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The present invention relates to a brushless

DC motor without position sensor utilizing a counter

electromotive force generated in coils wound on a

stator as a rotor is rotated to position-detect mag- -
netic poles of the rotor, and more particularly to a-
brushless DC motor without position sensor having

the rotor configured so that respective rotating
magnetic pole surfaces of the rotor come most
closely adjacent to inner end surfaces of the sta-
tor's respective magnetic poles at predetermined
circumferential points on the respective rotating
magnetic pole surfaces and thereby positions of
the rotor's respective poles. The present invention
further relates to various controllers serving for
drive control of such a brushless DC motor without
pasition sensor.

Prior Art:

Recently, the brushless DC motor has been
used in various apparatus and equipment in view of

" its high efficiency and controliability. The brushless

DC motor has the substantially same construction
as the synchronous motor, so the position detector
such as the Hall -element has been necessary to
detect a position of the rotor in driving. However,
the space occupied by such a position detector
has become a serious problem with the progress of
miniaturization and has come to the front as an
important factor which obstructs a desired miniatur-
ization of the motor. To solve such a problem, so-
called position-sensorless, brushless DC motor has
been developed recently and already been put in
practical use.

Fig. 26 is a fragmentary sectional view showing -

a conventional brushless DC motor without position
sensor in an enlarged scale. Such a position-sen-
sorless, brushless DC motor 81 of prior art com-
prises a stator 82 and a rotor 83. The stator 82
surrounds the rotor 83 rotatably supported by a
rotatable shaft 86 and includes a plurality of sta-
tionary magnetic poles 84 projecting inward. The
respective stationary magnetic poles 84 carry coils
U, V. W (not shown) wound thereon. The stationary
magnetic poles 84 are magnetized in a predeter-

‘mined polarity as current flows through the coils U.

V. W. Stationary magnetic pole surfaces 85 defined

‘by the inner- end surface of the respective station-

ary magnetic poles 84 lie at equal distances from
the center of the rotatable shaft 86 along a cylin-

~ drical surface.

The rotor 83, on-the other hand, comprises a

. yoke 87 formed from a plurality of silicon steel
sheets laminated integrally and a pair of field per- -

manent magnets 88. The yoke 87 is provided along

its outer periphery with four rotating magnetic poles
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poles 89 are alternately provided in their bases
with the fleld permanent magnets 88 inserted
therein with the N-poles of these magnets 88 being -
arranged face to face. Respective rotating magnetic
pole surfaces S0 defined by the outer end surfaces
of the respective rotating magnetic poles 89 lie at -
equal distances from the center of the rotatable
shaft 86 so as to form curved surfaces, respec-
tively, so that each rotating magnetic pole surface
90 is uniformly spaced from the confronting station-
ary magnetic pole surface 85 at every point on the
rotating magnetic pole surface 90.

Under the effect of mutual repulsion occurring
between the N-poles of the two permanent mag-
nets 88, the magnetic flux generated by the rotor
83 exits from the yoke 87 via the rotating magnetic
poles containing therein no field permanent magnet
and enters again into the yoke 87 via the rotating
magnetic poles containing therein the respective
field permanent magnets as shown. Consequently,
the rotating magnstic poles containing therein the
respective permanent magnets are magnetized in
S-polarity and the rotating magnetic poles contain-
ing therein no permanent magnets are magnetized
in N-polarity.

Recently, a driving method for the position-
sensorless, brushless DC motor has been pro-
posed, in which the counter electromotive force
generated in the stator coils as the rotor rotates is
utilized instead of relying on the position detector
(Suzuki, Ogasawara, Akagi, Naniwae, Nagatake,
Okuyama: "Construction of position-sensorless,

. brushless DC motor”, reported in the 34th national

meeting of JEC, Industrial Application Group,
1988). With such a driving method, as shown in
Fig. 27, a 120° voltage feed type inverter 91 is
used as the main circuit and RPM control is effec-
ted by a chopper control. Referring to Fig. 27,
reference numeral 81 designates a motor, refer-
ence numeral 82 designates a stator, reference
numeral 83 designates a rotor, symbols U, V, W
designate stator coils of respective phases, sym-
bols Ta*, Tb*, Tc*, Ta~, Tb™, Tc™ designate tran-
sistors, and symbols Da+ Db*, Dct, Da—, Db~, D¢~

designate feedback diodes. According to this pro-
posal, the counter electromotive forces e,, €, €c
generated in the respective phases and the drive

. signal applied to.a pair of transistors are trially

obtained in the mutual relationship as illustrated in
Fig. 28. The respective phases U, V, W have their
open periods (i.e., a period for which the transistors
are free from application of the drive signal) twice
each for 60° during a period corresponding to an
electrical angle of 360° it should be understood
here that the phase in the open state is referred to
hereinaﬂer as the open phase. _ ’ :
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permanent magnets inserted therein, the field per-

-@xcitation pattern (step T31) and thersby the rotor & manent magnets usually have substantially rectan-
is displaced to the position corresponding fo this gular cross-sections, respectively, and the outer
excitation pattern (step T32). Then, the excitation magnetic pole surface of each field permanent
pattern is changed over to the excitation pattern magnet defines a relatively large surface. Such
advanced by 120° (step T33) and thereby the mo- configuration also has confributed to the above-
tor is rotated (step T34). The counter electromotive 70  mentioned deviation of the magnetic flux.
force is generated in the stator coils as the motor is ~ The conventional rotor comprising the yoke
rotated. The rotating magnetic poles are indirectly and the field permanent magnets has encountered -
position-detected by detecting the turned-on state another problem concerning a strength of the yoke.
of the fesedback diodes associated with the open More specifically, the field permanent magnets
phases and thus the communication signal is gen- 15 each having a rectangular cross-section which is
erated (step T35). More specifically, rotation of the slightly narrower than the associated rotating mag-
rotor causes the stator coils to generate the coun- netic pole is inserted into the base of this rotating
ter electromotive force which causes, in turn, the magnetic pole and, therefore, bridges of the yoke
terminal voltage of each open phase to be varied. which connect the outer end to the base of each
Consequently, anode potential of the P-side feed- 20 rotating magnetic pole containing therein the field
back diodes rises to a level higher than Ed* or permanent magnet have necessarily slender con-
cathods potential of the N-side feaedback diodes figuration.
drops to a level lower than Ed~ and thus the With the driving method of prior art, if the
feedback diodes are tuned on. Accordingly, the counter electromotive force can be detected at first
turned-on state of the diodes associated with the 25 one communication based on the starting se-
open phases may be detected to detect the current quence, it will be determined that a normal starting
excitation pattern and, in consequencs, positions of has been achieved and a change-over will occur
the rotating magnetic poles are detected. Prac- from the open loop to the sensorless running.
tically, the mode detector 92 as shown in Fig. 27 Therefore, the rotor is inadequately position-held
detects the turned-on state of the respective diodes 30  and vibrates, for exampile, when a foad involves a
by comparing the reference voltage Ed with the torque fluctuation. Moreover, if next one commu-
terminal voltage of each diode. nication is performed under a torque being gen-
The turned-on states of the diodes associated erated in the reverse direction, the rotor is rotated
with the-open phases are detected in the proximity from a position other than the desired position, so
of 30° during the open period of 60°. Namely, the 35 the counter electromotive force is detected prema-
turned-on state is detected at a isading phase of - turely by an electrical angle of 60° or 120° with
approximately 30°. Accordingly, the control circuit respect o the actual position of the rotor and
93 generates the drive signal with delaying ali the change-over to the sensorless running occurs,
phases approximately 30° respectively (such upon which a predetermined excitation paftern is
phase delaying is referrod to as phase shift), to 40  output. However, the motor can not be normally
effect the next communication and utilizes this ‘started and often vibrates since this excitation pat-
drive signal fo perform the chopper control. tern differs from the intrinsic excitation pattern de-
However, with this position-sensorless, brush- pending on the actual position of the rotor. Even if
less DC motor of prior art, the magnetic flux gen- the motor is vibrating, a signal representing the
erated from the field permanent magnets tends to 45  counter electromotive force is detected and, if this
bs concentrated at poirits on the respective rotating signal is higher than a level required for the sensor-
magnetic pole surfaces deviated from the circum- less running, the predetermined excitation pattern
ferentially middle points thereon in the direction of continues fo be output. Consequently, both the
rotation since the respective rotating magnetic pole normal starting and the restarting are impossible.
_surfaces are uniformly spaced from the respective 5o ‘With the above-mentioned driving method, fur-
stationary magnetic pole surfaces at every pointon - thermore, the chopper frequency has had to be set,
the respective rotating magnetic pole surfaces. As for a relatively wide rotation frequency range of the
a result, the counter electromotive force generated motor, so that the communication timing be free
by the magnetic flux will be prematurely detected from any affection of the detection timing delay at
with respect to the actual positions of the respec- s5  the maximum rotation frequency. For example, an

electrical angle of 80° corresponds to 0.5m/sec
and, thersfore, the chopper frequency is set to a
level as high as in order of 10 kHz, However, such
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ments.

In addition, the above-mentioned driving meth-
od has encountered further another problem that
the electric energy accumuiated in the stator coils
is emitted immediately after transfer from the en-
ergized state to the deenergized state and con-
sequently a voltage appears in the open phase.

" The time period for which the electric energy is

emitted depends on the value of ‘current flowing
through the stator coils and the load exerted on the
motor. The motor is not rotated during emission of
such electric energy, because no precise position
information of the permanent magnet rotor can be
obtained uniess the detection of the counter elec-
tromotive force is inhibited.

Finally, the above-mentioned driving method is
accompanied with further additional problem con-
cerning the detection of the relative position of the
stator coils and the permanent magnet rotor. More
specifically, the counter electromotive force ap-
pearing in the stator coils being not fed (hereinafter
referred to as open phases) is detected and there-
by the relative position of the stator coils and the
permanent magnets is detected according to the
driving method. However, if the counter electromo-
tive force appearing in the open phases nonlinearly
varies, no precise detection of the relative position
will be achieved.

Accordingly, it is an object of the invention to
provide a brushless DC motor without position sen-

sor allowing the rotating magnetic poles to be.

precisely position-detected by configuring the rotat-
ing magnetic pole surfaces so that the magnetic
flux generated from the field permanent magnets
may always be concentrated to predetermined po-
sitions on the respective rotating magnetic poles.

It is aiso an object of the invention to provide a
brushless DC motor without position sensor of
which a rotor comprises a yoke and field perma-
nent magnets, and which not only achieves the
object set forth just above but also has an ade-
quate structural strength.

it is also an object of the invention to provide a
controller adapted, even when the motor can not
be normally rotated, for example, due to a vibration
in starting, to return to the start of an open loop, so
an open loop control can be restarted to repeat the
position fixation of the rotor unm the normal rotatnon
is ‘achieved.

it is also an object of the invention to provide a
controller adapted to change over the chopper fre-
quency continuously depending on the rotation fre-
quency of the motor and thereby to minimize 2
switching loss of the inverter.
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frequency and/or load of the motor fluctuate.

it is also an object of the invention to provide a
control system adapted to detect the waveforms of
current flowing through the DC brushless motor
and thereby to achieve a stable position detection
of the permanent magnet rotor even if the counter
electromotlve force appearing in the open phases
nonlmearly varies.

Disclosure of the Invention:

To achieve the objects set forth above, the first
aspect of the invention resides in a brushless DC
motor without position sensor comprising a stator
fixed inside a motor frame and a rotor surrounded
by the stator and rotatably supported by the motor
frame through the aid of a rotatable shaft, the stator
having a plurality of stationary magnetic poles pro-
jecting inward, inner end surfaces of the stationary
magnet poles defining stationary magnetic pole
surfaces lying substantially at equal distances from
the rotatable shaft along a cylindrical surface, the
rotor having a plurality of rotating magnetic poles
projecting outward, outer end surfaces of the rotat-
ing magnetic poles defining rotating magnetic pole
surfaces which are magnetized alternately in dif-
forent polarities in the circumferential direction of
the rotor and opposed to the stationary magnetic
pole surfaces at a slight distance therefrom,
wherein each of the rotating magnetic pole sur-
faces presents a curved surface swelling outward
and is most closely adjacent to the corresponding
stationary magnetic pole surface at a given circum-
ferential point.

. Preferably, the rotor comprises a yoke and
field permanent magh_ets. the yoke having an even
number of rotating magnetic poles projecting radi-
ally outward, of which the bases are alternately
provided with the field permanent-magnets inserted
thereinto in parallel to the rotatable shaft with the
magnetic. poles of the respective permanent mag-
nets being opposed to the rotatable shaft, and
opposite lateral sides of the respective magnets
being slanted so that the respective magnets have
their outer magnetic pole surfaces provided with
relatively small surface areas.

The second aspect of the invention resides in a
controller for the brushiess DC motor without posi-
tion sensor utilizing turned-on states of feedback
diodes, the control system comprising an output
pattern mode generator, a commutation timing sig-
nal generator and a coincidence detector serving to
detect a coincidence of the signals generated from
the output pattern mode generator and the com-
mutation timing signal generator, respectively,



i5fslighftly'slanted I n one direction.

wherein, when the output of the detector indicates
no coincidence, a motor drive output is stopped
once and then starting is repeated.

The third aspect of the inventich resides in a
controller for the brushless DC motor without posi-
tion sensor utilizing turned-on states of feadback
diodes and provided with a chopper control adapt-
ed for rotation-frequency-adjustably driving the
brushless DC motor, the controller comprising mo-
tor's rotation frequency detector means and com-
parator means serving to compare the output signal
of the detector means with a reference signal de-
pending on the rotation frequency of the motor,
wharein a chopper frequency is changed based on
the output signal of the comparator.

The fourth aspect of the invention resides in a
controller for the brushless DC motor without posi-
tion sensor utiizing turned-on states of feedback
diodes and provided with a chopper controt adapt-
ed for rotation-frequency-adjustably driving the
brushless DC motor, the controller comprising a
circuit adapted to generate the number of pulses
proportional to the rotation frequency of the motor
and an F/V converter adapted to generate voltage
proportional to the number of pulses, wherein a
chopper frequency is continuously changed based
on the output of the F// converter.

The fifth aspect of the invention resides in a
controller for the brushless DC motor without posi-
tion sensor, the controller comprising means serv-
ing to detect current flowing through the motor and
means serving to inhibit detection- of the counter
electromotive force immediately after commutation.

The sixth aspect of the invention resides in a
controller for the brushless DC motor without posi-
tion sensor, the controller comprising means serv-
ing to detect the rotation frequency of the motor

and means to. inhibit detection of the counter elec-.

tromotive force immediately after commutation. -

The seventh aspect of the invention resides in
a controller for the brushless DC motor without
position sensor, the controller comprising means
serving to detect waveforms of current flowing
through the brushless DC motor and means serv-
ing to position-detect the permanent magnet rotor
based on the waveforms of current.

Brief Description of the Drawings:

Fig. 1 is a circuit diagram showing circuit com-

ponents of a brushless DC motor without posi-
tion sensor such as an inverter in the first em-
bodiment of the invention;

Fig. 2 is a sectional view of the brushless DC
motor without position sensor taken transversely
of an axis thereof;

Fig. 3 is a block diagram.of a contro! circuit in
the second embodiment of the invention;
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Each of the north and south pol es
respectively underlie one opposing stator field coil

on the stator.

Fig. 4 is a circuit diagram showing an example
of a pattern coincidence detector;

Fig. 5 is a timing chart illustrating a mutual
relationship of various signals appearing in the
control circuit; '

Fig. 6 is a diagram illustrating a mutual relation-
ship of output pattern mode, excitation mode
and commutation timing detection phase;

Fig. 7 is a flow chart of a starting sequencs;

Fig. 8 is a block diagram of the control circuit in
the third embodiment of the invention;

“Fig. 8 is a block diagram of the control carcmt in

the fourth embodiment of the invention;

Fig. 10 is a circuit dlagram showing a connec-
tion from an F/V converter to an oscillator;

Fig. 11 is a waveform diagram illustrating pre-
dominant waveforms appearing in the F// con-
verter and the oscillator, respectively;

Fig. 12 is a block diagram of the controi circuit
in the fifth embodiment of the invention;

Fig. 13 is a circuit diagram of a counter elec-
tromotive force detector;

Fig. 14 is a signal waveform diagram for the
counter electromotive force detector;

Fig. 15 is a graphic diagram illustrating a rela-
tionship between current value and electric en-
ergy emission time period,

Fig. 16 is a circuit diagram of a detection inhibi-
tor;

Fig. 17 is a signal waveform diagram for the
detection inhibitor;

Fig. 18 is a block diagram of the control ‘circuit
in the sixth embodiment of the invention;

~ Fig. 19 is a graphic diagram illustrating a rela-

tionship between rotation frequency and electric
energy emission time period;

Fig. 20 is a block diagram of the control circuit
in the seventh embodiment of the invention;

Fig. 21 is a block diagram of a rotor position
detsctor;

Fig. 22 is a flow chart of rotor posntion detection;
Figs. 23, 24 and 25 are waveform diagrams
illustrating current waveforms as function of feed
timing, respectively;

Fig. 26 is a sectional view showing a brushiess
DC motor without position sensor of prior art as
halved;

Fig. 27 is a circuit diagram of an inverter used in
a motor of prior art;

_ Fig. 28 is a diagram illustrating a relatlonshnp

between counter electromotive force and driving
signal in a motor of prior art; and
Fig. 29 'is a flow chart illustrating a starting

sequence for a motor of prior art.
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Initially, the first embodiment will be described
with reference to Figs. 1 and 2.

