TI TLE OF | NVENTI ON MOTOR W TH BUI LT-1 N PERVANENT MAGNETS

BACKGROUND OF THE INVENTION Field of the Invention The present
i nuention relates to a notor having pernmanent magnets built in a rotor
thereof. Description of the Prior Art It is known that a

magneti c notor has one-layer permanent nmagnets in a rotor made of a high
permeability

TITLE OF INVENTION

MOTOR WITH BUILT-IN PERMANENT MAGNETS

BACKGROUND OF THE INVENTION
Field of the Invention

The present invention relates to a motor having
permanent magnets built in a rotor thereof.
Description of the Prior Art

It is known that a magnetic motor has one-layer
permanent magnets in a rotor made of a high ﬁermeability
material such as iron. For example, in a prior art surface
magnet motor, permanent magnets are attache& to a surface of
a rotor.

Recently, environmental issues have attracted
intensive attention. In order to save energy, a motor with
built-in permanent magnets, that is, with permanent magmnets
embedded inside a rotor has been noted to replace with the
surface magnet wmotor.

Fig. 1 'shows an example of a prior art wmotor with
built-in permanent magnets. The motor comprises a xrotor 3’
and a stator 2. In the motor, each permanent magnet 17 having
an form of arch projecting towards the center of the rotor 3'
is embedded inside a rotor core 3a’ made of an iron core of
a high magnetic permeability material or of silicon steel

sheets. The motor showh in Fig. 1 has four poles, and four



material such as iron. For exanple, in a prior art surface magnet notor,
per manent nmagnets are attached to a surface of a rotor.

Recently, environmental issues have attracted intensive attention. In
oré&er to save energy, a notor with built-in permanent magnets, that is,
w th permanent nmagnets enbedded inside a rotor has been noted to repl ace
with the surface nagnet notor. Fig. 1 shows an exanple of a
prior art nmotor with built-in permanent magnets. The notor conprises a
rotor 3 and a stator 2. In the notor, each permanent magnet 147 having
an formof arch projecting towards the center of the rotor 3" is enbedded
inside a rotor core 3a' made of an iT@& ~core of a high magnetic
perneability material or of silicon steel sheets. The notor shown in Fig.
1 has four poles, and four

permanent magnets 17 are arranged along a circumferential
direction of the zrotor to have N and S pcles arranged
alternately. The stator 2 has teeth 6.

In the above-mentioned motor, there is brought about
a difference between an inductance Ld in a d-axis direction
(refer to Pig. 1) connecring the center of each permanent
magnet with the center of the rotor, and an inductance in a
q-axis direction (refer to Fig. 1) rotated by $0° from the 4-
axis direction in terms of an electrical angle. Therefore,
a reluctance torque is produced in addition to a magnet torgue
of the permanént magnets 17. A total torque T is expressed
in Equation (1): '

T = Pn*{¥a*Iq + 1/2(Ld - Lq)*Id*Iqg}, (1)

wherein Pn denotes a number of pole pairs, ¥a denctes a
magnetic flux in d-axis, Ld denotes an inductance in d-axis,
Lqg denotes an inductance in g-axis, Iq denctes a current in
g-axis and Id denotes a current in d-axis. Equation (1)
represents a voltage equation after the dq conversion. Magnet
torque and reluctance torque are expressed in the first term
and in the second term in a term expressed in parentheses {
and } in Equation (1). |

In the prior art sufface magnet wmotor, since a
magnetic permeability of the permanent magnet is approximately

equal to that of the air, the inductances Ld and Lg have



-2+ per mmnent magnets 17 are arranged along a circunferenti al

direction of the rotor to have N and S poles arranged alternately. The
stator 2 has teeth 6. I n the above-nentioned notor, there is
breught about a difference between an inductance Ld in a d-axis direction
(refer to Fig. 1) connecting the center of each permanent nmagnet with the
center of the rotor, and an inductance in a g-axis direction (refer to
Fig. 1) rotated by 90 fromthe d- axis direction in ternms of an electrical

angl e. Therefore,

a reluctance torque is produced in addition to a nagnet

torque of the permanent magnets 17. @ total torque T is expressed in

Equation (1):

nearly the same value, and therefore no reluctance torque is
generated.

In contrast, in the prior art motor with built-in
permanent magnets, the d-axis direction corresponds to a
direction in which a magnetic flux is generated by the
permanent magnets 17, and as shown in Fig. 1, a flow 21 of
magnetic flux in the d-axis direction penetrates twice the
permanent magnet having approximately the same magnetic
permeability as air, thereby the inductance Ld in d-axis is
considerably reduced because of an increase in magnetic
resistance. On the other hand, a flow 22 of magnetic flux in
the g-axis direction is dirscted to a side face of the
pérmanent magnet 17, passing the side face of the magnet as
indicated in Fig. 1. As a result, the magnectic resistance is
reduced and the g-axis inductance Lg is increased. The
inductance Ld in d-axis becomes consequently different from
the inductance Lg in g-axis. If a Id in d-axis current is
supplied, the reluctance torque is generated.

Fig. 2. is a magnetic flux vector diagram il-
lustrating this relation. The magnet torque is generated by
multiplying a magnetic flux ¥a with a current Ig in a
directior perpendicularly electrically to the magnetic £lux.
The magnetic flux ¥a is a component in d-axis of the total
magnetic £flux 0. Similarly, the reluctance torgue is

generated by multiplying magnetic fluxes Ld*Id, Lg*Ig with



T = Pn* {[err]a*lq + 1/2(Ld - Lq)*1d*lq}, (1) wherein Pn denotes a nunber

of pole pairs, [err]a denotes a magnetic flux in d-axis, Ld denotes an
i nductance in d-axis, Lg denotes an inductance in g-axis, |q denotes a
g-axis and Id denotes a current in d-axis. Equation (1)

current

in

represents a voltage equation after the dg conversion. Magnet torque and
rel uctance torque are expressed in the first term and in the second term
in a termexpressed in parentheses { and } in Equation (1).

the prior art surface magnet notor,

per mmnent magnet i s approximately equal to that of the air, the
i nductances Ld and Lqg have -4 -

currents Igq, Id flowing perpendicularly to the magnetic flux,
respectively. A sum of these two torques becomes the total
torque T, _
The total torque T depends on a phase § of an input
current I0, where Iqg = IO%cos 8 and Id = IO*sin 8. Fig. 3
shows a relation of the magnet torque, reluctance torque and
total torque when the c¢urrent phase B is changed while the
current value is kept at I0. The magnet torque is maximum
when the current phase is 0°, and it becomes smaller as the
phase B8 is increased, and‘it becomes zero when the phase is
" 80°. On the contrary, the reluctance torque has a maximum
value when the current phase is 45°. Therefore, the total

torque T becomes maximum in a range of 0 - 45° of the current

phase. Marks o indicate values obtained in an experiment, and.

the values agree well with values calculated according to
Equation (1). That is, with the same currexat, a larger torque
is obtained in the motor having.permanent magnets embedded in
the rotor thereby to utilize the reluctance torque than in the
surface magnet motor.

Next, a problem of the prior art motor having
permanent magnets embedded in the rotor is explained. The
reluctance torque is utilized to some extent in the motor.
However, as indicated in Fig. 1, a flow 22 of the magnetic
flux in the g-axis directien is obstructed by an end 17a of

the permanent magnet 17 and cannot enter into the rotor. Most

In

since a magnhetic perneability of the



-3 nearly the same value, and therefore no reluctance torque is
In contrast, in the prior art notor with built-in
per manent magnets, the d-axis direction corresponds to a—ereetionin
whfch a magnetic flux is generated by the permanent nagnqﬁﬁpgz "ng“”‘”“d

gener at ed.

shown in Fig.

penetrates twi ce the permanent magnet havi ng approxi mat el
magnetic perneability as air, thereby the inductance Ld i

1, a flow 21 of magnetic flux in the d-axisﬂg=‘;

consi derably reduced because of an increase in nmagnetic resistance.
ot her hand, a flow 22 of magnetic flux in the g-axis direction is di

to a side face of the

magnet as indicated in Fig. 1. As a result, the magnetic resistance
reduced and the g-axis inductance Lq is increased. The i nductance
d-axi s becones consequently different from

of the flow barely touches an outer peripheral part 18 of the
permanent magnet 17. Thus, an amount of the magnetic flux is
small, and the inductance Lg in g-axis cannot be increased.

As mentioned before, the larger is the difference
between the inductances Lg and Ld (Ld is very small), the more
is the reluctance tocrque generated by th_e same current.
However, the g-axis inductance. Iqg cannot be increased so much
in the prior art motcr, and therefore the difference of the
inductances Lg and Ld cannot be.made large.
SUMMARY OF THE INVENTION

An object of the present invention is to provide a
motor with built-in permanent magnets which is highly
efficient to generate a high ocutput.

When the permanent ma§nets of the same amount in a
motor with built-in permanent magnets are used, the d-axis
inductance Ld is not greatly changed physically. However, the

inventors notes that the g-axis inductance Lg may be increased

if a design of the permanent magnets to be embedded is

devised. 1In cne'dspect cf the invention, a mctor comprising
a stator and a rotor comprising a rotor core embedding a
plurality of sets of permanent magnets. A sget of the
permanent magnets comprises a plurality of permanent magnets,
and the plurality of sets of permanent magnets are arranged
to have N and S poles alternately at outer peripheral sides

of the permanent magnets. The permanent magnets in a set

On the
rect ed

per manent magné -17, passing the side face of the

is
Ld in



the inductance Lg in g-axis. If ald in d-axis current is supplied, the
rel uctance torque i s generated. Fig. 2. is a_magnetic flux vector
diagramil- lustrating this relation. The nagnet torque i s generated by
muftiplying a magnetic flux [errJa with a current Iq m'ﬁnssﬁcetﬂstﬁem eplaced
perpendicularly electrically to the magnetic flux. The

[err]a is a conmponent in d-axis of the total nmagnetic fI

Simlarly, the reluctance torque is generated by nultlp ylng mag

fluxes Ld*Id, Lg*Ig with -4-

extend so that ends thereof are positioned near an outer
periphery of the rotor. Thus, a path is provided for a
magnetic flux between the permanent magﬁets at the outer side
and those at the innerﬁéide. This structure increases the gq-
axis inductance Lg as much as possible and enlarges a
difference between the g-axis inductance Lg and the d-axis
inductance Ld as much as possible, so that the reluctance
torque produced with the same current is utilized to the
utmost. A number of the permanent magnets in a set is for
example two. Preferably, ‘each of the permanent magnets has
a shape of an arch projecting tcwards a center of the rotor.
For example, an interval between twc permanent magnets in a
set of permanent magnets is constant.

In a second aspect of the motor of the inventionm,
the interval between two-layer permanent magnets is wider at
least at ends thereof at a leading side of a rotating
direction of the rotor than at other parts thereof. In a
different way, the intexval is wider at ends of the permanent
magnets than at .other portions. Thus, the concentration of
magnetic flus around the ends of the permanent magnet is
eased.

In a third aspect of the invention, in the motox,
both ends of each of the permanent magnets are tapered towards
the ends thereof near an outer surface of the rotor and

extending perpendicularly to the surface of the rotor. Then,



currents I|q,
respectively. A sumof these two torques becones the total torque T.

The t ot al

Id flow ng perpendicularly to the magnetic fl ux,

torque T depends on a phase [err] of an input™ current 10, where

lg== 10*cos [err] and Id = 10* sin [err]. Fig. 3 shows arnisshatiRBeaReplived

magnet torque,

[err]

phase [err]

On the contrary, the reluctance torque has a maxi num val ue when the
current phase is 45. Therefore, the total torque T becones nmaximumin a
range of O - 45[err] of the current phase. Marks o indicate val ues
obtained in an experinent, and. the values agree well w th val ues
cal cul ated according to Equation (1). That is, with the sane current,

pdAiAes Elokllf ThAGhaK! Be:ROPUBAGY JRONRLRaGEREIde

| ar ger torque

in

the rotor

y t0 eFuctahce torque than

magnets can be enhanced.

In a fourth aspect of the rotor of the invention,
the rotor embeds a set of the plurality of sets each compris-
ing two permanent magnets in the r&tor core. One of the two
permanent magnets at an inner side of the rotor has a
thickness larger by 3 % or more than that of the cther of the
two permanent magnets at an outer side of the rotor. 1In a
different way, the permanent magnet at an inner side of the
rotor is made of a magnetic material having a remanent
magnetic flux density larger by 3 % or more than a magnetic
material of the other of the two permanent magnets at an outer
gside of the rotor. Then, the magnetic flux of the permanent
magnet at the backup side or at the inmner side can be can be
enthanced.

An advantage of the present invention is to provide
a motor of a higher torque and a higher output power.

Another advantage of the present invention is to
provide & motor bhaving improved resistance against

demagnetization.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other objects and features of the present
invention will become clear from the following description
taken in conjunction with the preferred embodiments thereof

with reference to the acccmpanying drawings, and in which:

rel uctance torque and total torque when th HA T
I's changed while the <current value is kept at 10. T .
i s maxi mum when the current phase is O[err], and it beco

Is increased, and it becones zero when the phase is

a

e
ue
t he

90[err].



surface magnet notor. Next, a problemof the prior art notor

havi ng permanent magnets enbedded in the rotor is explained._The
rel uctance torque is utilized to sone extent in the not or 7 However—as__

indicated in Fig. 1, a flow 22 of the magnetic flux in t, =

direction is obstructed by an end 17a of the pernmanent nagnet 17 and
cannot enter into the rotor. Mst of the flow barely touches
an outer peripheral part 18 of the pernmanent nagnet 17. Thus, an anount
of the magnetic flux is small, and the inductance Lg in q-axis cannot be

I ncreased. As mentioned before, the larger is the difference
bet ween the i nductances Lg and Ld ®ad is very small), the nore is the
rel uctance torque generated by the same current. 5 However, the g-axis

i nduct ance Lg cannot be increased so nuch in the prior art notor, and
therefore the difference of the inductances Lq and Ld cannot be nade |arge.

SUM\/ARY. CF THE | N\/El\rl'l ﬁy}ﬁn 1 lF pse?%ﬁgﬁ?bbec"y Octn.f tb&\}ﬁéfﬁ%@{af E%ﬁ?{_l on is

to provide a notor wit egnét s

efficient 1o ganer a,e1a i %r&ﬂh@ﬂé -matlets of pue l\é@%g' the permanent

magnets of the sanme anount a notor W th bui
Fig. 2 is a magnetic flux vector diagram after the

d-g conversion;y

Fig. 3 is a graph showing a relation of a current
phase, a magnet tcrque,. a reluctance torque and a total
torgue;

Fig. 4 is a sectional view showing an embodiment of
the present invention;

Pig. 5 is a partial enlarged view of Fig. 4;

Fig. 6 is a graph of a relation of a width of an
interval between inner and cuter permanent magnets and the g-
axis inductance.

Fig. 7 'is a diagram of an analysis of a flow of
magnetic fluxes in a g-axis direction in the embodiment:;

Fig. 8 is-a diagram of an analysis of a flow of
magnetic fluxes in a g-axis direction in the prior art motox;

Fig. 9 is a diagram of an analysis of the flow of
the magnetic fluxés when a motor of the embodiment is xotated;

Fig. 10 is a diagram of an analysis of the flow of
the magnetic flux when the prior art motor is rotated;

Fig. 11 is a graph of a relation of a generated
torque plotted against a number of layera of magnets;

Fig. 12 is a graph of a relation a g-axis inductance

plotted against of a number of layers of magnets;



per mmnent magnets are used, the d-axis inductance Ld is not greatly changed

physical ly. However, the inventors notes that the g-axis inductance Lq
may be increased if a design of t he permanent magnets to be enbedded is
devi sed. In accordance with the invention, there is provided
an interior permanent magnet 15 notor conpri sing: a stator

having a plurality of w ndings wound around an iron core; and
a rotor, surrounded by said stator, conprising a rotor core forned of a

hi gh magnetic perneability material and a plurality of sets of permanent
magnet | ayers enbedded in the rotor core, 20 wherei n each set
of permanent nagnet |ayers of said ptW@ality of sets of permanent magnet
| ayers includes a plurality of permanent magnet | ayers, sai d

plurality of sets of permanent nmagnet |ayers are arranged such that N and S
poles are alternately | ocated at outer peripheral sides of said plurality

of sets of permanent Fgrggrl%t igaggﬁiphzéf a relation o%aghué)&ferar&feﬁu gnet

| ayers of said plurality of pernan magnet | ayer 1 ncludes irst and
second ends whh£mafrRtlkOpbbecbd18ghiA8: Ol irRimbBe! b NehyalrsS BE f Asghdtfs ;Sai d
rotor, and each permanent magnet |ayer of said plurality of
per manent mnagnet | ayersrbas & is afdraph sfr Aacelabiioacbfda tD-H loarosat of

peri pheral surface of said rotor and a second surface directed to a
center of sai darpaumaneahdnagneds §9 opexaliinds cobnts R ftieemrgnek der t han that |
of said first 30 surface,

- 6- In aREPherS 48pRcIchamiEie pectimAladdeu P @ errbrof

per manent magnet, MRLAL o¢ GOIMALSLNhpodineny; @ Stator having a

plurality of wndings wound around an 1ron cbére; and a rotor,

enclosed within said stpi@r, 16NgkUG NG fgrafi BE CAH €ahQI @Kk Ofedult 06t
magnetic flux by a permanent magnet.

