic flux
density when permanent magnets magnetized for generating
radial magnetic flux over an entire region are employed.
The variation in magnetic'flux depsity includes various
harmonics because the variation varies in a rectangular
shape. Therefore, iron loss in the stator caused by the
harmonics increases so that driving efficiency decreases
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- 15 - perfornms at a revolution which exceeds a limt revolution of a
conventional brushless DC notor. The inventors have found that shortening
the air gap length as much possible between a stator and a rotor for

rai sing flux |inkages efficiency inpedes super high speed rotation. That

I's, when a brepshl RSO inctease in losses.

The waveshape illustrated with a dash and dot
line in Fig. 7 illustrates a variation in magnetic fluk
density when permanent magnets magnetized according to
this embodiment wherein an air gap length is equal to
that of conventional brushless DC motor. The waveform
is nearer to a rectangular wave r;ther than the sine
wave. Therefore, generated iron losses approach iron
losses for a case represented by the rectangular
waveforn.

As is apparent from the foregoing comparisons
with comparative examples, iron losses in the stator 1
are decreased by designating a large air gap length, and
by employing permanent magnets 2b made of rare earth
elements and magnetized over an entire region in
directions which are in parallel to one another. In
turn, a super high speed brushless DC motor having

extremely high efficiency is actualized.
Fourth Embodiment

Figure 8 is a schematic view illustrating a main
portion of a super high speed brushless DC motor
according to a further embodiment of the present

invention.

- 34 - Sheet Has Been Re‘placed




driven at super high speed rotation, a frequency of magnet flux density
caused by slots of a stator becones high, significant eddy current flows
within a rotor caused by the magnetic flux density so that driving
efficiency is greatly reduced. Further, heat generation in the rotor is
great as caused by edd | 0Ss reat, and efficiency for

radi ati ng heat cannotTgﬁéuééggééﬁﬁnbeegggég%?gfﬁﬁ the 388veengt h being so
short that the tenperature of the rotor increases so that permanent
magnets | ose emeedingpketie thetecapRSthag Rotr¢epkediBermrarantnel t.
The inventors have pursued | engthening an air gap |length of a super high
speed brushl esagiéx nede ¢H rare earth elements is employed as the
permanent magnet 2b, and that the protection tube has
been omitted.
The casting hot worked permanent magnet made of
rare earth elements has not only ;trong magnetic force,
but also strong mechanical strenéth so that breakage of
permanent magnet when a brushless DC motor rotates at a
super high speed is prevented, even-when no protection
tube is emploved. Consequently, an arrangement of the
rotor 2 and manufacturiﬁg operations of the rotor 2 can
be simplified.
When a permanent magnet is employved as an
example of the casting hot worked permanent magnet made
of rare earth elements, which magnet is obtained by
employing Pri17.Fe76.5:B5-Cul.5 as a fundamental
particle and by applving magnetization after melting and
casting processing, hot working hégt treatment have been
performed, a central value of BH product is 27 MGOe, a
bending strength is equal to or greater than 36 kgf/mmz,
a tensile étrength is equél to or greater than 24
kgf/mmz, and a compressive strenéth is 95 kgf/mmz. It

is understood that the rotor 2 is constituted without

employing a protection tube even when the casting hot
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sone degree, and have found that when the air gap |length between a stator
and a rotor is determ ned based upon a rated revolution and a rated. out put
and is determned to be equal or greater than [err], for exanple, a great
decrease in eddy current is achieved, and that the heat generation caused

by the decreased eddy current is _ , - 16-
not signifi caARTHRSE ARRPIRSRT MRANRY MPA] (LTS q3Fth elements is

applied to a super high speed brushless DC motor having

a revolution which is more than 100,000 revolution per

minute.
Fifth Embodiment

When a maximum vélue of the air gap ‘length g is
considered in a brushless DC motor according to the
present invention, when magnetic flux from the magnet
does not flow in the stator, the motor cannot generate
torque. In short, when a distance g from the magnet to
the stator is smaller than an interval between magnetic
poles (a distance between n-pole and S-pole of the
magnet), sufficient flux flows in the stator so that the
motor generates torque.

Therefore, a relationship represented by the
following formula is effected.
gmax < mwD/(2p)

Wherein, gmax represents an upper limit value of an air
gap length g, D represents a diameter regulating a
surface of.magnets of the-rotor, p-represents a number
of poles.

That is, a limit value for operating a motor as

a brushless DC motor becomes the upper limit value of

s 3 6 -
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sufficient to overcone heat generation. The inventors conpl ete the
present invention based upon the foll ow ng fi ndi ngs: We
describe the fornmula of [err] regulating the air gap |ength.
Amplitude of space harnmonics within an air gap caused by slots of a stator
can be represented by a difference between an average val ue of magnetic
flux densitythA ©Hith g8k l@n9tdwP when the stator has no slots and an
average value of magnetic flux density within the air gap when the stator
has sl ots. sl avdrery eratsd) e e loft iany bt iec bruph léessiDGy  wit hin
the air gap when the stator has no slots is

motor is determined to be 170,000 r.p.m., and rated

output of the brushless DC motor is determined to be 5§

kW, the air gap length g is determined to be smaller

than 15.7 mm based upon the above formula. When a

brushless DC motor having the air gap length smaller

than 15.7 mm has driven, the brushless DC motor has

continued rotating at the above revolution and output.
Sixth Embodiment

A super high speed brushless DC motor according
to this embodiment includes fins for natural air-
cooling, and has an air gap length g which is determined

5/6,51/8 1/2

to be equal to or greater than N -d-Kg/Ks
Wherein, Ks represents a constant which is determined
based upon an increase of surfce area cauged by
providing fins for natural air—coéling, d represents an
inner diameter of a stator, N represents rated
revolutién.(ten thousands r.p.m.), P represents rated
output (kwi, Kg representé a copstant which is

determined based upon a stator of a motor.

In the above calculation of the lower limit

value of the air gap length g, it is assumed that heat
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represented by the following formula: Bg = Br[err](err]/(1 + PnlPo).
Wherein Pmrepresents perneance of a magnet, Po represents perneance of an
air gap, Cerr] represents a ratio of a magnet-air gap surface areas, Br
represents a renmanent nagnetic flux density of a magnet. The
average val ue Bgs of magnetic flux density within the air gap when the
stator has shwd&iatsing epregsaite Py urhiet fadapvishgdnatanta: Bys when
Brerr]([err]/(1 + PmiPs). Werein Ps represents perneance when a stator
has sl ots. fins 24 for natural air-cooling having a very simple

arrangement are provided to a brushless DC motor,

surface area increases and heat radiating quantity

increases. Therefore, in this case, (as.sz)/(Ks-az) is

employed instead of (a3-kN2)/a2 as the relationship of

heat generating quantity/heat radiating area. Wherein,

Ks has a value which is equal to or more than 1.

In this case, when it is assumed that an air gap

length for cooling effect being realized is determined

to be g, and that an air gap length for cooling effect

being not realized is determined to be g', a formula of

1/2 is obtained. Specifically, when the

g = g'/Ks
surface area becomes twice by providing fins for natual
air-cooling, heat radiating effect Ks becomes nearly
twice when natural air-cooling is effected, so that the
air gap length is ﬁetermined to be equal to or more than
0.707 times the air gap length g' for cooling effect
being not realized at a normal teﬁperaturep

Further, the present invention is not limited to
the above embodiments. It is applicable that material
having an électric reéisti&ity which is equal to or less

than 144 X 108 gm (may be 3 X 1078 ~ 144 x 1078

om) is
emploved as the outermost portion in a portion having
metallic characteristics of the rotor 2 in each

_.38._
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-17 - The pernmeance Ps is represented by the foll ow ng

fornmul a: Ps = [err]Owg - (4/[err]) log(l + [err]s/4g)}. VWherein w
represents a width of a tooth of a stator, g represents an air gap |length
between a stator and a rotor. When an approxi mate expression of Carter's
coefficient is introduced to the formula representin t he pernmeance Ps,
the fol | owi ngmPedineRE. ar Enobhafnedse. P@echéFF?Efegg]%@¢RPé$r]g;

1/200. Various modifications are applicable within an

extent not for varying the essential points.

Possibility For Industrial Utilization

The present invention increases the air gap
length between the stator and the portion having
metallic charactéristics of the rotor so as to obtain a
brushless DC motor which is able to rotate at super high
speed. The present invention is useful for driving

sources of various apparatus which require super high

speed rotation.
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k.=t/[t - {(s/g)[err]/(5 + s/g)}[err]g]. VWherein Ag represents an air
gap surface area, t represents a slot pitch, s represents a length of — -

nout h of slot. Therefore, the anplitude of Spageh

R

becomes Bm = [err]Bg - Bgs[err] {refer to Fig. 3(A)}, and

non-di mensi onal i zed using g/d (wherein d represents an in
stator), Bm et |iggiainetiiSFig. 3(B). Fur t her

expressed with a function of g/d, the following fornula is obtained: Bm=
[err]/(g/d). \Wherein a represents a constant determ ned based upon a

1. A super high speed brushless DC motor

comprising;

an air gap length g between a stator (1) and a

portion having metallic characteristics of a rotor (2)

which air gap is deremined to be equal or greater than

NS/G-P1/8~d-Kg {wherein d represents an inner diameter

of the stator, N represents a rated speed (ten thousands

r.p.m.), P represénts a rated output (kW), and Kg

represents a constant which is determined based upon the

stator of the motor}.

2. A super high speed brushless DC motor

comprising;

an air gap length g between a stator (1) and a

portion having metallic characteristics of a rotor (2)

which air gap is determined to be equal or more than

1.95 5/6 51/8

(7/0.3) N

-d-Kg {wherein 7 represents a ratio

of a length of mouth of a slot wifh respect to a slot

pitch of the stator, d represents an inner diameter of

the stator, N represents a rated speed (ten thousands

r.p.m.), P'represents a réted output (kW), and Kg

represents a constant which is determined based upon the

stator of the motor}.

3. A super high speed brushless DC motor as set

e - 40 -
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| eigth of mouth of slot. Therefore, the relationship Th BeemReplagédt | s
illustrated in Fig. 3(C), and the relationship is app rr] =
[err](s/t)[err](wherein [err]
= 0.0069 ~ 0.0071). Consequently, the above-nentioned anplitude Bm becones
Bm = [err](s/t)[err]/(g/d). metallic tube ,loss W is

. Next, .
represented b§ortReiRoflawmng fBr fhp4™ 2, further comprising fins for

cooling, and wherein the air gap length between the
stator and the portion of the rotor having metallic

1/2

characteristics is determined to be 1/Ks multiplied

to the above-mentioned air gap length g.

4. A super high speed brushless DC motor as set
forth in one of claims 1-3, wherein the air gap length g
is detefmined to be less than 7D/(2p) (wherein D
represents a diameter regulating a surface of magnets of
the rotor).