Referring to Fig. 1, there is shown a general
arrangement of a drive control system for the
brushiess DC motor without position sensor.

- The drive control system for the brushiess DC
motor without position sensor, in addition to the
brushless DC motor without position sensor 1 itself,
a power supply 21, an inverter 22 having charge of

chopper control,-a mode detector 23 utilizing a

counter electromotive force to detect the position of
a rofor 3 and a control circuit 24 serving to control
the inverter 22. The brushless DC motor without
position sensor 1 comprises a stator 2 and the
rotor 3. The brushless DC motor without position
sensor 1 in this embodiment is of three-phase
inverter driven type and refersnce symbols U, V, W

on the counter electromotive force generated in the
respective coils of the motor 1. The control circuit
24 detects the cormmutation timing of the respec-
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curvature Fadferiol) Embdtihei oP NG IRéRof the st at Oryve coils U, V, W based on the detection signal

from the mode detector 23 and outputs the driving
signal to each transistor of the inverter 22 do that a
well timed commutation may occur to the respec-
tive coils U, V, W. The chopper control is effected
in the inverter 22. Based on the driving signal, the
inverter 22 repeats the operation as mentioned -
above. Such repeated operation causes the rotor 3
to be continuously driven.

The stator 2 and the rotor 3 of the brushless

- DC motor without position sensor constituting an

important part of this embodiment will be described
more in detail. Fig. 2 shows the brushless DC
motor without position sensor of this embodiment
in an enlarged sectional view taken transversely of
the rotation axis thereof.

The stator 2 surrounds the rotor 3 and has
twenty four stationary magnetic poles § projecting
inward. Though not shown, these stationary mag-

designate respective coils wound on the stator 2. 20  netic poles § carry coils wound thereon. Stationary
Reference symbol Vn designates voltage across U, magnetic pole surfaces 6 defined by inner ends
V, W and this voltage is generated selectively surfaces of the respective stationary magnetic
across two of these three coils U, V, W upon poles 5 lie at equal distances from the center of a
switching of the inverter 22. rotatable shaft 4 in conformity with an imaginary
The power supply 21 is in a state ready to 25 cylindrical surface.
supply rectified cuwrent. Reference symbol Ed (and The rotor 3 is rotatably supported by the rotat-
Ed*, Ed™) designates an electromotive force. The able shaft 4 and includes a yoke 7 comprising a
inverter 22 comprises feedback diodes Da*, Db*, plurality of integrally laminated silicon stee! sheets.
Dc*, Da~, Db~, D¢~ and transistors Ta*, Tb*, Tct, " The yoke 7 has along its outer periphery four
Ta~, Tbv™, T~ ' 30 rotaling magnetic poles 8, 9, 10, 11 projecting
The respective system components operate, as radially outward. A pair of field permanent magnets
will be described, in rotationally driving the brush- 12, 13 are inserted into bases of the rotating mag- -
less DC motor without position sensor. netic poles 8, 10, respectively, in parallel to the
-The inverter 22 comprises P-side transustors rotatable shaft 4 with N-poles of these field perma- -
Ta*, Tb*, Tc* to which the feedback diodes Da*, 35 nent magnets 12, 13 being positioned face to face.
Db*, Dc* are connected, respectively, and N-side Consequently, the N-poles of the field permanent
transistors Ta~, Th~, Tc™ to which the feedback magnets 12, 13 repulse each other and magnetic
diodes Da~, Db~, Dc™ are connected, respectively. flux generated therefrom defines a magnetic path
Under chopper control by a set of P-side transistor as illustrated by Fig. 2. Specifically, the magnetic
and N-side transistor, two of the three-phase coils 40 flux from the yoke 7 after having passed through
are selectively supplied in succession with three- the rotating magnetic poles 8, 11 and then enters
phase direct current to generate ‘magnetic field by the yoke again through the rotating magnetic poles
which the rotor is . rotationally driven. More specifi- 8, 10. Thus, the rotating magnetic poles 8, 10 are
cally, output mode patterns of the driving signal are - magnstized as S-poles while the rotating magnetic
preset to 5 through 0 in accordance with excitation 45 poles 9, 11 are magnetized as N-poles.
patterns required to maintain normal rotation of the The rotating magnetic pole surfaces 14, 15, 16,
motor 1, as will be described later with reference to 17 on the outer ends of the respective rotating
Fig. 8, and the motor 1 is rotationally driven under magnetic poles 8, 9, 10, 11 define curved surfaces
effect of commutation sequenced by a relationship swelling radially outward, respectively. In the in-
between the respectlve excitation patterns, onone 50 stant case, circularly curved surfaces defined by
- hand, and commutation timing detection phases the respective rotating magnetic pole surfaces 14,
and turned-on diodes, on the other hand. The 15, 16, 17 have a curvature larger than that of the
mode detector 23 is connected to the inverter 22 imaginary cylindrical surface on which the station-
and detects the turned-on states of the respective ary magnetic pole surfaces 6 lie. in other words,
. feedback diodes included by the inverter 22 based 55 the rotating magnetic pole surfaces 14, 15, 16, 17

are most closely adjacent to the stationary mag-

“netic pole surfaces 6 at circumferential middle

points of the respective rotating magnetic pole sur-
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curvature of each rotating magnetic pole surface is
not limited to the circular arc and any other cur-

‘vatures, for example, a parabolic curvature as view='

face is so configured to be most spaced from the
stationary magnetic pole surface at the circum-

magnetic pole surfaces are most closely adjacent § lerentially opposite ends and most closely adjacent
to the stationary magnetic pole surfaces. Such phe- thereto at the circumferentially middle point of the
nomenon will be explained more in detail in con- rotating magnetic pole surface. The similar effect
. nection with the rotating magnetic pole surface 14. will be obtained also when each rotating magnetic
A distance from the circumferentially middie pole surface is configured so as to most spaced
point of the rotating magnetic pole surface 14 to 70 from the stationary magnetic pole surface only at
the corresponding stationary m_ag'netic pole P2.is one end in the direction of its rofation and most
designated here by do and distances from the closely adjacent thereto at the cxrcumferennally
stationary magnetic poles P1, P3 adjacent the sta- middle point. -
tionary magnetic pole P2 to the rotating magnetic While the invention has been described here-
pole surface 14 are designated by di and d2, 15 tofore on the basis of the specific embodiment
respectively. The distance do is smaller than both having on the outer periphery of the yoke four
the distance d1 and the distance d2 and, in.con- rotating magnetic poles which are, in turn, alter-
sequence, the magnetic flux geneTated from the nately provided with the fisld permanent magnets
field permanent magnet 12 reaches the rotating inserted thereinto, the rotor is not limited to such
magnetic pofe surface 14 mostly via the stationary 20  construction but may have any even number of
magnetic pole P2 and thereby a counter slectromo- rotating magnetic poles and a field permanent
tive force generated by the rotating magnetic pole magnet may be inserted into each of them. Instead
surface 14 is concentrated fo the stationary mag- of inserting the field permanent magnets into the
netic pole P2. This is true also for the other rotating yoke, it is also possible to form field permanent .
magnetic pole surfaces 15, 18, 17. 25 magnets each having the rotating magnetic pote
In this way, the rotor 3 having the above- surface of the above-mentioned configuration and
mentioned circularly curved rotating magnetic pole then to bond them onto the outer periphery of the
surfaces normally generates the counter electromo- rotatable shaft.
tive force mostly from the circumferentially middie As will be apparent from the foregoing descrip-
points of the respective rotating magnetic pole sur- 30  fion, in accordance with the first embodiment of the
face so that an erroneous position detection of the invention, the rotating magnetic pole surfaces of
rotating magnetic poles may be reliably avoided. the rotor present the curvature swelling radiafly
As shown, the field permanent magnets 12, 13 outward so that each rotating magnetic pole sur-
in the instant case are configured to have opposite face is most closely adjacent to the stationary
lateral sides slanted so that its S-pole side may 35 " magnetic pole surface at a given point on the
have a surface area smaller than that of its N-pole rotating magnetic pole surface and, accordingly,
side. Thus, the magnetic flux generated from the the counter electromotive force is concentrated at
permanent magnets is concentrated at circumfer- the point. in this manner, this embodiment provides
entially middle points of their S-pole surfaces and a brushless DC motor without position sensor char-
accordingly at circumferentially middle points of 40  acterized by that the position of each rotating mag-
the rotating magnetic pole surfaces 14, 16. Bridges netic pole can be precisely detected. According to
18 defined at the opposite lateral sides of the this embodiment, the yoke is provided along its
respective field permanent magnets 12, 13 have outer periphery with even number of the rotating
rolatively large width -over most of their extents, ~ magnetic poles projecting radially outward, these
since the opposite lateral sides are slanted. Witha 45  rotating magnetic poles being provided in their
consequence, the yoke 7 has a relatively high bases with the field permanent magnets inserted
strength such that the yoke 7 might not easily thereinto in paraliel to the rotatable shaft, and the
deformed even when an unexpected external force opposite lateral sides of sach field permanent mag-
is exerted on the rotating magnetnc pole surfaces ret are slanted so that the outer magnetic pole
14,18, 50 surface of the magnet is smaller than its inner
While the mventuon has been described on the magnetic pole surface. Conssquently, the magnetic
basis of the specific embodiment having the cir- flux generated from the field permanent magnets is
cularly curved rotating magnetic pole surfaces each concentrated at the circumferentially middle point
defined by a curvature radius smaller than that of each rotating magnetic pole, on one hand, and it
defining the stationary magnetic pole surfaces, the 55 is possible to provide the yoke with the adequately

wide bridges and to obtain the yoke having a
strength sufficiently high to resist the unexpected
external force exerted thereon.
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Fig. 3 is a block diagram of & control system

mode 5 is output as an initial mode, then the

modes 3, 2, 1, 0 and 5 are output in this, order'_._- kS

_(Regardmg such sequence. deta' will~ be de
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signal h1 are applied to EX-OR gate 32 of which
the output h4, in turn, is applied together with the

constructed according to the invention. A mode 5  OR signal h2 of the six commutation timing signals
detector 23 compares a reference voltage Ed (and to an NAND gate 33. Specifically, the output h3-2
Ed*, Ed™) for forward voltage drop of feedback of the output pattern mode gensrator 26 is com-
diodes included by an inverter 22 with terminal pared with the commutation timing signal h1 during
voltage of the respective diodes in order fo detect a period for which the OR signal h2 of the. six
the turned-on states of the respective feedback 10 commutation timing signals is output and, if no
diodes and thereby to detect the excitation pattern coincidence is detected, the output ho of the NAND
modes. .In this embodiment, the inverter 22 is of gate 33 becomes High. This output is applied to
- three-phase bipolar type and, as shown in Fig. 6, the starting controller 29. Correlation of the respec--
detects the turned-on states of six phases U+, U-, tive signals is illustrated by a time chart of Fig. 5.
V+, V-, W+, W- corresponding to the respective 715 The drive signal generator 27 successively
excitation patterns and applies the corresponding generates the drive signals of the output patterns 5
detection signals to a control circuit 24 which, in through O corresponding to the excitation patterns
tura, comprises a communication timing signal de- as indicated in Fig. 6. More specifically, the output
tector 25, an output pattern mode generator 28, a pattern modes, the excitation patterns and the
drive signal generator 27, a pattern coincidence 20 commutation timing signal detection phases are
detector 28, a starting controller 29, a chopper mutually related one another as illustrated in Fig. 5.
selector 30 and a chopper signal generator 31. The - For example, if the commutation timing signal was
‘commutation timing signal detector 25 is adapted detected from U- of the open phase U at the output
to detect-the commutation timing signal based on pattern mode 3, the excitation pattern may be
the output from the mode detector 23 and to gen- 25  changed over from that corresponding to the mode
erate a clock pulse. The output pattern mode gen- 3 {o that corresponding to the mode 2 at the next
erator 26 is adapted to generate, based on the output pattern mode 2, ie., the excitation mode
clock pulse applied from the commutation timing "from V+ to U- " in order to continue the normal
signal detector 25, signals representing six modes - rotation.
as indicated in Fig. 6 and, based on each of these 30 Fig. 7 is a flow chart iliustrating a starting
signals, the drive signal generator 27 generates a sequence in this embodiment. Excitation of a given
motor drive signal. The pattern coincidence detec- pattern occurs at a step T1. In this instance, the
tor 28 compares a signal h1, one of the six. com- mode 5 is selected as the given pattern, i.e., the
mutation timing signals with a waveform h3-2 of the excitation pattern of "U+ phase to V- phase” and
output pattern mode 2 during a period for which 35 10 to 15A is fed with such output pattern. Such
the output pattern mode generator 26 outputs a state is maintained for 0.8 sec at a step T2. Con-
signal ho to the starting controller to request a sequently, the rotor is rotated in forward or reverse
restarting. Based on a signal h3 from the output direction by an electrical angle of 180° max. and
pattern mode generator 26 and a signal from the stopped so that a position of the rotor may be
starting controller 28, the drive signal generator 27 40 fixed. Now, the oulput pattern mode is advanced
generates a motor drive signal while the chopper by. two and the mode 3 is output. Namely, feed
selector 30 determines whether the chopper is occurs with the excitation pattern "from V + phase
positive or negative and outputs a corresponding to W- phase”. As a result, the rotor is started in
signal to the drive signal generator 27. The signal forward direction according to the excitation pattern
coming from the chopper signal generator 31 is 45 being advanced further by electrical angle 120° in
superposed in the drive signal generator 27 and forward direction and accelerated. A degree of ac-
thereby driving the respective transsstors of the - celeration depends on the feed current value as
‘inverter 22. well as the loading condition and, in this embodi-
Referring to Fig. 4, the arrangement of ths . ment, a revolution speed enough to generate the
pattern coincidence detector 28 is illustrated. The s0  counter elactromotive force required for sensorless
output pattern mode generator 28 functions as a running can be reached at a moment of starting
down-counter adapted to generate the OR signal with a feed current in ‘order of 5A. Thus, at a step
h2 of the six commutation timing signals in the T4, the commuitation timing signal is generated. So
form of a clock pulse successively on six output far as the normal rotation is concerned, the com-
-terminals 5 through 0. In starting and restarting, the .mutation timing signal is detected from the feed-

back diodes of the U- phase which is open during
this "period. Then, a step T5 determines whether

"'.t_he'_ output pattern mode coincides with the' com-



vari ous appér at us view of its high efficiency and
controllability. m)t or has the substantially sane
construction as th Dt O SO the position detector such as the

Hal | el ement has f

mutation timing sngnal generatlon phase or not.
More specifically, the step TS5 determines whether
the signal of the mode 2 coincides with the com-
mutation timing signal from the U phase or net,
since the output pattern mode is advanced by 1 to
the mode 2 as the commutation timing signal is
‘generated. If a coincidence is detected, the routine
proceeds to a step T6 to continue the sensorless
running, and if not detected, the routine is
branched to a step T7 to stop the output pattern.
After 2 sec has elapsed at a step T8, the routine
returns to the step 1, the start point of the open
loop, to repeat the starting sequence. The elapsing
time at the step T8 is proferably set to a time
period at the end of which the rotor stops and, in
this embodiment, the time in order of 2 sec is
appropriate.