Fig. 17 is a diagram of an analysis result of-
magnetic flux generated by windings;

Fig. 18 is a diagram of an analysis result of a
synthetic maénetic flux prcduced by the permanent magnet and
the windings;

Fig. 19 is a sectional view of a second embodiment
of the present invention;

Fig. 20 is a partial sectional view of a third
ambodiment of the present invention;

Fig. 21 is a diagram for explaining the principle
of the second embodiment;

Fig. 22 is a sectional view of a fourth embodiment
of the present invention;

Fig. 23 is a graph of an H-B characteristic of per-
manent magnets;

Fig. 24 is a secticnal view of the motor of the

firset embodiment;



5 magnetic perneability material and a plurality of sets of two pernmanent
magnet | ayers enbedded in said rotor core, wherein a set
of said plurality of sets of two pernmanent nmagnet |ayers includes a

first permanent magnet |ayer at an outer peripheral surface of said rotor

and a second per manent magnet | ayer positioned inwardly of said first
per manent nagnet |ayer, 10 said plurality of sets of two

per manent magnet | ayers are arranged so as to have N and S pol es
positioned alternately at outer peripheral sides of said plurality of sets
of two per manent mnagnet | ayers, each of said first and
second pernmanent magnet | ayers has oppdsi-te ends and is configured such
that said opposite ends are positioned near said outer peripheral surface
of 15 said rotor, and each pernmanent magnet |ayer of said
plurality of sets of two pernmanent nagnet | ayers has a first surface

directed to the outer pesibhskal, QUELase, oo Al deLot ol Fi50000d
r ro and sard fifst

surface directed to a center 0of sal or, an area o

surface is wider than thal, 200{sSRidlc226000 $idd & a 29fth embodimenitD

anot her aspect, there is provided an internal permanent notor having
built-in peofiatizetpresgnéet nvedtdioai;n a nagnetic torque i s generated
according to a relationship between a rotating magnetic field of a
stator and a magnetic fiFéBd &7 t ke P&y nBRéArgergdersional g viewucefinea
torque is generated due to npgnetic_flux path of the rotating magnetic
field and aegﬁﬁﬁﬁﬁgif@ﬁttﬁgéﬂg'oﬁeihﬁnﬁngnetic torque and the rel uctance

torque snaller than ther_%g_ ngsa?g?gér %rtagg% ai §ei§ﬁ%nf 8 4 %EQEB.Q ’amggé;tby

conpri si ng: a a rotor surroun
sai d stator; aggd magnetic flux orf pdl U634/t Of permanent magnet |ayers
enbedded in sald rotor, sal‘gixpermanen,t magnet | ayers being layered in

t he radi al di regtarEpobEserpTEONE OF! PRE coREFERRED aEMBaTTMENTE 30 per nanent

magnet | ayers being | ocated near an outer peripheral surface of said rotor,
and magnetic flux pReferzing prowi dbd behevealravinds| ayerexsimer ddkent
magnet | ayers, .
ubstitute shee¥eference characters designate like or corresponding parts
throughout the views, embodiments of the present invention
will be explained in detail with reference to the drawings.
Figs. 4 and 5 show a motor with built-in permanent magnets of
four poles of a first embodiment. The motor comprises a rotor
3 adhered to a rotor shaft 7 and a stator 2 which houses the
rotor 3.
The rotor 3 comprises four sets of two-layer
permanent magnets 8a, 8b embedded in a rotor core 3a made of
a high magnetic pérmeability material. A set of the two-layer
permanent magnets is composed of a permanent magnet 8a at an
outer side and another permanent magnet 8b at an inner side,
and the four sets of two-layer permanent magnets 8a and 8b are
arranged to have N and S poles alternately at outer peripheral

sides thereof. The inner and ocuter sides are defined with

regpect to a radial direction from the center of the rotor.



- q - wherein a magnetic torque is generated according to a
rel ati onship between a rotating nagnetic field of said stator and a
magnetic field of said permanent nagnets, a rel uctance torque is
generated due to magnetic flux path of the rotating magnetic field and a
synt hesi zed torque of the magnetic torque and the reluctance torque snaller
than the magnetic 5 torque is used for rotation. I n anot her
aspect, there is provided an internal pernmanent notor having built-in

per manent magnets, said notor conprising: a stator having a
plurality of w ndings wound around an iron core; and 10 a rotor
surrounded by said stator, said roterigoaprising a rotor core nade of a

hi gh magnetic perneability material and a plurality of pernmanent magnet
| ayers bei ng enbedded for each pole in said rotor core, said permanent
magnet | ayers being | ayered in a radi al direction, two ends of each

per manent nagnié ggg% beln% na omeg and two ends of each er manent
magnet | ayer b&t Ry STF HE¥r % P BEBAC 1Rt Bhg?ﬁﬁagﬁﬁtfﬁégn%ﬁ i @2% ot or
and 15 extend ep%dawi%él YnbdehRS a?gtets a, B:Ln AMREELL T ﬁr‘éﬁg%ﬁ' ¢

torque is generated according to a ons etween rotatin

magnetic fiel doPftimairdtora Or gt BEIORS | ;sefmaeieaw&aéﬁé@b ¢:5) ra&aeeb gggnets,
a reluctance torque is generated due to nmagnetic flux path of the

rotating nmagnefoxmmed tike amdarc!s profiest izgrtowards ghe cdéntdreoffagretbcotor que
and the reluctance torque smaller than the nmagnetic torque is 20 used for
rotati on. 3, while botly end@afragia sherpef p?l@%érwa#ﬁ@maaorthes oubePpr ovi de

tor of a hi t d h t,p
Another advanBRIDEBE=FreE SPEcERRC aVeﬁﬁgbﬁé?%‘% RS TS ng

| mpr oved ﬁﬁieil aﬂ&ﬁ&%@;ﬂa&@ osRl) 135’5 i SaRera e

THE DRAW NGS o er objects an
present inventdgyatent! vhagomegleas. 4, df-&mt&ﬁet:@&bﬁ“ié‘giéﬁﬁﬁal Qslaon

taken in conjunction with the preferred embodi ments t her eof

reference to tdireacdonpadsiitieaqifiy abengent andfi Qadihipeihanent magnets 8a.,
8b with the center of the rctor 3, while g-axis is defined as
a direction connectihg a boundary between adjacent poles with
the center of the rotor 3. A path 10 of magnetic flux in q-
axis direction is formed through the interval.

The stator 2 has a predetermined number of teeth 4,
and stator windings 10 {not shown) are wound therebetween.
When an altermating current is supplied to the stator
windings, a rotational magnetic flux is. generated. Thus a
magnet torque and a reluctance torgue to be exert on the rotor
3 are genexated to rotate it.

It is desirable that the interval M between the
cuter and inner permanent megnets 8a and 8b is as small as
possible in order to reduce a loss of a magnetomotive force
at the permanent magnets 8a and 8h. However, it is also
desirable that the interval 1is large enough not to be

magnetically saturated in order to increase a g-axis induc-



- 8- Fig. 1 is a sectional view of a conventional notor wth

built-in permanent nmagnets of one | ayer; Fig. 2 is a nagnetic
flux vector diagramafter the d-q conversion;y Fig. 3is a
graph showing a relation of a current phase, a magnet torque, a reluctance
torque and a total torque; Fig. 4 is a sectional view show ng
an enbodi nent of the present invention; Fig. 5is a partia

enl arged view of Fig. 4; Fig. 6 is a graph of a relation of a

wi dt h of an

- 12 -

tance Lg. Therefore, in the present embodiment, the interval
M is set to be about a half of a width W cf the teeth 4 so
that the magnetic flux generated by the current flowing in the
stator windings is not saturated.

This is explained with experimental data shown in
[ig. 6 on Lhe inlerval M and Lhe g-axis inductance Lq. If the
interval M is smaller than a third of the width N of the teeth
4, the g-axis inductance Lg becomes small rapidly. On the
other hand, even if the interval M is larger than the width
N of the teeth 4, the inductance Lg in g-axis is hardly
changed. From this experimental data, it is preferable that
the distance between the outer and inner permanent magnets 8a
and 8b, namely, the interval M is larger than a third of the
width N of the stator 2.

In order to enhance the magnetic flux as large as
possible, the permanent magnet Bb at the inner side is
constructed as large as possgible within a polar pitch (90° if
there are four poles as in this embodiment). On the other
hand, a gap S (Fig. S) between adjacent permanent magnets 8a
and 8b is as small as possible to eliminate a leakage of the
magnetic flux in order to effectively utilize the magnet
torque. From a view point of cost, it is preferable to design
the outer and inner permanent magnetrs Ba, 8b so that the

amount of magnets for a pole is kept constant.



I nterval between inner and outer permanent nmagnets and the g- axis

I nduct ance. Fig. 7 is a diagramof an analysis of a flow of
magnetic fluxes in a g-axis direction in the enbodi nent; Fig. 8
i s a diagramof an analysis of a flow of nagnetic fluxes in a g-axis
direction in the prior art notor; Fig. 9 is a diagramof an
analysis of the flow of the nmagnetic fluxes when a notor of the enbodi nent
i s rotat ed; Fig. 10 is a diagramof an analysis of the flow of
the magnetic flux when the prior art notor is rotated; Fig 11
Is a graph of a relation of a generated torque plotted against a nunber of
| ayers of magnets; Fig. 12u3s-a graph of a relation a g-axis

i nductance plotted against of a nunber of |ayers of magnefs;

In the above-described structure, the path 10 where
the magnetic flux in the g-axis direction flows is surely
formed not to be saturated magnetically when the motor is
driven, Therefore, the inductance Lg in g-axis can be
increased to the utmest. At the same time, by using the
amount of magnets approximately the same as in the prior art
motor with one-layer built-in magnets, the d-axis inductance
Id is made as small as in the prior art motor. In other
words, while the d-axis inductance Ld is not changed by using
the same amount of magnéts, the g-axis inductance Lg is
increased by about 15 % or more (Fig. 11), so that the
reluctance torgue resulting from the difference between the
g-axis inductance Lg and the d-axis inductance Ld can be
utilized to the utmest. Then, the motor has an suitable
structure for wutilizing both the magnet torque and the
reluctance torque to the utmost when the motor is driven with
the same current.

In the embodiment described above, each of the
pexmanent magneﬁé 8a and 8b is formed in the arch-like shape
projecting towards the center of the rotor,. However, the
permanent magnets may have other shapes, e.g., concave U-shape
projecting towards the center of the rotor. Although each
permanent magnet 8a, 8b is all a permanent magnet up to the

ends 9a, %a in the embodiment, the ends Sa, 9a thereof may



-9 Fig. 13 is a graph of a relation of a magnetic flux of

magnets plotted against a nunber of |ayers of magnets; Fig. 14

is a graph of a relation of a B-H curve of a permanent magnet to operating
poi nts of the nagnet; Fig. 15 is a schematic sectional view of a
part of the notor of the first enbodi nent; Fig. 16 is a diagram

of an analysis result of magnetic flux by a permanent nagnet.
Fig. 17 is a diagramof an analysis result of magnetic flux generated by

wi ndi ngs; _ Fig. 18 is a diagramof an analysis result of a
synt hetic magnetic flux produced by the pernmanent magnet and the w ndings;
- 14 -

comprise air gap (air layer) or may be x_nade of a layer filled
with a synthetic resin.

Performance of the motor of the present embodiment
is explained further. As explained above, in the motor of the
first embodiment, a path of a magnetic flux is provided
between the outer and inner permanent magnets. Then, a
magnetic resistance is reduced to increase a g-axis inductance
Lq remarkably. Accordingly, the reluctance torque is more
effectively generated with the same current due to an increase
in difference between the inductances Ld and Lg.

Figs. 7 and 8 show how easily magnetic flux in the
g-axis direction flows in the motor of the present invention
with embedded two-layer magnets and in the prior art motor
with one-layer embedded magnets, respectively. BAs shown in
Fig. 8, in the prior art motor using one permanent magnet in
one pole, the magnets 17 are thick and therefore, the end 17a
thereof obstructs a magnetic flux 11 generated by the stator
windings from entering the rotor. On the other hand, as shown
in Fig. 7, in the motor of the present embodiment having
embedded two-layer magnets, because of the presence of the
path 10 for the magnetic flux between the outer permanent
magnet 8a and the inner permanent magnet 8k, the magnetic flux
11 generated by the stator windings is not obstructed by the
permanent magnets, but passes through the path 10 smoothly to

an exit 12 at the opposite side. In other woxds, this



Fig. 19 is a sectional view of a second enbodi nent of the present

I nventi on; Fig. 20 is a partial sectional viewof a third
enbodi ment of the present invention; Fig. 21 is a diagramfor
expl aining the principle of the second enbodi nent; Fig. 22 is a

sectional view of a fourth enbodi nrent of the present invention;
Fig. 23 is a graph of an H B characteristic of per- manent nagnets;
Fig. 24 is a sectional view of the notor of the first enbodi nent;

- 15 -

differance of the easiness of the magnetic flux flow between
the prior art and the invention is proporticnal to a size of
the g-axis inducctance Lg, and the motor of the present
embodiment_facilitates efficient pagsing of magnetic flux to
have a larger Lg.

Figs. 9 and 10 are diagrams of a flow of magnetic
fluxes and an amount of the magnetic fluxes in the motor of
the present invention and in the prior art motor, respec-
tively, when the motor is actually rotated in X direction with
the same amount of the current. It is found that the above-.
described difference in the inductance Lg makes it possible
to generate more magnetic fluxes in the motor of the embodi-
ment (Fig. 9) than in the prior art motor (Fig. 10). That is,
a larger torque is generated due to the larger magnetic £lux.

Fig. 11 shows experimental data on a relation of a
generated torque to a number of layers of magnets. The torque
of a motor of a rated output 750 W is measured with a constant
current and a constant revolution number. As described
before, the magnetic flux ir the g-axis direction £flows
between the inner and outer permanent magnets in the two-layer
structure. Then, the magnetic resistance is decreased more
than in the prior art mctor of cne-layer magnets, resulting
in the generation of a larger g-axis inductance Lg. Mean-
while, a d-axis inductance Ld is hardly changed because the

same amount of magnets is used {and the d-axis inductance Ld



Fig. 25 is a partial sectional view of Fig. 24 Fig. 26 is a
sectional view of a fifth enbodi nent of the present invention;
Fig. 27 is an enlarged sectional view of an essential part in Fig. 26;

and Fig. 28 is a graph of a relation of a passing amount of
magnetic flux on Pa to LnmLt. DETAI LED DESCRI PTI ON OF THE PREFERRED
EVMBODI MVENTS Referring now to the drawi ngs, wherein |ike

ref erence characters designate |ike or corresponding parts throughout the
vi ews, enbodi ments of the present invention wll be explained in detail
with reference to the drawings. Figs. 4 and 5 show a notor with built-in
per manent nmagnets of four poles of a fgrst enbodi nent. The notor conprises
arotor 3 adhered to a rotor shaft 7 and a stator 2 which houses the

is alsc very small). The difference between the g-axis
inductance Lg and the d-axis inductance Ld is accordingly
increased, and this increases the reluctance torque generated
with the same current. Then, the total torque that is a sum
£ the reluctance torque and the magnet torque is increased
approximately 15 %.

However, as shown in Fig. 11, if a number of layexs
of permanent magnet is increased further to three or four, the
total torque is rather decreased.

Fig. 12 shows ‘experimental data on a relaticn
between a number of layers of magnets and the g-axis induc-
tance Lg. The g-axis inductance Lgq is increased about 50 %
when the number of layers is changed from one to two.
However, Lq is increased slightly when the number of la?érs
of magnets is increasea further to three or four, or the
advantage is not so large as when the number is changed from
one to two. This means that when the number of the permanent
magnets are arranged in three or more layers, the g-axis
inductance Lg is not changed largely as far as the path for
the magnetic path in the g-axis direction formesd between the
permanent magnets divided in two layers is not magnetically
saturated.

On the other hand, in an example shown in Fig. 13,
the wmagnetic flux generated by the permanent magnets is

highest when the permanent magnets are arranged in two layers,



rotor 3. The rotor 3 conprises four sets of two-layer permanent
magnets 8a, 8b enbedded in a rotor core 3a nade of a high magnetic
perneability material. A set of the two-layer permanent nmagnets is
conposed of a permanent nmagnet 8a at an outer side and anot her pernanent
magnet 8b at an inner side, and the four sets of two-layer pernmanent
magnets 8a and 8b are arranged to have N and S poles alternately at outer
peri pheral sides thereof. The inner and outer sides are defined with
respect to a radial direction fromthe center of the rotor.

- 17 -

in contrast to other cases where the magnetic flux is smallér.
In other words, when a number of layers of magnets is
increased, the magnetic flux in the g-axis direction becomes
easier to pass, so that the g-axis inductance Lg is increased.
However, if the number of layers is three or more, each
permanent magnet becomes thin and therefore, an operating
point of the permanent mégnets beccmes lower, whereby an
amount of generated magnetic flux is decreased. Then, as
shown clearly in Fig. 11, the total torgue determined by the
addition of the magnet toirque generated by magnetic flux of
magnets and the reluctance torque generated by the difference
between the g-axis inductance Lg and the d-axis inductance Ld
becomes maximum when the number of division of magnets is two,
and it is decreased when the number of layers is smaller than
two or larger than two.

.Equation (2) shows a calculaticn formula for a
permeancé factor P which determines the operating point cf the
magnet.