5. A super high speed brushless DC motor as set
forth in claims 1-4, wherein the rotor (2) includes
permanent magnets (2b) made of rare earth elements.

6. A super. high speed brushless DC motor as set
forth in one of cléims 1-5, wherein said permanent
magnets (2b) are magnetized over an entire region in a
direction parallel to a magnetic pole axis of the
permanent magnets (2b).

7. A super high spee§ brushless DC motor”as set
forth in one of claims 1-6, wherein a rotor (2) includes
a protection tube (2c) made of metal affixed to the
outermost bortion of said.rotor (2).

8. A super high speed brushless DC motor as set
forth in one of claims 1-6, wherein said protection tube
(2d) is made of insulating material.

—41_
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W' {err] Bnjerr] Therefore, in g/d, the netallic tube loss W
becones WL [err] 1/(g/d)[err] so that the netallic tube loss WL is in

i nverse proportion to the second power of a ratio of an air gap length to
an inner dianeter of a stator. But, in an actual brushless DC

notor, variation in_ os enerati.on degree_shoul.d be taken into
consi derati on, becaude tﬁeglué’?é" &’éﬁ& eﬁrﬁ%@r‘? P aps Do mOtATs &F /Pt

variation in notor shape followi ng variation in nunber of raotation and
variation i nfegtpudn PREs ofp&rdimss 1gdgc MeE@im addesor iR )t Heglmdesii ng.
When it is assuned that an output of a notor is P (kw), a rotating speed
is N (ten theupzpdectipnmtubea (2c) (2d) mounted at outermost portion

of said rotor (2), the protection tube (2¢)(24)

providing compressing force to the permanent magnets

(2b) toward a central axis of the rotor (2).

10. A super high speed brushless DC motor as
set forth in one of claims 5-9, wherein said permanent

magnets (2b) include magnets made of casting hot worked

rare earth elements.
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dicafreter of a rotor is (n), a length of the rotor in “an axis direction
is L (m, output coeffi ents are K, K1, K2, output equations of the notor

are_given as follows: P = Klerr]lDerr]L[err]N, P = Kl[err]Derr]L[err]N;
8/3 4/3 P = K2[err]Derr]L[err]N When it is assuned that D and L
varies at the

Abstract

An air gap length g between a stator (1) and a

portion having metallic characteristics of a rotor (2)

5/6 ,1/8

is determined to be equal or greater than N -P -d-Kg

so as to supply a brushless DC motor which is able to

rotare at super high speed.

Sheet Has Been Re lace
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- 19 - sane ratio [err], the above three equations are sinpltified- as-

follows: P =([err]N, P =TJerr]N Theref ore, when. or, havin
the_same output is varied its rotating speed to kN tines,qﬂsgmgﬂ%wB“Ek lackd
understood that sizes of each section generally varies wth ,mm;uHH{mtm ﬂf
[err] = kN[err]~k-Nerr] tines. Furt her, when a no

sane rotating speed is varied its ouﬂpﬁﬁsto kP times, it is understood
that [err] = kP[err]~kP[err] tinges siinmilgrly. Xdeternmining an air gap when
a rotating speed becones kN .

/1 Stator

> Permanent Magnet Made Of
: Rare Earth Elements
Protection Tube 2c

-y
>

Magnetic Flux Density (T)

Position



times> As is described above, when a notor having the sane output
Is varied its rotating speed to kN tines, [err] becones a = kN[err] -~
KN[err]tines. 1In this case, a volume of heat generating section of a
rotor caused by eddy current becones [err] as is simlar as that of a
notor volune. But, eddy current |oss per unit volune beconmes kN err]

ti mes because a frequency of the eddy2 ¢lbrent becomes kN times. Therefore,
an increase of heat generation antity.of a =t or beconmes as foll ows.
[err]kNerr] = kN[err]kN[err]~k!€gr;x]k err ] KN ~ kN[ err]tines.

On the other hand, though a heat radiating area
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-20"- of a rotor becones a tines, the inventors have found that an air
gap shoul d be enlarged so as to reduce heat generation quantity caused by
eddy current so that a tenperature of the rotor is prevented fromrising.
Heat generation quantity/heat radiating area = 2/ 3 5/4
2/ 4 kt[err]kN err]kN err]~kt[err] kN[eir/}BkN[err]

F ig. 4
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m
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= kt[err]kN err] ~ kt[err]kN err] = constant Furt her, when
tenperature rise becones an issue, size of a notor is generally enlarged.
Aratio for decreasing loss by an air gap is determned to be kN err] by
taking the enlargment in size into consideration. A relationship between
an air gap length g and a loss W ig gxgressed by the follow ng fornul a:

g/d [err] W]Jerr] Therefore, | oss W' en the rotating speed is
varied to kN times shoul d be de®rnitnedby theTollowing formula. W' =
WL/ kN[ err] Consequently, the air gap length g should be

/1 Stator

2b

Permanent Magnet_Made Of
Rare Earth Elements

T
. 2b
Magnetized Direction

Permanent Magnet Made Of
Rare Earth Elements
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I ncreased by a ratio of g/d = (1/kNerr]) [err] = kN err]. <determ ning an

air gap when an output becones kP tines> As is apparent fromthe
above formul ae, when a nmotor having the same rotating speed has varied its
output to kP tinmes, a becones a = kP[err] ~ kP[err] tinmes. |In this case, a
vol une of heat generating section of a

-21 - rotor caused by eddy currenb AR ones [err] as is simlar as

F i . 7

Air Gap Magnetic
Flux Density

1 Stator
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that of a notor volune. Therefore, an ingregse of heat generation
guantity of a rotor becones as follgrs.i Egrr] ©oKP ~ kP[err] tines.
Ch;the ot her hand, though a heat radl atingTarea. ~— of a rotor becones [err]
times, the inventors have found that an air gap should be enl arged so as
to reduce heat generation quantity caused by eddy current so that a

tenperature of the rotor is prevented fromri sing. Heat generation
gquantity/ heat radiating area = kt[err]kP[err]kP[err] -~ .
kt[err]kP[err]kP[err] = kt[err]kP[err] ~ kt[err]kP[err] = constant

Further, a ratio for decreasing |loss by an air gap is determined to be
kP[err] as simlar as that of the

100

101

Output (kW)

.01

i} 160 i1}
rotation frequency thcsands r.p.m.
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case in which the rotating speed becones kN times. A rel ati onsFsberheen
an air gap length g and a loss W I s expressed by the follow ng fornula.
g/d [err] W[err] " Therefore, loss W' when the rotating speed is
varled to kP tinmes should be determ ned by the followi ng fornula:

W' WL/ kP[ err] Consequently, the air gap length g should be
|ncreased by aratio of g/d [err] (1/kP[err])[err] = kP[err]. By
uniting the result when the rotating spged

PER H SPEED BRUSHES DC MOT
A THE DISCL,

An air gap length g betweeen a stator (1) and a portion having metallic
characteristics of a rotor (2) is determined to be equal or greater than N*6,P'®.d. Kg

so as to supply a brushless DC motor which is able to rotare at super high speed.

-
FIGURE 1. REPLACEMENT SHEET
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-22 - beconmes kN times and the result when the output becongggﬂ k?wﬁines,
arelational fornula of the air gap length g and the inner dianeter d of
the stator is obtained which fol |l ows: g/d [err] Kg[err]kN err]kP[err].
Wherein Kg represents a constant which is determ ned based upon a shape
and material of a notor. Whengigt is assuned that a rotating speed
of an obj eclemBdiment N, 1N QiilsPdasd, e B tdrk g Sdél{m@ééi rotating
speed is NO, a standard output is PO 't he

1/200. - Modifications are possible ..within

the scope of the appended ciaims.

Possibility For Industrial Utilization

The present invention increases the air gap
length between the stator and the portion having
metallic characteristics of the rotor so as to obtain a
brushless DC motor which is able to rotate at super high
speed. The present invention i$ useful for driving

sources of various apparatus which require super high

speed rotation.
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rel ;t ional formula is expressed as follo dfe This Sheet Has Been Replaced
Kglerr](NNO[err](P/PO[err] - = kg[err] NCIerr] PQ err] N[ err] P[ﬁ“m”"luml m,
When both the standard rotating speed and the standard out put
determned to be 1, NJerr]PJerr] becones 1, therefore the above ornu
bR N NE AL S Sy ks oy LN
size of a brushless DC notor with respect to a wire {di anetf6PLAEDa st agor
wi ndi ng. But, when the size of a brushless DC notor 1s extrenely Targe
with respect to the wire dianeter of a
1. A super high speed brushless DC motor
comprising;
an air gap length g between a stator (1) and a
portion having metallic characteristics of.a rotor (2)
which air gap is determined - to be equal or greater than
Ns/s'Pl/a-d-Kg {wherein d represents an inner diameter
of the stator, N represents a rated speed {(ten thousands
r.p.m.), P represénts a rafed output (kW), and Kg
represents a constant which is determined based upon the
sfétor of the motor}.
2. A super high speed brushless DC motor
coﬁprising;
an air gap length g between a stator (1) and a
portion having metallic characteristics of a rotor (2)
which air gap is determined to be equal or more than
l(1/0.3)l'gs-Ns/a-Pllsod-Kg-{wherein 7 represents a ratio
of a length of mouth of a slot wifh respect to a slet
pitch of the stator, d represents an inper diaheter of
the stator, N represents a feted speed (ten thousands
r.p.m.), P'represents a réted output (kW), and Kg
represents a constant which is determined based upon the

stator of the motor}.

3. A super high speed brushless DC motor as set

Hllllll IHIH IIIH [T Tiis is the raptacemont shaet
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st at or WAnding;
formul a expressing an anplitude Bm
of Bm= [err](s/t) [err] /(g/d).

represented by
Wherein [err] =

transform ng of formula based upon the

Wsesi-e res

(s/t) cannot be ignored which is |ncluded I n the above

a netallic tube loss W is
([err]/0.3)[err]/(g/d)
And,

Ther ef or e,
WL [err]
val ue of s/t.

-1-

the follow ng formul a.
s/t, and 0.3 is a general

SUPER HIGH SPEED BRUSHLESS DC MOTOR

Technical Field

The present invention relates to a super high
speed brushless DC motor, and more particularly, relates
to a super high speed brushless DC motor which includes
an armature which is constructed by winding an armqture
winding to an armature core, and a rotor constructed by
providing a rotor core having interior faces consisting
which rotor rotates at greater

of permanent magnets,

than 10,000 r.p.m..