it should be understood that the current value,
the elapsing time and the output pattern are spe-

so that the drive signal detector 27 may generate
thereupon the motor drive signal and superpose
this on the chopper signal applied from the triangu-
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and the second osciflator 41,

lar wave comparator 37 prior to application to the
inverter 22, The FAV converter 38 serves to FV
convert the clock puises which are proportional to
the rotation frequency of the motor 1 output from
the commuitation timing signal detector 25 and DC
voltage obtained thereby is compared by the com-
parator 39 with the reference voltage depending on
the rotation frequency of the motor 1. Depending
on the result of comparison, switching occurs by
means of a switch 42 between the first oscillator 40
: Outputs of these
oscillators 40, 41 are alternately apptied in the form
of reference triangular waves to the triangular wave
comparator 37 and the reference triangular wave
generated from the second oscillator 41 presents
an oscillation frequency differing from that of the
reference triangular wave generated from the first
oscillator 40. Preferably, the first oscillator 40 has
an oscillation frequency of 15 kHz, on one hand,

cific for this embodiment and it is obviously possi~- 20 and the F/V converter 38 and the comparator 39
ble to employ the other values and patterns in the are so arranged that the switch 42 is connected to
other embodiments. the first oscillator 40 for the rotation frequency less
As will be apparent from the foregoing descrip- than 5000 and is connected: to the second oscillator
tion, the second embodiment of the invention is for the rotation frequency of 5000 or higher.
arranged so that the -state in which the motor is 25 it is also possible to provide a signal oscillator
rotating can be detected even under a load possi- and to switch oscillation frequency itself based on
bly causing the state during the starting to fluctuate the output of the comparator.
and restarting can be tried by repeating the starting As will be understood from the foregoing de-
sequence even when the motor is vibrating. In this gcription, the third embodiment of the invention
way, a further reliable starting can be achieved with 30  advantageously minimizes a switching loss of the
a relatively simple circuit arrangement. inverter and effectively suppresses a heat genera-
The third embodiment of the invention will be tion from the inverter elements.
described with reterence to Fig. 8. . The fourth embodiment of the invention will be
Fig. 8 is a block diagram showing an arrange- -~ described with reference to Figs. 9 through 11.
-ment of a controller. As has previously been men 35 As seen in Fig. 9, a control circuit 24 in this
tioned, a mode detector 23 detects the turned-on embodiment principally comprises a commutation
state of respective feedback diodes. A control cir- timing signal detector 25, a phase shifter 35, a 6-
cuit 24 in this embodiment principally comprises a step waveform generator 36, a drive signal gener-
commutation timing signal detector 25, a phase ator 27, a triangular wave comparator 37, an FV
shifter 35, a 8-step waveform generator 36, a drive 40  converter 38 and an osciflator 43.
signal generator 27, a triangular wave comparator The commutation timing signal detector 25 de-
37, an F/V converter 38, a comparator 39 and first tects the commutation timing obtained from a
and second oscillators 40, 41. chop-off period based on the output of the mode
The commutation timing signal detector 25 de- detector 23 and generates a clock pulse. The
tects the commutation timing obtained from a 45 phase shifter 35 is a delay circuit comprising a
chop-off period based on the output of the mode - counter adapted to obtain a normal commutation
detector 23 and generates a clock puise. The timing based on the output signal of the com-
phase shifter 35 is a delay circuit comparing a mutation timing signal detector 25 and shifts (i.e.,
counter adapted to obtain a normal commutaton . delays) the phase generally with an electrical angle
timing based on the output signal of the com- - 50 of 15° to 30°. The 6-step waveform generator 36
mutation timing signal detector 25 and shifts (le, = generates waveforms of six modes based on the
delays) the phase- generally within an electrical - clock pulses-applied from the phase shifter 35 so
angle of 15° to 30°. The 8-step waveform generator that the drive sighal generator 27 may thereupon
36 generates waveforms of six modes based on generate the motor drive signal and superpose this
the clock pulses applied from the phase shifter 35 on the chopper signal applied from the triangular

wave comparator 37 prior to application to the
inverter 22. The F/V converter 38 serves to F/V
convert the clock pulses which are proportional to



béen heéesséry to detect a position of the rotor in drlﬂh 1?%
space occupi ed by such a position detector has becone a s
with the progress of mniaturization and hag conme to the
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voltage obtained thereby is applied to the oscillator
43 which then generates referente triangular wave
of a period being proportional to the DC voltage.
The triangular wave with a rotation frequency com-
mand voltage and output a predetermined chopper
signal to the drive signal generator 27.

Fig. 10 exemplarily illustrates a connection ex-
tending from the F/V converter 38 to the oscillator
43 shown in Fig. 9, and Fig. 11 illustrates

waveforms generated from. important components

of the connection. The F/V converter 38 principally
comprises an opserational amplifier 44, a diode, a
resistor and a capacitor. The commutation timing
signal detector 25 generates six pulses per one
revolution of the motor 1. When a signal k1 from
the commutation timing signal detector 2."Tis' ap-
plied to the F/V converter 38, DC voltage k2 which

nent magnet rotor 3 so that the permanent magnet
rotor 3 is rotated under the effect of the magnetic
field generated by current flowing through the sta-
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ment comprises a current detector 50, a current

level detector 51, a detection inhibitor 52, a phase -

shifter 53 and a feed signal generator 54. Terminal
voltage of the brushless DC motor 1 is applied to
the counter electromotive force detector 23 and the
counter electromotive force of the open phases is
detected based on the terminal voltage. The cur-
rent dstector 50 and the current level detector 51
constitute together means to detect a magnitude of
the current flowing through the motor 1. The cur-
ront detector 50 employs components such as a
shunt resistor and a current transformer to achieve
the desired-detection. The current level detector 51

- is readily arranged by using a peak hold circuit.

The dstection inhibitor 52 is a circuit to inhibit
further detection of the counter electromotive force
immediately after commutation has occurred. The

is proportional to the rotation frequency is obtained. 20 phase shifter 53 delays the phase of output signal
The DC voltage k2 drives a gate of FET 46 and from the detection inhibitor 52 by an electrical
causes ON resistance of FET 46 to vary in a linear angle of 30° The feed signal generator 54 is a
fashion. The triangular wave generator 37 com- circuit to generate a signal with which the mverter
prises operational amplifiers 45, 47, oscillation fre- 22 is driven.
quency regulating resistors, a capacitor and a 25 Referring to Fig. 13, the counter electromotive
Zener diode. An FET is connected between the force detector 23 uses a plurality of comparators
resistors so that an output signal k3 from the oper- 55 to compare a middle point with a terminal
ational amplifier 47 presents a reference triangutar voltage of the motor 1 so that the terminal voltage
wave of a frequency which is proportional to the m1 of the brushless DC motor 1 and the output m2
frequency of the signal ki output from the com- 30 of the counter electromotive force detector 23
mutation timing signal detector 25. It should be present waveforms as illustrated in Fig. 14, respec-
understood that the time axis given in Fig. 11 for tively. Referring to Fig. 14, a time period t for
the respective waveforms k1, k2 and k3 is actually which an electric energy is emitted depends on the
expanded relative to the waveform k3 for conve- ioad and the rotation frequency. A current value |
nience of illustration. —' 35 and the electric energy emission time period t are
In this embodiment, the rotation frequency is graphically shown in Fig. 15 based on the “data
continuously variable from 2 'kHz to 15 kHz for the experimentally obtained using the rotation frequen-
rotation frequency of 0 to 10000 per minute. cy as a parameter. As will be apparent from Fig.
As will be appreciated from the foregoing de- 15, the slectric energy emission time period t Is
scription, the fourth embodiment of the invention 40 prolonged as the rotation frequency is reduced.
advantageously minimizes a swiiching loss of the Accordingly, the controlier should inhibit the detec-
inverter and suppresses a heat generation from the tion of counter electromaotive force for a time pefiod
inverter elements, since the chopper frequency can longer than the time period corresponding to the
be continuously varied in accordance with the rota- expected minimum rotation frequency. However,
tion frequency of the motor 1. 45 this inhibiting time period exceeding an slectrical
The fifth embadiment of the invention will be angle of 30° would result in inhibiting the detection
described with reference to Figs. 12 through 17. . of counter electromotive force which must be de-
Referring to Fig. 12, reference numeral 22 des- tected.
ignates an inverter and reference numeral 23 des- Fig. 16 exemplarily shows the detection inhibi-
ignates’ a counter electromotive force detector 50 tor 52. A feed termination signal for a lower ar-
" (having a function similar to that of the mode mature is applied to an input termmnal 57 of a
detector in the previous first through fourth embodi- monostable multivibrator 58 (hereinafter simply re-
ments). The inverter 22 serves as a driver circuit ferred to as monomuilti) while a feed termination
for the brushless DC motor 1. The brushiess DC " signal for an upper armature is applied to an input
motor 1 includes stator coils U, V, W and perma- - s5 terminal 50 of a monomulti 58. The output signal of

the current level detector 51 is applied to terminals
61, 62, 63 of the respective monomultis 56, 58 and
thereby- varying a period of the oufput pulses. In
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carry cdhb ssigoals \Appeddirioniot the rirowi) of Fig. 18
present respective waveforms as illustrated in Fig.
17. Referring to Fig. 17, if m4 is at a high level, m2
is grounded and therefore no signal is transferred.
If m5 is at a high level, output of an OR gate 64 is
also at a high level. Thus, m4 and m5 may be
arranged as illustrated in Fig. 17 to inhibit the
detection as long as the electric energy Is being
emitted. m3 is an output waveform of the detection
inhibitor '52. It should be understood that thers
must be provided the circuit of Fig. 16 by the
number corresponding to the number of motor's
phasas. The signal presenting the waveform m3
leads the normal feed timing by an electrical angle
30° and therefore the phase shifter 53 must provide
a delay corresponding to this electrical angle of
30°. The phase shifter 53 is readily implemented
using a counter. Based-on an output signal of the
phase shifter 53, the feed signal generator 54 gen-
erates a drive signal for the inverter 22. Some-
times, the phase shifter 53 is eliminated depsnding
on the particular manner in which the angle of fead
is controlled.

As will be appreciated from the foregomg de-
scription, the fifth embodiment of the invention al-
lows the position-sensorless drive to be achieved
on the basis of the precise commutation timing
eveén if the load and/or the rotation frequency fluc-
tuate. Accordingly, the position-sensorless drive
can be adopted for the particular field of application
in which such a position-sensorless drive has usu-
ally been unpractical.

The sixth embodiment of the mventlon will be
described with reference to Figs. 18 and 19.

A control circuit 24 according to this embodi-
ment comprises, as shown in Fig. 18, a detection
inhibitor 52, a phase shifter 53, a feed signaf gener-
ator 54 and a rotation frequency detector 65.

The detection inhibitor 52 inhibits further detec-
tion of counter electromotive force immediately
after the commutation has occurred. The phase
shifter 53 delays the phase of output signal from
the detection inhibitor §2 by an slectrical angle of
30°. The feed signal generator 54 serves to gen-
erate a signal with which the inverter 22 is driven.
The rotation frequency dstector 65 detects the
rotation frequency of the motor 1 and the rotation
frequency information provided therefrom is ap-
plied to the detection inhibitor 52. -

A counter electromotive force detector (=
mode detector) 23 is of the arrangement similar to
that in the previous fifth embodiment and provides
the output waveform m2 as illustrated in Fig. 14.
The rotation frequency N and the electric energy
emission time period t are graphically shown in
Fig. 19 based on the data experimentally obtained
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period t is prolonged as the rotation frequency is
reduced. Accordingly, in this embodiment also, the
confroller should inhibit the detection of counter
electromotive force for a time period longer than
the time period corresponding to the expected
minimum rotation frequency. However, this inhibit-
ing time period exceeding an elactrical angle of 30°
would result in inhibiting the detection of the coun-
ter electromotive force which must be detected.

- The detsction inhibitor 52 is of the arrangement
similar to that in the previous fifth embodiment
shown in Fig. 16 and provides the output waveform -
as illustrated in Fig. 17. The output signal leads the
normal feed timing by an electrical angle of 30°
and therefore the phase shifter 53 must provide a
delay corresponding to the electrical angle of 30°.
In response to the phase shifter 53, the feed signal
generator 54 generates a drive signal for the in-
verter 22. .

As will be appreciated from the foregoing de-
scription, the sixth embodiment of the invention
also allows the position-sensorless drive to be
achieved on the basis of the precise commutation
timing even if the load and the rotation frequency
fluctuate. Accordingly, the position-sensorless drive
can be adopted for the particular fisld of application
in which such a position-sensorless drive has usu-
ally been unpractical. While the fiith and sixth em-
bodiments of the invention have been described
above as employing the counter electromotive
force detection according to so-cafled middle point
comparison, it should be understood that these
embodiments are also applicable to the case in
which the counter electromotive force is detected
based on the turned-on states of the feedback
diodes as previously mentioned.

Finally, the seventh embodiment of the inven-
tion will be described with reference to Figs. 20
through 25, taking the case in which a three-phase
DC brushless motor is used. Fig. 20 is a block
diagram generally showing dn arrangement of this
embodiment.

A controller 24 according to this embodiment
comprises a current detector 50, an isolation am-
plifier 86, a rofor position detector 67 and a feed
signal generator 54. The current detector 50 serves
to detect a waveform of current flowing through the
DC motor using components such as a shunt resis-
tor and a current transformer. The feed signal gen-
erator 54 generates a signal with which the inverter
22 is driven. The isolation amplifier 66 and the
rotor position detector 67 constitute together
means to detect the current waveform and thereby
detecting the position of the permanent magnet
rotor 3. The rotor position detector 67 is of an
arrangement as shown in Fig. 21.
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current waveform of a given period and digitizes
this. The current waveform thus digitized is applied

next feeding is waited for and, upon starting of the
feeding, the operation as mentioned above will be
repeated. In this manner, the precise commutation

laying or advancing the timing will result in repeti-

. tion of 11>t and 4 <tz.

to a microcomputer 72 comprising a CPU 68, a 5 As will be appreciated from the foragoing de-
RAM 70 and a ROM 71 and, the microcomputer 72 scription, the seventh embodiment of the invention
diagnoses the waveform. A start signal also is allows the stable position detection of the rotor
applied to an input terminal 73 of the microcom- even when the rotor structurally prevents the coun-
puter 72. : ter electromotive force in the open phases from
Now, operation of the controller as has been 10  linearly varying. Furthermore, the commutation can
described above will be described with reference to be achigved always with the precise timing be-
the flow chart of Fig. 22. cause the feed timing is always monitored on the
Upon application of the start signal, the micro- basis of the current waveform. o
computer 72 generates a signal of a given period
© from its output terminal 75 and this signal is ap- 15  Industrial Usefulness:
plied to the feed signal generator 54, causing a
synchronized running of the brushless DC motor 1 In spite of having no position-sensor, the
(step T21). The synchronized running continues for brushless DC motor of the invention can precisely
a given time period t until the brushless OC motor detect the rotor position, assure an adequate struc-
1 reaches a predetermined rotation frequency (step 20  tural strength and achieve a fine rotation control. In
T22). The given time period t depends on the "~ view of these abilities, the brushless DC motor of
characteristics of the brushless DC motor actually the invention is suitable for use under a severe
used. condition such as high temperature usually encoun-
Aiter the brushless DC motor has continued tered by the scroll type compressor.
the synchronized running for the predetermined 25
time period t at the step T22, the microcomputer Claims
72 determines at a step T23 whether a feed S
(commutation) to the phase in which the current * 1. A brushless DC motor without position sensor
waveform is being detected is started or not. If the comprising a stator fixed inside a motor frame
determination is affirmative, the current waveform 3o and a rotor surrounded by the stator. and
output from the A/D converter 68 is picked up and - rotatably supported by said motor ‘frame
stored in the RAM 70 (step T24) until the feed through the aid of a rotatable shaft, said stator
mode is switched (step T25). if the feed mode has having a plurality of stationary magnetic poles’
been switched at the step T25, the CPU 89 reads projecting inward, inner end surfaces of said
the current waveform stored in the RAM 70 and 35 ~ stationary magnetic poles defining stationary
thereby detecting the peak position of the current magnetic pole surfaces lying substantially at
waveform {step T26, step T27) to detect the posi- equal distances from said rotatable shaft along
tion of the magnetic poles of the rotor. ~a cylindrical surface, said rotor having even-
If the current waveform has been detected, for numnbered rotating magnetic poles projecting
example, to have the peak position lying on the 40 outward, outer end surfaces of said rotating
middle (t; =t2) between the commutation starting magnetic poles defining rotating magnetic pole
point and the feed mode switching point as shown surfaces being magnetized alternately in dif-

_in Fig. 23, the present feed timing is determined to ferent polarities in the circumferential direction
match the relative position of the rotor and the of the rotor and opposed to said stationary
stator coils. If the peak position lies on the second 45 magnetic pole surfaces at a slight distance
half (t:>tz) as shown in Fig. 24, the feed timing is . therefrom, wherein each of said rotating mag-
determined to be delayed. If the peak position lies netic pole surfaces presents a curved surface
on the first half (t1 <tz) as shown in Fig. 25, the feed swelling outward and is most closely adjacent
timing is determined to be advanced. to the corresponding stationary magnetic pole

When t; =t;, the feed is continued with this 50 surface at a circumferentially given point.
timing, and when ti>tz, the fesd timing is advanced :

"by a prescribed amount (step T28)..When ti<t,, 2. A brushiess DC motor without position sensor
the feed timing is delayed by a prescribed amount according to Claim 1, wherein each of said
(step T29). rotating magnestic pole surface is most spaced

Once the feed timing has been changed, the 55 from' said corresponding stationary magnetic

pole surface at circumferentially opposite ends
thereof and most closely adjacent to said cor- -
" responding stationary magnetic pole surface at
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Output nt of the isolation amplifier 66 is ap-
plied to an A/D converter 88 which samples the
current waveform of a given period and digitizes
this. The current waveform thus digitized is applied
to a microcomputer 72 comprising a CPU 69, a
RAM 70 and a ROM 71 and, the microcomputer 72
diagnoses the waveform. A start signal also is
applied to an input terminal 73 of the microcom-
puter 72. :

Now, operation of the controller as has been
described above will be described with reference to
the flow chart of Fig. 22. _

Upon application of the start signal, the micro-
computer 72 generates a signal of a given period

" from its output terminal 75 and this signal is ap-

plied to the feed signal generator 54, causing a
synchronized running of the brushless DC motor 1
{step T21). The synchronized running continues for
a given time period t unti! the brushiess DC motor
1 reaches a predetermined rotation frequency (step
T22). The given time period t depends on the
characteristics of the brushiess DC motor actually
used. _

After the brushless DC motor has continued
the synchronized running for the predetermined
time period t at the step T22, the microcomputer
72 determines at a step T23 whether a feed
{(commutation) io the phase in which the current
waveform is being detected is started or not. If the
determination is affirmative, the current waveform
output from the A/D converter 68 is picked up and
stored in the RAM 70 (step T24) until the feed
mode is switched (step T25). If the feed mode has
been switched at the step T25, the CPU 69 reads
the current waveform stored in the RAM 70 and
thersby detecting the peak position of the current
waveform (step T28, step T27) to detect the posi-
tion of the magnetic poles of the rotor.