P = (Lm*Ag*Kf}/(Lg*Am+*Kr}, (2}
wherein Lm denotes a thickness of the magnet, Lg denctes a
length of air gap, Am denotes a sectional aresa of the magnet,
Ag denotes a sectional area of the air gap, Kf denotes a coef-
ficient of a loss of magnetomotive force, and Kr is a leakage
coefficient. The permeance factor P is pro?ortional te the

thickness Lm of the magnet and inversely prcportional to the



In-a different way of explanation, a permanent magnet for one pole is
divided into two magnets 8a, 8b in a radial direction of the rotor 3. Each
of the permanent magnets 8a and 8b is formed |like an arch projecting
towards the center of the rotor 3, while both ends 9a, 9a thereof are

| ocated near the outer periphery of the rotor 3. An interval M between the
outer and inner permanent magnets 8a and 8b has an approxi mately constant
width. In Fig. 4, d-axis direction is defined as a direction connecting
the center of each permanent magnets 8a, 8b with the center of the rotor
3, while g-axis is defined as a direction connecting a boundary between
adj acent poles with the center of t-h@8roetor 3. A path 10 of nmagnetic fl ux
in g- axis direction is fornmed through the interval. The stator
2 has a predeterm ned nunmber of teeth 4, and stator w ndings 10 (not
shown) are wound therebetween. Wen an alternating current is supplied to

the stator W ndlNG5:a12 2L 8% ki WP'enIPGASALE {¢ Phel TenGERCLSISF £nlU 2
gap, the sectional area Ag of the air gap, the coefficient Kf
cf the loss of the magnetomotive force and the coefficient Kr
of the leak are kept the same. Fig. 14 shows a second
quadrant of a B-H (magnetic flux density-magnetic field) curve
of the permanent magnet. The operating point of the prior art
one-layer magnet is determined by the magnetic flux density
at a point B2. In the case of the two-layer magriets, the
thickﬁess Lm of the magnet is reduced, while the sectional
area Am is increased, whereby an operating point Bl is not
different from B2 or slightly increased. On the other hand,
if the number of the magnets are three or more, the fact that
the thickness Lm is decreased becomes more influential, and
the operating point is lowered to a point B3. '

To sum up, in the motor with embedded permanent
magnets in the rotor in order to increase the difference
between the g-axis inductance Lq and the d-axis inductance Ld
for utilizing the reluctance torque, the structure where the
two-layer permanent magrnets per one pole are arranged is
optimum for utilizing both the magnet torque and the reluc-
tance torque represented in Equation {1) most efficiently.
Further, the torque generated by the same current is enlarged,
and the performance of che motor is improved to a large

extent.



magnet torque and a reluctance torque to be exert on the rotor 3 are
generated to rotate it. It is desirable that the interval

bet ween t he

outer and inner pernmanent magnets 8a and 8b is as small

possible in order to reduce a |oss of a nagnetonotive force at the
pernmanent magnets 8a and 8b. However, it is also desirable that the
interval is large enough not to be magnetically saturated in order t
i ncrease a g-axi s induc- - 12 -
tance Lg. Therefore, in the present enbodi nent, the interval

Further, when the permanent magnets are arranged in
two layers as in the present embodiment, the magnetic flux
passing through the tooth 4 ¢f the stator 2 tc the rotor 3 is
smoothly guided aleng the path 10 formed between the inner and
outer permanent magnets 8a, 8b to other teeth 4. Then, the
permanent magnets 8a, 8b are prevented from being demagne-
tized, or it improves the resistances of demagnetization of
the permanent magnets. On the contrary, the prior art surface
magnet motor or in the prior art motor with built-in magnets
of one layer have prcblems of demagnetization. That is, the
magnetic flux in the g-axis direction flowing from the teeth
4 to the rotor 3 tends to exert on the permanent magnets,
thereby subjacting the permanent magnets to demagnetization.

Next, second and third embodiments of the invention
are explained. In the motor of the first embodiment, as shown
in Fig. 15, the interval 3b between the permanent magnets B8a
and 8b are constant. Then, it is a problem that a magnetic
flux synthesized from a magnetic flux generated by the
permanent magnets 8a, 8b embedded in the rotor core 3a and a
magnetic flux produced by the windings of the stator 2 tends
to concentrate at the interval or gap 3b at the ends Sa, 9b
of permanent magnets 8a, 8b at the leading side of a rotating
direction R of the rotor 3. This is explained with reference
to Pigs. 16 - 18. Fig. 16 shows an analysis of magnetic flux

formed only by permanent magnats 1, 2. Fig. 17 shows magnetic

M
as

(0]



Mis set to be about a half of a width N of the teeth 4 so that the
magnetic flux generated by the current flowng in the stator wndings is
not sat urat ed. This is explained with experinmental data shown in
fig. 6 on the interval Mand the g-axis inductance Lq. If the interval M
Is smaller than a third of the wwdth N of the teeth 4, the g-axis

I nduct ance Lq becones small rapidly. On the other hand, even if the
interval Mis larger than the width N of the teeth 4, the inductance Lq in
g-axis is hardly changed. Fromthis experinental data, it is preferable
that the distance between the outer and inner pernmanent magnets 8a and
8b, nanely, the interval Mis larger-tdsar a third of the wdth N of the
stator 2. In order to enhance the nmagnetic flux as |arge as
possi bl e, the permanent magnet 8b at the inner side is constructed as

| arge as possible within a polar pitch (90[err] if there are four poles as

o mahent oo Epdk Jgenchcel®pP B viiR0Mys %0 Rk tacBk BP ARSI AY acen!
permanent magnets are regarcded as magnetic voids 8c¢. Fig. 18
shows synthetic magnetic flux by the permanent magnets 8 and
windings 10. Lines of magnetic force are densely concentrated
at each interval 3b of ends 9a, 9b of permanent magnets 8a,
8b located at the leading side of the rotor 3 rotating in the
R dirxection shown in Figs. 15 - 18. A blank dencted by 5 in
Fig. 18 shows a space between the teeth 4. The concentration
of wmagnetic flux at the intervals 3b induces an increase in
core loss, causing the rétor core 3a tc generate heat and
eventually deteriorating the efficiency of the motor.

Further, in the motor of the first embodiment, two
layers of the permanent magnets 8a and 8b are spaced generally
in parxallel to each other. Therefore, amounts of magnetic
fluxes of two permanent magnets 8a, 8b at the surface of the
rotor 3 is determined solely by a surface area of an outer
peripheral side of the permanent magnet 8a at the .outer side
in the rotor core 3a, that is, a magnet torgque at both ends
9b of the permanent magnet 8b located inside the permanent
magnet 8a is not fully utilized.

Under the circumstanqes, it is desirable to lessen
the concentration of the magnetic flux generated at the
interval 3b between the ends of the two permanent magnets at

the leading side of the rotating direction R and improve the

efficiency of the motor.



and 8b is as small as possible to elimnate a | eakage of the magnetic flux
in order to effectively utilize the nagnet torque. Froma view point of
cost, it is preferable to design the outer and inner permanent magnets 8a,
8b* so that the anmount of magnets for a pole is kept constant.

- 13 - _ In the above-described structure, the path 10 where
the magnetic flux in the g-axis direction flows is surely forned not to be
saturated magnetically when the notor is driven. Therefore, the

i nductance Lq in g-axis can be
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In the second embodiment of the present invention,
in order to solve the problems, a rotor with permanent magnets
is degsigned to lessen the concentration of magnetic flux at
specified positions, while utilizing both a magnet torque and
a reluctance torque efficiently. Fig. 19 represents motor of
the second embodiment of the present invention. The motor
comprises a rotor 3 adhered to a rotor shaft 7 and a stator
2 which houses the rotor 3. The rotor 3 comprises four sets
of permanenﬁ magnets 8a, 8b embedded in an iron rotor core 3a
thereof. The permanent magnets 8a, 8b in each set for a pole
are spaced with a distance 3b between them in a radial
direction of the rotor 3. The permanent magnets 8a, 8b of
each set are adjacent to each other with § and N poles
.arranged alternately. Moreover, the two-layer permahént
magnets 8a, B8b in each set show the same polarity at outer
beripheries therecf. All of the permanent magnets 8a at the
outer side and the permanent magnets 8b at the inner side of
the rotor have shapes of arc in a centripetal direction of the
rotor, as in the first embodiment.

The interval 3b between ends %a, 9b of the permanent
magnets 8a and 8b in each set at the leading side of rotating
direction R of the rotor 3 has a width w wider than at other
.parts, while the interval at the other ends of the permanent

magnets has a smaller with x.



I ncreased to the utnost. At the sane tine, by using the anmpount of nagnets
approximately the sane as in the prior art notor with one-layer built-in
magnets, the d-axis inductance Ld is made as small as in the prior art

mot or . In other words, while the d-axis inductance Ld is not changed by
using the same anount of magnets, the g-axis inductance Lq is increased
by about 15 %or nore (Fig. 11), so that the reluctance torque resulting
fromthe difference between the g¢-axis inductance Lq and the d-axis

i nductance Ld can be wutilized to the utnost. Then, the notor has an
suitable structure for utilizing both the magnet torque and the

rel uctance torque to the utnost wherr 2Be-notor is driven with the sane

current. In the enbodi ment descri bed above, each of the
per manent magnets 8a and 8b is fornmed in the arch-1ike shape projecting
towards the center of the rotor. However, the permanent magnets nay have

ot her shapes, e.g., conﬁggﬁw&h%hagﬁe Reching taoﬁ‘ﬁﬂﬁsiitt@eo@efﬁ&rh Qf’ t he
rotor. Although each
with windings 10 provided in the teeth 4. A rotatiomal
magnetic field is generated when a current is supplied to the
windings 10.

In the above-described motor, the rotor 3 has the
main body 3a coated with iron which .is highly magnetically
permeable and therefore easy to pass a magnetic flux when
receiving the rotational magnetic field from the windings 10,
and permanent magnets 8 (8a, 8b} of a low magnetic permeabili-
ty not allowing the magnetic flux to pass easily. At the same
time, the rotor 3 is so adapted as to show an inductance in
a direction of d-axis which is the radial direction passing
the centers of the permanent magmets 8 of each set, different
from an inductance in a direction of g-axis in which an

electrical angle intersects at right angles to the d-axis

direction, as shown in Fig. 19.

In the motor, the magnetic flux generated by the
windings 10 is not allowed to pass in the d-axis direction of
Fig. 19 thereby to remarkably reduce the inductance. On the
other hand, a magnetic path is generated at the interval of
the inner and outer permanent magnets 8b and 8a in the g-axis
direction having the electrical angle orthogonal to the d-axis
direction. Thus, the magnetic flux is facilitated to pass to

increase the inductance, or a reluctance torque is effectively



permanent magnet 8a, 8b is all a permanent magnet up to the ends 9a, 9a in
t he enbodi nent, the ends 9a, 9a thereof may

- 14 - conprise air gap (air layer) or may be made of a layer filled
with a synthetic resin. Performance of the notor of the present
enbodi ment is explained further. As explained above, in the notor of the
first enbodi nent, a path of a magnetic flux is provided between the outer
and i nner pernmanent magnets. Then, a magnetic resistance is reduced to

i ncrease a (-axi s inductance

- 23 -

utilized. A magnetic path is formed also in Pa directiocn
shown in Fig. 19.

In the first embodiment shown in Fig. 4, when the
rotor 3 is rotated in the R direction, the magnetic Fflux is
concentrated and easily saturated at the interval 3b (having
the width x} at the ends 9a and 9b of the permanent magnets
8a and 8b at the leading side in the rotating direction R.
On the contrary, according to the present embocdiment, because
the interval 3b between the ends 9a and 5o of the permanent
magnets 8a and 8b at the leading side in the rotating
direction R is set wide, as indicated by W im Fig. 19, the
concentration of magnetic flux at the interval 3b is lessened.

In the present emkodiment, a rotating position and
a revolution number of the rotor 3 are detected beforehand by
a Hall device or an encoder. In order to generate a large
reluctance torgque and a large magnet toréue, an alternating
current of a frequency corresﬁonding to the revolution number
of the rotor 3 and with a shifted phase is supplied to the
windings 10 of the stator 2, so that the current has a peak
at a position slightly shifted in phase from the g-axis.

In the above-described motor according to the second
embodiment, it is advantagecus that the magnetic flux
generated at the interval ar the leading side of the rotor
rotating in the widened direction can be prevented from being

concentrated so much, as described above. Further, when each



Lg°eremarkably. Accordingly, the reluctance torque is nore effectively
generated with the sane current due to an increase in difference between

t he i nductances Ld and Lq. Figs. 7 and 8 show how easily
magnetic flux in the g-axis direction flows in the notor of the present

i nvention wth enbedded two-1layer nagnets and in the prior art notor wth
one- | ayer enbedded magnets, respectively. As shown in Fig. 8 in the prior
art notor using one pernanent magnet in one pole, the magnets 17 are thick
and therefore, the end 17a thereof obstructs a magnetic flux 11 generated
by the stator w ndings fromentering the rotor. On the other hand, as
shown in Fig. 7, in the notor of the 3% esent enbodi ment having enbedded
two-| ayer nmagnets, because of the presence of the path 10 for the nagnetic
flux between the outer permanent nagnet 8a and the inner pernmanent magnet
8b, the magnetic flux 11 generated by the stator w ndings is not

ey 0o REEhE AR, RIS, eatgse?, S UBBESRL il
of an arc projecting towards the center of the rotor, the
magnetic flux related to a reluctance torgque is smoothly
guided between the permanent magnets along the projecting arc.
Thus, the magnetic resistance related to the formation of a
magnetic path is reduced, thereby improving the efficiency of
the motoi.

Next, a third embodiment of the invention is
described with reference to Figs. 20 and 21. As shown in PFig.
20 schematically, in the third embodiment, a center Rb of a
curvature of the permanent magnet 8b at the innexr side in the
two layers is set to be farther from the center of the rotor
3 than a center Ra of a curvature of the permanent magnet 8a
at the outer side. Thus, each of the intgrvals 3b between the
ends 9a, 9b of permanent magnets 8a, 8b is formed wide.
Except this point, the structure of the second embodiment is
common to thét of the second embodiment, and the common parts
in the motor shown in Fig. 20 are designated by the same
reference numerals, and the description thereon will be
omitted here.

In the third embodiment, each interval 3b between
ends 9a, 9b of the permanent magnets 8a and 8b at the leading
gside cf the rotacion direction R is kept as wide as W, or the
interval at the leading side of the rotor is wide at all

times, irrespective of the rotating direction of the rotor 3,



difference of the easiness of the magnetic flux flow between the prior art
and the invention is proportional to a size of the g-axis inductance Lq,
and the notor of the present enbodinent facilitates efficient passing of
magnetic flux to have a larger Lq. Figs. 9 and 10 are di agrans
of a flow of magnetic fluxes and an anmount of the magnetic fluxes in the
notor. of the present invention and in the prior art notor, respec-

tively, when the notor is actually rotated in K direction with
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i.e., whether the rotor 3 is rotated forward cor backward. The
concentration of magnetic flux at the interval 3b is accord-
ingly lessened, as in the second embodiment. Then, a core
loss is reduéed. |

As shown in Fig. 21, the inner permanent magnet 8b
can increase magnetic flux further by parts 9c, 9d indicated
by hatched lines in the drawing (refer (a) in Fig. 21). 1In
other words, as shown in (b) schematically in Fig. 21, a
magnetic flux N generated by the permanent magnet 8a at the
side face is backed up by a magnetic flux N formed at a
central part of the permanent magnet 8b arranged at the rear
side of the above permanent magnet 8a and having the same
surface area as the permanent magnet 8a. Meanwhile, as shown
in (c), magnetic flux generated at both ends 9c, 9d of the
permanent magnet 8b directly reach the surface of the rotor
3. Thus, besides the surface area of the permanent magnet 8a
at the outer side, the surface area at both ends of the
permanent magnet 8b at the inner side are added to be used
effectively magnetically. Accordingly, a sum of magnetic flux
due to the permanent magnet 8a and magnetic flux by the ends
9¢, 94 is output to the surface of the rotor 3. . Therefore,
because the effective gsurface area of the permanent magnets
8 is increased, an amount of magnetic flux is increased

efficiently so that a stronger magrnet torque is generated.



the sane anount of the current. It is found that the above- described
difference in the inductance Lg nakes it possible to generate nore

magnetic fluxes in the notor of the enbodi- nment (Fig. 9) than in the
prior art nmotor (Fig. 10). That is, a larger torque is generated due to
the | arger magnetic fl ux. Fig. 11 shows experinental data on a

relation of a generated torque to a nunber of |ayers of nagnets. The
torque of a notor of a rated output 750 Wis neasured with a constant
current and a constant revol uti on nunber. As described before, the
magnetic flux in the g-axis direction flows between the inner and outer
per manent nmagnets in the two-layer -sR6ucture. Then, the magnetic
resistance is decreased nore than in the prior art notor of one-layer
magnets, resulting in the generation of a |larger g-axis inductance Lg.
Mean- while, a d-axis inductance Ld is hardly changed because the sane

amount of magnets |s us%% (RARA L 0G034 Bnt PEUGHIN Rehfs, four sets of

permanent magnets 8a, 8b are employed, but a number of the
sets may be different from four. Moreover, the shape of the
permanent magnet 8 is not restricted to the arc projecting
towards the center of the rotor. Although each of the
permanent magnets 8a, 8b is totally made of a permanent magnet
up to the ends 9a, 5b, the ends Sa, 9b thereof may be air gap
{air layer) or be made of a synthetic resin layer. That is,
these embodiments may be modified in variocus ways based on the
spirit thereof which should not be excluded from the scope of
the invention.

Next, fourth and fifth embodiments of the invention
are explained which solve a further problem of the motor of
the first embodiment which is explained below. In the motor
of the first embodiment, the interval is provided between the
permanent magnets 8a and 8b for the magnetic flux to pass
therethrough in order to effectively utilize the reluctance
torque. Then, as shown in Fig. 16, the magnetic flux coming.
out from both ends of the permanent magnet 8b at the inner
side directly flows to the stator 2, without entering the
permanent magnet 8a at the outer side, that 1is, without
backing up the ends cf the permanent magnet 8a at the outer
side. Then, the outer permanent magnet 8a is backed up less
by the inner permanent magnet 8b as a whole. An amount of

magnetic flux contributing to the magnet torque at the



Is-al so very small) The difference between the g-axis inductance Lgq and
the d-axis inductance Ld is accordingly increased, and this increases the
rel. uctance torque generated wth the sane current. Then, the total torque
that is a sum of the reluctance torque and the nagnet torque is increased

approximately 15 % However, as shown in Fig. 11, if a nunber of
| ayers of permanent nagnet is increased further to three or four, the
total torque is rather decreased. Fig. 12 shows experi nental

data on a relation between a nunber of |ayers of magnets and the g-axis

i nduc-
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permanent magnet 8a at the outer side is consequently
decreased, thereby reducing the total magnet torgue.