Background Art

Traditionally, a motor can be used as a driving
source for a compressor, or the like, due to advantages
such as ease of electrical contrél. A motor includes
various species, but a three-phase induction motor is

most commonly used in the applications presently

contemplated because of advantages such as a rotating

REPLACEMENT SHEETS SG
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above formula representing a netallic tube loss W and the above findings
Is perfornmed and both standard rotating speed N and a standard output P
are determned to be 1, the following formula is obtained. g/d [err]
Kg[err]([err]/0.3) [err]Nerr]P[err]. Brief Description of The Draw ngs
Figure 1 is a schematic viewillustrating a main portion of a super high
speed brushless DC notor according to ag_enbodi ment of the present

i nventi on; Figure 2 is a diagramillustrating nagnetic fl ux

density between a stator .and . a rotor; . ) .
magnetic field's being easily obtained using three-phase

alternating power source, thus making commutators
unnecessary, and that a three-phase induction motor is
steady, inexpensive, and is easy to deal with. In an
induction motor, an armature winding is wound to an
armature core and a rotor winding is wound to a rotor
core. Current flows not only in the armature winding,
but alsé in the rotor winding. Therefore, output can
decrease due to secondary copper loss caused by current
flowing in the rotor winding and efficiency of the
induction motor cannot be significantly raised even when
nc mechanical losses exist.

In view of this consideration, a brushless DC
motor is proposed in which permanent magnets are mounted
to a rotor core rather than winding a rotor winding to
the rotor core, so as to minimize secondary copper
losses while providing high driving éfficiency.

Further; it is contemplated that a brushless DC motor is
ta be applied as a high speed motér in a precision
machine, compressor or the like, beqause a brushless DC
motor can perform with high driving efficiency. In the
present case, a_brushless-Dc motor is contemplated with
a focus toward raising driving efficiency. An air gap
length between a stator andma core is designed to be

about 1/100 ~ 1/200 of an inside diameter of the stator
This is the reptacement sheet
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Figure 3(A) is a graph illustrating variation of spacial harnonics

relative to air gap | ength; Figure 3(B) is a graph illustrating
variation of anplitude of spacial harnonics relative to g/d (air gap

| engt h/inner dianmeter of a stator); Figure 3(C) is a graph

I I-lustrating variation of constant [err] relative to s/t (length of nouth
of slot/slot _3- -24 -

so as to raise coupling efficiency of magnetic flux
between the stator and the rotor. Further, a metallic
tube is provided so as to prevent breakage of permanent
magnets during high speed rotation (refer to an Offician
Gazéetf of Tokukaihei 3-11950).

When a brushless DC motor is rotated at high
speed, a variation in magnetic flux density ocurrs
caused by slots in the stator. Although the gap length
is extfemely small as described above, the rotor is
greatly influenced by the variation of the magnetic flux
density so that an eddy current is generated. Driving
efficiency of a brushless DC motor is lowered caused by
the eddy current. Previously, it was thought that the
driving efficiency of a brushless DC motor could be
sufficiently raised by reducing an air gap length
between a stator and a rotor so as to raise flux
linkages efficiency, even when an eddy current.ié
generated caused by variation in magnetic flux density.
Brushlegs DC motors having high efficiency are typically
designed with a minimal gap length.

More specifically, most conventional brushless
DC motors are brushless and are rotated in a
comparatively low output rggion, therefore calorific
value caused by eddy cufrent-loss has minimal impacf;

hence, raising magnetic flux coupling efficiency is a
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pitch); Figure 4 is a graph illustrating increase of anpl i tude
of spacial harnonics relative to s/t (length of nmouth of slot with
respect to slot pitch); , Figure 5 is a schematic view illustrating
a main portion of a super high speed brushless DC notor according to

anot her enbodi nent of the present invention; Figure 6 is a
schematic viewillustrating a nagnetizg%tpn direction of a permanent
magnet made of rare earth el enents; Figure 7 is a diagram’

illustrating variation in magnetic flux density;
main point instead. Consequently, gap length is to be

minimized. Further, when a brushless DC motor is
designed to be a high output brushless DC motor and/or a
high speed rotating brushless DC motor, exothermic
response caused by eddy current loss becomes a problem,
In response, heat radiating measures having effect
greater than exothermic heating caused by eddy current
loss are provided by providing small slot openings in a
stator, and/or performing forced cooling by fan, or
supplying a cooling medium or the like. When stator
slots are designed to be small, a disténce between teeth
of a étator becomes small, and variation in magnetic
flux density is minimized befween tooth sections and
opening sections of slots. Therefore spacial harmonic
components are greatly reduced. It also is believed
that eddy current loss is greatly reduced. Determining
width 'of mouse of slot involves design limits because a
stator winding most be housed within the slots.
Therefore, the deéign limit becomes the limit for
suppressing exothermic response caused by eddy current
loss. When forced cooling is performed, the increase in
heat radiation turns upbn the peformance of a fan,
species of refrigerant, a liﬁit_bf flowing speed of the
cooling medium, or the like, Consequently, designing a-

brushless DC motor for high output and/or a high speed

“This is the replacement sheet
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Figure 8 is a schematic viewillustrating a main portion of a super high
speed brushl ess DC notor according to a further enbodi nent of the present

i nventi-on; and Figure 9 is a diagramillustrating a limt for
rai sing rotating speed of conventional brushless DC notors. Description
of the Preferred Enbodi nents Hereinafter, referring to the

attached draw ngs, we describe the present invention in detail

rotating has limits.

The inventors of the present invention have
earnestly pursued obtaining a brushless DC motor which-
can rotate at super high speed, and have analyzed high
speed rotating motors which are presently available. As
a resuit, the inventors have found that existing high
speed rotating motors have limits in raising rotating
speed, as is illustrated in Fig. 9, and have confirmed
that a brushless DC motor has limits in raising its
output and/or raising its rotating speed. In Fig. 9,
the data points illustrate outputs and rotating speeds
for conventionally constructed motors (or high speed
motors). The inventors have found a cause of the limit
is that generation of eddy current becomes remarkable
following an increase in rotating speed, that efficiency
decreases, and rotor temperature rises extremely due fo

eddy current loss.

Consequently, in the past, it was impossible to
construct a super high speed motor which exceeds the
solid line illustrated in Fig. 9.

Further, though a conventional brushless DC
motor should be_designéd having a small air gap length,
work accuracy, assembling accuracy for each constructing
component must be raised-ac&ordinglv. A disadvantage

arises in that manufacturing such a brushless DC motor
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-25 - Figure 1 is a schematic viewillustrating a main portion
of a super high speed brushless DC notor according to an enbodi nent of the
present invention. In the super high speed brushless DC notor, an air gap
|l ength g between a stator 1 and a rotor 2 is determned to be equal to or
greater than N err]P[err]d[err]Kg. Wierein, d represents an inner dianeter
of a stator, N represents a rated revaqlgiion (ten thousands r.p.m), P
represents

becomes extremely complicated.

Summary of The Invention

The present invention was made in view of the
above-mentioned problems. It is an object of the
present invention to supply a super high speed brushless
DC motor which requires no special design considerations
such as decreasing width of mouth of slot, or providing
cooling apparatus.

To achieve the above-mentioned object, a super
high speed brushless DC motor according to a first
embodiment of the present invention provides an air gap
length between a stator and a portion having metallic
characteristics of a rotor to be equal to or greater
than NS/G-PI/B-d-Kg {wherein d represents an inner
diameter.of the stator, N represents a rated speed (ten
thousands r.p.m.}, P representé a rated output (kW), and
Kg represents a coﬁstant which is determined based upon
the stator of the motor}.

A super high speed brushless DC motor according
to a second embodiment defines an air gap length between
a stator and a §ortion having metal;ic characteristics
of a rotor to be equal to of_greater than

1.95_,5/6 ,1/8

(vy/0.3) N -P -d-Kg {wherein'1 represents'a'ratio
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a rated output (kW, Kg represents a constant which is determ ned based
upon a stator of a notor. Further, la represents a slot, |b represents a
tooth, 1c represents a stator w nding, 2a represents a shaft, 2b
represents a pernmanent magnet nade of rare earth elenents, 2c represents
a protection tube made of netal. O course, at |east one pair of pernmanent
magnets 2b are provided having gaps therebetween. But, it is possible that
a cylinder shaped permanent nmagnet nade of rare earth elenents which
magnet is made in one body be enpl oyed. The constant Kg is 1/200

when the inner dianmeter A of the stator 1 is [err]31, a slot pitgh is 5.4
mm a | engt PoeImAReNiRe thfesdheh @ sigF r’FLﬁ“hrfoe%P?%Bet?m%eS&t

pitch of the stator, d represents an inner diameter of
the stator, N represents a rated speed (ten thousands
r.p.m.), P represents a rated output (kW), and Kg
represents a constant which is determined based upon the
stator of the motor}.

A super high speed brushless DC motor according
to a third embodiment includes fins for naturally air-
cooling} and determines the air gap length between the
stator and the portion of the rotor having metallic
1/2

characteristics to be 1/Ks multiplied to the above-

mentioned air gap length.

A super high speed brushless DC motor according
to a fourth embodiment determines the air gap length g
to be less thén 7D/ (2p) (wherein D represents a diameter
of a surface of magnets of the rotor).

A super high speed brushless DC motor according
to the present invention may employ a rotor to yhich
permaﬁenf magnets made of rare earth elements have been
mounted. |

A super high speed brushless DC motor according
to the present invention may employ permanent magnets
which are magnetized over an'enfire region in a
direction parallel to a magnetic pole axis, as permanent
magnets mounted to the rotor. This is the raplacement sheet
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of stainless steel is enployed as the protection tube 2c, for exanple.

When a tube having an electric resistivity of 72 X 10[err] ~ 144 X 10[err]
[err]mis enployed as the outernpst portion anbng a portion having
metal -1i ke -26- characteristics

i nstead of the tube nade of stainless steel, the constant Kg becones
;ﬁgoo. And, when the rated revolutioni;%geternined to be 170,000 r.p. m

A super high speed brushless DC motor according
to the present invention may employ a rotor to which a
protection tube made of metal is mounted af an outermost
portion.

A super high speed brushless DC motor according
to the present invention may employ 2 rotor to which a
protection tube made of insulatiné material is mounted
at an outermost portion.

A super high speed brushless DC motor according
to the present invention may employ a rotor to which a
protection tube made of metal or insulating material is
mounted: at ab outermost portion, the protection tube
providing compressing force to the permanent magnets
made of rare earth elements toward a central axis of the
rotor.