If the current waveform has been detected, for
example, to have the peak position lying on the
middie (t =t2) between the commutation starting
point and the feed mode switching point as shown
in Fig. 23, the present feed timing is determined to
match the relative position of the rotor and the
stator coils. If the peak position lies on the second
half {ti>tz) as shown in Fig. 24, the feed timing is
determined to be delayed. If the peak position lies
on the first half (t <t2) as shown in Fig. 25, the feed
timing is determined to be advanced. '

When t =t2, the feed is continued with this
timing, and when ty>t;, the feed timing is advanced

"by a prescribed amount {step T28)..When t<t,

the feed timing is delayed by a prescribed amount
(step T29).

Once the feed timing has been changed, the
next feeding is waited for and, upon starting of the
feeding, the operation as mentioned above will be
repeated. In this manner, the precise commutation
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timing can be achieved even the rotation frequency
and/or the load fluctuate. However, excessively de-
laying or advancing the timing will result in repeti-

. tion of t1>t and ti<tz.

As will be appreciated from the foregoing de-
scription, the seventh embodiment of the invention
allows the stable position detection of the rotor
even when the rotor structurally prevents the coun-
ter elactromiotive force in the open phases from
linearly varying. Furthermore, the commutation can
be achieved always with the precise timing be-
cause the feed timing is always monitored on the
basis of the current waveform. T

Industrial Usefulness:

In spite of having no position-sensor, the
brushless DC motor of the invention can precisely
detect the rotor position, assure an adequate struc-
tural strength and achieve a fine rotation control. In
view of these abilities, the brushless DC motor of
the invention is suitable for use under a severe
condition such as high temperature usually encoun-
tered by the scroll type compressor.

Claims

1. A brushless DC motor without position sensor
comprising a stator fixed inside a motor frame
and a rotor surrounded by the stator and
rotatably supported by said motor ‘frame
through the aid of a rotatable shaft, said stator
having a plurality of stationary magnetic poles
projecting inward, inner end surfaces of said
stationary magnetic poles defining stationary
magnetic pole surfaces lying substantially at
equal distances from said rotatable shaft along
a cylindrical surface, said rotor having even-
numbered rotating magnsetic poles projecting
outward, outer end surfaces of said rotating
magnetic poles defining rotating magnetic pole
surfaces being magnetized alternately in- dif-
ferent polarities in the circumferential direction
of the rotor and opposed fo said stationary
magnetic pole surfaces at a slight distance

. therefrom, wherein each of said rotating mag-
netic pole surfaces presents a curved surface
swelling outward and is most closely adjacent
to the corresponding stationary magnetic pole
surface at a circumferentially given point.

2. A brushless DC motor without position sensor
according to Claim 1, wherein each of said
rotating magnetic pole surface is most spaced
from- said corresponding stationary magnetic
pole surface at circumferentially opposite ends
thereof and most closely adjacent to said cor-

" responding stationary magnetic pole surface at



rotating magnetic poles 89 are alternately provided
field permanent magnets 88 inserted therein with the
magnets 88 being arranged face to face. Res tive rotatifhg yagn
surfaces 90 defi end surfaces of the

magnetic pol®&Ee ar?m'gxé'f'é]dge F‘?‘aﬁ Pt ances from t?\’@"céfe‘jlu
shaft 86 go Aaérugh% d Bérxk rw‘u’u‘?o t Sodlib P E&Sor respectfm

magneti c po'a@co?&r”g wherein each of said
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rotating magnetic pole surface is most spaced 7. A controller for brushless DC motor without
from said corresponding stationary magnetic position sensor including an inverter adapted
pole surface at a circumferential end thereof to drive the motor under chopper control and
and most closely adjacent to said correspond- utilizing a counter electromotive force gener-
ing stationary magnetic pole surface at a cir- _ ated in stator coils of respective phases as a
cumfsrentially middie point thereon. 10 rotor is rotated in order to detect a position of
: . : the rotor and thereby to generate a commuta-
4. A brushless DC motor without position sensor.- tion signal, said controller comprising means to
' according to any of Claims 1 o 3, wherein said generate pulses the number of which are’ pro-
rotor comprises a yoke and field permanent portional to said rotation frequency of the mo- '
magnets, said yoke having an even number of 15 tor, an F/V converter adapted to generate volt-
rotating magnetic poles projecting radiaily out- age proportional to the number of pulses out-
ward, of which the bases are provided with the put from said puise generator means and
field permanent magnets inserted thersinto in means to change a shopper frequency in a
parallel to the rotatable shaft with the magnetic continuous fashion based on the output from
poles of the respective. field permanent mag- 20 said FV converter.
nets being opposed to the rotatable shaft, and
{aterally opposite sides of the respective mag- 8. A controller for brushless DC motor without
nets being slanted so that the respective mag- position sensor including an inverter adapted
nets have their outer magnet pole surfaces of to drive the motor under chopper control and
relatively small surface areas. 25 utilizing a counter slectromotive force gener-
' ated in stator coils of respective phases as a
5. A controller for brushless DC motor without rotor is rotated in order to detect a position of
position sensor including an inverter adapted the rotor and thereby to generate a commuta-
to drive the motor under chopper control and tion signal, said control system comprising
utilizing a counter electromotive force gener- 30 means to delect a magnitude of current fiowing
ated in stator coils of respective phases as a through said motor and means to inhibit the
rotor is rotated in order to detect a posifion of position detection immediately after the com-
the rotor and thereby to generate a commuta- mutation based on the output from said current
tion signal, said controller comprising a com- detecting means.
mutation’ timing signal generator serving to. 35 o - _
generate the. commutation timing signal, an 9. A controffer for brushless DC motor without
output pattern mode generator serving to gen- position sensor including an inverter adapted
erate output patterns of several types with to drivé the motor under chopper control and
which said stator coils are excited, a coinci- utilizing a counter electromotive force gener-
dence detector adapted to detect a coinci- 40 ated in stator coils of respective phases as a
dence between these signals output from said rotor is rotated in order to detect a position of
two generators and a starting controller adapt- the rotor and thersby to generate a commuta-
ed to stop a motor drive output once when no tion signal, said controller comprising a rotation
coincidence is, detected by sald coincidence frequency detector, a detection inhibitor adapt-
detector and to cause a restarting. 45 od to inhibit the rotor position detection imme-
. diately after the commutation based on the
6. A controller for brushless DC motor without output from said rotation frequency detector.
position sensor inciuding an inverter adapted .
to drive the motor under chopper controf and 10. A confrolfer for brushfess DC motor without
utifizing a counter elactromotive force gener- 50 ‘position sensor, said controller adapted to con-
ated in stator coils of respective phases as a trol feed to stator coils based on.rotor position
rotor is rotated in order to detect a position of “detection and comprising means to detect a
the rotor and thereby to generate a commuta- waveform of current flowing through the motor
tion signal, said contréller comprising means to and means o detect a position of said rotor
detect a rotation frequency of said motor, 85 based on the current waveform detected by

means to compare the output signal from said

rotation frequency detecting means with a.ref-.

erence signal depending on the rotation fre-

5

said current waveforim detectmg means.
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per manent nagnets 88.

s uniformy spaced fromthe confronting stationary magnetic -pole surface
85 at every point on the rotating nagnetic pole surface 90. Under the
effect of nutual repul sion occurring between t}h8 N-poles of the two

the magnetic flux generated by the rotor 83 exits
fromthe yoke 87 via the rotating nmagnetABSTRAGIES containing therein no

dosmnity

field permanent nmagnet and enters again into the yoke 87 via the

BRUSHLESS DC MOTOR WITHOUT POSITION -:SENSOR AND ITS CONTROLLER.

. A brushless DC motor related to the first inven-
tion is characterized in that rotary pole surfaces (14,
15, 18 and 17) of rolor magnetic poles (8, 8, 10 and

"11) 2re respeclively formed on convex surface, and
the rotary pole surfaces (14, 15, 16 and 17) are
formsd so that the distance betwsen each of them
and & fixed pole surface (6) is minimized at a pre-
determined point in the circumferential direction. A
contrciler refated to the second invention is char-
acterized by restarting the motor when a commuta-
tion timing signal is mismatched with an output pat-

tern mode. A controtler. related ta tha third inventi_or_\

- . -
) . . e

FiIG.1

[

.

A AI
.. mml.l_'ul
k‘g

is characterized by comparing the motor speed with
the relerence signal to change the chopper fre-
quency in accordance with the compared value. A
controller related fo the fourth invention is character-
ized by continuously changing the chopper frequen-
¢y in accordance with the motor speed. Controllers
relzted to the fifth and sixth inventions are character-
ized by inhibiting the position of a rotor (3) from
being detected immediately after commutation to a
motor (1) in accordance with the current flowing
through the motor (1). A controller related to the
seventh invention is characterized by detecting the .
position of the rotor (3) in accordance with the
waveform of the current flowing through the motor
(1.

28
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rotating imagnetic poles cjnt aining therein the respective field permanent
magnets as shown. Consequéntly. the rotating nagnetic poles containing
therein the respective pernmanent magnets are nmagnetized in S-polarity and
the rotating nmagnetic pol-es containing therein no pernmanent nagnets are
magnetized in N-polarity. -
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4 Recently. a driving method for the position-sensorless. brushless DC
not or has been proposed. in which the counter electronotive force generated
in the stator coils as the rotor rotates is utilized instead of relying on
the position detector (Suzuki, Ogasawara, Akagi. Nani wae. Nagat ake.

Okuyama: "Construction of position-sensorless. brushless DC

2
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nmotor". reported in the 34th national neeting of JEC. Industrial
Application Goup. 1988). Wth such a driving nethod. as shown in Fig. 27.
a 120[err] voltage feed type inverter 91 is used as the main circuit and
RPM control is effected by a chopper control. Referring to Fig. 27.
reference nuneral 81 designates a notor, reference nuneral 82 designates a
stator. reference nuneral 83 designates a rotor, synmbols U V. Wdesignate

stator coils of respective 3
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phases. 'synbols Ta[err], Tb[err], Tc[err], Ta[err], Th[err], Tc[err]
designate transistors. and synbols Da[err]. Db[err]. Dc[err]. Daferr].
Do[err] Dc[err] designate feedback diodes. According to this proposal. the
counter electronotive forces e[err]. e[err]. e[err]. generated in the
respective phases and the-drive signal applied to a pair of transistors are
trially obtained in the nutual relationship as illustrated in Fig. 28. The
respective phases U V. Whave their open perigps (i.e.. a period for which
t he

FIG.4
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transi-stors are free fromapplication of the drive signal) tw ce each for

60[ err]

during a period corresponding to an el ectrical
It should be understood here that

angl e of 360[err].
5 the phase in the open state is

rteferred to hereinafter as
5]
FIG.5
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t he open phase.

starting sequence as shown in Fig. 29 is foll owed.
excited for a predetermned tinme with the drive signa
eXcitation pattern (step T31) and thereby the rotor
position corresponding to this excitation pattern (step T32).

To drive the notor according to this driving nmethod, a
Initially,
of an opti onal

t he notor

i's displaced to the

excitation pattern is changed over to the 6
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excitation pattern advanced by 120[err] (step T33) and thereby the notor is
rotated (step T34). The counter electronotive force is generated in the
stator coils as the notor is rotated. The rotating nagnetic poles are
indirectly position-detected by detecting the turned-on state of the

f eedback di odes associated with the open phases and thus the conmunication
Signal is generated (step T35). Mire spech?ically, rotati on of the rotor
causes the stator coils

FIG.7
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ta generate the counter electronotive force which causes, in turn, the
term nal voltage of each open phase to be varied. Consequently, anode
potential of the P-side feedback diodes rises to a | evel higher than

‘Ed[ err] or cathode potential of the Nside feedback di odes drops to a | evel
| ower than Ed[err] and thus the feedback diodes are tuned on. Accordingly,
the turned-on state of the diodes associated with the open phases nmay be
detected to detect the current excitation
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6 _péttefn and, inconsequence, positions of the rotating nagnetic poles are
detected. Practically, the node detector 92 as shown in Fig. 27 detects

the turned-on state of the respective diodes by conparing the reference
voltage Ed with
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the terminal voltage of each diode. The turned-on states of the diodes
associated with the open phases are detected in the proximty of 30[err]
during the open period of 60[err]. Namely. the turned-on state is detected
at a | eadi ng phase of approximately 30[err]. Accordingly, the control
circuit 93 generates the drive signal with delaying all the phases

approximately 30[err], respectively (such piqfe delaying is referred to as
phase shift), to effect the next )
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comuni‘cation and utilizes this drive signal to performthe chopper

control. However, with this position-sensorless. brushless DC notor of
prior art, the magnetic flux generated fromthe field permanent nagnets
teénds to be concentrated at points on the respective rotating nmagnetic pole
surfaces deviated fromthe circunferentially mddle points thereon in the
di.rection of rotation since the respective rotating nagnetic

FIG.11
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pol e surfaces are uniformy spaced fromthe respective stationary magnetic
pol e surfaces at every point on the respective rotating magnetic pole
surfaces. As a result. the counter electronotive force generated by the
magnetic flux will be prematurely detected with respect to the actual
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7 positions of the respective rotating nmagnetic poles and the stationary
magnetic poles will be excited earlier than a predeterm ned tim ng,
preventing the rotor frombeing snoothly rotated. In the conventi onal
posi ti on-sensorl ess. brushl ess DC notor having the yoke containing the
per manent magnets inserted therein, the field permanent magnets usually

have .
13
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substantially rectangul ar cross-sections. respectively, and the outer
magneti c pole surface of each field permanent magnet defines a relatively

| arge surface. Such configuration also has contributed to the

‘above- nenti oned devi ation of the nmagnetic flux. The conventional rotor
conprising the yoke and the field permanent magnets has encount ered anot her
.probl em concerning a strength of the yoke. ﬁ@ie specifically, the
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field permanent magnets each having a rectangul ar cross- section which is
slightly narrower than the associated rotating nmagnetic pole is inserted
into the base of this rotating nagnetic pole and. therefore. bridges of the
'yoke whi ch connect the outer end to the base of each rotating magnetic pole
containing therein the field permanent magnet have necessarily sl ender
.configuration. Wth the driving nethod of Fior art, if the counter
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el ectronotive force can be detected at first one communication based on the
starting sequence, it wll be 8 determned that a normal starting has
been achi eved and a change-over will occur fromthe open | oop to the
‘sensor| ess
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running. Therefore, the rotor is inadequately position-held and vibrates,
for exanple, when a |oad involves a torque fluctuation. Mreover, if next
one conmuni cation is perforned under a torque being generated in the
rTeverse direction. the rotor is rotated froma position other than the
desired position, so the counter electronotive,force is detected
.prematurely by an electrical angle of 60[err] 120[err] with respect to
the actual position of the rotor and change-
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over to the sensorless running occurs. upon which a predetermn ned
excitation pattern is output. However, the notor can not be normally
started and often vibrates since this exci tation pattern differs fromthe
‘intrinsic excitation pattern depending on the actual position of the rotor.
Even if the notor is vibrating, a signal representing the counter
.electronotive force is detected and if thisjsg®gnal is higher than a |evel
required for the :
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sensorless runnlng the predeterm ned excitation pattern continues to be.
output. Consequently, both the normal starting and the restarting are
i.mpossi ble. Wth the above-nentioned driving nmethod. furthernore. the
chopper fr.equency has had to be set, for a relatively wide rotation
frequency range of the notor. so that the comunication timng be free from
any affection of the ¢

FIG.19
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9 detection timng delay at the maxi numrotation frequency. For exanple. an
electrical angle of 60[err] corresponds to 0.5m sec and, therefore. the
chopper frequency is set to a level as high as in order of 10 kHz. However,
such high chopper frequency- di sadvantageously results in an increased
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switching loss of the inverter and a significant heat generation fromthe
inverter elements. In addition. the above-nentioned driving method has
encountered further another problemthat the electric energy accunulated in
the stator coils is emtted inmediately after transfer fromthe energized
state to the deenergi zed state and consequently a voltage appears in the
open phase. The tine period for which the electric energy is emtted

depends 91
FIG.217
67
72
—
68 ROM|  [RAM| |
| Z (==Y |{ 75
74] | 7 =L 70|
ni A/D converter f4——-=sl CPU 1 j
1nput ——N_.o! output
terminal , EE?; terminal
7?91} i Hi it -
input

terminal

\ \\\ \\ ﬁ”“"



on the'value of current flowi ng through the stator coils and the |oad
exerted on the notor. The notor is not rotated during em ssion of such
el ectric energy. because no precise position information of the pernanent
‘magnet rotor can be obtained unless the detection of the counter

el ectronotive force is inhibited. Finally, the abovea tjgQed driving
.met hod is acconpanied with further additﬁ%dhl problggﬁggdéggning t he

C start. )

> T21

synchronized |
- running

[22

Has SN
the time period t
glapsed ?