Then, a motor of the fourth embodiments of the
present invention will be described in detail. Fig. 22 isg a
sectional view of the motor of the fourth embodiment of the
present invention. The motcr comprises a rotor 3 adhered to
a rotor shaft 7 and a stator 2 which houses the rotor 3. The
rotor 3 has four sets of permanent magnets 8a and 8b embedded
in a rotor core 3a made of iron. Each set of the permanent
magnets 8a, 8b for a pole is formed in two layers with an
interval between them in a radial direction of the rotoxr. The
sets of the permanent magnets 8a, 8b are set to be adjacent
to each other so as to have S and N poles arranged alter-
nately. Moreover, the two-layer permanent magnets 8a, 8b in
each set have the same polarity at outer peripheries thereof.
Both outer and inner permanent magnets 84, 8b are formed like
an arch projecting towards the center of the rotor 3. The
ocuter and inner permanent magnets 8a, 8b arranged in the two-
layer structure "are parallel to each other with a constant
distance between them. It is to be noted that the inner
permanent magnet 8b has é thickness Wb, as shown in Fig. 22,
in the radial direction of the rotor 3, while the outer
permanent magnet 8a has a thickness Wa which i1s smaller by 5

% than Wb.



tance Lg. The g-axis inductance Lq is increased about 50 % when the nunber
of layers is changed fromone to two. However, Lg is increased slightly
when the nunber of |ayers of magnets is increased further to three or
four, or the advantage is not so |arge as when the nunber is changed from
one to two. This neans that when the nunber of the permanent nagnets are
arranged in three or nore layers, the g-axis 1inductance Lg is not changed
| argely as far as the path for the magnetic path in the g-axis direction
formed between the permanent nagnets divided in tw |layers is not
magnetically saturated. On the other hand, in an exanple shown
in Fig. 13, the magnetic flux generatz&l by the pernanent magnets is

hi ghest when t he pernanent magnets are arranged in two | ayers,

On the other hand, The stator 2 comprises a
plurality of teeth 4. Windings 10 are disposed between the
teeth 4. A rotational magnetic field is generated by
supplying an alternating current to the windings 10,

Fig. 23 is a diagram of an H {magnetic field)-B
(magnetic flux density) characteristic, where the ordinate
represents the magnetic flux density B and the abscissa
represents the magnetic field H. The permanent magnets 8a,
8b are made of neodymium iron magnet which has a demag-
netization curve 11 shown'in Fig. 23. An cperating point K1
of the ocuter permanent magnet 8a lies on a line connecting a
remanent magnetic flux density B, with a ccercive force H,.
Since the inner permanent magnet 8b is thicker than the outer
permanent magnet 8a, an operating point of the inner permariént
magnet 8b is raised to a higher position K2.

A' difference P between X1 and K2 in Fig. 23
represents a difference in magnetic flux density B. In the
fourth embodiment, K2 is largexr by nearly 4 % than Kl.

. As described above, because the magnetic £lux
density is increased by apbroximately 4 % at the inner
permanent magnet 8b than at the outer permanent magnet 8a, a
sufficient amount of magnetic flux is supplied to the outer
permanent magnet 8a, thereby backing up the cuter permanent

magnet 8a enough, even if a part of the magnetic flux leaks

out.



I n.contrast to other cases where the nmagnetic flux is smaller. In other
words, when a number of |ayers of magnets is increased, the magnetic flux
in the g-axis direction beconmes easier to pass, so that the g-axis

i nductance Lq is increased. However, if the nunber of layers is three or
nore, each permanent nagnet becones thin and therefore, an operating

poi nt of the pernmanent magnets becones | ower, whereby an anount of
generated magnetic flux is decreased. Then, as shown clearly in Fig. 11,
the total torque determ ned by the addition of the nagnet torque generated
by magnetic flux of magnets and the reluctance torque generated by the
difference between the g-axis induct&fce Lq and the d-axis inductance Ld
beconmes maxi mum when the nunber of division of nagnets is two,

As descried above, in the motor according to the
fourth embodiment, each permanent magnet is formed as an arch
projecting towards the center of the rotor and the thickness
of the permanent magnets at the inner side of the rotor of the
two-layer permanent magnets is made larger by 3% or more than
that of the permanent magnets at the ocuter side of the rotor.
Then, the difference in thickness contributes to raise an.
operating point determining a magnetic flux density of the
permanent magnets at the backup side. Accordingly, in
comparison with the motor of the first embodiment, the
magnetic flux demsity due to the permanent magnets at the
inner side can be increased. Because the permanent magnets
at the inner side fully back up even at the two ends of the
permanent magnets 8a, 8b at the outer side, the prcblem of the
first embodiment is solved. Then, the rotor with permanent
magnets provided by the present embodiment thus effectively
utilizes the magnet torque. However, if the thickness of the
permanent magnets at the inner peripheral side is increased,
but smaller than 3% than that of the permanent magnets at the
outer side, the backup effect is not sufficient.

A fifth embodiment of the present invention will be
described below. Inner and outexr permanent magnets 8b, 8a are
formed to have the same thickness in the present embodiment.
This embodiment is the same as the fourth embodiment shown in

Fig. 19 so long as the shape is concerned. However, this



and it is decreased when the nunber of layers is smaller than two or

| arger than two. Equation (2) shows a calculation forrmula for a
pernmeance factor P which determnes the operating point of the magnet.
P = (LnmrAg*Kf)/ (Lg*AnrKr), (2) wherein Lmdenotes a thickness of

the magnet, Lg denotes a |length of air gap, Amdenotes a sectional area of
the magnet, Ag denotes a sectional area of the air gap, Kf denotes a coef-
ficient of a |loss of nagnetonotive force, and Kr is a | eakage coefficient.
The perneance factor P is proportional to the thickness Lmof the magnet
and inversely proportional to the

embodiment has a feature that the outer permanent magnets 8a
are made of ferrite magnet, while the inner permanent magnets
8b are made of neodymium iron magnets.

In Fig. 23, reference numerals il and 12 represent
H (magnetic flux)-B (magnetic flux density) characteristics
of the neodymium iron magnet {permanent wmagnet 8b) and the
ferrite magnet (permanent magnet 8a), respectively. As is
clear from Fig. 23, a remanent magnetic flux density Br of the
neodymium iron magnet 11 is approximately three times a
remanent magnetic flux derisity Br’' of the ferrite magnet 12.-
The outer permanent magnet 8a has a magnetic flux density
determined by an operating point K3 in Fig. 23 and the inner
permanent magnet 8b has a magnetic flux density determined by
the operating point K1 in Fig. 23.

A difference Q between Ki and K3 represents a
difference in magnetic flux densities of the inner and outer
permanent magnets 8b, 8a. The inner permanent magnet 8b has
the density'ﬁearly'twice or more larger than that of the outer
permanent magnet 8a.

Accordingly, even when the inner and cuter permanent
magnets 8b, 8a have the same thickness, if the permanent
magnet made of a material of a larger remanent magnetic flux
density B, is arranged at the backup side {inner side?- , the
outer permanent magnet 8a can fully be backed up, similar toc

in the fourth embodiment.



sectional area Amof the magnet if the length Lg of the air gap, the
sectional area Ag of the air gap, the coefficient Kf of the |oss of the
magnet onoti ve force and the coefficient Kr of the | eak are kept the sane.
Fig. 14 shows a second quadrant of a B-H (nmagnetic flux density-nagnetic
field) curve of the permanent magnet. The operating point of the prior art
one-|l ayer magnet is determ ned by the magnetic flux density at a point B2.
In the case of the two-layer magnets, the thickness Lmof the nagnet is
reduced, while the sectional area Amis increased, whereby an operating
point Bl is not different fromB2 or slightly increased. On the other

hand, if the nunber of the magnets-aBe three or nore, the fact that the
thickness Lmis decreased becomes nore influential, and the operating
point is lowered to a point B3. To sumup, in the notor with

enbedded per manent
As descrived above, in the motor of the fifth

embodiment of the present invention, the permanent magnets of
the two-layer structure are made of magnetic materials of
remanent magnetic flux densities different by 3% or more from
each other and the permanent magnets of a larger remanent
magnetic flux density are arranged at the backup side (inner
side)}. Then, the magnetic flux density due to the permanent
magnets at the backup side can be increased if compared with
the motor of the first embodiment, similarly in the fourth
embodiment. Then, the rotor with permanent magnets provided
by the present embodiment thus effectively utilizes the magnet
torque.

However, if the remanent magnetic flux density of the
permanent magnets at the inner side is increased, but smaller
than 3% of the permanent magnets at the outer side, the backup
effect is not sufficient.

Although four pcles of permanent magnets B are used
in the fourth and fifth embodiments, a number of poles may be
other than four. Although the ferrite magnet 12 and neodymium
iron magnet 11 are used as magnetic materials of different
remanent magnetic flux densities in the fifth embodiment,
other kinds of combinations, e.g., cobalt magnets and Alnico
magnets may be used. Further, magnets of the same series, but
having different remanent magnetic flux densities may be

combined. Moreover, while each of the permanent magnets 8a



magnets in the rotor in order to increase the difference between the
g-axi s inductance Lg and the d-axis inductance Ld for utilizing the

rel uctance torque, the structure where the two-layer pernanent nagnets per
oné pole are arranged is optimumfor utilizing both the magnet torque and
the reluc- tance torque represented in Equation (1) nost efficiently.
Further, the torque generated by the sane current is enlarged, and the
performance of the notor is inproved to a |arge extent.

- 19 -
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and 8b in the fourth and f£ifth embodiments are totally made
of a permanent magnet up to the ends thereof, the ends may be
an air gap (air layer) or made of a synthetic resin layer.
Further, features of the fourth and fifth embcdiments may be
combined. In other words, the present invention is not
limited to the fourth and fifth emwbodiments and wmay be
modified in various ways according to the spirit thereof which
should not be excluded from the scope of the invention.
Next, a sixth embodiment according to the invention
is explained. First, a problem tc be solved by the sixth
embodiment is explained. Fig. 24 shows the motor of the first
embodiment where a rotor has two-layer permanent magnets in
order to efféctively utilize a reluctance toxrque. According
to the first embodiment, four sets of two-layer permanent
- magnets 8a and 8b with a space between them in a radial
direction of a rotor 3 are embedded in a rotor core 3a. The
permanent magnets 8a, 8b in each set are adjacent to each,
other with 8 and N poles arranged alternately. Morecver, the
permanent magnets 8a, 8b in a set have the same polarity at
outer peripheral sides therecf. Every permanent magnet 8a,
8b at the inner and outer sides in the rotor is formed like
an arch projecting towards the center of the rotor.
The outer and inner permanent magnets 8a and 8b are
arranged to form concentric circles, keeping a constant

distance therebetween. Because the two-layer permanent



Further, when the permanent nmagnets are arranged in two |layers as in the
present enbodi nent, the magnetic flux passing through the tooth 4 of the
stator 2 to the rotor 3 is snoothly guided along the path 10 forned

bet ween the inner and outer permanent magnets 8a, 8b to other teeth 4.
Then, the permanent nagnets 8a, 8b are prevented from being demagne-
tized, or it inproves the resistances of demagnetization of the pernanent
magnets. On the contrary, the prior art surface magnet notor or in the
prior art nmotor with built-in magnets of one | ayer have probl ens of
demagneti zation. That is, the magnetic flux in the g-axis direction
flowing fromthe teeth 4 to the rotoB33-tends to exert on the permanent
magnets, thereby subjecting the permanent magnets to demagneti zati on.
Next, second and third enbodi ments of the invention are explained. In the
notor of the first enbodinent, as shown in Fig. 15, the interval 3b

e o hec "SRR RO 8 RSB PRI T et e
the center of the rotor, side faces of ends 9a, 9b thereof are
rendered approximately orthogonal to the surface of the roter.

As shown in Fig. 24 and 25, each psrmanent magnet
8a, 8b has the same width all over the length thereof, and a
front end face 15a, 15b of the permanent magnets is flat.
Further, the inner permanent magnets 8b, 8b adjacent to each
other kecome closest at points 16, 16 with a distance g,
before reaching to the front end faces 15b, 15b, and it is
opened like a fan at the front ends.

The rotor 3 of the motor of the first embcdiment is
rotated in R direction by a synthetic torque including a
magnet torgue and a reluctance torgue. The magnetic torgue
results from a rotational magnetic fielfi generated by windings
10 in teeth 4 of a stator 2 and a magnetic field by the
permanent magnets 8a, 8b, while the reluctance torque is
generated with a wmagnetic path of the above rotational
magnetic field formed at the surface of the rotor core 3a and
at the interval of the inner and outer permanent magnets 8b
and 8a.

In the above-mentioned metor of the first em-
pcdiment, the most effective magnetic flux to obtain the
reluctance torque is cne formed along a magnetic path Pa shown
in Fig. 3. In cther words, among the magnetic flux flowing

from one tooth 4 to the other tocth 4, the higher is the



per mmnent magnets 8a, 8b enbedded in the rotor core 3a and a magnetic fl ux
produced by the windings of the stator 2 tends to concentrate at the
interval or gap 3b at the ends 9a, 9b of permanent nmagnets 8a, 8b at the

| eading side of a rotating direction R of the rotor 3. This is explai ned
with reference to Figs. 16 - 18. Fig. 16 shows an analysis of nagnetic
flux fornmed only by permanent magnets 1, 2. Fig. 17 shows nagnetic

flux generated by the wi ndings 10 of the stator 2, in which permanent
magnets are regarded as nagnetic voids 8c. Fig. 18
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density of a magnetic flux passing the rear face of the outer
permanent magnet 8a, the more is generated the reluctance
torque.

However, the end faces 15a, 15b of the permanent
magnets 8a, 8b forming a magnetic space are opposed to the
teeth 4 with a considerable dist;_ance between them when the
rotor 3 is at a rotating pcsition shown in Fig. 25. As a
result, the magnetic path Pa is excessively bent at this
poesition, and a magnetic resistance at the magnetic path Pa
is eventually increased. Then, the magnetic flux densit.y at
the magnetic path Pa is lowered considerably, making it
impossible to generate the reluctance toxrgque sufficiently.

FPurther, in the motor of the first embodiment, the
peints 16, 16 where the permanent magnets 8b at the inmer side
adjacent to each other become closest are located considerably
inside from the outer periphery of the rotor 3. An amount of
magnetic flux passing the interval of the permanent wmagnets
ig restricted by the distance g of the points 16, 16, and the
fan-like part at the outer side than the points 16, 16 becomes
a dead space 7. The presence of the dead space 7 is not
preferable from a view point of efficient generation of the

magnet torque and the reluctance torque.

The sixth embodiment of the present invention which
sclve the problem will be fully described below. Fig. 26

shows a motor 3 of the sixth embodiment. The motor comprises



shows synthetic magnetic flux by the permanent magnets 8 and windings 10.
Lines of nagnetic force are densely concentrated at each interval 3b of

ends 9a, 9b of permanent nagnets 8a,

rotor 3 rotating in the R direction shown in Figs. 15 - 18. A bl ank
denoted by 5 in Fig. 18 shows a space between the teeth 4. The

of magnetic flux at the intervals 3b induces an increase in
core loss, causing the rotor core 3a to generate heat and eventually
the efficiency of the notor. Further, in the notor
of the first enbodinent, two |ayers of the permanent nagnets 8a and 8b are
spaced generally in paraIIeI to each38ther. Therefore, ampunts of
magnetic fluxes of two permanent magnets 8a, 8b at the surface of the
rotor 3 is determned solely by a surface area of an outer peripheral
of the permanent magnet 8a at the outer side in the rotor core 3a, that

concentration

deteriorating

is, a magnet tprgue at, hogh e

i nsi de t he per manent magnet ga I's not fully utilized.

houses the rotor 3. The rotor 3 comprises four sets of two-
layer permanent magnets 8a and 8b for a pole with a space
between them in a radial direction of the rotorli. The four
sets of permanent magnets are embedded in a ;ofcr cocre 3a of
the rotor 3 with a constant distance in é circumferential
direction of the rotor 3. The four sets of the permanent
magnets 8a, 8b are adjacent to each other with N and S poles
arranged alternately. Moreover, the permaneant magnets 8a, 8b
in a set have the same polarity at outer peripheral sides
thereof. The outer and inner permanent magnets 8a, 8b are
formed like an arch projecting towards the center of the
rotor. The outer and inner permanent magnets 8a, 8b in a set
are arranged in parallel with a nearly constant distance
between them except at ends 9a, 9b thereof.

The ends 9a, 9b of the permanent magnets 8a, 8b are
tapered around the ends to be thinned towards the outer
gurface of the rotor 3. They aie approximately perpendicular
to the surface of the rotoxr 3. The end %a of the outer
permanant magnet 8a is cut at both sides therecf to have a
narrowed top end. On the other hand, the end 9b of the inner
permanent magnet 8b is so formed that outerx surfaces of’the
permanent magnet 8b and the other permanent magnet 8b at the
innei side adjacent to the former permanent magnet extend in

parallel to each other in the radial direction cf the rotor

dgo Qb 8Ect henpar manﬁm 4R 88 kpsaked

8b | ocated at the | eading side of the

si de



Under the circunstances, it is desirable to | essen the concentration of
the magnetic flux generated at the interval 3b between the ends of the two
per manent magnets at the |leading side of the rotating direction R and

i nprove the efficiency of the notor. In the
second enbodi nent of the present invention, in order to solve the

probl ens, a rotor with permanent magnets is designed to | essen the
concentration of magnetic flux at specified positions, while utilizing
both a nagnet torque and

- 36 -

3 with a constant distance g between them (refer to Fig. 27).
Moreover, the end 3b of the permanent magnet 8b at the inner
side is cut to be narrowed only at a side of an inner surface
thereof. Fig. 27 shows the cut-off part 17.

Because the ends %a, 9b are narrowed as described
above, front ends of the permanent magnets 8b, 8a at the inner
gside and at the outer side can be extended to positions in the
vicinity of the surface of the rotor 3, without decreasing a,
strength of the rotor core 3a.

kK plurality of teeth 4 are provided in a stator 2,
with windings 10 wound therebetween. A rotational magnetic
field is generated when an alternating current is supplied to
the windings 10. The rotor 3 is rotated in R direction of
Fig. 26 due to the rétational magnetic field. 1In Fig. 26, a
flow path of the most effective magnetic flux to generate a
reluctance torque is indicated as Pa.