A super high speed brushless DC motor according
to the present invention may employ permanent magnets
made of casting hot worked rare earth elements as the
permanent magnets. The permaneﬁt'magnets made of
casting hot worked rare earth elements are preferable in
which at least one species of rare earth elements which
include ytfrium, at least'one species of tranmnsition
metals, and at least one speqies of IIIb group'elements

are melted and cast as basic components, then are hot

worked to edual to or greater than 500°C, so that
This is the raplacemani sheet
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the rated output is determned to be 5 kW the air gap length g is

determ ned to be equal to or greater than 2.01 nmm based upon the above
formul a. When a brushless DC notor in which the air gap length is
determned to be equal to or greater than 2.01 mmis actually driven, the
brushl ess DC notor continues rotating stably by the above revolution and
the above output. In conparison to conveptional brushless DC notors

enpl oyi ng stators having the above arra genent in which air gap | engthes
are determned to be 0.16 ~ 0.31 mm the air of .this enbodi ment
i s greater bymadgeefigupbases are compggssed ?§dam69§%FéﬁlPPF&QFF&PVng

magnetic flux density between a stator and a rotor. Magnetic fl ux
is applied by mechanical orientation. More preferably,

at least one species of rare earth elements selected
from Pr, Nd, Dy, Ce, La, Y, Th, at least one species of
transition metals selected from Fe, Co, Cu, Ag, Ag, Ni,
Zr, and at least one species of IIIb group elements
selected from B, Ga, Al are exemplified, and it is
preferable that their atomic percentages are 12-25 %, 65~
85 % and 3-10 %.

As to the super high speed brushless DC motor
according to the first embodiment of the present
invention the air gaé length between the stator and the
portion having metallic characteristics of the rotor is
determined to be equal to or greater than
N5/6-P1/8-d-xg, which air gap length is greater then an
air gap length of a conventional brushless DC moto?.
Consequently, when variation in magnetic flux density is
caused by slots of the stator, variation in magnetic
flux density in the rotor is grea%ly suppressed due to
the air gap length being great, so that generation of
eddy current in the rotor is significantly decreased.
Therefore, driving efficiency is raised, heat generation
in the rotor is greatly suppréssed due to the air gap
length being great, so that-a stable, super high speed’

rotating can be performed. Further, the super high
This is the replacement sheet
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density on a surface (refer to a dashed line in Fig. 2) of a rotor of a
conventional brushless DC notor is the greatest at positions opposing to
the teeth 1b and is the smallest at positions opposing to the slots |a,
and the difference between the greatest negnetic flux density and the
smal | est megnetic flux density is great. |In opposition to the above,
magnetic flux density on a surface (refpgoto asolidlinein Fig. 2) of a

rotor of the brushless DC notor according to this enbodi ment is

speed brushless DC motor requires no design
consideration for redesigning the stator because of the
enlarged air gap length. Furthermore, assembling of the
super high épeed brushless DC motor becomes simple
because of the air gap length design.

As to the super high speed brushless DC motor
according to the second embodimen;, though the air gap
length between the stator and the portion having

metallic characteristics of the rotor is determined to

1.95 5/6 51/8

be equal to or greater than (7¢/0.3) -d-Kg,
the air gap length is designed to be greater then an air
gap length of a conventional brushless DC motor when the
brushless DC motor haé a large diameter with respect to
a wire diameter of a stator winding, for example.
Consequently, even ﬁhen variation in magnetic flux
density is great, to some degree, caused by slots of the
stator, wvariation in magnetic flux density in the rotor
is suppressed due to the air gap length being great, so
that generation of eddy current in the rotor is greatly
decreased. Therefore, driving efficiency is raised,
heat generation in the rotor is greatly reduced by the
air gaep length being great, so that stable, suber high
speed, rotating is capable. Further, the super high

speed brushless DC motor of the present invention

requires no redesigning of the stator because the design'
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-27- greatest at positions opposing the teeth I|b and is the smal | est
at positions opposing the slots 1la, and the di fference between the
greatest megnetic flux density and the smal |l est nmegnetic flux density is
extremely smal | . The difference between the both magnetic fl ux
densities is an anplitude of spacial harnonics and is coincident with
graphs illustrated in Figs. 3(A and 38&3 which illustrate a decrease of
an anplitude of spaci al harnonics folTOW ng increase of air gap |ength
and g/d.” The greater the variation of the magnetic fl ux density on the
surface of thesmbange® tBe ahe gapaleéngth. Furthermore, assembling of
the super high speed brushless DC motor becomes easy
because the air gap length is designed to be great.

As to the supef high speed brhshless DC motor
according to the third embodiment, though the motor
includes fins for naturally air-cooling, and determines

the air-gap length between the stator and the portion of
the rotor having metallic characteristics to be I/K.-?-.]'?2
multiplied to the above-mentioned air gap length, the
air gap length is designed to be greater then an air gap
len;th of a conventional brushless DC motor when the
brushless DC motor has an extremely large diameter with
respect to a wire diameter of a stator winding, for
example. Consequently, even when variation in magnetic
flux density is great, to some degree, caused by slots
of the stator, variation in magnetic flux density in the
rotor-is.suppressed due to the air gap length being
great, sc that generation of eddy current in the rotor
is greatly decreased. Therefore, driving efficiency is
raised, heat generation in the rotor is greatly
suppressed due to the air gap length being great, so
that stable, super high speed, rotating is possible.

Further, the super high speed brushless DC motor of the

present invention requires no redesigning of the stator

because the motor merely enlarges the air gap length.
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the generation of eddy current is. Therefore, eddy current generated on a
surface of the rotor 2 according to this enbodonent is decreased in
conparison with conventional brushless DC notor, heat generation caused
by eddy current is also decreased. Consequently, a degree of increase of
eddy current which rises follow ng an increase of revolution is
suppressed even when a super high speed brushless DC notor which is rated
for hi gh revolution is enpl oyed. - 12 - Furt her, when generation of
eddy current is suppressed, heat generation occurs in the rotor 2 caused

by the suppresseg, gy fULLENLesdhE) DRG! o#°RREALLAA: HIGATBReBTUANTI LY

whi ch cannot be 1gnhore
brushless DC motor becomes easy because the air gap

length is designed to be great.

As to the super high speed brushless DC motor
according to the fourth embodiment, though the air gap
length g is determined,to be less than wD/(2p), super

high speed rotation is performed.

As to the super high speed brushless.DC motor
having permanent magnets mounted to the rotor, magnetic
force of the permanent magnets is strong (BH product is
great) so that sufficient flux linkages efficiency is
performed although the air gap length is large.

As to the super high speed brushless DC motor
employing permanent magnets which are magnetized over an
entire region in a direction parallel to the magnetic
pole axis, as permanent magnets mounted to the rotor,
magnetic flux density in the air gap between'thg stator
and the rotor is varied according to a sine function so
that the magnetic flux density avoids inclusion of
higher harmonic components. _Therefore, iron loss in the
stator caused by the highér,harmonic components.is
nearly reduced to zero so that the driving efficiency is
raised. |

As to the super high speed brushless DC motof

employing a rotor to which a protéection tube made of

This is the reptacement sheet

7 8 Jn 1998

L AEH



enbodi nent, the air gap length g is determ ned so that
- 28 - generation of eddy current is sufficiently suppressed and heat
generation caused by eddy current is sufficiently radiat ed.
Specifically, N5/6 is a coefficient for sufficiently decreasing an eddy
current loss following an increase in revolution, and Plerr] is a
coefficient for _ : -13 -
metal is mounted at an outermost portion, the thickness
of the proteétion tube can be designed to be great in
comparison with the conventional brushless DC motor so
that the permanent magnets are protected even when the
motor rotates at super high speed. Consequently, stable
super high speed rotation is providéd.

As to the super high speed brushless DC motor
employing a rotor to which a protection tube made of
insulating material_is mounted at an outermost portion,
no eddy current is generated in the protection tube.
Therefore, driving efficiency is increased due to~the
lack of eddy current in the protection tube.

As to tbe super high speed brushless DC motor
which employs a rotor to which a protection tube made of
metal or insulating material is mounted at an outermost
portion, wherein the protection tube gives compressing
force to the permanent magnets made of rare earth
elements toward a central axis of the rotor, permanent
magnets protection effect which is greater is performed
so that higher super high speed rotation is further
provided. The thickness of the protection tube cén be
designed_tb be significant in view of the air gap length
considerations thus giving higq compression effect to
the permanent magnets.

As to the super high speed brushless DC motor _
This is the raptacement sheet
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evading difficulty of heat radiation followng an increase in capacity of
a brushl ess DC notor. When the air gap length is determned to be
great as is described above, it may be thought that flux Iinkages
efficiency between the stator 1 and the rotor 2. decreases so as to |ower
driving efficiency. But, in this enbodinent, sufficient flux |inkages

efficiency is performed because pernmanep magnets 2b, made of rare earth
el enents whi ch have great magnetic force (BH product), are enployed in the
rotor 2. - Therefore, a super high speed brushless DC notor is

DC not or havi MPEER ABRIGGS permanen

worked rare earth elements as the permanent magnets,

tual . . . .
actual i zed whi ch was er| ousl thoughnt!agtt?e‘l:)se méggogflgégtixgego@ brushl ess

strength of the permanent magnets is greater than that
of sintered rare earth elements magnets, providing
optionai omission of" the protection tube. Of course, if
the protection tube is provided, an upper limit of the
rotating speed can be raised. Further, casting hot
worked rare earth elements permanent magnets have
characteristics which are similar to these of metal, so
that working with high accuracy is possible and density
is ﬁniform within the permanent magnet. lTherefore,
balancing of the rotor having the permanent magnets
mounted theretc is easily performed. When a protection
tube is employed, stress within the permanent magnet is
decreased, good overall balance is maintained, and
manufacturing and assembling are simplified. When the
brushless DC motor which employs a rotor having a
protection tube made of metal, the permanent magnets
made of rare earth elements are positioned at the
outermost position of the rotor so that flux linkages
efficiency is improved.

More particularly, the inventors of the present
invention have earnestly pursued providing a bfushless
DC motor which provides an output which exceeds a limie

output of a conventional brushless DC motor, and _
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speed which is the same as a conventionally actualized rotating speed is
to be obtained, size accuracy, assenbling accuracy are not necessarily
rai sed too nmuch, and cost reduction of a brushless DC notor is achieved,
because an air gap length can be | arge. Further, in this

enbodi ment, a protection tube -29 -

-15 -
performs at a revolution which exceeds a limit
revolution of a conventional brushless DC motor. The
inventors have found that shortening the air gap length
as much possible between a stator and a rotor for
raising flux linkages efficiency impedes super high
speed rotation. That @s, whén a brushless motor is
driven at super high speed rotafi;n, a frequency of
magnet flux density caused by slots of a stator becomes
high, significant eddy currernt flows within a rotor
caused by the magnetic flux density so that driving
efficiency is greatly reduced. Further, heat generation
in the rotor is great as caused by eddy current loss
becoming great, and efficiency for radiating heat cannot
be improved because of the air gap length being so short
that the temperature of the rotor increases so that
permanent magnets lose their magnetic force and that a
rotor itself can melt.