723

Has feed beeh
started 7

VES

T24

current waveform
is picked up.

Has feed mode beén
switched 7

NO
: T29
Feed timing is Feed timing is
advanced . delayed
=
This Sheet Has Been Replaced




detecti'on of the relative position of the stator coils and the permanent
nagnet rotor. More specifically. the counter electronotive force appearing

in the stator coils being not fed (hereinafter referred to as open phases)
‘is detected and 10
| 23

FIG.23
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t heteby the relative position of the stator coils and the permanent nmagnets
is detected according to the driving nethod. However, if the counter

el ectronotive force appearing in the open phases nonlinearly varies, no
- precise detection of the relative position will be achieved. Accordingly,

it is an object of the i'nvention to provide a brushless DC notor w thout
_position sensor allowing the rotating nagngjhc poles to be precisely

FIG.24
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positi én-detected and having an adequate structural

strengt h.

Thi s obj ect

irs solved by a brushless DC notor w thout position sensor conprising a)

st at or fixed inside a notor body and a rotor

| ocated i nside said

st at or and rotatably supported by said notor body via a rotatable

shaft; b) said stator

.magnetic pol es

i nner

o

having a plurality of prolected stationary

end surfaces

f.). 'y

FIG.25
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of said stationary magnetic poles | yi ng substantially at equal

di stances from said rotatable shaft on a circunferential surface; c)
_said rotor having even-nunbered rotating nagnetic poles, and outer end
surfaces of said rotating magnetic poles having alternately different
polarities in the circunferential di rectiogé)f the rotor,;
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10& ‘d) " each of said outer end surfaces bei ng arranged opposed to several
ends of said stationary magnetic pole surfaces at a slight distance
(d[err],d[err],d[err]) therefrom

FIG.27
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e)’ said outer end surfaces having a mninum di stance (d[err]) at a
predeterm ned point in a distance fromsaid stationary nagnetic pole
surfaces and having greater distances (dl,d2) in the rotating direction and
“counter-rotating direction; f) field permanent magnets bei ng

i nserted between said rotating magnetic pol e2&nd said rotating shaft

i'n parallel to the rotating :
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bei ng i nterposed

each of said field permanent nagnets

es sl anted,

FIG.29

(: start :)
¢

such that the outer
surface of the respect1ve field permanent nagpﬁg
L.

excitation with
a given pattern
for predetermined

32

period
!

lopen loop control

rotor is displgce&
and position-fixed
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&.

commutation

T34 \

rotor is

rotated

T35

v

“commutation signal

is generated

V

\MMMV

magneti c pol e
di rected outside

:sensorless drive

and wherein said field permanent nmagnets are |ying opposed in
to each other with the rotating shaft
and g)

havi ng



said spationary nmagnetic pol es I's small er than the inner magng} hc-pol e
surfa¢% thereof directed inside towards said rotating shaft Fur%

.advant ageous: enbodi ments and i nprovenents of the |nvent|on ey 9
from t he,dependent cl ai ns. Date:

e taken
: -1-

SPECIFICATION:
Bsushless DC motor without position sensor and its

6ontroi1er

Technééal Field:

The present invention relates to a brushless DC motor
without position sensor utilizing'a counter electromotive
force generated in coils wound on a stator as a rotor is
rotated to position-detect mégnetic péles of the rotor. and
mére particularly to a brushless DC motor without position
sen#or having the rotor configured so that respective
rotating magnetic pole sﬁrfaces of the rotor come most
closel} ad jacent to inner end surfaces of the stator’s
respective magnetic poles at predetermined circumferentigl
proints on the respective rotating magnetic pole surfaces and
thereby positions of the rotor's respective poles. The
present invention further relates to various controllers
serving for drive control of such a brushless DC motor

without position sensor.

Prior Art:

Recently. the bhrushless DC motor has been used in
various apparatus and equipment in view of its high
efficiency and controllability. The brushless DC motor has

the substantially same construction as the synchronous

&

motor, so the position detector such as' . the Hall eiement'has
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10b Such a brushl ess DC-notor w thout position sensor can advant ageously be
driven by a controller adapted, even when the notor can not be nornally
rotated, for exanple, due to a vibration in starting, to return to the
start of an open | oop, so an open |oop control can be restarted to repeat

t he position fixation of the rotor o

been necessary to detect a position of the rotor in driving.
However., the space occupied by such a position detector has
become a serious problem with the progress of
miniaturization and has come to the front as an important
factor which obstructs a desired miniaturization of the
motor. To solve such a problem, so-called position-
sensorless. brushless DC motor has been developed recently
and already been put in practical use.

Fig. 26 is a fragmentary sectional view showing a
conventional brushless DC motor without position sensor in
an enlarged scale. Such a position-sensorless. brushless DC
motor 81 of prior art comprises a stator 82 and a rotor 83.
The stator 82 surrounds the rotor 83 rotatably supported by
a rotatable shaft 86 and includes a piurality of stationary
magnetic poles 84 projecting inward. The respective
stationary magnetic poles 84 carry coils U, V., W (not shown)
wound thereon. The stationary magnetic poles 84 are
magnetized in a predetermined polarity as current flows
through the coils U. V., W, Stationary magnetic pole
surfaces 85 defined by the inner end surface of the
respective stationary magnetic poles 84 lie at equal
distances from the center of the rotatable shaft 86 along a
cylindrical surface.

The rotor 83, on the other hand, .comprises a yoke 87
formed from a plurality of silicon steel sheeis laminated
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sunti l

the normal rotation is achieved. The brushl ess DC-notor may al so be
jadvant ageously driven by a controll er adapted to change over the chopper
frequency continuously depending on the rotation frequency of the

-3 -

integrally and a pair of field permanent magnets 88. The
yoke 87 is provided along its outer periphery with four
rotating magnetic poles 89 projecting outward and these
rotating magnetic poles 89 are-alternately provided in their
bases with the field permanent magnets 88 inserted therein
with the N-poles of these magnets 88 being arranged face to
face. Respective rotating magnetic pole surfaces 90 defined
by the outer end surfaces of the respective rotating
magnetic poles 89 lie at equal distances from the center of
the rotatable shaft 86 so as to form curved surfaces.
respectively. so that each rotating magnetic pole surface 90
is uniformly spaced from the confronting stationary magnetic
role surface 85 at every point on the rotating magnetic pole
surface 90. )

Under the effect of mutual repulsion occurring between
the N-poles of the two permanent magnets 88, the magnetic
flux generated by the rotor 83 exits from the yoke 87 via
the rotating magnetic poles containing therein no field
rermanent magnet and enters again into the yoke 87 via the
rotating magneiig poles containing therein the respective
field permanent magnets as shown. Consequently. the

rotating magnetic poles containing therein the respective

_permanent magnets are magnetized in'S-polarity and the

rotating magnetic poles containing therein no permanent

magnets are magnetized in N-polarity.

S

e
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nmot or and thereby to mininmze a switching loss of the inverter. The
brushl ess DC-notor can al so be driven by a controller adapted to be able to
detect the counter electronotive force precisely even if the rotation
frequency and/or |oad of the notor fluctuate. Furthernore the brushless
-notor can be controlled by a control system adapted to detect the
wavef orns of current
Recently, a driving method for the position—sensorless.
brushless DC motor has been proposed, in which the counter
electromotive force generated in the stator coils as the
rotor rotates is utilized instéad of relying on the position
detector (Suzuki. Ogasawara. Akagi, Naniwae, Nagatake,
Okuyama: "Construction of position—-sensorless. brushless DC
motor”, reported in the 34th national meeting of JEC,
Industrial Application Group, 1988). With such a driving
method, as shown in Fig. 27. a 1200 voltage feed type
inverter 91 is used as the main circuit and RPM control is
effected by a chopper control. Referring to Fig. 27.
reference numeral 81 designates a motor. reference numeral
82 designates a stator. reference numeral 83 designates a
rotor, symbols U, V. W designate stator coils of respective
phases. symbols Ta®, Tb*. Tc*. Ta~. Tb~. Tc~ designate
transistors. and symbols Da*, Db*, Dc*. Da~, Db~. Dc~
designate feedback diodes. According to this proposal, the
counter electromotive forces e,. ep. e.. generated in the
respective phases and the drive signal applied to a pair of
transistors are trially obtained in the mutual relationship
as illustrated in Fig. 28. The respective phases U. V., W
have their open periods (i.e., a period for which the
transistors are free from app11cat10n of the drive signal)
twice each for 60° during a period correspondlng to an

electrical angle of 3600. It.should be understood here that
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flowi ng through the DC brushl ess notor and thereby to achieve a stable
position detection of the permanent nmagnet rotor even if the counter
el ectronotive force appearing in the open phases nonlinearly vari es.
Di scl osure of the Invention: A first aspect of the invention can be seen in
a "brushl ess DC notor without posi tigngsensor conprising a stator fixed
inside a notor frame and a rotor surrounded
the phase in the open state is referred to hereinafter as
the open phase.
To drive the motor according to this driving method. a
starting sequence as shown in Fig. 29 is followed.
Initially, the motor is excited foﬁ a predetermined time
with the drive signal of an optional excitation pattern
(step T31) and thereby the rotor is displaced to the
position corresbonding to this excitation pattern (step
T32). Then. the excitation pattern is changed over to the
excitation pattern advancéd by 120° (step T33) and thereby
the motor is rotated (step T34). The counter electromotive
force is generated in the stator coils as the motor is
rotated. The rotating magnetic poles are indirectly
position—-detected by detecting the turned—on state of the
feedback diodes associated with the open phases and thus the
communication signal is generated (step T35). More
specifically. rotation of the rotor causes the stator coils
to generate the counter electromotive force which causes, in
turn. the terminal voltage of each open phase to be varied.
Consequently. anode potential of the P-side feedback diodes
rises to a level higher than Ed* or cathode potential of the
N-side feedback diodes drops to a level lower than Ed~ and
thus the feedback diodes are tuned on. Accordingly. the

turned-on state of the diodes associated with the open

phases may be detected to detect the current excitation

et
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by the stdator and rotatably supported by the notor franme through the aid of
a rotatable shaft, the stator having a plurality of stationary magnetic
pol es projecting inward, inner end surfaces of the stationary nagnet pol es
deflnlng stationary magnetic pole surfaces lying substantially at equal

di §tances fromthe rotatable shaft along a cylindrical surface, the rotor

-6 -

pattern and, in consequence. positions of the rotating
magnetic poles are detected. Practically. the mode detector
92 as shown in Fig. 27 detects the turned-on state of the
respective ‘diodes by comparing the reference voltage Ed with
the terminal voltage of each diode.

The turned-on states of the diodes associated with the
open phases are detected in the proximity of 30° during the
open period of 60°. Namely, the turned-on state is detected
at a leading phase of approximately 30°. Accordingly. the
control circuit 93 genefates the drive signal with delaying
all the phases approximately 309, respectively (such phase
delaying is referred to as phase shift), to effect the next
communication and utilizes this drive signal to perform the
chopper control. |

However. with this position-sensorless. brushless DC
motor of prior art. the magnetic flux generated from the
field permanent magnets tends to be concentrated at points
on the respective rotating magnetic pole surfaces deviated
from the circumferentially middle points thereon in the
direction of rotation since the respective rfotating magnetic
pole surfaces are uniformly spaced from the respective
stationary magnetic pole surfaces at every point on the
respective rotating magnetic pole surfaces. As a result,
the counter electromotive force generated by the magnetic

flux will be prematurely detected with respect to the actual

e ————
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12 having-a plurality of rotating magnetic poles projecting outward, outer
end surfaces of the rotating magnetic poles defining rotating nagnetic pole
surfaces which are magneti zed alternately in different polarities in the
circunferential direction of the rotor and opposed to the

1 1
-7 -

positions of the respective rotating magnetic poles and the
stationary magnetic poles will be excited earlier than a
predetermined timing. preventing the rotor from being
smoothly rotated.

In the conventional position-sensorless, brushless DC
motor having the yoke containing the permanent magnets
inserted therein. the field permanent magnets usually have
substantially rectangular cross-sections., respectively. and
the outer magnetic pole surface of each field permanent
magnet defines a relatively large surface. Such
configuration also has contributed to the above-mentioned
deviation of the magnetic flux.

The conventional rotor comprising the yoke and the
field permanent magnets has encountered another problem
concerning a strength of the yoke. MSre specifically. the
field permanent magnets each having a rectanéular cross-
section which is slightly narrower than the associated
rotating magnetic pole is inserted into the base of this

rotating magnetic pole and. therefore, bridges of the yoke

which connect the outer end to the base of each rotating
magnetic pole containing therein the field permanent magnet
have necessarily slender configuration.

With the driving method_of prior art. if the counter
electromotive force can be detected at first one

communication based on the starting sequence, it will be
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stationary magnetic pole surfaces at a slight distance therefrom wherein
eaeh of the rotating magnetic pole surfaces presents a curved surface
swel ling outward and is nost closely adjacent to the corresponding
stationary magnetic pole surface at a given circunferential point.
Préferably, the rotor conprises a yoke and field permanent nagnets. the
yoke havi ng an even nunber of rotating magnetic poles projecting radially
out ward, of -

determined that a normal starting has been achieved and a
change-over will occur from the open loop to the sensorless
running. Therefore, the rotor is inadequately position-held
and vibrates. for example. when a load involves a torgque
fluctuation. Moreover, if next one communication is
performed under a torque being generated in the reverse
direction. the rotér is rotated from a position other than
the desired position, so the counter electromotive force is
detected prematurely by an electrical angle of 60° or 120°
with respect to the actual position of the rotor and change-
over to the sensorless funning occurs, upon which a
predetermined excitation pattern is output. However. the
motor can not be normally started and often vibrates since
this excitation pattern differs from the intrinsic
excitation pattern depending on the actual position of the
rotor. Even if the motor is vibrating. a signal
representing the counter electromotive force is detected
and, if this signal is higher than a level required for the
sensorless running. the predetermined excitation pattern
continues to be output. Consequently. both the normal
starting and the restarting are impossible.

With the above—mentioned driving method, furthermore.
the chopper frequency has had to be set, for a relatively
wide rotation frequency range of the motor. so that the

communication timing be free from any affection of the
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whi ch the bases are alternately provided with the field permanent magnets
inserted thereinto in parallel to the rotatable shaft wth the nmagnetic
pol es of the respective pernanent magnets bei ng opposed to the rotatable

shaft,

and opposite lateral sides of the respective nagnets being slanted

so that the respective nagnets have their outer nmagnetic pole surfaces
provided with relatively small surface qreas.

detection timing delay at the maximum rotation frequency.
For example, an electrical angle of 60° corresponds to
0.5m/sec and. therefore. the chopper frequency is set to a
level as high as in order of 10 kHz. However., such high
chopper frequency disadvantageously results in an increased
switching loss of the inverter and a significant heat
generation from the inverter elements.

In addition. the above-mentioned driving method has
encountered further another problem that the electric energy
accumulated in the stator coils is emitted immediately after
transfer from the energized state to the deenergized state
and consequently a voltage appears in the open phase. The
time period for which the electric energy is emitted depends
on the value of current flowing through the stator coils and
the load exerted on the motor. The motor is not rotated
during emission of such electric energy. because no precise
position information of the permanent magnet rotor can be
obtained unless the detection of the counter electromotive
force is inhibited.