In the present embodiment; as shown in Fig. 27,

relations,

Lml = 0.4*Lt,
and
Lm2 = 0.4*Lt,
are satisfied, where Lt denotes a width between front ends of
teeth 4 is, Lm: denotes a width of the front end of the outer

permanent magnet Sa, and Lm2 denotes a width of the front end

of the inner permanent magnet 8b. The widths Lml, Lm2 of



a sreluctance torque efficiently. Fig. 19 represents notor of the second
enbodi nent of the present invention. The notor conprises a rotor 3
adhered to a rotor shaft 7 and a stator 2 which houses the rotor 3. The
rotor 3 conprises four sets of permanent nagnets 8a, 8b enbedded in an
iron rotor core 3a thereof. The permanent magnets 8a, 8b in each set for a
pole are spaced with a distance 3b between themin a radial direction of
the rotor 3. The permanent magnets 8a, 8b of each set are adjacent to each
other with S and N poles arranged alternately. Mor eover, the two-1ayer
per mmnent magnets 8a, 8b in each set show the sane polarity at outer

peri pheries thereof. Al of the permardht- magnets 8a at the outer side and
t he permanent magnets 8b at the inner side of the rotor have shapes of arc
in a centripetal direction of the rotor, as in the first enbodi nent.

The interval 3b between ends 9a, 9b of the permanent nmagnets 8a and 8b in

each set at the lLaading 3ledendfbob@ddiintdhageddLSBaR O 1L pLoEkFa as a
w dth w w der tﬁan at ot her

not to be larger than 0.7+Lt.

Fig. 28 shows a relation of a ratio Lm/Lt of the
width Lm (= Lml = Lm2) of the front end of the permanent
magnets 8a, 8b and the width Lt of front ends of the teeth 4,
and an amount of magnetic flux flowing in the wagnetic path
Pa. If Lm/Lt is not larger than 0.7, the amount of magnetic
flux becomes a predetermined value or higher, and it is
gtable.

According toc thé embodiment, a relation,

Ls = 1.5*Lk, .
is satisfied where Lk denotes a pitch between front ends of
the inner and outer permanent magnets 8a, 8b and Ls denotes
a pitch of the teeth 4, as in Fig. 2. It is preferable that
the pitches Lk, Ls hold a relation expressed by Equation (2)
or {3);

1.3*Ls s Lk = 1.7%Ls, {2)
or

1.3*Lk s Ls < 1.7*Lk, (2)
where Lk denotes a pitch of fr&nt ends of the permanent magnet
at the inner peripheral side of the rotor and the permanent
magnet at an outer peripheral side of the rotor and Ls denotes
a pitch of the teeth of the stator. It is also preferable
that front end faces 15a, 15b of permanent magnets 8a, 8b do

not agree with the front ends of the teeth 4 simultaneously.



parts, while the interval at the other ends of the permanent nagnets has a

smaller with x. - 22 -

Meanwhi l e, the stator 2 has a plurality of teeth 4, wth w ndings 10
provided in the teeth 4. A rotational magnetic field is generated when a
current is supplied to the w ndings 10. In the above-descri bed

nmotor, the rotor 3 has the main body 3a coated with iron which is highly
magnetically perneable and therefore easy to pass a nagnetic flux when

- 38 -

Although four sets of permanent magnets 8a, 8b are
employed in the sixth embodiment, a different number of sets
may be allowed. Furthermore, although each permanent magnet
8a, 8b in the sixth embodiment is totally made of a permanent
magnet up to the ends 9a, 9b, the ends 9a; 9b may be air space
(air layer) or is made of a synthetic resin layer. Moreover,
the permanent magnet 8 is not restricted to the two-layer
structure, but may be forwed in one layer or in three oxr more
layers. While the pitch of front ends of the inner and outer
permanent magnets 8a, 8b is set to hold Ls = 1.5, a different
pitch from that of the embodiment may be adopted, e.g.,
satisfying Ls = Lk as in the first embodiment shown in Fig.
24. Although front ends of the permanent magnets 8a, 8b are
cut off at side faces thereof to be narrowed in the motor of
the present' embodiment, the front ends may be rounded like an
arch. In other words, the present invention is not limited
to the above embodiment, but may be modified in various forms
based on the aim thereof which should not be excluded from the
scope of the inveéntion.

The advantages of the present embodiment are
explained here further. Because both front ends of each
permanent magnet 8a, 8b are narrowed at positions near the
surface of the rotor 3 and embedded approximately at right
angles to the surfacas of the rotor 3, a magnetic flux density

of a magnetic path Pa which effectively generates a reluctance



receiving the rotational magnetic field fromthe w ndings 10, and

per manent nmagnets 8 (8a, 8b) of a | ow magnetic perneabili- ty not allow ng
the magnetic flux to pass easily. At the sane tinme, the rotor 3 is so
adapted as to show an inductance in a direction of d-axis which is the
radial direction passing the centers of the permanent nagnets 8 of each
set, different froman inductance in a direction of g-axis in which an

el ectrical angle intersects at right angles to the d-axis direction, as
shown in Fig. 19. In the notor, the magnetic flux generated by
the wndings 10 is not allowed to pass in the d-axis direction of Fig. 19
thereby to remarkably reduce the i ndud?ance. On the other hand, a magnetic
path is generated at the interval of the inner and outer permanent nagnets
8b and 8a in the g-axis direction having the electrical angle orthogonal
to the d-axis direction. Thus, the magnetic flux is facilitated to pass to

I ncrease the it%@'li%‘éagg Faiftafnld |1H(§Iha£19§1 CHAUERL S dtlhesti ¥ Slokated to
the rotating position as shown in Fig. 25. That is, because
the opposed face of the permanent magnet 8a, 8b is narrowed
at the front end thereof, the magnetic flux flowing on the
magnetic path Pa is guided smoothly into the rotoxr 3 even when
the teeth 4 of the stator 2 are at positions opposed to the
end of the permanent magnet 8a, 8b. Therefore, the reluctance
torque is effectively generated if compared with the first
embodiment. |

Because the width Lm of the narrowed front end of
the permanent magnet 8a, 8b is not larger tham 70% of the
widtﬁ Lt of front ends of the teeth 4 of the stator, more
magnetic flux is guided to the magnetic éath Pa, so that the
above operation can be performed more effectively (refer to
Fig. 28}.

When the permanent magnets 8a, 8b are embedded in
two layers for a pole with a distance between them in the
radial direction of the rctor 3, and both ends of each
permanent magnet Ba, 8b at the inner side of the rotor 3 are
cut mainly at inner surfaces therecf to be narrowed, much more
magnetic fluxes are guided between the inner and outer
permanent magnets 8a, 8b, thereby increasing the magnetic flux
density on the magnetic path Pa acting effectively to the
generation of the reluctance torque. A large amount of

reluctance torque is accordingly cbtained.
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in Fig. 19.

utilized. A magnetic path is fornmed also in Pa direction

In the first enbodi nent shown in Fig. 4, when t

shown
he

rotor 3 is rotated in the Rdirection, the magnetic flux is concentrated
and easily saturated at the interval 3b (having the width x) at the e
9a and 9b of the permanent nagnets 8a and 8b at the |leading side int
rotating direction R On the contrary, according to the present

enbodi nent ,
per manent

because the interval 3b between the ends 9a and 9b of the
magnets Sa and 8b at the leading side in the rotating
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In the two-layer structure, if the pitch Lk at the
front end parts of the inner and outer permanent magnets 8a,
8b is 1.3 - 1.7 times the pitch Ls of teeth 4 as represented
in Equation {2), or if the Ls is set to be 1.3 - 1.7 times Lk,
thereby not to make front end faces of both permanent magnets
agree with the front end faces of the teeth 4 at the same
time, the magnetic flux from the teeth 4 can be smoothly
guided between the inner and cuter permanent magnets 8a, 8b,
so that a large reluctance torque is generated.

If outer surfades at both ends of the adjacent
permanent magnets are extended approximately parallel to gach
other in the radial direction of the rotor 3, the interval of
the ends of the permanent maghet and the cther p_ermanent
magnet adjacent to the above permanent magnet is rendered
constant, thus eliminating a dead space. If the intexrval of
both ends is set to be small, similar to the minimum distance
g in the first embodiment, a surface area effective to
generate a magnet torque of permanent magnets is expanded.
Alternatively, if the interval at both ends is set to be
larger than the minimum distance g, an amount of magnetic flux
flowing in the interval is increased, so that reluctance
torque generated is increased.

According to the present embodiment, even when the
rotor is at a rotating position hard to utilize the reluctance

torque in the first embodiment invention, the flow of magnetic

nds
he



direction Ris set wide, as indicated by Win Fig. 19, the concentration
of magnetic flux at the interval 3b is | essened. In the present
enbodi ment, a rotating position and a revolution nunber of the rotor 3 are
detected beforehand by a Hall device or an encoder. In order to generate a
| arge reluctance torque and a | arge nmagnet torque, an alternating current
of a frequency corresponding to the revolution nunber of the rotor 3 and
with a shifted phase is supplied to the w ndings 10 of the stator 2, so
that the current has a peak at a position slightly shifted in phase from

t he g-axis. In the above-descri bed notor .according to the second
enbodi nent, it is advantageous that tKa& Aragnetic flux generated at the
interval at the |eading side of the rotor rotating in the w dened
direction can be prevented from being concentrated so nuch, as described
above. Further, when each

fluxes is formed inside the rotor to facilitate the generation
of the relﬁctance terque. Thus, the embodiment provides a
rotocr with permanent magnets effectively utilizing the
reluctance torque.

Although the present invention has been fully
described in connection with the preferred embodiments thereof
with reference to the accompanying drawings, it is to be noted
that various changes and modificaticns are apparent to those
skilled in the art. Such changes and modifications are to be
understood as includeé within the scope of the present

invention as defined by the appended claims unless they depart

therefrom.



- 24 - of the permanent magnets enbedded in two | ayers has a shape of
an arc projecting towards the center of the rotor, the mgnetic ftux—m

related to a reluctance torque is snmoothly guided between thg;dgLs &%@t

magnet s al on j ecting arc. Thus, the magnetic resistantgunahi eplaced

t he formationm"g mRgnetic th is reduced, thereby inprovi nwmg ”ﬂ I ,I
*AL ﬂ';' -

efficiency of ﬂ”ﬂ”{ Next, a third enmbodi ment
i nvention is MWreference to Figs. 20 and 21. As shown in

Fig. 20 schematically, if the third embodinent, a center Rb of a
curvature of the permanent nmagnet 8b at the inner side in the two |ayers
Is set to be farther fromthe center-of2 t-he rotor

WHAT IS CLAIMED IS:
1. A motor comprising:

a stator having a plurality of windings wound around
an iron core, and

a rotor comprising a rotor core and surrocunded by
the stator rotatably;

wherein the rotor comprises a plurality of sets of
permanent magnets embedded in the rotor core, a set of the
permanent magnets comprises a plurality of permanent magnets,
the plurality of sets of ‘permanent magnets are arranged to
have N and S poles alternately at outer peripheral sides of
the permanent magnets, the permanent magnets in a set extend
so that ends thereof are positioned near an outer periphery
of the rotor.
2. The motor according to claim 1, wherein each of the
permanent magnets has a shape projecting towards a center of
the rotor.
3. The motor according to claim 2, wherein the shape
of each of the pérmanent magnets is an arch projecting towards
a center of the rotor.
4. The motor according to claim 1, wherein an interval
between two permanent magnets in a set of permanent magnets
igs constant.
5. The motor according to c¢laim 4, wherein the stator

comprises a plurality of teeth for forming windings, and the

THIS SHEET HAS BEEN
REPLACED




3 than a center Ra of a curvature of the permanent magnet 8a at the outer

side. Thus, each of the intervals 3b between the ends 9a-—9b—et—permanent—

magnet s 8a; Except this point, the stru Jge

: he
second enbod to that of the second embodi me Al cai Replaced
common partsl m‘mnjom in Fig. 20 are designated by“ﬂﬂ ' III III
ref erence nunera s Land escription thereon will be omt

In the third enbod|nent, each interval 3b between ends 9a, 9b of the

per manent magnets 8a and 8b at the leading side of the rotation direction
Ris kept as wde as W or the interval at the |eading side of the rotor
is wide at all tines, irrespective ef48he rotating direction of the rotor

3,

interval between the first and second permanent magnets is
larger than a third of a width of the zeeth.
6. The motor according to claim 1, wherein an interval
between two permanent magnets in a set of permanent magnets
is wider at least at ends thereof at a leading side of a
rotating direction.of the rotor than at other parts thereof.
7. The rotor according to ¢laim 1, wheresin a center of
a curvature of a permanent magnet at an inner side in a set
of permanent magnets is positioned farther from a center of
the rotor than that of anbther permanent magnet at an cuter
side, so that an interval bhetween the two permanent magnets-
is wider at ends of the permanent magnets than at other
portions.
8. The motor according to claim 1, wherein both énds
of each of the permanent magnets are tapered towards the ends
thereof near an outer surface of the rotor and extending
perpendicularly to the surface of the rotor.
9. The motor according to claim 8, wherein the stator
comprises a plurality of teeth for windings, and a following
relation is satisfied:

Im < 0.7*L¢e,
where Lm denotes a widrh of the tapered end of the permarnent
magnet and Lt denctes a width between ends near the rotor of

two teeth of the stator.
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- 25 - i.e., whether the rotor 3 is rotated forward or backward. The
concentration netic flux at the interval 3b is accord- ingly
Iessened as i [he seco iment. Then, a core |0SSs IS feduced:

As “shown in Fi g! }t ?ﬂ mm”b@er manent magnet 8b - can i nCriggs&: ARG flaced
e

flux further i cated by hatched lines in
(refer (a) in Fig. 21 fns o r words, as shown in (b) sch u 'm,ﬂﬂ”"’
Fig. 21, a magnetic flux N gener at ed by t he permanent magne

side face is backed up by a magnetic flux N forned at a central part of

t he permanent magnet 8b arranged at the rear side of the above pernmanent
magnet 8a and having the same surfateéffrea as the permanent nagnet 8a.
Meanwhi |l e, as shown in (c), magnetic flux generated at both ends 9c, 9d of

t he

10. The motor with permanent magnets according to claim
8, wherein cuter surfaces at the ends of adjacent permanent
magnets cf different polarities are extended in parallel to
each other in the radial direction of the rotor.
11. The motor with permanent magnets according tc claim
1, wherein a number of the sets of permanent magnets is four.
12. The motor with permanent magnets according to claim
1, wherein an end of the permanent magnets comprises a space
filled with air of a synthetic resin.
13. A motor comprising:

a stator having a plurality of windings wound around
an iron core, and

a rotor enclosed in the rotor;

wherein the rotor comprises a plurality of sets'of‘
two-layer permanent magnets embedded in a rotoxr core made of
a high magnetic permeability material, a set cf the two-layer
permanent magnets comprises a first permanent magnet at an
cuter side and a second permanent magnet at an inner side of
the rotor, the 'plurality of sets of two-layer permanent
magnets are arranged te have N and S poles alternately at
outer peripheral sides of the permanent magnets, the first and
second permanent magnets extend so that ends therecf are

positioned near an outer periphery of the rotor.
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permanent magnet 8b directly reach the surface of the rotor 3. Thus,

besi des the surface area of the permanent magnet 8a _at the outer side,

t he

surface area at both ends of the permanent magnet. 8b at the inner sid

added to be used effectively magnetically. Accor di nglHpj sﬁmﬂﬂmm&ﬁh

I C
surface area*of °t hle ﬂbrﬁanént magnets 8 is increased, an

magnetic flux is increased efficiently so that a stronger nagnet torque is

flux due t
is output t

gener at ed.

Illm"mmm gnet 8a and magnetic fl ux
he rotor 3. Therefore, be

- 26 -
- 45 -

14. The motor according to claim 13, wherein each of the
first and second permanent magnets has a shape of an arch
projecting towards a center of the rotor.

1s. The rotor according to claim 13, wherein a get of
the plurality of sets comprises two permanent magnets embedded
in the rotor core, each of the permanent magnets having a
shape of an arch projecting towards a center of the rotor, and
one of the two permanent magnets at an inner side of the rotor
has a thickness larger by 3 %¥ or more than that of the other
of the two permanent magnéts at an outer side of the rotor.
1s. The rotor according to c¢laim 13, wherein a set of
the plurality of sets comprises two permanent magnets embedded
in the rotor core, each of the permanent magnets having a
shape of an arch projecting towards a center of the rotor, and
a permanent magnet in the two permanent magnets at an inner
side of the rotor is made of a magnetic material having a
remanent magnetic flux density la;‘ger by 3 ¥ or more than a
magnetic material of the other of the two permanent magnets
at an outer sidé of the rotor.

17. The motor according to claim 13, wherein both ends
of the permanent magnet at an inner side of the rotor are cut
at inner surfaces therecf to be tapered.

i8. The motor according to ciaim 13, wherein the stator
comprises a plurality of teeth for windings, and one of the

following relations is sacisfied:

e are
@tIC

t|ve

REPLACED
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In"The second and third enbodi nents, four sets of per mnent—aghets 8a 8b

are enpl oyed, but a nunber of the sets nay be different fromfour
Mor eover, the shape of the . permanent magnet 8 is not restri - placed
prbj ecting ﬁﬂ@l{“ﬁ”ﬂﬂﬂ HL of the rotor. Al though each o Iﬁ mi J",
per manent mag tally nmade of a pernmanent magnet

ends 9a, 9b, the ends 8a,s9b' thereof nay be air gap (air layer) or be ma .
of a synthetic resin layer. That is, these enbodinents may be nodified in

vari ous ways based on the spirit thereof whi ch shoul d not be excluded from

'—_"":CTE

t he scope of the invention. Next, fourth and fifth enbodi nents
of the invention are explained which $olve a further problemof the notor
of the first enbodi ment which is explained below. In the notor of the

first enbodinent, the interval is provided between the permanent magnets
8a and 8b for the magnetic flux to pass therethrough in order to

effectively utilize the rel ugt P o rx < 1.7+Ls,

or
1.3%Lk s Is s 1.7*%Lk,

where Lk denotes a pitch of adjacent ends of the two permanent

magnets and Ls denotes a pitch of the teeth of the stator.