" The inventors have pursued lengtheniné an air
gap length of a super high speed brushless DC motor to
some degree, and have found that when the air gap length
between a stator and a rotor is determined based upon a
rated revolution and a rated output and is‘determined to

be equal or greater than Nsls-PI/B

-d-Kg, for example, a
great decrease in eddy current is achieved, and that the

heat generation caused by the decreased eddy current is
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2c can be enpl oyed which applies an inward conpression force to the
per manent nmagnets 2b. In this case, the per manent nmagnets 2b are securely
protected up to a super high rotating speed at which centrifugal stress
caused by the rotation of the rotor 2 beconmes great, and a thickness of
the protection tube 2c can be appropriately determned. In turn, inward
conpr ssi on force can be nmade great, so,that this enbodinent is sui tabl e
for higher rotating speed. Inth “f oregoi ng, -a brushl ess DC not or
is described of which ratio [err] {= (s/t)} of a length of nouth of slot
With respect tondtsk@ynRetehnef nacahdboheakSralotifg3efBitienkenikerr] has
a val ue substantially
sufficient to overcome heat generation. The inventors
complete the present invention based upon the following

findings:

5/5 _,1/8

We describe the formula of N P -d-Kg
regulating the air gap.length.

Amplitude of space harmoﬁics within an air gap
caused by slots of a stator can be represented by a
difference between an average value of magnetic flux
density within the air gap when the stator has no slots
and an average value of magnetic flux density within the
air gap when the stator has slots.

The average value Bg of magnetic flux density
within the air gap when the stator has no slots is
represented by the following formula:

Bg = Br-C¢/{(1 + Pm/Po).

Wherein Pm represents permeance of a magnet, Po
represents permeance of an air gap, C¢ represents a
ratio of a magnet-air gap surface areas, Br répresents a
remanent magnetic flux density of a magnet.

‘The average value Bgs of magnetic flux density
within the air gap when the stator has slots is
represented by the following formula:

Bgs = Br-C¢/(1 + Pm/Ps).

Wherein Ps represents permeance when a stator has slots.
' “This is the replacement sheet
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different fromO0.3, an anplitude Bm of spacial harnonics varies depending
upon not only g/d but also [err], as is illustrated in Fig. 4. In Fig. 4,
white circles represent a case in which g/d is determ ned to be 0.01,

bl ack circles represent a case in which g/d is determned to be 0.02,
white rectangl es represent a case in which g/d is determned to be 0.05,
bl ack rectangles represent a case in Whkch g/d is determned to be 0.1,
respectively. Therefore, when a rated revolution and a rated

output are determined, a nmaxi mum anplitude of spacial harnonics is
obt ai ned based upon the Féee@er@e@ndd ¥5 is represented by the following

formula:

Ps = nO{w/g - (4/m) log(l + ws/4g)}.

Wherein w represents a width of a tooth of a stator, g
fepresents an air gap length between a stator and a
rotor. When an approximate expression of Carter's
coefficient is introduced to the formula representing
the permeance Ps, the following formulae are obtained:
Ps = u0-ag/k-g;

k = t/[t - {(s/g)%/(5 + s/g)}-g].

Wherein Ag represents an air gap surface area, t
represents a slot pitch, s represents a length of mouth
of slot.

Therefore, the amplitude of space harmonics Bm
becomes Bm = |[Bg - Bgs| {refer to Fig. 3(A)}, and when
Bm is made non-dimensionglized using g/d (wherein d
represents an inner diameter of a stator), Bm is
illustrated in Fig. 3(B).

Further, when Bm is expressed with a function of
g/d, the following formula is bbtained: |
Bm = g/(g/d).

Wherein ¢ represents a constant determined Based_upon a
length of mouth of slot. _Therefore. the relationship
between g and s/t is illustrated in Fig. 3(C), and fhe

relationship is approximated to g = st/t)l’95 (wherein
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-30 - and the rated output. A brushless DC notor is produced which

provi des a conbination of [err] and g/d for positioning an anplitude of
spacial harnmonics in a region (lower region than a dashed line in Fig. 4)
in which an anplitude is smaller than the maxi num anplitude. That is, the
conbi nati on can be dealt with by decreasing the value of [err] or

i ncreasing the value of g/d. -18 -
8 = 0.0069 ~ 0.0071). Consequently, the above-mentioned
amplitude Bm becomes Bm = B(S/t)l'gs/(g/d).

Next, metallic tube loss W1l is represented by
the following formula.

Wl « Bm2

Therefore, in g/d, the metallic tube loss W1
becomes W1 « 1/(g/d)? so that the metallic tube loss W1
is in inverse proportion to the second power of a ratio
of an air gap length to an inner diameter of a stator.

But, in an actual brushless DC motor, variation
in loss generat;pn degree should be taken into
consideration, because the loss generation degree varies
caused by variation in motor shape following variation
in number of rotation and variation in output. This
point is described in detail in the following.

When it is assumed that an ocutput of a motor is
P (kw), é rotating speed is N (ten thousands r.p.m.), a
diameter of a rotor is D (m), a length of the rotor in
an axis direction is L (m), outpuf coefficients are K,

K1, K2, output equations of the motor are given as

follows:

P = K-D2-L-N;

P = K1.D3.L.N;

p = x2.0%/3.0L4/3.N.

When it is assumed that D and L varl_‘ehs atthe @placement sheet
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When the value of [err] is decreased, a stator should be manufactured to
suit the value of [err] and a stator w nding should be set to all slots.
On the contrary, when the value of g/d is increased, only nanufacturing a
rotor which has no windings to suit the value of g/d is necessary.
Therefore, it is preferable that only g/d be varied w thout varying the
value of [err] (that.is, exchanging cwyfbgirotor). Second Enbodi nent
Figure 5 is a schematic viewillustrating a nain portion of a super high
speed brushl ess DC not or

same ratio ¢, the above three equations are simplified
as follows:
P = g N;

P

U]
5]
=

Therefore, when a motor having the same output
is varied its rotating speed to kN times, it is
understood that sizes of each section generally varies

within an extent of g = kN3 L kyTl/4

times.
Further, when a motor having the same rotating

speed is varied its output to kP times, it is understood

p~1/3 _ | p-1/4

that g = k times similarly.

<determining an air gap when a rotating speed becomes kN

times>

As is described above, when a motor having the

same output is varied its rotating speed to kN times, ¢

-1/3 _ =174

becomes ¢ = kN ~ k times. In this case, a

volume of heat genefating section of a rotor caused by
eddy current becomes a3 as is similar as that of a motor

volume. But, eddy current loss per unit volume becomes

2

kN® times because a frequency of the eddy current

becomes kN times. Therefore, an increase of heat

generation quantity of a rotor becomes as follows.

-1 2 374, )2

ad.kn? = kv Tkn? ~ kn”

5/4

= kN ~ kN times.

On the other hand, though a heat radiating area
This is the replacement sheet
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-according to another enbodi nent of the present invention. Thi s
enbodi nent differs fromthe enbodinment illustrated in Fig. 1 in that a

protection tube 2d made _ -31 - of
insulation material is enployed instead of the protection tube 2c nmade of

net al .
-20-

of a rotor becomes az times, the inventors have found
that an air gap should be enlarged so as to reduce heat
generation quantity caused by eddy current so that a

temperature of the rotor is prevented from rising.

Heat generation quantity/heat :adiating area =

kt-kN-kN2/3 ~ Kkt.kN 2/

= kt-kN5/3 ~ kt-kN7/4 = constant

5/4 N

Further, when temperature rise becomes an issue,

size of a motor is generally enlarged. A ratio for

decreasing loss by.an air gap is determined to be kN5/3

by taking the enlargment in size into consideration. A
relationship between an air gap length g and a loss W1

is expressed by the following formula:

g/d « w1~1/2

Therefore, loss W1l' when the rotating speed is
varied to kN times should be determined by the following

formula.

Wit = wi/kn>/3

Conseqﬁently, the air gap length g should be

increased by a ratio of g/d = (1/kN>/3)71/2 o 1 y5/6,

<determining an air gap when an output becomes kP times>
As is apparent from the above formulae, when a

motor having the same rotating speéd has varied its

1/3 _ | pl/4

output to kP times, g becomes g = kP times.
In this case, a volume of heat generating section of a

This is the replacement sheet

Date: 28 JUL 93



In thi-s enbodi ment, no eddy current is generated in the protection tube 2d
which is different fromthe enbodinent illustrated in Fig. 1. But, eddy
current is generated in a portion (rotor core, permanent nmagnets nade of
rare earth el enments) having netallic characteristics and being positioned
within the interior of the protection tube 2d. Therefore, a distance
between the tooth |b of the stator 1 apgi.the surface of the portion having
nmetallic characteristics is determned to be an air gap | ength.
Consequently, the protection tube 2d made of insuat4ng naterial such as
carbon fiber, rogeancenseq dys eddypsurgenthdddomes g nmti seahiar @ air

gap length .
that of a motor volume. Therefore, an increase of heat

generation quantity of a rotor becomes as follows.

3

o3 = kp ~ kp3/4

times.

On the other hand, though a heat radiating area
of a rotor becomes az times, the inventors have found
that an air gap should be enlarged so as to reduce heat
generation quantity caused.by eddy current so that a

temperature of the rotor is prevented from rising.

Heat generation quantity/heat radiating area =

3/ 2/4

kt-kP-kP~2/3 ~ ke.kp3/%.xp”

1/4

= kt-kP1/3 ~ kt kP = constant

Further, a ratio for decreasing loss by an air

gap is determined to be kPl/4 as similar as that of the

case in which the rotating speed becomes kN times. A
relationship between an air gap length g and a loss W1

is expressed by the following formula.

g/d «© wi1/2

Therefore, loss W1’ when the rotating speed is
varied to kP times should be determined by the following

formula:

Wi' = Wi/kpl/4,

Consequently, the air gap length g should be

increased by a ratio of g/d « (1/kl=’1/4)"1/2 =_kP1/8.'

By uniting the result when the rotating speed
This is the replacement sheet
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which is sufficiently great conpared to that of a conventional brushless
DC notor. The thickness of the protection tube 2d can be determ ned to be
great so as to provide sufficient pernmanent nagnet protection. On
the contrary, in conventional brushless DC notors, an air gap length is
about 1/100 ~ 1/200 -of an inner dianmeter of a stator so that a protection
tube nmde of insulating material for _parfornm ng sufficient permanent
magnet - protection effect cannot be provided wthin the gap |ength.

becomes kN times and the result when the output becomes
kP times, a relational formula of the air gap length g
and the inner diameter d of the stator is obtained which

follows:

g/sd = Kg-kn>/8.kpl/8,

Wherein Kg represents a constant which is determined
based upon a shape and material of a motor.