Finally. the above-mentioned driving method is
accompanied with further additional problem concerning the
detection of the relative position of the stator coils and
the permanent magnet rotor. More specifically. the counter
electromotive force appearing in the stator coils being not

fed (hereinafter referred to as open phases) is detected and

e — This is the replacement sheet
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A controlter, that can be used for driving the inventive brushless DC notor

wt.hout position sensor utillizes turned-on states of feedback diodes, the
controller conprising: an output pattern node generator, 13
- 10 -

thereby the relative position of thé stator coils and the
rermanent magnets is detected according to the driving
method. However. if the counter electromotive force
aprearing in the open phases nonlinearly varies., no precise
detection of the relative position will be achieved.

Accordingly. it is an object of the invention to
provide a brushless DC motor_without position sensor
allowing the rotating magnetic poles to be precisely
position-detected by configuring the rotating magnetic pole
surfaces so that the magnetic flux generated from the field
rpermanent magnets may always be concentrated to
predetermined positions on the respective rotating magnetic
poles.

It is also an objecé of the invention to provide a
brushless DC motor without position sensor of which a rotor
comprises a yoke and field permanent magnets, and which not
only achieves the object set forth just above but also has
an adequate structural strength.

It is also an object of the invention to provide a
controller adapted. even when the motor can not be normally
rotated, for example. due to a vibration in starting. to
return to the start of an open loop. so.an open loop control
can be restarted to repeaf the position fixation of the
rotor until the normal rotation is achieved.

It is also an object of the invention to provide a

o ——
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a commutation timng signal generator and a coi ncidence detector serving to
detect a coincidence of the signals generated fromthe output pattern node
generator and the comrutation timng signal generator, respectively,
wherein. when the output of the detector indicates no coincidence, a notor
drive output is stopped once and then starting is repeated. Another
controller for the inventive brushledd BC

controller adapted to change over the chopper frequency
continuously depending on the rotation frequency of the
motor and thereby to minimize a switching loss of the
inverter.

It is also an object of the invention to provide a
controller adapted to be able to detect the counter
electromotive force precisely even if the rotation frequency
and/or lﬁad of the motor fluctuate.

It is also an object of the invention to provide a
control system adapted to detect the waveforms of current
flowing through the DC brushless motor and thereby to
achieve a stable position detection of the permanent magnet
rotor even if the counter electromotive force appearing in

the open phases nonlinearly varies.

Disclosure of the Invention:

To achieve the objects set forth above, the first
aspect of the invention resides in a brushless DC motor
without position sensor comprising a stator fixed inside a
motor frame and a rotor surrounded by the stator and
rotatably supporééd by the motor frame through the aid of a
rotatable shaft, the stator having a plurality of stationary
magnetic poles projecting inward, inner end surfaces of the
stationary magnet poles defining stationary magnetic pole

surfaces lying substantially at equal distances from the

rotatable shaft along a cylindrical surface, the rotor

' t
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notor wi thout position sensor utilizes turned-on states of feedback di odes
and provided with a chopper control adapted for
rotation-frequency-adjustably driving the brushless DC notor, the
controller conprising : notor's rotation frequency detector nmeans and
conpar at or nmeans serving to conpare the output signal of the detector neans
with a reference signal depending on the rotation frequency of the notor,
wherein a chopper frequency is - 12 -

having a plurality of rotating magnetic poles projecting
outward. outer end surfaces of the rotating magnetic poles
defining rotating magnetic pole surfaces which are
magnetized alternately in different polarities in the
circumferential direction of the rotor and opposed to the
stationary magnetic pole surfaces at a slight distance
therefrom, wherein each of the rotating magnetic pole
surfaces presents a curved surface swelling outward and is
. most closely adjacent to the cor;esponding stationary

magnetic pole surface at a given circumferential point.

Preferably, the rotor comprises a yoke and field
permanent magnets. the yoke having an even number of
rotating magnetic poles projecting radially outward. of
which the bases are alternately provided with the field
permanent magnets inserted thereinto in parallel to the
rotatable shaft with the magnetic poles of the respective
rermanent magnets being opposed to the rotatable shaft, and
opposite lateral sides of the respective magnets being
slanted so that the respective magnets have their outer
magnetic pole su;faces provided with relatively small
surface areas.

The second aspect of the invention resides in a
controller for the brushless DC motor without position
sensor utilizing turned-on stateslof feedback diodes, the

control system comprising an output rattern mode generator,
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changed based on the output signal of the conmparator. Still . another
controller for use with the inventive brushless DC notor w thout position
sensor utilizes turned-on states of feedback di odes and provided with a
chopper control adapted for rotation-frequency-adjustably driving the
brushl ess DC notor, the controller conprising : a circuit adapted to
generate the nunber of pul ses proquagqpal to the rotation frequency of
a commutation timing signal generator and a coincidence
detector serving to detect a coincidence of the signals
generated from the output éattern mode generator and the
commutation timing signal generator, respectively, wherein,
when the output of the detector indicates no coincidence, é
motor drive output is stopped once and then starting is
repeated.
The third aspect of the invention resides in a
controller for the brushless DC motor without position
sensor utilizing turned-on states of feedback diodes and
provided with a chopper control adapted for rotation-
frequency-adjust#bly driving the brushless DC motor, the
controller comprising motor's rotation frequency detector
means and comparator means serving to~comparé the output
signal of the detector means with a reference signal

depending on the rotation frequency of the motor. wherein a

chopper frequency is changed based on the output signal of

the comparator.

The fourth aspect of the invention resides in a
controller for the brushless DC motor without position
sensor utilizing turned-on states of feedback diodes and
provided with a chopper control adapted for rotation-
frequency-adjustably driving the brushless DC motor., the

controller comprising a circuit adapted to generate the

number of pulses proportional to the rotation frequency of
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14 the notor and an F/V converter adapted to generate voltage proportional
to’ the nunber of pul ses. wherein a chopper frequency is continuously
changed based on the output of the F/V converter.

— 14 -

the motor and an F/V converter adapted to generate voltage
proportional to the number of pulses, wherein a chopper
frequency is continuously changed based on the output of the
F/V converter.

Tﬁe fifth aspect of the invention resides in é
controller for the brushless DC motor without position
sensor, the controller comprising means serving to detect
current flowing through the motor and means serving to
inhibit detection of the counter electromotive force
immediately after commutation.

The sixth aspect of the invention resides in a
controller for the brushless DC motor without position
sensor, the controller comprising means serving to detect
the rotation frequency of the motor and means to inhibit
detection of the counter electromotive force immediately
after commutation.

The seventh aspect of the invention resides in a
controller for the brushless DC motor without position
sensor. the controller cémprising means serving to detect
waveforms of current flowing through the brushless DC motor
and means serving to position-detect the permanent magnet

rotor based on the waveforms of current.

Brief Description of the DraWings:

Fig. 1 is a circuit diagram showing circuit components
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A controller usable wth the inventive brushless DC notor w thout position
sensor, conprises nmeans serving to detect current flow ng through
the notor and neans serving to inhibit detection of the counter

el ectronotive force inmedi ately after comutation. Such a controller for

t he i nventive brushless DC notor w thout position sensor, can also conprise
means serving to detect the rotationsfrequency of the notor and neans

of a brushless DC motor without ﬁosition sensor such as an
inverter in the first embodiment of the invention;

Fig. 2 is a sectional view of the brushless DC motor
without position sensor taken transversely of an axis
thereof;

Fig. 3 is a block diagram of a control circuit in the
second embodiment of the invention:

Fig. 4 is a circuit diagram showing an example of a
pattern coincidence detector;

Fig. 5 is a timing chart illustrating a mutual
relationship of various signals appeariné in the control
circuit;

Fig. 6 is a diagram illustrating a mutual relationship
of output pattern mode. excitation mode and commutation
timing detection phase: -

Fig. 7 is a flow chart of a starting sequence;

Fig. 8 is a block diagram of the control circuit in the
third embodiment of the invention;

Fig. 9 is a block diagram of the control circuit in the
fourth embodiment of the invention;

Fig. 10 is a circuit diagram showing a connection from
an F/V converter to an oscillator:

Fig. 11 is a waveform diagram illustrating predominant
waveforms appearing in the F/V converter and the oscillator.

respectively;
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to inhibit detection of the counter electronotive force immedi ately after
corhut ati on. The controller that can be used with the inventive brushl ess
DC notor without position can al so conprise neans serving to detect
waveforms of current flowi ng through the brushless DC notor and neans
serving to position-detect the pernanent magnet rotor based on the
wavefornms of current. 16 -

Fig. 12 is a block diagram of the control circuit in
the fifth embodiment of the invention:

Fig. 13.is a circuit diagram of a counter electromotive
force detector;

Fig. 14 is a signal waveform diagram for the counter
electromotive force detector:

Fig. 15 is a graphic diagram illustrating a
relationship between current value and electric energy
emission time period:

e Fig. 16 is a circuit diagram of a detection inhibitor;

Fig. 17 is a signal waveform diagram for the detection
inhibitor;

"Fig. 18 is a block diagram of the control circuit in
the sixth embodiment of the invention;

Fig. 19 is a graphic diagram ilfustrating a
relationship between rotation frequency and electric energy
emission time period;

Fig. 20 is a block diagram of the control circuit in
the seventh embodiment of the invention;

Fig. 21 is a block diagram of a rotor position
detector;

Fig. 22 is a flow chart of rdtor position detection;

Figs. 23, 24 and 25 are waveform diagrams illustrating
current waveforms as function of feed timing, respectively:

Fig. 26 is a sectional view showing a brushless DC
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Brief Description of the Drawings: Fig. 1 is a circuit diagram show ng

ci kcuit conponents of a brushless DC notor w thout position sensor such
as an inverter in the enbodi mrent of the invention: Fig. 2 is a sectional

vi ew of the brushless DC notor

- 17 -
motor without position sensor of prior art as halved:

Fig. 27 is a circuit diagram of an inverter used in a
motor of prior art;

Fig. 28 is a diagram illustrating a relationship
between counter electromotive force and driving signal in a
motor of prior art; and

Fig. 29 is a flow chart illustrating a starting

sequence for a motor of prior art.

Preferred Embodiments of the Invention:

Initially. the first embodiment will be described with
‘reference to Figs. 1 and 2.

Referring to Fig. 1. there is shown a general
arrangement of a drive control system for the brushless DC
motor without position sensor.

The drive control system for the brushless DC motor
without position sensor. in addition to the brushless DC
motor without position sensor i itself, a power supply 21,
an inverter 22 having charge of chopper control, a mode
detector 23 utilizing a counter electromotive force to
detect the position of a rotor 3 and a control circuit 24
serving to control the inverter 22. The brushless DC motor
without position sensor 1 comprises a stator 2 and the rotor
3. The brushless DC motor without position sensor 1 in this

embodiment is of three-phase inverter driven type and

reference symbols U, V., W designate respective coils wound

[
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Wi t hout position sensor taken transversely of an axis thereof; Fig. 3 is a
bl,ock diagramof a control circuit shown in Fig. 1; Fig. 4 is a circuit

di agram showi ng an exanple of a pattern coincidence detector: Fig. 5is a
timng chart illustrating a nutual relationship of various signals
appearing in the control

- 18 -

on the stator 2. Refgrence symbol Vn design;tes voltage

across U. V, W and this voltage is generated selectively

across two of these three coils U. V. W upon switching of
the inverter 22.

The power supply 21 is in a state ready to supply
rectified current. Reference symbol Ed (and Ed*. Ed™)
designates an electromotive force. The inverter 22
comprises feedback diodes Da*, Db*, Dc*. Da~, Db~, Dc~ and
transistors Ta*, Tb*, Tec*., Ta~, Tb~. Tc~.

The respective system components operate, as will be
described. in rotationally driving the brushless DC motor
without position sensor.

The inverter 22 comprises P-side transistors Ta*. Tb*,
Tc* to which the feedback diodes Da*,  Db*, Dc* are
connected, respectively, and N-side transistors Ta™. Tb™, Tc™
to which the feedback diodes Da™, Db™, Dc™ are connected,.
respectively. Under chopper control by a set of P-side
transistor and N-side transistor, two of the three-phase

coils are selectively supplied in succession with three-
phase direct current to generate magnetic field by which the
rotor is rotationally driven. More specifically, output
mode patterns of the driving signal are preset to 5 through
0 in accordance with excitation patterns required to

maintain normal rotation of the motor 1. as will be

described later with reference to Fig. 6, and the motor 1 is
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circuit: Fig. 6 is a diagramillustrating a nutual relationship of output
pattern node, excitation node and commutation timng detection phase; Fig.
7 is aflowchart of a starting sequence; Fig. 8 is a bl ock diagram of
details of another control circuit shown in Fig . 1 Fig. 9 is a block
di-agram of details of still
- 19 -
rotationally driven under effect of commutation sequenced by
a relationship between the respective excitation patterns,
on one hand. and commutation timing detection phases and
turned-on diodes, on the other hand. The mode detector 23
is connected to the inverter 22 and detects the turned-on
states of the respective feedback diodes included by the
inverter 22 bhased on the counter electromotive force
generated in the respective coils of the motor 1. The
control circuit 24 detects the commutation timing of the
respective coils U, V. W based on the detection signal from
the mode detector 23 and outputs the driving signal to each
transistor of the inverter 22 do that a well timed
commutation may occur to the respective coils U, V, W. The
chopper control is effected in the inverter 22. Based on
the driving signal. the inverter 22 repeats the operation as
mentioned above. Such repeated operation causes the rotor 3
to be continuously driven.
The stator 2 and the rotor 3 of the brushless DC motor
without position sensor conStituting an important part of
this embodiment will be described more in detail. Fig. 2
shows the brushless DC motor without position sensor of this
embodiment in an enlarged sectional view taken transversely
of the rotation axis thereof.
The stator 2 surrounds the rotor 3 and has twenty four

stationary magnetic poles 5 projecting inward. Though not

num\\lﬁxfﬁfi‘\i\‘ﬂ e

Date:



anot her control circuit shown in Fig. 1 Fig. 10 is a circuit diagram
showi ng a connection froman F/V converter to an oscillator: Fig. 11 is a
wavef orm diagramillustrating predom nant wavefornms appearing in the F/V
converter and the oscillator. respectively:

- 20 -
shown, these stationary magnetic poles 5 carry coils wound
thereon. Stationary magnetic pole surfaces 6 defined by
inner ends surfaces of the respective stationary magnetic
poles 5 lie at equal distances from the center of a
rotatable shaft 4 in conformity with an imaginary
cylindrical surface.

The rotor 3 is rotatably supported by the rotatable
shaft 4 and includes a yoke 7 comprising a plurality of
integrally laminated silicon steel sheets. The yoke 7 has
along its outer reriphery four rotating magnetic poles 8, 9.
10. 11 projecting radially outward. A pair of field
permanent magnets 12. 13 are inserted into bases of the
rotating magnetic poles 8, 10, respectively. in parallel to
the rotatable shaft 4 with N-poles of these field permanent
magnets 12, 13 being positioned face to face. Consequently,
the N-poles of the field permanent magnets 12. 13 repulse
each other and magnetic flux generated therefrom defines a
magnetic path as illustrated by Fig. 2. Specifically, the
magnetic flux from the yoke 7 after having passed through
the rotating maggetic poles 9. 11 and then enters the yoke
again through the rotating magnetic poles 8. 10. Thus. the
rotating magnetic poles 8, 10 are magnetized as S-poles

while the rotating magnetic poles 9, 11 are magnetized as N-

roles.

The rotating magnetic pole surfaces 14, 15. 16. 17 on
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16 Fig. 12 is a block diagram of details of yet another control circuit
usable in Fig. 1; Fig. 13 is a circuit diagramof a counter electronotive
force detector: Fig. 14 is a signal waveformdiagramfor the counter

el ectronotive force detector;

- 21 -,
the outer ends of the respective rotating magnetic poles 8,
9, 10. 11 define curved surfaces swelling radially outward.
respectively. In the instant case, circularly curved
surfaces defined by the respective rotating magnetic pole
surfaces 14, 15. 16. 17 have a curvature larger than that of
the imaginary cylindrical surface on which the stationary
magnetic pole surfaces 6 lie. In other words., the rotating
magnetic pole surfaces 14, 15, 16, 17 are most closely
adjacent to the stationary magnetic pole surfaces 6 at
circumferential middle points of the respective rotating
magnetic pole surfaces.

The magnetic flux generated from the field permanent
magnets 12, 13 is concentrated on the circumferentially
middle points at which the rotating magnetic pole surfaces
are most closely adjacent to the stationary magnetic pole
surfaces. Such phenomenon will be explained more in detail
in connection with the rotating magnetic pole surface 14.