19. The motor with pérmanent magnets according to claim

17, wherein cuter surfaces at the ends of adjacent permanent

magnets of different polarities are extended in parallel to

each other in the radial directicn of the rotor.

‘jﬁs SHEET HAS BEEN |
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torque. Then, as shown in Fig. 16, the magnetic flux comng. out from both
ends of the permanent nagnet 8b at the inner side directly flows to the
stator 2, without entering the permanent magnet 8a at the outer side, that
is; without backing up the ends of the permanent magnet 8a at the outer

side. Then, the outer pernmanent nagnet i s backed up less by the inner
per manent nmagnet 8b as a whole. An a of magnetic flux contributing
to the magnet torque at the - 27 -

per manent nmagnet 8a at the outer side is consequently

Fig 1




decreased, thereby reducing the total magnet torque. Then, a

not or of the fourth enbodi nents of the present invention will be described
in detail. Fig. 22 is a sectional view of the notor of the fourth

enbodi ment of the present invention. The notor conprises a rotor 3 adhered
to a rotor shaft 7 and a stator 2 whicy quses the rotor 3. The rotor 3
has four sets of permanent nagnets 8a aﬁg b enbedded in a rotor core 3a
made of iron. Each set of the pernanent magnets 8a, 8b for a pole is
formed in two layers with an interval between themin a radial direction
of the rotor. The 7@$|‘of t he permanent magnets 8a, 8b are set to be

adj acent- to each otlfer so as to have S and N poles arranged alter-

nately. Moreover, the two-I|ayer ﬁernanent magnets 8a, 8b in each set have
the sane polarity at outer peripgheries thereof. Both outer and inner

per mmnent magnets 8a, 8b are fornnmed |like an arch projecting towards the
center of the rotor 3. The outfer and inner permanent nmagnets 8a, 8b

arranged in the two- layer strycture are pgrathel to each other with a
const ant ¢
Yo Lalq
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Ig=locoss
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di stance between them It is to be noted that the inner permanent nagnet

8b has a thickness W), as shown in Fig. 22, in the radial direction of the
rotor 3, while the outer permanent magnet 8a has a thickness WA which is
snaller by 5 % than W. - 28 -

On the other hand, The stator 2 conpri§ﬁ§?aa plurality of teeth 4. Wndings
10 are di sposed between the teeth 4. rotational magnetic field is

generated by supplying an alternating current to the w ndings 10.

Fig 4




Fig. 23 is a diagramof an H (magnetic field)-B (magnetic flux density)
characteristic, where the ordinate represents the magnetic flux density B
and the abscissa represents the magnetic field H The pernanent nmagnets
8a; 8b are nade of neodymi umiron magnet which has a demag- netization
curve 11 shown in Fig. 23. An operatiﬂggggint K1 of the outer pernmanent
magnet 8a lies on a line connecting a nent magnetic flux density
Blerr] with a coercive force Herr]. Since the inner permanent magnet 8b
is thicker than the outer permanent magnet 8a, an operating point of the

i nner permanent nmagnet 8b is raised to a higher position K2. A
difference P bet 1 K1&§ and K2 in Fig. 23 represents a difference in
magnetic flux densiTy B. In the fourth enbodinent, K2 is larger by nearly
4 % t han KI1. As descri bed above, because the nmagnetic fl ux
density is increased by approxi ely 4 % at the inner permanent magnet 8b

than at the outer pgermanent magnet 8ax~@ sufficifnt anount of magnetic
flux is supplied tg the outer

LU

BN




per mmnent magnet 8a, thereby backing up the outer permanent rmagnet 8a
enough, even if a part of the magnetic flux | eaks out.

- 29 - As descried above, in the notor according to the
fourth enbodi nent, each permanent magnet is fornmed as an arch projecting
towards the center of the rotor and thggﬁgickness of the pernmanent magnets
at the inner side of the rotor of the -l ayer pernmanent magnets is nade
| arger by 3% or nore than that of the pernmanent magnets at the outer side
of the rotor.

Fig 6
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Then, the difference in thickness contributes to raise an operating point
determ ning a magnetic flux density of the permanent magnets at the backup
si de. Accordingly, in conparison with the notor of the first

enbodi ment, the magnetic flux density due to the permanent nagnets at the
I nner side can be increased. Because t ermanent magnets at the inner
side fully back up even at the two en the permanent magnets 8a, 8b at
the outer side, the problemof the first enbodinment is solved. Then, the
rotor with permanent mnagnets provided by the present enbodi nent thus
effectively wutilizes the magnet torque. However, if the thickness of the
per manent nagnets ap:?ﬁe ;nner peripheral side is increased, but smaller
than 3% than that o e permanent magnets at the outer side, the backup
effect is not sufficient . A fifth enbodi ment of the present

i nvention will be described below |nner and outer pernmanent magnets 8b,
8a are formed to have the sahb thjckness in the present enbodiment. This
enbodi nent is the sane as the foup=smhadi nent shown in :

Fig &




Fig. 19 so long as the shape is concerned. However, this

- 30 - enbodi nent has a feature that the outer permanent nagnets 8a
are made of ferrite magnet, while the inner pernmanent magnets 8b are nade
of *neodym umiron nmagnets. In Fig. 23, reference nunerals 11 and

12 represent H (magnetic flux)-B (nag?Ftic flux density) characteristics
of the neodym umiron magnet (permanen 2'n"'agnet 8b) and the ferrite magnet

(permanent magnet 8a), respectively. As is clear fromFig. 23, a renanent
magnetic flux density Br of the

Fig. 9




neobdym umiron magnet 11 is approximately three tinmes a remanent nagnetic
flux density Br' of the ferrite nagnet 12. The outer permanent nagnet 8a
has a magnetic flux density determ ned by an operating point K3 in Fig. 23
and the inner permanent nagnet 8b has a magnetic flux density determ ned
by the operating point K1 in Fig. 23. / A difference Q between K
and K3 represents a difference in nag%é%%c flux densities of the inner and
outer pernmanent magnets 8b, 8a. The inner permanent nmagnet 8b has the
density nearly twice or nore larger than that of the outer permanent

magnet 8a. Accordi ngly, even when the inner and outer permanent
magnets 8b, 8a have the sanme thickness, if the permanent nmagnet nade of a
material of a Iargﬁpygenyyent magnetic flux density Blerr] is arranged at
t he backup side (inne?¥ side), the outer permanent nagnet 8a can fully be
backed up, simlar to in the fourth enbodi nent.
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- 81 - As described above, in the notor of the fifth

enbodi nent of the present invention, the permanent magnets of the

two-| ayer structure are made of nagnetic materials of remanent magnetic
flux densities different by 3% or nore from each other and the pernmanent
magnets of a larger remanent nmagnetic é#%x density are arranged at the
backup side (inner side). Then, the n% tic flux density due to the
permanent nagnets at the backup side can be increased if conpared with
the notor of the f irst enbodinent, simlarly in the fourth enbodi nent.
Then, the rotor with permanent nmagnets provided

Fig 13
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by®the present embodi ment thus effectively utilizes the nmagnet torque.
However, if the remanent magnetic flux density of the permanent nmagnets at
the inner side is increased, but smaller than 3% of the permanent nmagnets
at the outer side, the backup effect is not sufficient. Al t hough
four poles of permanent magnets 8 are1E%?€ in the fourth and fifth

enbodi nents, a nunber of poles nay be er than four. Although the
ferrite magnet 12 and neodym um iron magnet 11 are used as magnhetic
materials of different renmanent nmagnetic flux densities in the fifth
enbodi ment, other kinds of conbinations, e.g., cobalt magnets and Al nico
magnets may be used. Further, nagnets of the sanme series, but having

di fferent remanent magnetic flux densities may be conbi ned. Moreover,
whil e each of the permanent nagnets 8a

Fig 14
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- 82 - and 8b in the fourth and fifth enbodinents are totally nmade of
a permanent nmagnet up to the ends thereof, the ends nmay be an air gap (air
| ayer) or made of a synthetic resin layer. Further, features of the fourth

antl fifth enbodi mrents may be conbined. In other words, the present
invention is not limted to the fourt?wggd fifth enbodi nents and may be
nodi fied in various ways according to spirit thereof which should not

be excluded fromthe scope of the invention. Next, a sixth
enbodi nent accordi?gﬁzo zﬁﬁ invention is explained. First, a problemto
be solved by the s J' odiment is explained. Fig. 24 shows the notor of
the first enbodinent where a rotor has two-|ayer pernmanent magnets in




ordler to effectively utilize a reluctance torque. According to the first
enbodi nent, four sets of two-|ayer permanent mnagnets 8a and 8b with a
space between themin a radial direction of a rotor 3 are enbedded in a
rotor core 3a. The permanent nmagnets 8a, 8b in each set are adjacent to
each. other with S and N poles arrangﬁﬂ | ternately. Mreover, the

per manent nagnets 8a, 8b in a set have ﬁg sane polarity at outer

peri pheral sides thereof. Every pernmanent magnet 8a, 8b at the inner and
outer sides in the rotor is formed like an arch projecting towards the

center of the rotor. The outer and inner permanent nmagnets 8a and
8b are arranged to formconcentric circles, keeping a constant distance
t her ebet ween. Because the two-layer permanent
Fig 16
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- 33 - magnets 8a, 8b have shapes of arches projecting towards the
center of the rotor, side faces of ends 9a, 9b thereof are rendered
approxi mately orthogonal to the surface of the rotor. As shown
in*Fig. 24 and 25, each permanent magnet 8a, 8b has the same wi dth al
over the length thereof, and a front,gﬂ face 15a, 15b of the pernmanent
magnets is flat. Further, the inner p nent magnets 8b, 8b adjacent to

each other becone closest at paoints 16, 16 with a distance g, before
reaching to the front end faces 15b, 15b, and it is opened |like a fan at
the front ends. The rotor 3 of the notor of the first enbodi nment
is rotated in Rdirection by a synthetic torque including a magnet torque
and a reluctance torque. The magnetic torque results froma rotational
magnetic field generated by w ndings

Fig. 17




10in teeth 4 of a stator 2 and a nmagnetic field by the permanent nagnets
8a, 8b, while the reluctance torque is generated with a magnetic path of

t he above rotational magnetic field formed at the surface of the rotor
cofe 3a and at the interval of the inner and outer pernanent nagnets 8b
and 8a. In the above-nentiaggg nmotor of the first em bodi nent,
the nost effective magnetic flux to o % the reluctance torque is one
formed al ong a magnetic path Pa shown in Fig. 3. In other words, anpong the
magnetic flux flowwng fromone tooth 4 to the other tooth 4, the higher is
t he

Fig 18




- 34 - density of a magnetic flux passing the rear face of the outer
per manent nmagnet 8a, the nore is generated the reluctance torque.

However, the end faces 15a, 15b of the permanent nmgnets 8a, 8b formng a
magneti c space are opposed to the teeth 4 with a consi derabl e di stance

bet ween them when the rotor 3 is at a.!a ting position shown in Fig. 25.
As a result, the magnetic path Pa is sively bent at this position,
and a magnetic resistance at the magnetic path Pa is eventually increased.
Then, the magnetic flux density at the magnetic path Pa is | owered

consi derabl'y, making it inpossible to generate the reluctance torque
sufficiently. . urther, in the notor of the first enbodi nent, the
points 16, 16 mhefaglhelﬁgrnanent magnets 8b at the inner side adjacent to
each other becone closest are |ocated considerably inside fromthe outer
peri phery of the rotor 3. An anount of




magnetic flux passing the interval of the permanent magnets s restricted
by the distance g of the points 16, 16, and the fan-like part at the outer
side than the points 16, 16 becones a dead space 7. The presence of the
deadd space 7 is not preferable froma view point of efficient generation

of the magnet torque and the reluctanf§/ or que. The sixth
enbodi nent of the present invention wh solve the problemw |l be fully
descri bed bel ow. Fig. 26 shows a notor 3 of the sixth enbodi nent. The
not or conpri ses . - 35 -




a ¢otor 3 adhered to a rotor shaft 7 and a stator 2 which houses the rotor
3. The rotor 3 conprises four sets of two- |ayer pernmanent magnets 8a and
8b for a pole with a space between themin a radial direction of the rotor
3.°*The four sets of permanent magnets are enbedded in a rotor core 3a of
the rotor 3 with a constant distance i lazcircunferential direction of the
rotor 3. The four sets of the pernmanent<“magnets 8a, 8b are adjacent to
each other with N and S poles arranged alternately. Moreover, the

per manent magnets 8a, 8b in a set” have the same polarity at outer

peri pheral sides thereof. The outer and inner permanent magnets 8a, 8b are
formed |i ke an arch projecting towards the center of the rotor. The outer
and i nner permanent magnets 8a, 8b in a set are arranged in parallel with
a nearly constant distance between them except at ends 9a, 9b thereof.

The ends 9a, 9b of the permanent magnets 8a, 8b are tapered around the
ends to be thinned towards the outer surface of the rotor 3. They are
approxi mat el y perpendi cul ar

Fig. 23




to«the surface of the rotor 3. The end 9a of the outer permanent magnet
8a is cut at both sides thereof to have a narrowed top end. On the other
hand, the end 9b of the inner permanent magnet 8b is so forned that outer
surfaces of the permanent nagnet 8b and the other pernanent magnet 8b at
the inner side adjacent to the forner Srnanent magnet extend in parallel
to each other in the radial direction1é§ 2he rotor

- 36 - 3 with a constant di stance g between them (refer to Fig. 27).
Mor eover, the end 9b of the pernmanent magnet 8b at the inner

Fig 24




side is cut to be narrowed only at a side of an inner surface thereof.

Fig. 27 shows the cut-off part 17. Because the ends 9a, 9b are
narrowed as described above, front ends of the pernmanent magnets 8b, 8a at
thé inner side and at the outer side can be extended to positions in the
vicinity of the surface of the rotor:ﬁ k&ghout decreasing a strength of
the rotor core 3a. A pIurajl%y of teeth 4 are provided in a
stator 2, wth w ndings 10 wound t herebetween. A rotational magnetic

field is generated when an alternating current is supplied to the w ndings
10. The rotor 3 is rotated in Rdirection of Fig. 26 due to the rotational
magnetic field. In Fig. 26, a flow path of the nost effective nagnetic

flux to generate a reluctance torque is indicated as Pa. In the
present enbodi nent, as shown in Fig. 27, relations, Lnl =
0.4*Lt, and
Fig 25
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L2 = 0.4*Lt, are satisfied, where Lt denotes a wi dth between front ends
of teeth 4 is, Lnl denotes a width of the front end of the outer

pgr manent magnet 8a, and Ln2 denotes a width of the front end of the inner
per mmnent magnet 8b. The widths Lm, LnR of

- 37 - front ends of the two pernf@/?ylz magnets 8a, 8b are preferably
not to be larger than 0.7*Lt. Ig. 28 shows a relation of a
ratio Lm Lt of the wdth Lm (= Lnl = LnR2) of the front end of the

per manent '

Fig 26




magnets 8a, 8b and the wdth Lt of front ends of the teeth 4, and an
anmount of magnetic flux flowng in the magnetic path Pa. If LmLt is not
Ia&ger than 0.7, the anobunt of magnetic flux becones a predeterm ned val ue
or

hi gher, and it is stable. According to the enbodi nent, a
relation, Ls - 1.5*Lk,1 hé satisfied where Lk denotes a
pitch between front ends of the inne@zﬁ outer pernmanent nagnets 8a, 8b

and Ls denotes a pitch of the teeth 4, as in Fig. 2. It is preferable that
the pitches Lk, Ls hold a-relation expressed by Equation (2) or (3);
1.3*Ls < Lk < 1. 7*Ls, (2) or 1:3*Lk < Ls
< 1.7*LKk, (3) where Lk denotes a pitch of front ends of
t he permanent magnet at the inner peripheral side of the rotor and the

per mmnent magnet at an outer peripheral side of the rotor and Ls denotes

Fig 27 |
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/7
a pitch of the teeth of the stator. It is also preferable that front end

faces 15a, 15b of permanent magnets 8a, 8b do not agree with the front
engs of the teeth 4 simultaneously. -

38%- Al t hough four sets of permanent nagnets 8a, 8b are
enpl oyed in the sixth enbodi nent, a diff,g,ent nunber of sets may be
al l oned. Furthernore, although each p ent nmagnet 8a, 8b in the sixth

‘enbodinment is totally nmade of a permanent magnet up to the ends 9a, 9b,
the ends 9a, 9b may be air space (air layer) or is nmade of a synthetic
resin |layer. Moreover,

Fig 28
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tlye permanent magnet 8 is not restricted to the two-layer structure, but
may be fornmed in one layer or in three or nore |ayers. Wile the pitch of
fgont ends of the inner and outer pernmanent nagnets 8a, 8b is set to hold
Ls = 1.5 a different pitch fromthat of the enbodi mrent nay be adopt ed,
e.g., satisfying Ls =Lk as in the first enbodi nent shown in Fig. 24.