When it is assumed that a rotating speed of an
object motor is N, an output of the motor is P, standard
rotating speed is N0, a standard output is PO, the

relational formula is expressed as follows.

g/d 2 Kg- (N/80)3/8. (p/p0) /8

- kg-N0~5/6.pg"1/8.45/6 1/8

When both the standard rotating speed and the

standard output are determined to be 1, NO"S/S-PO“I/8

becomes 1, therefore the above formula is expressed as

follows:

g/d 2 Kg-N3/6.p1/8,

In the foregoing, we descfibed a brushless DC

motor which has a normal ratio of a size of a brushless

DC motor.-with respect to a wire diameter of a stator

winding. But, when the size of a brushless DC motor is

extremely large with respect to the_hire diameter of a
stator winding, (s/t) caqnof‘bg'ignpred which is

included in the above formula éxpféssing an amplitude Bm .
| This is e replacement sheet
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-32 - Further, in this enbodinent, it is possible that a
protection tube 2c be enpl oyed which applies an inward conpression force
to the permanent nagnets 2b. In this case, the permanent nagnet 2b, nade
of rare earth elenments, are securely protected up to a super high
rotating speed at which centrifugal stress caused by the rotation of the
rotor 2 becomes great, and a thickness ,9f the protection tube 2c can be
appropriately determned, in turn, inward conprssion force can be

supplied, so that this enbodi «i S suitable for higher
PP of Bm = B(s/t{g¥§sl(g/d). Therefore? a metallic tube

loss W1l is represented by the following formula.

W1 < (7/0.3)1° 9%

/(g/d).

Wherein 7 = s/t, and 0.3 is a general value of s/t.
And, tranéforming of formula based upon the

above formula representing a metailic tube loss W1l and

the above finéings is performed and both §tanda;d

rotafiﬁg speed N and a standard output'P‘are determined

to be!l, the following formula is obtained.

g/d = Kg-(7/0.3)1-95.§5/6 p1/8

Brief Description of The Drawings

Figure 1 is a schematic view illustrating a main
portion of a super high speed brushless DC motor
according to an embodiment of the bresent invention;

Figure 2 is a diagram illustrating magngtic flux
density between a stator and a rotor;

Figure 3(A) is a graph illustrating variation of
spacial harmonics relativg to air gap length;

Figure 3(B) is a graph illustrating variation of
amplitude.of spacial harménics relative to g/d (air gap
length/indér'diameter of a stator);

Figure 3(C) is a éraph illustrating variation of

constant g relative to s/t (length of mouth of slot/slot
This is the replacement sheet
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rotating speeds. Third Enbodi nent Figure 6 is a schematic
viewillustrating a magnetization direction of a pernmanent magnet nade of
rare earth elenments, the permanent nagnet being to be nounted to a rotor

of a super
i nventi on.

hi gh speed brushless DC notor according to the present
The permanent magnet 2b is magnetized so that the
per manent nmagnet 2b generates magnet flyx_which are in parallel to one
Therefore, in this enbodi ment, magnetic flux

anot her .

pitch);

Figure 4 is a graph illuétrating increase of
amplitude of spacial harmonics relative.to s/t (length
of mouth of slot with respect to slot pitch});

Figure 5 is a schematic view illustrating a main
portion of a super high speed brushless DC motor
according to another embodiment of the present
invention;

Figure 6 is a schematic view illustrating a
magnetization direction of a permanent magnet made of
rare earth elements;

Figure 7 is a diagram illustrating variation in
magnetic flux density;'

"Figure 8 is a schematic view illustrating a main
pertion of a super high speed brushless DC motor
according to a furthér embodiment of the present

invention; and

Figure 9 is a diagram illustrating a limit for

raising rofating speed of conventional brushless DC

motors.

Description of the Preferred Embodiments

Hereinafter, referring to the attached drawings,

we describe the present invention in detail. .
This is the replacement sheet
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density becones greatest value in a condition that the permanent magnet 2b

opposes the tooth I b of the stator -33 -
1, while magnetic flux density becones snmallest in a condition when the

per manent magnet 2b opposes the sl ot |la of the stator 1. In a condition
t hat the permanent magnet 2b opposes neither the tooth I'b nor the slot
| a, a magnetic flux quantity of couphgd magnetic flux anpng

Figure 1 is a schematic view illustrating a main
portion of a super high speed brushless DC motor
according to an embodiment of the present invention. 1In
the super high speed brushless DC motor, an air gap
length g between a stator 1 and a rotor 2 is determined
to be equal to or greater than Nslskplla-doxg. Wherein,
d represents an inner diameter of a stator, N represents
a rated revolution (ten thousands r.p.m.), P represents
a rated output (kW), Kg represents a constant which is
determined based upon a stator of a motor. Further, 1la
represents a slot, 1b represents a tooth, 1ic represents
a stator winding, 2a represents a shaft, 2b represents a
permanent magnet made of rare earth elements, 2¢
represents'a protection tube made of metal. Of course,
at least one pair of permanent magnets 2b are provided
having gaps therebetween. But, it is possible that a
cylinder shaped permanent magnet made of rare earth
elements which magnet is gade in éne body be emplcygd.

The constant Kg is 1/200 when the inner diameter

of the stator 1 is ¢31, a slot pitch is 5.4 mm, a
length of mouth of the slot is 1.08 mm, and a tube made
of stainless steel is employed as the protection tube
2c, for example. When a tube. having an electric

8 8

resistivity of 72 X 10~ ~ 144 X 10 ° gm is employed as

the outermost portion among a portibn’having metal-like

This is the remacémeq.t gsheetl’
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the magnetic flux of the permanent magnet 2b which is magnetized in a
direction which is in parallel to a magnetic pole axis, with the tooth Ib
of the stator 1, varies gradually in correspondence to a shifted angle so
that magnetic flux density snoothly varies relative to the shifted angle.
Consequently, magnetic flux varies according to sine function and

I ncl udes.al nost no harmonics (refer to FEig. 7). Wen magnetic flux varies
according to sine function, generation dﬂd1wn1loss in the stator is
significantly suppressed so that a substantial increase in efficiency is
achi eved. Thusgh&ractaPesc heéghi apeeddbs asbhessubl wader ofssaatinabssed.

A rectangul ar wave illustrated wth a dashed
steel, the constant Kg becomes 1/200. And, when the
rated revolution is determined to be 170,000 r.p.m. and
the rated output is determined to be 5 kW, the ai; gap
length g is determined to be equal to or greater than
2.01 mm based upon the above formula. When a brushless
DC motor in which the air gap 1én§th is determined to be
.equal to or greater than 2.01 mm is actually driven, the
‘brushless DC motor continues rotating stably by the
above revolﬁtion and the above output. In comparison to
conventional brushless DC motors emploving stators
having the above arrangement in which air gap lengthes
are determined to be 0.;6 ~ 0.31 mm, the air gap length
of this embodiment is greater by one figure.

Figure 2 is a diagram illustrating magnetic flux
density between a stator and a rotor. Magnetic flux
density on a surface (refer to a dashed line in Fig. 2}
of a rotor of a conventional brushless DC motor is the
greatest at positions opposing to the teeth 1b and is
the smallest at positiops opposing to the slots 1a, and
the difference between the greatest megnétic flux
density and the smallest megnetic flux density is gregt.

In opposition to the above, magnetic flux density on a
surface (refer to a solid lipe in Fig. 2) of a rotor of

the brushless DC motor according to this embodiment is _
This is the replacement sheet -
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line in Fig. 7 il

lustrates a variation in magnetic flux density when

per manent nmagnets magneti zed for generating radial nmagnetic flux over an
entire region are enployed. The variation in magnetic flux density

i ncl udes vari ous
shape. Therefore,

har roni cs because the variation varies in a rectangul ar
iron loss in the stator caused by the harnonics

I ncreases so that driving efficiency deg&;ases

- 34-

greatest at positions opposing the teeth 1b and is the
smallest at positions opposing the slots la, and the
difference between the greatest megnetic flux density
and the smallest megnetic flux density is extremely
small. The difference between the both magnetic flux
densities is an amplitude of spacial harmonics and is
coincident with graphs illustrated in Fiés. 3(A) and
3(B) which illustrate a decreasé of an amplitude of
spacial harmonics following increase of air gap length
and g/d. The greater the variation of the magnetic flux
density on the surface of the rotor 2 is, the greater
the generation of eddy current is. Therefore, eddy
current generated on a surface of the rotor 2 according
to this embodoment is decreased in comparison with
conventionai brushless DC motor, heat generation caused
by eddy currenf is also decreased. Consequently, a
degree of increase of eddy current which rises'following
an inqrease of revolution is suppressed even when a
super high speed brushless DC motbr which is rated for
high revolution is employed.

Further, when generation of eddy current is
suppressed,  heat generation occurs in the rotor 2 caused
by the suppressed eddy cgrrent. lThé heét generation
becomes a quantity which cannot.be ignored. But in'thié

embodiment, the air gap length g is determined so that
' - This is the replacement sheet
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following in increase in | osses. The waveshape illustrated with a
dash and dot line in Fig. 7 illustrates a variation in magnetic fl ux
density when pernmanent nagnets magneti zed according to t hi s enbodi nent
wherein an air gap length is equal to that of conventional brushless DC
notor. The waveform is nearer to a rectangular wave rather than the sine
wave. Therefore, generated iron | osses ﬂ€proach I ron | osses for a case
represented by the rectangul ar wavef or fiY ~ As is apparent fromthe
foregoi ng conparisons wth conparative exanples, iron |osses in the _stator
1 are decreasedIBYCFREIMAL RAGY IBIRRETS rigatHf Bigient hngsuppressed

and heat generation caused by eddy current is
sufficiently radiated.

5/6

Specifically, N is a coefficient for

sufficiently decreasing an eddy current loss following

an increase in revolution, and Pl/8

is a coefficient for
evading difficulty of heat radiation following an
increase in capacity of a brushless DC motor.

When the air gap length is determined to be
great as is described above, it may be thought that flux
linkages efficiency between the stator 1 and the rotor 2
decreases so0 as to lower driving efficiency. But, in
this embodiment, sufficient flux linkages efficiency is
performed because permanent magnets 2b, made of rare

earth elements which have great magnetic force (BH

product), are emploved in the rotor 2.

Therefore, a super high speed brushless DC motor
is actualized which was previously thought to be
impossible. When a brushless DC motor having a rotating
speed which is the same as a conventionall§ actualized
rotating speed is to be obtained, size accuracy,
assembling accuracy are not necessarily raised too much,
and cost reduction of a brushiess DC motor is achieved,
because an air gap length_éan be large.

Further, in this embodiment, a protection tube

This is the replacement sheet
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by enpl oyi ng permanent magnets 2b made of rare earth elenments and
magneti zed over an entire region in directions which are in parallel to
one another. In turn, a super high speed brushl ess DC notor having
extrenely high efficiency is actualized. Fourt h Enmbodi nment
Figure 8 is a schematic viewillustrating a main portion of a super high
speed brushl ess DC motor according toz%iiqther enbodi nent of the present
i nvent i on.
2c can be employed which applies an inward compression
force to the permaﬁent magnets 2b. In this case, the
permanent magnets 2b are securely protected up fo a
super high rdtating speed at which centrifugal stress
caused by the rotation of the rotor 2 becomes great, and
a thickness of the protection tube 2c can be
appropriately determined. 1In turn, inward comprssion
force can be made great, so that this embodiment is
suitab;e for higher rotating speed.