A distance from the circumferentially middle point of
the rotating magnetic pole surface 14 to the corresponding
stationary magnetic pole P2 is designated here by do and
distances from the stationary magnetic.poles Pl, P3 adjacent
the stationary magnetic pole P2 to the rotating magnetic
pole surface 14 are designated by dl and d2. respectively.

Thé distance do is smaller than both the distance dl and the

distance d2 and. in consequence, the magnetic flux generated

Has Been Replaced ‘s is the replacement sheet

"R

Date:



Fig. 15 is a graphic diagramillustrating a relationship between current
val ue and el ectric energy emssion tinme period: Fig. 16 is a circuit

di agramof a detection inhibitor: Fig. 17 is a signal waveform di agram for
the detection inhibitor; Fig. 18. is a block diagramof details of another
control circuit shown in Fig 1;

- 22 -
from the field permanent magnet 12 reaches the rotating
magnetic pole surface 14 mostly via the stationary magnetic
pole P2 and thereby a counter electromotive force generated
by the rotating magnetic pole surface 14 is concentrated to
the stationary magnetic pole P2. This is true also for the
other rotating magnetic pole surfaces 15, 16. 17.

In this way. the rotor 3 having the above-mentioned
circularly curved rotating magnetic pole surfaces normally
generatés the counter electromotive force mostly from the
circumferentially middle points of the respective rotating I
magnetic polé surface so that an erroneous position
detection of the rotating magnetic poles may be reliably
avoided.

As shown, the field permanent magnets 12, 13 in the
instant case are configured to have opposite lateral sides
slanted so that its S~pole side may have a surface area
smaller than that of its N-pole side. Thus. the magnetic
flux generated from the permanent magnets is concentrated at
circumferentially middle points of their S-pole surfaces and
accordingly at circumferentially middle points of the
rotating magnetic pole surfaces 14, 16. Bridges 18 defined
at the opposite lateral sides of the respective field
rermanent magnets 12, 13 haﬁe relatively large width over

most of their extents, since the opposite lateral sides are

slanted. With a consequence., the yoke 7 has a relatively

\\
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Fig. 19 is a graphic diagramillustrating a relationship between rotation
frequency and electric energy emssion tinme period: Fig. 20 is a block

di agram of details of another control circuit usable in Fig. 1 Fig. 21 is a
bl ock diagram of a rotor position detector; Fig. 22 is a flow chart of
rotor position detection:

- 23 -

high strength such that the yoke 7 might not easily deformed
even when an unexpected external force is exerted on the
rotating magnetic pole surfaces 14, 16.

While the invention has been described on the basis of
the specific embodiment having the circularly curved
rotating magnetic pole surfaces each defined by a curvature
radius smaller than that defining the stationary magnetic
role surfaces, the curvature of each rotating magnetic pole
surface is not limited to the circular arc and any other
curvatures, for example. a parabolic curvature as viewed
transversely of the rotatable shaft may be employed as far
as each rotating magnetic pole surface is so configured to
be most spaced from the stationary magnetic pole surface at
the circumferentially opposite ends and most closely
adjacent thereto at the circumferentially middle point of
the rotating magnetic pole surface. The similar effect will
be obtained glso when each rotating magnetic pole surface is
configured so as to most spaced from the stationary magnetic
pole surface only at one end in the direction of its
rotation and most closely adjacent thereto at the
circumferenfially middle point.

While the invention has been described heretofore on
the basis of the specific embodiment having on the outer

periphery of the yoke four rotating magnetic poles which

are, in turn, alternately provided with the field permanent
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Figs. 23. 24 and 25 are waveformdiagrans illustrating current wavefornms as
function of feed timng, respectively; Fig. 26 is a sectional view show ng
a brushl ess DC 17 nmotor without position sensor of prior art as hal ved:

- 24 -

magnets inserted thereinto, the rotor is not limited to such
construction but may have any even number of rotating
magnetic poles and a field permanent magnet may be inserted
into each of them. Instead of inserting fhe field permanent
magnets into the yoke, it is also possible to form field
rermanent magnets each having the rotating magnetic pole
surface of the above-mentioned configuration and then to
bond them onto the outer periphery of the rotatable shaft.
As will be apparent from the foregoing description. in
accordance with the first embodiment of the invention, the
rotating magnetic pole surfaces of the rotor present the
curvature swelling radially outward so that each rotating
magnetic pole surface is most closely adjacent to the
stationary magnetic pole surface at a given point on the
rotating magnetic pole surface and, accordingly. the counter
electromotive force is concentrated at the point. In this
manner. this embodiment provides a brushless DC motor
without position sensor characterized by that the position
of each rotating magnetic pole can be precisely detected.
According to this embodiment, the yoke is provided along its
outer periphery with even number of the rotating magnetic
poles projecting radially outward. these rotating magnetic
poles being provided in their bases with the field permanent
magnets inserted thereinto in parallél to the rotatable

shaft, and the opposite lateral sides of each field
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Fig. 27 is a circuit diagramof an inverter used in a notor of prior art:

Fig. 28 is a diagramillustrating a relationship between counter
el ectronotive force and driving signal in a notor of prior art: and Fig. 29
is a flowchart illustrating a starting sequence for a notor of prior art.

Preferred Enbodi nents of the Invention:
- 25 -

permanent magnet are slanted so that the outer magnetic pole
surface of the magnet is smaller than its inner magnetic
pole surface. Consequently. the magnetic flux generated
from the field permanent magnets is concentrated at the
circumferentially middle point of each rotating magnetic
pole., on one hand. and it is possible to provide the yoke
with the adequately wide bridges and to obtain the yoke
having a strength sufficiently high to resist the unexpected
external force exerted thereon.

Now. the second embodiment of the ‘invention will be
described with reference to Figs. 3 through 7.

Fig. 3 is a block diagram of a control system
constructed according to the invention. A mode detector 23
compares a reference voltage Ed kand Ed*., Ed~) for forward
voltage drop of feedback diodes included by an inverter 22
with terminal vdltage of the respective diodes in order to
detect the turned-on states of the respective feedback
diodes and thereby to detect the excitation pattern modes.
In this embodiment. the inverter 22 is of three-phase
bipolar type and. as shown in Fig. 6. detects the turned-on
states of six phases U+, U-, V+ V-, W+ W- corresponding to
the respective excitation patterns and aprlies the
corresponding detection signals to a control circuit 24
which, in turn., comprises a communication timing signal

detector 25. an output pattern mode generator 26. a drive

—_——

¢t Has Been Reﬁaced This is the replacement sheet

\\ll\l\\llll\ll\\|\|\ | e, 0 WY 7



Bel ow t he enbodi nent of the invention will be described wth reference to
Figs. 1 and 2. Referring to Fig. 1. there is shown a general arrangenent of
a drive control systemfor the brushless DC notor w thout position sensor.
The drive control systemfor the brushless DC notor w thout position
sensor, in addition to the brushless DC notor w thout position sensor 1
Itself, a power supply 21,

- 26 —

signal generator 27. a pattern coincidence detector 28, a
starting controller 29, a chopper selector 30 and a chopper
signal generator 31. The commutation timing signal detector
25 is adapted to detect the commutation timing signal based
on the output from the mode detector 23 and to generate a
clock pulse. The output pattern mode generator 26 is
adapted to generate. based on the clock pulse applied from
the commutation timing signal detector 25, signals
representing six modes as indicated in Fig. 6 and. based on
each of these signals, the drive signal generator 27
generates a motor drive signal. The pattern coincidence
detector 28 compares a signal hl, one of the six commufation
timing signals with a waveform h3-2 of the output pattern
mode 2 during a period for which the output pattern mode
generator 26 outputs a signal ho to the starting controller
to request a restarting. Based on a signal h3 from the
output pattern mode generator 26 and a signal from the
starting controller 29. the drive signal generator 27
generates a motoi drive.signal while the chopper selector 30
determines whether the chopper is positive or negative and
outputs a corresponding signal to the drive signal generator
27. The signal coming from the chopper signal generator 31

is superposed in the drive signal generator 27 and thereby
driving the respective transistors of thé inverter 22.

Referring to'Fig. 4, the arrangement of the pattern
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an inverter 22 having charge of chopper control, a node detector 23
utilizing a counter electronotive force to detect the position of a rotor 3
and a control circuit 24 serving to control the inverter 22. The brushl ess
DC notor wi thout position sensor 1 conprises a stator 2 and the rotor 3.
The brushl ess DC notor wi thout position sensor 1 in this enbodinent is of

t hree- phase inverter driven type and reference synbols U V. Wdesignate
respective coils wound - 27 -

coincidence detector 28 is illustrated. The output pattern
mode generator 26 functions as a down-counter adapted to
generate the OR signal h2 of the six commutation timing
signals in the form of a clock pulse successively on six
output terminals 5 through 0. In starting and restarting.
the mode 5 is output as an initial mode, then the modes 3,
2, 1, 0 and 5 are output in this order (Regarding such
sequence, details will be described later). The output h3-2
of the output pattern mode generator 26 and the commutation
timing signal hl are applied to EX-OR gate 32 of which the
output h4, in turn, is applied together with the OR signal
h2 of the six commutation timing signals to an NAND gate 33.
Specifically. the output h3-2 of the output pattern mode
generator 26 is compared with the commutation timing signal
hl during a period for which the OR signal h2 of the six
commutation timing signals is output and, if no coincidence
is detected. the output ho of the NAND gate 33 becomes High.
This output is applied to the starting controller 29.
Correlation of the respective signals is illustrated by a
time chart of Fié. 5.

The drive signal generator 27 suécessively generates
the drive signals of the output patterns 5 through 0
corresponding to the excitation patterns-as indicated in

Fig. 6. More specifically., the output pattern modes. the

excitation patterns and the commutation timing signal

oo 1
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18 on the stator 2. Reference synbol Vn designates voltage across U V. W
and this voltage is generated selectively across two of these three coils
U V. Wupon switching of the .inverter 22.

- 28 -
detection phases ére mutually related one another as
illustrated in Fig; 5. For example. if the commutation
timing signal wa$ detected from U~ of the open phase U at
the output pattern mode 3. the excitation pattern may be
changed over from that corresponding to the mode 3 to that
corresponding to the mode 2 at the next output pattern mode
2, i.e.. the excitation mode "from V+ to U- " in order to
continue the normal rotation.

Fig. 7 is a flow chart illustrating a starting sequence
in this embodiment. Excitation of a given pattern occurs at
a step Tl. 1In this instance, the mode 5 is selected as the
given pattern, i.e.. the excitation pattern of "U+ phase to
V- phase” and 10 to 15A is fed with such output pattern.
Such state is maintained for 0.8 sec at a step T2.
Consequently. the rotor is rotated in forward or reverse
direction by an electrical angle of 180° max. and stopped so
that a position of the rotor may be fixed. Now. the output
pattern mode is advanced by two and the mode 3 is output.
Namely. feed occgrs with the excitatioh pattern "from V+
phase to W- phase”. As a result, the rotor is started in
forward direction according to the excitation pattern being
advanced further by electrical angle 120° in forward
direction and accelerated. A degree of acceleration depends

on the feed current value as well as the loading condition

and. in this embodiment. a revolution speed enough to

o - iz
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The power supply 21 is in a state ready to supply rectified current.

Ref erence synbol Ed (and Ed[err]. Ed[err]) designates an el ectronotive
force. The inverter 22 conprises feedback diodes Da[err] Db[err]. Dcl[err].
Da[err]. Db[err] Dc[err] and transistors Ta[err]. Tb[err]. Tc[err]. Ta[err]
Tb[err]. Tc[err]. The respective system conponents operate. as will be

described, in rotationally driving the brushless DC notor w thout position
sensor. 29

generate.the counter electromotive force required for
sensorless running can be reached at a moment of starting
with a feed current in order of 5A. Thus., at a step T4. the
commutation timing signal is generated. So far as the
normal rotation is concerned. the commutation timing signal
is detected from the feedback diodes of the U- phase which
is open during this period. Then. a step T5 determines
whether the output pattern mode coincides with the
commutation timing signal generation phase or not. More
specifically. the step TS5 determines whether the signal of
the mode 2 coincides with the commutation timing signal from
the U- phase or not, since the output pattern mode is
advanced by 1 to the mode 2 as the commutation timing signal
is generated. If a coincidence is detected. the routine
proceeds to a step T6 to continue the sensorless running.
and if not detected, the routine is branched to a step T7 to
stop the output pattern. After 2 sec has elapsed at a step
T8. the routine returns to the step 1, the start point of
the open loop. to repeat the starting sequence. The
elapsing time a£ the step T8 is preferably set to a time
period at the end of which the rotor stops and, in this
embodiment. the time in order of 2 sec is appropriate.

It should be understood that the current value, the

elapsing time and the output pattern are specific for this

embodiment and it is obviously possible to employ the other
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The inverter 22 conprises P-side transistors Ta[err]. Tb[err] Tc to which
the feedback diodes Da[err]. Db[err]. Dc[err] are connected, respectively,
and N-side transistors Ta[err] Tb[err] Tc[err] to which the feedback di odes
Da[err]. Db[err]. Dc[err] are connected. respectively. Under chopper
control by a set of P-side transistor and N-side transistor, two of the

t hree-phase coils are selectively supplied in succession with three- phase
direct current to generate nagneti< 3bield by which the

values-and patterﬂs in the other embodiments.

As will be apparent from the foregoing description, the
second embodiment of the invention is arranged so that the
state in which the motor is rotating can be detected even
under a load possibly causing the state during the starting
to fluctuate and restarting can be tried by repeating the
starting sequence even when the motor is vibrating. In this
way, a further reliable starting can be achieved with a
relatively simple circuit arrangement.

The third embodiment of the invention will be described
with reference to Fig. 8.

Fig. 8 is a block diagram showing an arrangement of a
controller. As has previously been mentioned. a mode
detector 23 detects the turged-on state of respective
feedback diodes. A control circuit 24 in this embodiment
principally comprises a commutation timing signal detector
25, a phase shifter 35, a 6-step waveform generator 36. a
drive signal generator 27, a triangular wave comparator 37,
an F/V converter_38, a comparator 39 and first and second
oscillators 40, 41.

The commutation timing signal detector 25 detects the
commutation timing obtained from a chop-off period based on
the output of the mode detector 23 and generates a clock

pulse. The phase shifter 35 is a delay circuit comparing a

counter adapted to obtain a normal commutation timing based
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rotor is rotationally driven. Mre specifically, output node patterns of
the driving signal are preset to 5 through O in accordance w th excitation
patterns required to maintain nornmal rotation of the motor 1. as will be
described later with reference to Fig. 6. and the notor 1 is

- 31 -

on the output signal of the commutation timing signal
detector 25 and shifts:(i.e.. delays) the phase generally
within an electrical angle of 15° to 30°. The 6-step
waveform generator 36 generates waveforms of six modes based
on the clock pulses applied from the phase shifter 35 so
that the drive signal detector 27 may generate thereupon thg
motor drive signal and superpose this on the chopper signal
applied from the triangular wave comparator 37 prior to
application to the inverter 22. The F/V converter 38 serves
to F/V convert the clock pulses which are proportional to
the rotation frequency of the.motor 1 output from the
commutation timing signal detector 25 and DC voltage
obtained thefeby is compared by the comparator 39 with the
reference voltage depending on the rotation frequency of the
motor 1. Depending on the result of comparison., switching
occurs by means of a switch 42 between thé first oscillator
40 and the second oscillator 41. Outputs of these
oscillators 40, 41 are alternately applied in the form of
reference triangqlar waves to the triangular wave comparator
37 and the referénce triangular wave generated from the
second oscillator 41 presents an oscillation frequency
differing from that of the reference triangular wave
generated from the first oscillator 40. Preferably, the

first oscillator 40 has an oscillation frequency of 15 kHz,

on ohe hand. and the F/V converter 38 and the comparator 39
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19 rotationally driven under effect of commutation sequenced by a

rel ationship between the respective excitation patterns. on one hand, and
comut ation timng detection phases and turned-on diodes. on the other

hand. The node detector 23 is connected to the inverter 22 and detects the

turned-on states of the respective feedback diodes included by the inverter
22 based on the counter electronotiveshorce

are so arranged that the switch 42 is connected to the first
"oscillator 40 for the rotation frequency less than 5000 and
is connected to the second 6sci11ator for the rotation
frequency of 5000 or higher.

It is also possible to provide a signal oscillator and
to switch oscillation frequency itself based on the output
of the comparator.

As will be understood from the foregoing description,
the third embodiment of the invention advantageously
minimizes a switching loss of the inverter and effectively
suppresses a heat generation from the inverter elements.

The fourth embodiment of the invention will be
described with reference to Figs. 9 through 11.

As seen in Fig. 9. a control circuit 24 in this
embodiment principally comprises a commutation timing signal
detector 25. a phase shifter 35, a 6-step waveform generator
36. a drive signal generator 27, a triangular wave
comparator 37.-an ?/V converter 38 and an oscillator 43.