Al t hough front ends of the permanent magnets 8a, 8b are cut off at side

faces thereof WBSTRAGT ORVIHE DISOROSERR' of the present enmbodinent, the
front ends may be rounded like an arch. In other words, the present

invention i s nAUTLErOF iNVENTION: MOTOR mgdhnm%qub#&mgmgmbﬁ Rﬁ&dﬂéﬁgfg in

various fornms based on the aimthereof which should no e exc rom
the scope of the invention. The advant ages of the present.
enbodi ment are expl ai ned here further. Because both front ends of each
per mmnent magnet 8a, 8b are narrowed at positions near the surface of the
rotor 3 and enbedded approximately at right angles to the surface of the
rotor 3, a magnetic flux density
A rotor of a motor comprises a plurality of sets of
permanent magnets 8a, 8b embedded in the rotor, and each set
includes a permanent magnet at the inner side and another
permanent magnet at the outer side with a distance between
them. Each permanent magnet 8a, 8b is formed like an arch
projecting towards the center of the rotor. Then, magnetic
flux becomes easy to flow through an interval between the
permanent wagnets at the inner and outer sides, and the induc-
tance in g-axis is enlarged. Then, the reluctance torque is
generated in addition to the magnet torgue, and the wmotor has

a high torgque and a high output power.
Figure 3



[qg \eter

'ot%e%

, SEE=riile opposed
face of the permgmnent nmagnet 8a,*8b is narroye gt f, nt end tLRELE gof,
thezmagnetic flux flowi ng on the magnetic pth_Ea |sdt3w%d srmothlég3 nto
the rotor 3:even when the teeth 4 of the stqtor 2 are at po"é'i“1 ons opposed
to the end of the permanent magnet 8a, 8b. Therefore, the rel Lctance

of a magnetic path Pa which effectively gener
- 39 - ~ torque is maintained high even whef

of the flow barely touches an outer peripheral part 18 of the permanent magnet 17. Thus, an
amount of the magnetic flux is small, and the inductance Lq in g-axis cannot be increased.
As mentioned before, the larger is the difference between the inductances Lq and
Ld (Ld is very small), the more is the reluctance torque generated by the same current.
5 However, the g-axis inductance Lq cannot be increased so much in the prior art motor, and
therefore the difference of the inductances Lq and Ld cannot be made large.
SUMMARY OF THE, INVENTION
An object of the present invention is to provide a motor with built-in perrnane-fi%_,

magnets which is highly efficient to generate a high output.

aAme

10 When the permanent magnets of the same amount in a motor with built-in’
permanent magnets are used, the d-axis inductance Ld is not greatly changed physically.
However, the inventors notes that the g-axis inductance Lq may be increased if a design of ;,

the permanent magnets to be embedded is devised.

In accordance with the invention, there is provided an interior permanent magnet
15 motor comprising:
a stator having a plurality of windings wound around an iron core; and
a rotor, surrounded by said stator, comprising a rotor core formed of a high
magnetic permeability material and a plurality of sets of permanent magnet layers embedded
in the rotor core,
20 wherein each set of permanent magnet layers of said plurality of sets of permanent
magnet layers includes a plurality of permanent magnet layers,
said plurality of sets of permanent magnet layers are arranged such that N and S
poles are alternately located at outer peripheral sides of said plurality of sets of permanent
magnet layers,
25 each permanent magnet layers of said plurality of permanent magnet layer includes
first and second ends which are located near an outer peripheral surface of said rotor, and
each permanent magnet layer of said plurality of permanent magnet layers has a
first surface directed to the outer peripheral surface of said rotor and a second surface directed
to a center of said rotor, and an area of said second surface is wider than that of said first

30 surface.



torque is effectively generated if conpareg-wtih-tihre-f+rrst——enbodi nent.
Because the width Lmof the narrowed front|dHPLAEEMENE GhEETenent magnet 8a,

8b irs not |arger than 70% of the w dth Ltjof—front f the teeth 4 of
the stator, nore magnetic flux is guided jojtRe§n ) t}{P;E\é Flo%hat
the: above operation can be performed norefefféctively (r S ENget 28) .
When the pernmanent magnets 8a, 8b are fenbepdet™i Bridc rd e
with a distance between themin the radi direction of theg rotor 3, and

both ends of each permanent nagnet 8a, 8b at the 1nner srdé of the rotor 3
are cut muinly atln amghersaspeeicdhere e peavidado ah dnineer poRSRANCHY BBZTEH rraotor
magnetic fluxes. are gui ded between the inner and outer pernmanent magnets
8a, 8b, thefWRSMeEcr easing the magnetic flux density on the nagnetic path

Pa acting effectivgkitol Ravikpa plAMET SHtwifdingy wéun@ afqtind @h d08 Qofeplfiie. A
| arge anmobunt of reluctance torque is accordingly obtained. )
a rotor, enclosed within said stator, including a rotor core formed of a high
5 magnetic permeability material and a plurality of sets of two permanent magnet layers
embedded in said rotor core,
wherein a set of said plurality of sets of two permanent magnet layers includes a
first permanent magnet layer at an outer peripheral surface of said rotor and a second
permanent magnet layer positioned inwardly of said first permanent magnet layer,

10 said plurality of sets of two permanent magnet layers are atranged so as to have
N and S poles positioned alternately at outer peripheral sides of said plurality of sets of two
permanent magnet layers,

each of said first and second permanent magnet layers has opposite ends and is
configured such that said opposite ends are positioned near said outer peripheral surface of

15 said rotor, and

each permanent magnet layer of said plurality of sets of two permanent magnet
layers has a first surface directed to the outer peripheral surface of said rotor and a second
surface directed to a center of said rotor, and an area of said first surface is wider than that
of said second surface.

20 In another aspect, there is provided an internal permanent motor having built-in
permanent magnets, wherein a magnetic torque is generated according to a relationship
between a rotating magnpetic field of a stator and a magnetic field of the permanent magnets,
a reluctance torque is generated due to magnetic flux path of the rotating magnetic field and
a synthesized torque of the magnetic torque and the reluctance torque smaller than the

25 magnetic torque is used for rotation, comprising:

a stator;

a rotor surrounded by said stator; and

a plurality of permanent magnet layers embedded in said rotor, said permanent
magnet layers being layered in the radial direction of each pole, the ends of each of said

30 permanent magnet layers being located near an outer peripheral surface of said rotor, and

magnetic flux paths are provided between said layered permanent magnet layers,
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wherein a magnetic torque is generated according to a relationship between a
rotating magnetic field of said stator and a magnetic field of said permanent magnets, a
reluctance torque is generated due to magnetic flux path of the rotating magnetic field and a
synthesized torque of the magnetic torque and the reluctance torque smaller than the magnetic
torque is
used for rotation.

In another asﬁect, there is provided an internal permanent motor having built-in
permanent magnets, said motor comprising:

a stator having a plurality of windings wound around an iron core; and

a rotor surrounded by said stator, said rotor comprising a rotor core made of a high
magnetic permeability material and a plurality of permanent magnet layers being embedded
for each pole in said rotor core, said permanent magnet layers being layered in a radial
direction, two ends of each permanent magnet layer being narrowed, and two ends of each
permanent magnet layer being located near an outer peripheral surface of said rotor and
extend perpendicularly thereto,

wherein a magnetic torque is generated according to a relationship between rotating
magnetic field of said stator and magnetic field of .said permanent magnets, a reluctance
torque is generated due to magnetic flux path of the rotating magnetic field and a synthesized
torque of the magnetic torque and the reluctance torque smaller than the magnetic torque is
used for rotation.

An advantage of the present invention is to provide a motor of a higher torque and
a higher output power.

Another advantage of the present invention is to provide a motor having improved
resistance against demagnetization.
BRIEF DESCRIPTION OF THE DRAWINGS

These and other objects and features of the present invention will become clear
form the following description taken in conjunction with the preferred embodiments thereof

with reference to the accompanying drawings, and in which:

e
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| f outer surfaces—at poth ends of the adj acgnggp ' ghets are
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the-rotor 3,

ot her pernmanent ¢ magnét &djacent to the aboyeip hiQ ok 'ﬁe Qer ed
constant, thus elimnating a dead space | fft eryal 3% %PS B S
set to be small, sinilar to the mninmumdisfance g in tneoQgreper

enbodi ment, a surface area effective to ge rque of

per mmnent magnets is expanded. Alternatively, if the interval at both ends

is set to be¢HE GLABVS DEFINING THETINVENTOM AREAFOBDOWSOUNt of magnetic

flux flowing in the interval is increased, so that reluctance torque

generat ed i & i ncr eABduferior permanent magngtdBtal $AFIPISINEhe present enbodi nent,

even when .the rotor. i : ' . I st L7 he

rel uct ancg torquegftﬁiofR%A?%aaré@@%@%f%ﬁ%g‘%’ﬁ@g%ﬁug%?ﬂ%ﬁg;ébﬁeb%%f magneti c
a rotor, surrounded by said stator, comprising a rotor core formed of a high -

magnetic permeability material and a plurality of sets of permanent magnet layers embedded
in the rotor core,
wherein each set of permanent magnet layers of said plurality of sets of permanent
10 magnet layers includes a plurality of permanent magnpet layers,
said plurality of sets of permanent magnet layers are arranged such that N and S
poles are alternately located at outer peripheral sides of said plurality of sets of permanent
magnet layers,
each permanent magnet layers of said plurality of permanent magnet layer includes
15 first and second ends which are located near an outer peripheral surface of said rotor, and
each permanent magnet layer of said plurality of permanent magnet layers has a
first surface directed to the outer peripheral surface of said rotor and a second surface directed
to a center of said rotor, and an area of said second surface is wider than that of said first
surface. _

20 2. The interior permanent magnet motor as ¢laimed in claim 1, wherein each of said
plurality of permanent magnet layers has a configuration which converges toward the center
of said rotor.

3. The interior permanent magnet motor as claimed in claim 1, wherein each of said
plurality of permanent magnet layers has an arch shape and defines a convex surface which

25 extends toward the center of said rotor.

4. The interior permanent magnet motor as claimed in claim 1, wherein said plurality
of permanent magnet layers include first and second permanent magnet layers which are
spaced by an interval which is constant.
5. The interior permanent magnet motor as claimed in claim 4, wherein:
30 said stator comprises teeth for forming windings,
each of said teeth has a width, and .,

said interval between said first and second permanent magnet layers is greater than

a third of said width of each of said teeth. -
eet Has Been Replaced
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the-preferred enbodi ments thereof with rpfprénce to the 4 ?ﬁF e
drawings, it is to be noted that var.iggus}j chianges and moaf (g SS 49398,
apparent to those skilled in the.art. Suph changes and nodifications are
to be wunderstood as included within the scope of the present invention as

defined by the appended clains unless they depart . . .
6. The interior permanent magnet motor as claimed in claim 1, wherein:

said plurality of permanent magpet layers include first and second permanent
magnet layers which are spaced by an interval;
5 said first ends of said first and second permanent magnet layers are located adjacent
each other;
said second ends of said first and second permanent magnets are located adjacent
each other; "
said interval is widest at said first ends of said first and second permanent magnet
10 layers, and
said first ends of said first and second permanent magnet layers are leading ends
relative to a rotating direction of said rotor.
7. The interior permanent magnet motor as claimed in claim 1, wherein:
each of said plurality of permanent magnet layers is arc shaped in cross section,
15 and
a center of curvature of an innermost permanent magnet layer of said plurality of
permanent magnet layers is positioned farther from the center of said rotor than a center of
curvature of an outermost permanent magnet layer such that an interval between said
innermost permanent magnet layer and said outermost permanent magnet layer is greatest at
20 adjacent ends thereof.
8. The interior permanent magnet motor as claimed in claim 1, wherein each of said
plurality of permanent magnet layers has first and second ends which have tapered surfaces
which taper in a direction towards an outer peripheral surface of said rotor.
9. The interior permanent magnet motor as claimed in claim 8, wherein said stator
25 comprises teeth for windings, and the following relationship is satisfied:
Lm < 0.7*Lt,
where Lm denotes a width of one of said tapered ends of each of said plurality of permanent
magnet layers and Lt denotes a distance between ends of two adjacent teeth of said stator.
10. The interior permanent x.r'xagnet motor as claimed in claim 8, wherein outer
30 surfaces at said ends of adjacent permanent magnet layers of said plurality of sets of
permanent magnet layers extend in parallel to each other in a radial direction of said rotor,

and said adjacent permanent magnet layers have different polarities.
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5 of each of said plurahty of permanent magnet layers comprises a space which is filled with

air or synthetic resin.
13. An interior permanent magnet motor comprising:
a stator having a plurality of windings wound around an iron core; and
a rotor, enclosed within said stator, including a rotor core formed of a high

10 magnetic permeability material and a plurality of sets of two permanent magnet layers

embedded in said rotor core,

wherein a set of said plurality of sets of two permanent magnet layers includes a
first permanent magnet layer at an outer peripheral surface of said rotor and a second
permanent magnet layer positioned inwardly of said first permanent magnet layer,

15 said plurality of sets of two permanent magnet layers are arranged so as to have
N and S poles positioned alternately at outer peripheral sides of said plurality of sets of two
permanent magnet layers,

each of said first and second permanent magnet layers has opposite ends and is
configured such that said opposite ends are positioned near said outer peripheral surface of

20 said rotor, and

each permanent magpet layer of said plurality of sets of two permanent magnet
layers has a first surface directed to the outer peripheral surface of said rotor and a second
surface directed to a center of said rotor, and an area of said first surface is wider than that
of said second surface.

25 14. The interior permanent motor as claimed in claim 13, wherein each of said
first and second permanent magnet layers is configured so as to have the shape of an arch
which converges toward the center of said rotor.

15. The interior permanent motor as claimed in claim 13, wherein each set of
said plurality of sets of two-layer permanent magnet layers comprises two permanent magnet

30 layers embedded in said rotor core, each of said two permanent magnet layers has the shape
of an arch having a convex surface directed toward the center of said rotor, and an innermost

one of said two permanent magnet layers has a thickness which is larger by 3% or more than
[ —

his Sheet Has Been Replaced

T



each permanent magnet |ayer of said plural
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as claimed in claim4, wherein:
two permanent magnet layers embedded in said rotor core,

bty of pernmpent nagnet | ayers
REPRACFVMENT @HERT | of said rotor
Of—sadutotor.warfd an area of
bf | sai ' 2.
mad?iﬂ id";%?l stiute sheeh
B ' Ftaparnt 298
I 3. The interior

' of said

( layers has an arch shape and defines a
convex sur f aithickness of theathen 9 said wea pernhrent wagnst layérssai d rot or .

The

The

each of said two permanent magnet layers has the shape of an arch having a convex

surface which projects towards said center of said rotor,

one of said two permanent magnet layers is innermost relative to said center of said

rotor and is made of a magnetic material,
10

the other of said two permanent magnet layers is made of a magnetic material, and

said magnetic material of said one of said two permanent magnet layers has a

remanent magnetic flux density which is greater than a magnetic flux density of said other of

said two permanent magnets by 3% or more.
17.
15
tapered opposite ends.
18.

The interior permanent magnet motor as claimed in claim 13, wherein each

of said opposite ends of said second permanent magnet layer are cut at inner surfaces to form

The interior permanent magnet motor as claimed in claim 13, wherein said

stator comprises teeth for windings, and one of the following relationships is satisfied:

1.3*Ls < Lk < 1.7*Ls

20 1.3*Lk < Ls < 1.7*Lk

where Lk denotes a pitch of adjacent ends of said first and second permanent magnet layers

and Ls denotes a pitch of said teeth of said stator.

19.

The interior permanent magnet motor as claimed in claim 17, wherein outer

surfaces at ends of adjacent permanent magnet layers of different polarities extend in parallel

25
20.

to each other along a radial direction of said rotor.

The interior permanent magnet motor as claimed in claim 13, wherein:

said stator comprises teeth for forming windings;

each of said teeth has a width; and

an interval between said first and second permanent magnet layers is greater than

30 a third of said width of each of said teeth.

21.

The interior permanent magnet motor as claimed in claim 13, wherein said

stator comprises teeth for windings, and one of the following relationships is satisfied:
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said stator conprises teeth for formng w ndings, each of said teeth

has a w dth, and said interval b and second

per ranent mﬁm ““m@ﬂ“ greater thah REPLACEMENF S&EEH i dth of each of
said teeth | or permanen % rred in.claim
1, wherein; * said plurality of pefmhn t%q% ‘Fé r st
and second permanent nmagnet |ayers whithlare spaced by |Q|?

said first ends of said first and secon roanent  nmagn | ayers ar e

| ocat ed adj acent each ot her; sai fl second ends of sjid first and
second pernmanent magnets are | ocated adjacent each ofher, sai d
interval is wdest at said fli3ds <ddds 10™Lsaid first and second pernmanent
magnet | ayers, and said first ends of said first and second

pernanent magnet |ayers are |leading ends relative to a rotating direction

of said rotor. 7. The i ntiesdr@rs peL Me*eRt nagnet notor as claimed in
claim1, wherein: each of said pl ur al i ty of permanent magnet | ayers
is arc shépwdienerl..kcﬂeogtss a pitahtdf @djaceanends of said first and second permanent magnet layers

and Ls denotes a pitch of said teeth of said stator.

22. The i mtenor permanent magnet motor as claimed in claim 21, wherein outer
surfaces at the ends of adjacent permanent magnet layers of different polarities extend in
parallel to each other in a radial direction of said rotor.

10 23. An internal permanent motor having built-in permanent magnets, wherein
a magnetic torque is generated according to a relationship between a rotating magnetic field
of a stator and a magnetic field of the permanent magnets, a reluctance torque is generated
due to magnetic flux path of the rotating magnetic field and a synthesized torque of the
magnetic torque and the reluctance torque smaller than the magnetic torque is used for

15 rotation, comprising:

a stator;

a rotor surrounded by said stator; and

a plurality of permanent magpet layers embedded in said rotor, said permanent
magnet layers being layered in the radial direction of each pole, the ends of each of said

20 permanent magnet layers being located near an outer peripheral surface of said rotor, and
magnetic flux paths are provided between said layered permanent magnet layers,

wherein a magnetic torque is generated according to a relationship between a
rotating magnetic field of said stator and a magnetic field of said permanent magnets, a
reluctance torque is generated due to magnetic flux path of the rotating magnetic field and a

25 synthesized torque of the magnetic torque and the reluctance torque smaller than the magnetic
torque is used for rotation.

24. The motor as claimed in claim 23, wherein the oumber of said permanent
magnets layered in the radial direction for each pole is two.
25. The motor as claimed in claim 24, wherein each of said permanent magnetic

30 layers has an arch shape and defines a convex surface which extends toward a center of said
rotor.