Iﬁ the foregoing, "a brushless DC motor is
described of which ratio 7 {= (s/t}} of a length of
mouth of slot with respect to a slot pitch of a stator
is about 0.3. But, when 7 has a value substantially
different from 0.3, an amplitude Bm of spacial harmonics
varies depending upon not only g/d but also ¢, as is
illustrated in Fig. 4. 1In Figﬂ 4, white circles
represent. a case in which g/d is determined to be 0.01,
black circles represent a case in which g/d is
determined to be 0.02, white rectangles represent a case
in which g/d is determined'to be 0.05, black rectangles
represent a case in which g/d is determined to be 0.1,
respectively.

Therefore, when a.rated revolution and ; rated

output.are determined, a maximum amplitude of spacial

harmonics is obtained based upon the rated revolution .
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-35 - This enbodiment differs fromthe above enbodinents in
that a casting hot worked pernanent magnet made of rare earth elenents is
enpl oyed as the per manent magnet 2b, and that the protection tube has
been omtt ed. _ The casting hot worked per manent magnet nade of
rare earth elenents has not only strong magnetic force, but also strong
nmechani cal strength so that breakage ot30_

and the rated output. A brushless DC motor is produced
which proyides a combination of 7 and g/d for
positioning an amplitude of spacial harmonics in a
region (lower region than a dashed line in Fig. 4) in
which an amplifude is smaller than the maximum
amplitude. Thét is, the combination can be deélt with
by decreasing the value of 7 or ;ncreasing the value of
g/d.

When the value of 7 is decreased, a stator
should be manufactured to suit the value of 7 and a
stator winding should be set to all slots. On the
contrary, when the value of g/d is increased, only
manufacturing a rotor which has no windings to suit the
value of g/d is nscessary. Therefore, it is preferable
that only g/d be Qaried without varying the value of 7

(that is, exchanging only a rotor).

Second Embodiment

Figure 5§ is a schematic view illustrating a main
portion of a super high speed brushless DC motor

according fo another embodiment of the present

invention.

This embodiment differs from the embodiment

illustrated in Fig. 1 in that a protection tube 2d made ,
" This is the replacement shee
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per manent magnet when a brushless DC notor rotates at a super high speed.

I s prevented, even when no protection tube is enployed. Consequently, an
arrangenment of the rotor 2 and manufacturing operations of the rotor 2 can
be sinplified. When a pernmanent nagnet is enployed as an exanple
of the casting hot worked permanent nmagnet nade of rare earth el enents,

whi ch magnet is obtained by enploying Bl 7[err]Fe76.5 err]B5[err]Cul.5 as
a fundanental particle and by applyi ng“ttegneti zation after nelting and
casting processing, hot working heat treatnment have been performed, a

cont ral’ val ue_gle BHaRodueh bacF¥R0%s LmplSRMdd-RHRRIY dheaual Lo o

greater than 3
protection tube 2c made of metal.

In this embodiment, no eddy current is generated
in the protection tube 2d which is different from the
embodiment illustrated in Fig. 1. But, eddy current is
generated in a portion (rotor core, permanent magnets
made of rare earth elements) having metallic
characteristics and being positioned'withic the interior
of the protection tube 2d. Therefore, a distance
between the tooth 1b of the stator 1 and the surface of
the portion having metallic characteristics is
determined to be an air gap length.

Concequently, the protection tube 2d made of
insuating material such as carbon fiber, ceramics, glass
fiber or the like is mounted within the air'gap length
which is sufficiently great compared to that of a |
conventional brushless DC motor. The thickness of the
protection tube 2d can be determined to be great so as
to provide sufficient permanent magnct protection.

On the contrary, in conyentional brushless DC
motors, an air gap length is about 1/100 ~ 1/200 of an
inner diameter of a stator so that a protection-tube

"made of insulating materialﬂfor performing sufficien:
permanent magnet protection effect cannot be provided

within the gap length. _ o .
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a tensile strength is equal to or greater than 24 2

2 kgf/mierr], and a conpressive strength is 95 kgf/mferr]. It s
understood that the rotor 2 is constituted without enploying a protection
t ube even when the casting hot - -36 -

wor ked premanent nmagnet nade of rare earth elenents is applied to a super
hi gh speed brushl ess DC not or havi ng _32-

Further, in this embodiment, it is possible that
a protection tube 2c be employed which applies an inward
compression force to the permanent magnets 2b. In this
case, the permanent magnet 2b, made of rare earth
elements, are securely protected up to a super high
rotating speed at which centrifugal stress caused by the
rotation of the rotor 2 becomes great, and a tbickness
of the protection tube 2c caﬁ be appropriately
determined, in turn, inward comprssion force can be

supplied, so that this embodiment is suitable for higher

rotating speeds.

Third Embodiment

Figure 6 is a schematic view illustrating a
magnetization direction of a permanent magnet made of
rare earth elements, the permanent magnet being to be
mounfed to a rotor of a super high speed brushless DC
motor according to the present invention.

The permanent magnet 2b is magnetized so that
the permanent magnet 2b generates magnet flux which are
in parallei to cne another;

Therefore, in this.embodiment,.magnetic flux

' density becomes greatest value in a condition that the

permanent magnet 2b opposes the tooth 1b of the stator N
This is the replacement sheet

28 JuL 1988 .

Date:



a revolution which is nore than 100, 000 revol ution per mnute. Fifth
Enbodi nent When a maxi mum val ue of the air gap length g is
considered in a brushless DC notor according to the present invention,
when magnetic flux fromthe magnet does not flow in the stator, the notor
cannot generate torque. In short, when a distance g fromthe nagnet to
the stator is smaller than an interval B tween nagnetic poles (a distance
bet ween n-pole and S-pole of the nmagnée ? sufficient flux flows in the

stator so that the
1, while magnetic flux density becomes smallest in a

.condition when the permanent magnet 2b opposes the slot
la of the stator 1. 1In a condition that the permanent
magnet 2b opposes neither the tooth 1b nor the slot la,
a magnetic flux quantity of coupled magnetic flux among
the magnetic flux of the permanent magnet 2b which is
magnetized in a difection which i; in parallel to a
magnetic pole axis, with the tooth 1b of the stafor 1,
varies_gradually in correspondence to a shifted angle so
that magnetic flux density smoothly varies relative to
the shifted angle. Consequently, magnetic flux;varies
according to sine function and includes almost no
harmonics (refer to Fig. 7). When magnetic flux varies
according to sine function, generation of iron loss in
the stator is significantly suppressed so that a
substantial increase in efficiency is achieved. Thus, a
super high speed bfushless DC motor is actualized.

A rectangular wave illustrated with a dashed
line in.Fig. 7 illustrates a variation in magnetic flux
density when permanent magﬁets_magnetized for gegerating
radial magnetic flux over an entire region are emplovyed.
The variation in magnetic flux density includes various
harmonics because the variation varies in a rectangular
shape. Therefore, iron loss in the stator caused bylfhe

harmonics increases so that driving efficiency decreases
' This is the replacement gheet
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not or generates torque. Therefore, a relationship represented by
the followng fornmula is effected. gnmax < [err] D/ (2p) Werein, gnmax
represents an upper limt value of an air gap length g, D represents a

di aneter regulating a surface of nagnets of the rotor, p represents a
nunber of pol es. That is, alimt value for operating a notor as

a brushl ess DC notor becones the upper_bhqit val ue of
following in increase in losses.

The waveshape illustrated with a dash and dot
line in Fig. 7 illustrates a variation in magnetic flux
density when permanent magnéts magnetized according to
this embodiment wherein an air gap'length is equal to
that of conventional brushless DC motor. The waveform
is nearer to a rectangular wave.r;ther than the sine
wave. Therefore, generated iron losses approach iron
losses for a case represented by the rectangular
waveform.

As is apparent from the foregoing comparisons
with cowparative examples, iron losses in the stator 1
are decreased by designating a large air gap length, and
by employing permanent magnets 2b made of rare earth
elements and magnetized over an entire region in
directions which are in parallel to one another. In
turn, a super high speed brushless DC motor having

extremely high efficiency is actualized.
Fourth Embodiment

Figure 8 is a schematic view illustrating a main
portion of a super high speed brushless DC motor

according to a further embodiment of the present
invention. L
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-37 - the air gap length g. And, when rated revolution of a
brushless DC notor is determned to be 170,000 r.p.m, and rated output
of the brushless DC notor is determined to be 5 kW the air gap length g
is determned to be smaller than 15.7 mm based upon the above fornul a.
Wien a brushless DC notor having the air gap length smaller than 15.7 mm
has driven, the brushless DC notor has %gntinued rotating at the above

revol uti on and out put.

This embodiment differs from the above
embodiments in that a castipg hot worked permanent
magnet made of raré earth elements is employed as the
permanent magnet 2b, and that the protection tube has
been omitted.

The casting hot worked permanent magnet made of
rare earth elements has not only ;trong magnetic force,
but also strong mechanical strength so that breakage of
permanent magnet when a brushless DC motor rotates at a
super high speed is prevented, even when no protection
tube is employed. Consequently, an arrangement of the
rotor 2 and manufacturing operations of the rotor 2 can
be simplified.

When a permanent magnet is emploved as an
example of the casting hot worked permanent magnet made
of rare earth elements, which magnet is obtained by
employing Pril7-Fe76.5-B5:Cul.5 as a fundamental
particle and by applying magnetization after melting and
casting processing, hot working hégt treatment have been
performed, a central value of BH product is 27 MGOe, a
bending strength is equal to or greater than 36 kgf/mmz,
a tensile strength is equal to or greater than 24
kgf/mmz, and a comﬁressive.strengtb is 95 kgf(mmz. It

is understood that the rotor 2 is constituted without

employzng a protection tube even when the casting hot
This ls the replacement sheet
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Si xt h Enbodi nent A super high speed brushl ess DC notor accordi ng
to this enbodi nent includes fins for natural air- cooling, and has an air
gap length g which is determined to be equal to or greater than
Nerr]P[err]d[err]Kg/Ks[err]. Werein, Ks represents a constant which is
determ ned based upon an increase of surfce area caused by providing fins
for natural air-cooling, d represents an _jnner dianeter of a stator, N
represents rated revolution (ten thousandS™r.p.m), P represents rated
output (KW, Kg represents a constant which is determ ned based upon a
stator of a notwérked premanent magnet made of rare earth elements is
applied to a super high speed brushless DC motor having

a revolution which is more than 100,000 revolution per

minute.