26. The motor as claimed in claim 24, wherein said two permanent magnet
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a center of curvature of an innernost perpgapent _nagpet |ayer of said
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magnet mot oSS FF PAEYOY AP inferyal, 8RR said  stator conprises teeth

for w ndinggy and the fqht StoRds Elﬁhﬁﬁ'l&ﬂﬁﬂ%'v&eﬁiﬁ kaid rd6k comprises teeth for
Lm< 0.7 *Lt, wherein Lmdenotes a width of one of said tapered ends of
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28. The motor as claimed in claim 24, wherein said permanent magnet is

formed of a permanent magneuc material.
29. The motor as claimed in claim 24, wherein said permanent magnet is
formed of a permanent magnetic material and includes an air space at the end thereof.
10 30. The motor as claimed in claim 24, wherein said permanent magnet is
" formed of a permanent magnetic material and includes a section at the end thereof which is
filled with a synthetic resin.
31. An internal permanent motor having built-in permanent magnets, said motor
comprising:
15 a stator having a plurality of windings wound around an iron core; and
a rotor surrounded by said stator, said rotor comprising a rotor core made of a high
magnetic permeability material and a plurality of permanent magnet layers being embedded
for each pole in said rotor core, said permanent magnet layers being layered in a radial
direction, two ends of each permanent magnet layer being narrowed, and two ends of each
20 permanent magnet layer being located near an outer peripheral surface of said rotor and
extend perpendicularly thereto,
wherein a magnetic torque is generated according to a relationship between rotating
magnetic field of said stator and magnetic field of said permanent magnets, a reluctance
torque is generated due to magnetic flux path of the rotating magnetic field and a synthesized
25 torque of the magnetic torque and the reluctance torque smaller than the magnetic torque is
used for rotation.
32. The motor as claimed in claim 31, wherein said stator comprises teeth for
windings, and the following relationship is satisfied:
Lm < 0.7*Lt,
30 where Lm denotes a width of the narrowed end of the permanent magnet layers and Lt
denotes a width between ends near the rotor of two teeth of the stator.

33. The motor as claimed in claim 31, wherein the number of said permanent
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10. The interior permanent nmagnet notor as clainmed in claim8, wherein
outer surfaces at said ends of adjacent 3.{ yers of said
plurality of sets of ﬁe[ manent magnet | a BNIT i ERBrfal 1 el to each

other in a Lmu sai d roto,""d“gm‘d“a'dre t
magnet | aymmﬂum“ mt polarities. [1f r[m ’ygﬁ :g? E’g%g}g ot
magnet notor a$ ctaired in claim 1, whgeip :al d plu 1 o7 ctg

per manent magnet |ayers conprises four seks ol permamemnt~ ragnet |ayers.
12. The interior per manent nmagnet notor . clainmed in claifm1, wherein an
end of each of s gj urallty f permanent magnet Tayers nprises a space
which is flangé?f Is gvp Q) thetic resin. 13. An interior pernmanent
magnet not or CO”p“S'ngThemotorasc?auﬁéd%@fam‘?Qy'vﬂﬁreﬁldﬂb%@éﬂds)bf%dbbrﬂﬁh&ﬂs
wound around an iron core; and a rotor, enclosed within said stator,
including a magmetrlaym'r tochted ateah ioeraidei ig lsaid meigh e tpered mainly Bt the insidecplang and
a plurali té/ sfets two permanent nagnet

35. The motor as claimed in claim 33, wherein said stator comprises a plurality

of teeth for windings, and one of the following relations is satisfied:
"' 1.3*Ls < Lk < 1.7%Ls,
where Lk denotes a pitch of adjacent ends of said two permanent magnet layers and Ls
10 denotes a pitch of the teeth of said stator.
36. The motor as claimed in claim 31, wherein outer surfaces at the ends of'

adjacent permanent magnets of different polarities are extended in parallel to each other in
the radial direction of said rotor.
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Iayers e ot or core, wherein a set of %ﬁég lurality

of sets H‘nﬂﬁl t! magnet |ayers j4acludes a first pe ibagnet
ye

r at an euter pers pheral surface of said notor il ?h%gg %ﬂg yrarnent

magnet | ayer positioned inwardly of said firstg Rk
said pl urallt of sets of two perngnent magnet ayersiate arra
the A li Y e

have N and !B 1p8&aiMsssi tioned alternately at outer pefi phérhalid
plurality of sets of two pernmanent magnet | ayers, each . of..sad
first and shcon&@mmmmmgnbmagagbmtmmmﬁm telends and is
configured such that said opposite ends are positioneq _near.said
peri pheral surf agetatér isaiing apluralityoftvindings woand Rrauarhamiron cosgraed | ayer of
said plurality of sets of two permanent magnet |ayers has a first surface

directed to the ouhgF @%téﬂ?%ﬁ%uﬁ@ihb%@iﬁ staterabsmphsthg'a W@ré%@ﬁéh of
surface directed to a center of said rotor, and an area of said flrst

per manent T medific H%ﬁﬂ?%b'c (BRI SR of pbh o e B e
second per nanent n ers,is configured so as to have the shape of an
arch which | éMﬁR?e?‘gEgd‘s a%etrﬂ@ ré@tfrer of said rotor.

wherein each set of permanent magnet layers of said plurality of sets of

permanent magnet layers includes a plurality of permanent magnet layers,
said plurality of sets of permanent magnet layers are arranged so as to
have N and S poles é[ternately located at outer peripheral sides of said plurality of
sets of permanent magnet layers, and
each permanent magnet layer of said plurality of permanent magnet layers
includes first and second ends which are located near an outer periphery of said
rotor, and
each permanent magnet layer of said plurality of permanent magnet layers
has a first surface directed to the outer peripheral surface of said rotor and sécond
surface directed to a center of said rotor, and an area of said second surface is
wider than that of said first surface.
2. The interior permanent magnet motor as claimed in claim 1, wherein each
“of said plurality of permanent magnet layers has a configuration which converges
toward the center of said rotor.
3. The interior permanent magnet motor as claimed in claim 1, wherein each
of said plurality of permanent magnet layers has an arch shape and defines a
convex surface which extends toward the center of said rotor.

4, The interior permanent maghet motor as claimed in claim 1, wherein said



15. The i ' notor as clained in claim13, wherein each set
of said pl .m;mmﬂﬂ f two-1ayer 43rmanent magnet | ayers conptises
two pernm - enbedded in said rotor cor¢ '

per manent magnet | ayers has the shape of an agupstiweshez

directed t n

per manont | gAY PEpdFEEt g faelt HejydtOfrsf Bniy 3850
a 'thickness of the other of, said,two {1 nent net
16. The i Aayersayhi %a%ﬁ@ﬁe%%tm%?@w nE'%F%n “in c a| m 13, wher ei n:
each set of said plurality of sets of two-layer pernanent—naghret—

conpri ses thwo perhenintatior pegmenentapagretanotorae ¢laimed in alaim o Whets
each of said two permanent nmagnet |ayers has the shape of an arch havi ng a
convex surface vdzid btatsragormpriseisdaathdor fonmihgewindingspf sai d rotor, one

of said two permanent magnet layers is innernost relative to sai d center
of said rotor anghdhofEaitPtedth RasBWEt, anguteri al,
said interval between said first and second permanent magnet layers is

greater than a third of said width of each of said teeth.

6. The interior permanent magnet motor as claimed in claim 1, wherein;
— said plurality of permanent magnet layers include first and second
permanent magnet léyers which are spaced by an interval;
said first ends of said first and second permanent magnet layers are
located adjacent each other;
said second ends of said first and second permanent magnets are located
adjacent each other;
said interval is Widest at said first ends of said first and second permanent
magnet layers, and |
said first ends of said first and second permanent magnet layers are
S

leading ends relative to a rotating direction of said rotor.
7. The interior permanent magnet motor as claimed in claim 1, wherein:

each of said plurality of permanent magnet layers is arc shaped in cross
section, and

a center of curvature of an innermost permanent magnet layer of said
plurality of permanent magnet layers is positioned farther from the center of said
rotor than a center of curvature of an outermost permanent magnet layer such that

an interval between said innermost permanent magnet layer and said outermost
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oot ar m 1PerRneEt faaneh sy I Greatisf ol iabSi i The
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stdtor conprises teeth for w ndings, and one of the f retattonshi ps
i s satisfiebsaid plurality of permangntmaagnet dryess bes firsiiandisespnd g g avhichehave of
said first and second pernanent nagnet layers and Ls denotes a pitch of
sai d teeth pesed Susacdsowhicht@per ihteediredtion towandy amoater perghetal sutface af
claimed in claim17, wherein outer surfaces at ends of adjacent permanent
magnet | ayeg5dqbigd fferent polarities

9. The interior permanent magnet motor as claimed in claim 8, wherein said
stator comprises teeth for windings, and the following relationship is satisfied:
Lm < 0.7 *Lt,
o wherein Lm denotes a width of one of said tapered ends of each of said plurality
of permanent magnét layers and Lt denotes a distance between ends of two
adjacent teeth of said stator.
10.  The interior permanent magnet motor as claimed in claim 8, wherein outer
surfaces at said ends of adjacent permanent magnet layers of said plurality of sets
of permanént magnet layers extend in parallel to each other in a radial direction of
said rotor, and said adjacent permanent magnet layers have different polarities.
11.  The interior permanent magnet motor as claimed in claim 1, whrein said
plurality of sets of permanent magnet layers comprises four sets of permanent
magnet layers.
12.  The interior permanent magnet motor as claimed in claim 1, wherein an
end of each of said plurality of permanent magnet layers comprises a space which
is filled with air or synthetic resin.
13.  Aninterior permanent magnet motor comprising: -
a stator having a plurality of windings wound around an iron core; and
a rotor, enclosed within said stator, including a rotor core formed of a high

magnetic permeability material and a plurality of sets two permanent magnet
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47 extend in parallel to each other along a radial direction of said
rotor 20. lﬁ I%IL“ “ll e}u nent magnefs notor as clainmed in claim13,
wher ei n: rises teeth for formng V\nndlnqs e

of said teeth has a width; and an i nt er \@ipspiaitecdieghs
second per nent ayers . s reater than a thirgdg
each of sai'Q qrgeqrﬂbgé]c%fjms%@rqt%%qrg per manent magnet
claim 13, wherein said stator co rlsesteethfor Wi ndli

pit'ch of adjacent ends of said first and second per mangnt

and Ls dendneladas gifirstpermanentimagachlayér atAaniogtenperiphers

and a second permanent magnet layer positioned inwardly of said first permanent
magnet layer,

said plurality of sets of two permanent magnet layers are arranged so as fo
have N and S poles positioned alternately at outer peripheral sides of said plurality
of sets of two permanent magnet layers,

each of said first and second permanent magnet layers has opposite ends
and is configured stich that said opposite ends are positioned near said outer
peripheral surface of said rotor, and

each permanent magnet layer of said plurality of sets of two permanent
magnet layers has a first surface directed to the outer peripheral surface of said
rotor and a second surface directed to a center of said rotor, and an area of said
first surface is wider than that of said second surface.
14.  The interior permanent motor as claimed in claim 13, wherein each of said

first and second permanent magnet layers is configured so as to have the shape

€

of an arch which converges toward the center of said rotor.

15.  The interior permanent motor as claimed in claim 13, wherein each set of
said plurality of sets of two-layer permanent magnet layers comprises two
permanent magnet layers embedded in said rotor core, each of said two
permanent magnet layers has the shape of an arch having a convex surface
directed toward the center of said rotor, and an innermost one of said two
permanent magnet layers has a thickness which is larger by 3% or more than a

thickness of the other of said two permanent magnet layers.



22. The intejg gnet nmotor as clainmed in claim21, wherein
out er surfac*“ﬂm ﬂﬂ\m W " adj acent pgrnanent magnet |ayers of
di fferent pol arltkest ex nd «I'n parallel to each other in_g
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field of the pernanent magnets, a_ reluctance torquq i Sa: duie it o
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of -the magnetic torque and the reluctance torque snhller than the magineti c
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magnet |ayers enpageflsaid twalpérmah@m maghet layers Mas i shape of ah ayeh having ng
| ayered in the radial direction of each pole, the ends of each of said

per manent MaaRelek fhSe Whickrofict BlatdSEaif beRtdrdft said rotor,
one of said two permanent magnet layers is innermost relative to said

center of said rotor and is made of a magnetic material,

the other of said two permanent magnet layers is made of a magnetic

7 material, and
said magnetic": material of said one of said two permanent magnet layers
has a remanent magnetic flux density which is greater than a magnetic flux
density of said other of said two permanent magnets by 3% of more.
17.  The interior permanent magnet motor as claimed in claim 13, wherein each
of said opposite ends of said second permanent magnet layer are cut at inner
surfaces to form tapered opposite ends.
18.  The interior permanent magnet motor as claimed in claim 13, whereiﬁ said
stator comprises teeth for windings, and one of the following relationships is
N
satisfied:
1.3*Ls < Lk £ 1.7*Ls
or

1.3*Lk < Ls < 1.7*Lk
where Lk denotes a pitch of adjacent ends of said first and second permanent
magnet layers and Ls denotes a pitch of said teeth of said stator.
19.  The interior permanent magnet motor as claimed in claim 17, wherein outer

surfaces at ends of adjacent permanent magnet layers of different polarities
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21.  The interior permanent magnet motor as claimed in claim 13, wherein said
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-
<

stator comprises teeth for windings, and one of the following relationships is
satisfied:
‘ 13*Ls < Lk < 1.7*Ls
or

13*Lk < Ls < 1.7* Lk,
where Lk denotes a pitch of adjacent ends of said first and second permanent
magnet layers and Ls denotes a pitch of said teeth of said stator.
22.  The interior permanent magnet motor as claimed in claim 21, wherein puter
surfaces at the ends of adjacent permanent magnet layers of different polarities
extend in parallel to each other in a radial direction of said rotor.
23.  An internal permanent motor having built-in permanent magnets, wherein é
magnetic torque is generated according to a rel_ationship between a rotating
magnetic field of a stator and a magnetic field of the permanent magnets, a
reluctance torque is generated due to magnetic flux path of the rotating magnetic
field and a synthesized torque of the magnetic torque and the reluctance torque
smaller than the magnetic torque is used for rotation, comprising:

a stator;

a rotor surrounded by said stator; and
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formed of a u m& !’ H!ILC material .4g 29. The notor as claimed inp
claim 24, wh ént magnet I's forned gf—a gy etic

material and includes an air space at the end g pst
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wherein a magnetic torque is generated according to a relationship
between a rotating magnetic field of said stator and a magnetic field of said
permanent magnets, a reluctance torque is generated due to magnetic flux path of
the rotating magnetic field and a synthesized torque of the magnetic torque and
the reluctance torqué smaller than the magnetic torque is used for rotation.
24. The motor as claimed in claim 42, wherein the number of said permanent
magnets layered in the radial direction for each pole is two.
25. The motor as claimed in claim 24, wherein each of said permanent
magnetic layers has an arch shape and defines a convex surface which extends
toward a center of said rotor.
26. The motor as claimed in claim 24, wherein said two permanent mégnet

layers are spaced by an interval which is constant.

C

27. The motor as claimed in claim 26, wherein said stator comprises a plurality
of teeth for receiving windings thereon, each of said teeth has a width, and the
interval between the two permanent magnet layers is greater than a third of said
width of each of said teeth.

28. The motor as claimed in claim 24, wherein said permanent magnet is
formed of a permanent magnetic material.

29. The motor as claimed in claim 24, wherein said permanent magnet is

formed of a permanent magnetic material and includes an air space at the end



| ayer bei ng narrowed, and twd ends of each permanent nagnet | ayer being

e e R~ 5200 o R e

per pendi cul

according to a rfel ati bnshi g between rot ati ng gipgpakteCdHart! M
and magnetic field of said permanent magnets, a relucfance {aqp{id33%
generated d0eraoh a nagnetic flux path of the rotatinglndgnetic field pn

synt hesi zed torque of the magnetic torque and the rel gctancte& torque
smal | er thad0.t heTheagnator @st clatoed i aaigy 2dowheseint baid. gepmanent yaagaehis
claimed in claim31l, wherein said stator conprises teettrT0r w ndi ngs,
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where Lm denotes a wdth of the narrowed end of the pernanent
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or as clained in claim 31, wherein the

nurber of saf d PEY TRFAL permanent motor having builtdin permanent magnets, said

motor comprising:
a stator having a plurality of windings wound around an iron core; and
a rotor surrounded by said stator, said rotor comprising a rotor core made

of a high magnetic permeability material and a plurality of permanent magnet

“layers being embedcfed for each pole in said rotor core, said permanent magnet

layers being layered in a radial direction, two ends of each permanent magnet
layer being narrowed, and two ends of each permanent magnet layer being
located near an outer peripheral surface of said rotor and extend perpendicularly
therefo,

wherein a magnetic torque is generated according to a relationship
between rotating magnetic field of said stator and magnetic field of | said
permanent magnets, a reluctance torque is generated due to a magnetic flux path
of the rotating magnetic field and a synthesized torque of the magnetic torque and
the reluctance torque smaller than the magnetic torque is used for rotation.
32. The motor as claimed in claim 31, wherein said stator comprises teeth for
windings, and the following relationship is satisfied:

Lm < 0.7 * Lt

where Lm denotes a width of the narrowed end of the permanent magnet layers
and Lt denotes a width between ends near the rotor of two teeth of the stator.

33. The motor as claimed in claim 31, wherein the number of said permanent

and
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The notor as cl ai rLred i n’ cl*ai m 33, wherein sai cslmsaftgfe ' A atity

of teeth f the follow ng rel atijons i 11849 ef:
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adj'acent per manent ma?nets of different polarities ar xtended™TH par al | el

to each otMagnehayer locatedat an inner side insaisaotbr; atestapered mainly at an inside

magnet Iay m_t wo for a pole. 34. The notor as claimed in claim33,

surface thereof.
35.  The motor as claimed in claim 33, wherein said stator comprises a plurality
of teeth for windings, and one of the following relations is satisfied:

1.3*Ls < Lk < 1.7 * Ls,
or

13*Lk < Ls < 1.7 * Lk,
where Lk denotes a ipitch of adjacent ends of said two permanent magnet layers
and Ls denotes a pitch of the teeth of said stator.
36. The motor as claimed in claimed 31, wherein outer surfaces at the ends of
adjacent permanent magnets of different polarities are extended in paralle! to

each other in the radial direction of said rotor.