Fifth Embodiment

When a maximum value of.the air gap length g is
considered in a brushless DC motor according to the
present invention, when magnetic flux from the magnet
does not flow in the stator, the motor cannot generate
torque. In short, when a distance g from the magnet to
the stator is smaller than an interval between magnetic
poles (a distance between n-pole and S-pole of the
magnet), sufficient flux flows in the stator so that the
motor generates. torque.

fhereforé, a relationship represented by the
following formula is effected..
gmax < wD/(2p)

Wherein, gmax represents an upper limit value of an air
gap length g, D represents a diameter regulating a
sufface of magnets of the rotor, p represents a number
of poles.

That is, a limit vélue for operating a motor as

a brushless DC motor becomes the upper limit value of
This is the reptacement sheet
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In the above calculation of the lower Iimt value of the air gap length g,
It Is assunmed that heat -38 -

radi ating quantity per unit area is constant. But, when fins 2d for
natural air-cooling having a very sinple arrangenent are provided to a
brushl ess DC notor, surface area increases and heat radiating quantity

I ncreases. Therefore, in this case, ([eré;kh[err])/(Ks[err]) S

the air gap length g.

And, when rated revolution of a brushless DC
motor is determined to be 170,000 r.p.m., and rated
output of the brushless DC motor is determined to be 5
kW, the air gap length g is determined to be smaller

- than 15.7 mm based upon the above formula. When a
brushless DC motor having the air gap length smaller
than 15.7 mm has driven, the brushless DC motor has

continued rotating at the above revolution and output.

Sixth Embodiment

A super high speed brushless DC motor according
to this embodiment includes fins for natural air-
cooling, and has an air gap length g which is determined
to be equal to or greater than NS/G-Pl/a-d—Kg/KsI/Z.
Wherein, Ks represents a constant which is determined
based upon an increase of surfce area-cauged by
providing fins for natural air—coéling, d represents an
inner diameter of a stator, N represents rated
revolution.(ten thousands r.p.m.), P represents rated
output (kwi, Kg representé a constant which is
determined based upon a sta;or of a motor.

In the above calculafion of the lower limit

value of the air gap length g, it is assumed that heat
This is the raptacement sheet
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3 2 2 enployed instead of ([err]kNerr])/[err] as the relationship of
heat generating quantity/heat radiating area. Wierein, Ks has a value
which is equal to or nore than 1. In this case, when it is assuned
that an air gap length for cooling effect being realized is determned to
be g, and that an air gap length for cooling effect being not realized is
determ ned to be g', a fornula of 'Ks[err] is obtained.

Specifically, when the surface area be nes twi ce by providing fins for
natual air-cooling, heat radiating effect Ks becones nearly tw ce when

natural air-cogdlin { h d
(o be equal (oe0rARibE FaReifl pdf MHSE hhEs 35" cOABCHRRY o, Cahenl o

ef f ect . . ) .
fins 2d for natural air-cooling having a very simple

arrangemént are provided to a brushless DC motor,
surface area increases and heat radiating quantity
- increases. Therefore, in this case, (as-sz)/(Ks-az) is
employed instead of (a3-kN2)/a2 as the relatiansbip of
heat generating quantity/heat radiating area. Wherein,
Ks has a value which is equal to or more than 1.

In this case, when it is assumed that an air gap
length for cooling effect being realized is determined
to be g, and that an air gap length for cooling effect
being not realized is determined to be g', a formula of
g =g' /Ksl/z is obtained. Specifically, when the
surface area becomes twice by providing fins for natual
air-cooling, heat radiating effect Ks becomes nearly
twice when natural air-cooling is effected, so that the
air gap length is Qéterminedlto be equal to or more than
0.707 times the air gap length g! for cooliné effect
being nét realized at a norﬁal teﬁperatu:e.

Further, the present invention is not limited to
the above embodiments. It is applicable that material

having an electric resistivity which is equal to or less

than 144 X 10°% gm (may be 3 x 10°% ~ 144 X 107% gm) is
employed as the outermost portion in a portion having

metallic characteristics of the rotor 2 in each
This is the reptacement sheet
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bei ng not realized at a nornal tenperature. Further, the present
invention is not limted to the above enbodinents. It is applicable that

material having an electric resistivity which is equal to or less than
144 X 10[err] [err]m (may be 3 X 10[err] ~ 144 X 10[err] [err]m is

enpl oyed as the outernost portion in a portion having netallic
characteristics of the rotor 2 in each

-39 - : -39 -
embodiment. In this case, the constant Kg becomes

1/200. Modifications are possihle within

the scope of the appended claims.

Possibility For Industrial Utilization

The present invention increases the air gap
length between the stator and the portion having
metallic chafacteristics of the rotor so as to obtain a
brushless DC motor which is able -to rotate at super high
speed. The present invention is useful for driving

sources of various apparatus which require super high

speed rotation.

This is the reptacement sheet |
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enbodinment. In this case, the constant Kg beconmes 1/200. :

Modi fications are possible wthin the scope of the appended cl ai ns.
Possibility For Industrial Utilization The present invention
increases the air gap length between the stator and the portion having
metallic characteristics of the rotor so as to obtain a brushless DC notor
which is able to rotate at super high speed. The present invention is
useful for driving sources of various afbaratus which require super high

What is claimed is:

1. A super high speed brushless DC motor
comprising;

an air gap length g between a stator (1) and a
portion having metallic characteristics of a rotor (2)
which air gap is determined to be equal or greater than
NS/G-PI/S-d-Kg {wherein 4@ represents an inner diameter
of the stator, N represents a rated speed (ten thousands
r.p.m.), P represents a rated output (kW)}, and Kg
represents a constant which is determined based upon the
stétor of the motor}.

2. A super high speed brushless DC motor
comprising;

an air gap length g between a stator (1) and a
portion having metallic characteristics of a rotor (2)
which air gap is determined to be equal or more than
(1/0.3)1'95-N5/6-P1/8-d-xg {wherein 7 represents a ratio
of a length of mouth of a slot with respect to a slot
pitch of the stator, d represents an inner diameter of
the stator, N represents a rated speed (ten thousands
r.p.m.), P represents a rated output (kW), and Kg |
represents a constant which is determined based upon the

stator of the motor}.

3. A super high-speed brushless DC motor as set

This is the replacement sheet
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speed rotation. -40 - Wiat is clained
st 1. A super high speed brushless DC notor conprising;

an air gap length g between a stator (1) and a portion having netallic
characteristics of a rotor (2)

- 41 -

forth in claim 1 or claim 2, further comprising fins for
cooling, and wherein the air gap length between the

stator and the portion of the rotor having metallic

/2

characteristics is determined to be 1/Ks1 multiplied

to the above-mentioned air gap length g.

4. A super high speed brushless DC motor as set
forth in one of claims 1-3, wherein the air gap length g
is determined to be less than wD/(2p}) (wherein D
represents a diameter regulating a surface of magnets of
the rotor).

5. A super high speed brushless DC motor as set
forth in claims 1-4, wherein the rotor (2) includes
permanent magnets (2b) made of rare earth elements.

6. A super high sgeed brushless DC motor as set
forth in one of claims 1-5, wherein said permanent
magnets (2b) are magnetized over an entire region in a
direction parallel to a magnétic pole axis of the
permanent magnets (2b).

7. A super high speed brushless DC motor as set
forth in one of claims 1-6, wherein a rot&r (2) includes
a protection tube (2c) made of metal affixed to the
outermoSt.portion of said rotor (2).

8. A super high speed brushless DC motor as set

forth in one of claims 1-6, wherein said protection tﬁbe

(2d) is made of insulating material. This is the reptacement shest
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which air gap is determned to be equal or greater than
Nerr]P[err]d[err]Kg (wherein d represents an inner dianeter of the
stator, N represents a rated speed (ten thousands r.p.m), P represents a
rated output (kW, and Kg represents a constant which is determ ned based
upon the stator of the notor}. 2. A super high speed brushless DC
not or conpri si ng; an air gap_ fggth g between a stator (1) and a
portion having metallic characteristics of a rotor (2) which air gap is
determ ned to be equal or nore than ([err]/0.3)[err]Nerr]P[err]d[err]Kg
{wherein [err] represents a ratio of a length of nouth of a slot with

respect to a slot g. A super high speed brushless DC motor as set
forth in one of caliﬁs 1-6, wherein a rotor (2) includes
a protection tube (2c)(2d) mounted at outermost pértion
of said rotor (2), the protection tube (2c) (24)
providing compressing force to fhe permanent magnets
(2b) toward a central axis of the rotor (2).

10. A super high speed brushless DC motor as

set forth in one of claims 5-9, wherein said permanent
magnets (2b) include magnets made of casting hot worked

rare earth elements.

Ty
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pitch of the stator, d represents an inner dianeter of the stator, N

represents a rated speed (ten.thousands r.p.m), P represents a rated

output (kW, and Kg represents a constant which is determ ned based upon

the stator of the notor}. 3. A super high speed brushless DC
-41

notor as set

-43-
ER HIGH SPEED BR DC MOTOR
ABSTRACT OF THE DISCL.OSURE

An air gap length g betweeen a stator (1) and a portion having metallic
characteristics of a rotor (2) is determined to be equal or greater than N°¢.P'%.d.Kg

so as to supply a brushless DC motor which is able to rotare at super high speed.

FIGURE 1.
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forth in claiml or claim2, further conprising fins for cooling, and
wherein the air gap length between the stator and the portion of the rotor
having netallic characteristics is determned to be 1/Ks[err] multiplied
to the above-nentioned air gap length g. 4. A super high speed
brushl ess DC notor as set forth in one of clains 1-3, wherein the air gap
length g is determned to be | ess thqplLerr]EV(Zp) (wherein D represents
a dianeter regulating a surface of magnets of the rotor). 5. A
super high speed brushless DC notor as set forth in clains 1-4, wherein
the rotor (2) includes permanent nmagnets (2b) nmade of rare earth el enents.
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6. A super high speed brushless DC notor as set forth in one of clains
1-5, wherein said pernmanent magnets (2b) are magneti zed over an entire
region in a direction parallel to a magnetic pole axis of the permanent
magnets (2b). 7. A super high speed brushless DC notor as set
forth in one of clainms 1-6, wherein a rotor (2) includes a protection tube
(2c) made of netal affixed to the outernpst portion of said rotor (2).

8. A super high speed brushless DC motor %5 set forth in one of clains
1-6, wherein said protection tube (2d) is nmade of insulating material.
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-42 - 9. A super high speed brushless DC notor as set forth in
one of calins 1-6, wherein a rotor (2) includes a protection tube (2c)(2d)
nount ed at outernost portion of said rotor (2), the protection tube
(2c)(2d) providing conpressing force to the permanent magnets (2b) toward
hi gh speed brushl ess

a central axis of the rotor (2). 10. A super
DC notor as set forth in one of clains 5-39, wherei n sai d per manent
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magnets (2b) include nagnets nmade of casting hot worked rare earth
el enent s.
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