The commuta?ion timing signal detector 25 detects the
commutation timiﬁg obtained from a chop-off period based on
the output of the mode detector 23 and generates a clock
pulse. The phase shifter 35 is a delay circuit comprising a
counter adapted to obtain a normal commutation timing based

on the output signal of the commutation timing signal

detector 25 and shifts (i.e.. delays) the phase generally
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generated in the respective coils of the notor 1. The control circuit 24
detects the comutation timng of the respective coils U V. Whbased on the
detection signal fromthe node detector 23 and outputs the driving signal
to each transistor of the inverter 22 do that a well tined comutation may
occur to the respective coils U V. W The chopper control is effected in

the inverter 22. Based on the drivigg signal, the inverter 22 repeats the
operation as - -

with an electrical anglé of 159 to 309, The 6-step waveform
generator 36 generates waveforms of six modes based on the
clock pulses applied from the phase shifter 35 so that the
drive signal generator 27 may thereupon generate the motor
drive signal and superpose this on the chopper signal
applied from the triangular wave comparator 37 prior to
application to the inverter 22. The F/V converter 38 serves
to F/V convert the clock pulses which #re proportional to

- the rotation frequency of the motor 1 output from the
commﬁtation timing signal detector 25 and DC voltage
obtained thereby is applied to the oscillator 43 which then
generates reference triangular wave of a period being
proportional to the DC voltage. The triangular wave with a
rotation frequency command voltage and output a
predetermined chopper signal to the drive signal generator
27.

Fig. 10 exemplarily illustrates a connection extending
from the F/V converter 38 to the oscillator 43 shown in Fig.
9. and Fig. 11 illustfates waveforms generated from
important componénts of the connection. The F/V converter
38 principally comprises an operational amplifier 44, a
diode, a resistor and a capacitor. The commutation timing
signal detector 25 generates six pulses per one revolution

of the motor 1. When a signal kl from the commutation

timing signal detector 25 is applied to the F/V converter
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menti oned above. Such repeated operation causes the rotor 3 to be
continuously driven. The stator 2 and the rotor 3 of the brushless DC notor
‘Wi thout position sensor constituting an inportant part of this enbodi ment
wi |l be described nore in detail. Fig. 2 shows the brushl ess DC notor

W t hout position sensor of this enbodinent in an enl arged sectional view
taken transversely of the rotation axis thereof.

- 34 -

38, DC voltage k2 which is proportional to the rotation
frequency is obtained. ~ The DC voltage k2 drives a gate of
FET 46 and causes ON resistance of FET 46 to vary in a
linear fashion. The triangular wave generator 37 comprises
operational amplifiers 45, 47. oscillation frequency
regulating resistors, a capacitor and a Zener diode. An FET
is connected between the resistors so that an output signal
k3 from the operational amflifier 47 presents a reference
triangular wave of a frequency which is proportional to the
frequency of the signal kl output from the commutation
timing signal detector 25. It should be understood that the
time axis given in Fig. 11 for the respective waveforms kl.
k2 and k3 is actually expanded relative to the waveform k3
for convenience of illustration.

In this embodiment. the ro£ation frequency 1is
continuously variable from 2 kHz to 15 kHz for the rotation
frequency of 0 to 10000 per minute.

As will be appreciated from the foregoing description.
the fourth embodiment of the invention advantageously
minimizes a switching loss of the inverter and suppresses a
heat generation from the inverter elements., since the
chopper frequency can be continuously varied in accordance
with the rotation frequency of the motor 1.

The fifth embodiment of the invention will be described

with reference to Figs. 12 through 17. Referring to Fig.
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The stator 2 surrounds the rotor 3 and has twenty four étationary magneti c
poles 5 projecting inward. Though not Datec 20 shown, these stationary
nmeignetic poles 5 carry coils wound

- 35 -

12, referenqe numeral 22 designates an inverter and
reference numeral 23 designates a counter electromotive
force detector (having a function similar to that of the
mode detector in the previous first through fourth
embodiments). The inverter 22 serves as a driver circuit
for the brushless DC motor 1. The brushless DC motor 1
includes stator coils U, V., W and permanent magnet rotor 3
so that the permanent magnet rotor 3 is rotated under the
effect of the magnetic field generated by current flowing
through the stator coils.

A control circujt 24 according to this embodiment
comprises a current detectof 50, a current level detector
51. a detection inhibitor 52, a phase shifter 53 and a feed
signal generator 54. Terminal voltage of the brushless DC
motor 1 is applied to the counter electromotive force
detector 23 and the counter électromotive force of the open
phases is detected based on the terminal voltage. The
current detector 50 and the current level detector 51
constitute together means to detect a magnitude of the
current flowing éhrough the motor 1. The current detector
50 employs components such as a shunt resistor and a current
transformer to achieve the desired detection. The current
level detector 51 is readily arranged by using a peak hold

circuit. The detection inhibitor %2 is a circuit to inhibit

further detection of the counter electromotive force
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thereon. Stationary magnetic pole surfaces 6 defined by inner ends surfaces
of the respective stationary magnetic poles 5 lie at equal distances from
the center of a rotatable shaft 4 in conformty with an i mgi nary
cylindrical surface. The rotor 3 is rotatably supported by the rotatable
shaft 4 and includes a yoke 7 conprising a plurality of integrally
| am nated silicon steel sheets. The yoke 7 has
‘- 36 -

immediately after commutation has occurred. The phase

shifter 53 delays the phase of output signal from the

detection inhibitor 52 hy an electrical angle of 30°. The

feed signal generator 54 is a circuit to generate a signal

with which the inverter 22 is driven.

Referring to Fig. 13, the counter electromotive force
detector 23 uses a plurality of comparators 55 to compare a
middle point with a terminal voltage of the motor 1 so that
the terminal voltage ml of the brushless DC motor 1 and the
output m2 of the counter electromotive force detector 23
present waveforms as illustrated in Fig. 14, respectively.
Referring to Fig. 14, a time period t for which an electric
energy is emitted depends on the load and the rotation
frequency. A current value I and the electric energy
emission time period t are graphically shown in Fig. 15
based on the data experimentally obtained using the rotation
frequency as a parameter. As will be apparent from Fig. 15,
the electric energy emission time period t is prolonged as
the rotation frequency is reduced. Accordingly. the
controller shoulﬁ inhibit the detection of counter
electromotive force for a time period longer than the time
reriod corresponding to the expected minimum rotation
frequency. However. this inhibiting time period exceeding

an electrical angle of 30° would result in inhibiting the

detection of counter electromotive force which must be

—
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along its outer periphery four rotating magnetic poles 8. 9. 10. 11
projecting radially outward. A pair of field permanent nagnets 12. 13 are
inserted into bases of the rotating magnetic poles 8. 10. respectively, in
parallel to the rotatable shaft 4 with N-poles of these field pernmanent
magnets 12. 13 being positioned face to face. Consequently. the N pol es of
the field permanent nagnets 12. 13 repulse each other and magnetic fl ux
generated therefromdefines a _ 37 -

detected.

Fig. 16 exemplérily shows the detection inhibitor 52.
A feed termination signal for a lower armature is applied to
an input terminal 57 of a monostable multivibrator 56
(hereinafter simply referred to as monomulti) while a feed
termination signal for an upper armature is applied to an
input terminal 59 of a monomulti 58. The output signal of
the current level detector 51 is applied to terminals 61,
62, 63 of the respective monomultis 56, 58 and thereby
varying a period of the output pulses. In this specific
example, the period of the output pulses is varied by ON/OFF
of timing capacitors. The signals appearing in the circuit
of Fig. 16 present respective waveforms as illustrated in
Fig. 17. Referring to Fig. 17, if m4 is at a high level. m2
is grounded and therefore no signal is transferred. If m5
is at a high level, output of an OR gate 64 is also at a
high level. Thus, m4 and m5 may be arranged as illustrated
in Fig. 17 to inhibit the detection as long as the electric
energy is being emitted. m3 is an output waveform of the
detection inhibifor 52. It should be understood that there
must be provided the circuit of Fig. 16 by the number
corresponding to the number of motor's phases. The signal
presenting the waveform m3 leads the normal feed timing by

an electrical angle 300 and therefore the rhase shifter 53

must provide_a delay corresponding to this electrical angle

—_—
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magnetic path as illustrated by Fig. 2. Specifically. the magnetic fl ux
fromthe yoke 7 after having passed through the rotating nagnetic poles 9.
11 and then enters the yoke again through the rotating nagnetic pol es 8.
10. Thus. the rotating nagnetic poles 8. 10 are nmagneti zed as S-poles
whi'l e the rotating magnetic poles 9. 11 are nagnetized as N- poles. The
rotating magnetic pole surfaces 14. 15. 16. 17 on

of 30°. The phase shifter 53 is readily implemented using a
counter. Based on an output signal of the phase shifter 53,
the feed signal generator 54 generates a drive signal for.
the invertgr 22. Sometimes, the phase shifter 53 is
eliminated depending on the particular manner in which the
angle of lead is controlled.

As will be appreciated from the fofegoing description.
the fifth embodiment of the invention allows the position-
sensorless drive to be achieved on the basis of the precise
commutation timing even if the load and/or the rotation
frequency fluctuate. Accordingly. the position~sensorless
drive can be adopted for the particular field of application
in which such a position-sensorless drive has usually been
unpractical.

The sixth embodiment of the invention will be described
with reference to Figs. 18 and 19.

A control circuit 24 according to this embodiment
comprises, as shown in Fig. 18, a detection inhibitor 52, a
phase shifter 53, a feed signal generator 54 and a rotation
frequency detectgr 65.

The detection inhibitor 52 inhibits further detection
of counter electromotive force immediately after the
commutation has occurred. The phase shifter 53 delays the

phase of output signal from the detection inhibitor 52 by an

electrical angle of 300. The feed signal generator 54
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21 the outer ends of the respective rotating magnetic poles 8. 9. 10. ‘11
define curved surfaces swelling radially outward. respectively. In the

i nstant case, circularly curved surfaces defined by the respective rotating
magnetic pole

-39 -
serves to generate a signal with which the inverter 22 is

driven. The rotation frequency detector 65 detects the
rotation frequency of the motor 1 and the rotation frequency
information provided therefrom is applied to the detection
inhibitor 52.

A counter electromotive force detector (= mode
detector) 23 is of the arrangement sihilar fo that in the
previous fifth embodiment and provides the output waveform
m2 as illustrated in Fig. 14. The rotation frequency N and
the electric energy emission time period t are graphically
shown in Fig. 19 based on the data experimentally obtained
using the load as a parameter. As will be apparent from
Fig. 19, the electric energy emission time period t is
prolonged as the rotation frequency is reduced.

Accordingly. in this embodiment also, the controller should
inhibit the detection of counter electromotive force for a
time period longer than the time period corresponding to the
expected minimum rotation frequency. However., this
inhibiting time period exceeding an electrical angle of 30°
would result in inhibiting the detection of the counter
electromotive force which must be deteéted.

The detection inhibitor 52 is of the arrangement
similar to that in the previdus fifth embodiment shown in

Fig. 16 and provides the outpﬁt waveform as illustrated in

Fig. 17. The output signal leads the normal feed timing by
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surfaces 14. 15. 16. 17 have a curvature |l arger than that of the inmaginary
cylFindrical surface on which the stationary magnetic pole surfaces 6 |ie.
In other words, the rotating magnetic pole surfaces 14. 15, 16. 17 are nost
cl psely adjacent to the stationary nmagnetic pole surfaces 6 at
circunferential mddle points of the respective rotating nmagnetic pole
surfaces. The magnetic flux generatedy,fromthe field pernmanent

an electrical angle of 30° and therefore the rphase shifter

53 must provide a delay'corresponding to the electrical

angle of 30°. In response to the phase shifter 53, the feed

signal generator 54 generates.a drive signal for the

inverter 22.

As will be appreciated from the foregoing description.

the sixth embodiment of the invention also allows the

position—sensorless drive to be achieved on the basis of the

precise commutation timing even if the load and the rotation

frequency fluctuate. Accordingly, the position-sensorless

drive can be adopted for the particular field of application

in which such a position-sensorless drive has usually been

unpractical. While the fifth and sixth embodiments of the

invention have been described above as employing the counter

electromotive force detection according to so-called middle

point comparison, it should be understood that these

embodiments are also applicable to the case in which the

counter electromotive force is detected based on the turned-.

on states of the feedback diodes as previously mentioned.

Finally, tﬁé seventh embodiment of the invention will

be described with reference to Figs. 20 through 25. taking

the case in which a three-phase DC brushless motor is used.

Fig. 20 is a block diagram generally showing an arrangement

of this embodiment.

A ggﬁfﬁgllg£_24 according to this embodiment comprises

e
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magnets 12. 13 is concentrated on the circunferentially mddl e points at
which the rotating magnetic pole surfaces are nost closely adjacent to the
stationary magnetic pole surfaces. Such phenonmenon will be explained nore
in detail in connection with the rotating magnetic pole surface 14. A

di stance fromthe circunferentially mddle point of the rotating magnetic

pol e surface 14 to the corresponding stationary magnetic pole P2 is
desi gnat ed here by do and - 41 —

a current detector 50. an isolation amplifier 66, a rotor
position detector 67 and a feed signal generator 54. The
current detector 50 serves to detect a waveform of current
flowing through the DC motor using components such as a
shunt resistor and a current transformer. The feed signal
generator 54 generates a signal with which the inverter 22
is driven. The isolation amplifier 66 and the rotor
position detector 67 constitute together means to detect the
current waveform and thereby detecting the position of the
permanent magnet rotor 3. The rotor position detector 67 is
of an arrangement as shown in Fig. 21.

Output nl of the isolation amplifier 66 is applied to
an A/D converter 68 which samples the current waveform of a
given period and digitizes this. The current waveform thus
digitized is applied to a microcomputer 72 comprising a CPU
69, a RAM 70 and a ROM 71 and. the microcomputer 72
diagnoses the waveform. A start signal also is applied to
an input terminal 73 of the microcomputer 72.

Now., operation of the controller as has been described
above will be dégcribed with reference to the flow chart of
Fig. 22.

Upon apﬁlication of the start signal. the microcomputer
72 generates a signal of a given period from its output

terminal 75 and this signal is applied to the feed signal

generator 54, causing a synchronized running of the

| t
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di stances fromthe stationary magnetic poles Pl. P3 adjacent the stationary
magnetic pole P2 to the rotating magnetic pole surface 14 are designated by
dl and d2. respectively. The distance do is snaller than both the distance
dl and the distance d2 and, in consequence, the magnetic flux generated

- 42 -

brushless DC motor 1 (step T21). The synchronized running
continues for a given time period t until the brushless DC
motor 1 reaches a predeterﬁined rotatipn frequency ﬁstep
T22). The given time period t depends on the
characteristics of the brushless DC motor actually used.

After the brushless DC motor has continued the
synchronized running for the predetermined time period t at
the step T22. the microcomputer 72 determines at a step T23
whether a feed (commutation) to the phase in which the
current waveform is being detected is started or not. If
the determination is affirmative, the current waveform
output from the A/D converter 68 is picked up and stored in
the RAM 70 (step T24) until the feed mode is switched (step
T25). If the feed mode has been switched at the step T25.
the CPU 69 reads fhe current waveform stored in the RAM 70
and thereby detecting the peak position of the current
waveform (step T26. step T27) to detect the position of the
magnetic poles of the rotor.

If the current waveform has heen detected, for example.
to have the peak-position lying on the middle (t;=tj)
between fhe commutation starting point and the feed mode
switching point as shown in Fig. 23. the present feed timing
is determined to m&tch the relative position of the rotor

and the stator coils. If the peak position lies on the

second half (t1>t3) as shown in Fig. 24, the feed timing

L I This is the replacemsnt sheet
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22 fromthe field permanent magnet 12 reaches the rotating nmagnetic pole
sur.face 14 nostly via the stationary magnetic pole P2 and thereby a counter
el ectronptive force generated by the rotating nagnetic pole surface 14 is
concentrated to the stationary magnetic pole P2. This is true also for the
otHer rotating magnetic pole surfaces 15. 16. 17. In this way, the rotor 3
havi ng the above-nentioned - 43 -

is determined to be delayed. If the peak position lies on

the first half (tj<tp) as shown in Fig. 25. the feed

timing is detérmined to be advanced.

When t;=t2. the feed is continued with this timing.
and when ti1>t9. the feed timing is advanced by a prescribed
amount (step T28). When ti<ty, the feed timing is delayed
by a prescribed amount (step T29).

Once the feed timing has been changed, the next feeding
is waited for and. upon starting of the feeding. the
operation as mentioned above will be repeated. In this
manner. the precise commutation timing can be achieved even
the rotation frequency and/or the load fluctuate. However.
excessively delaying or advancing the timing will result in
repetition of t;>ty and t;<tj.

As will be appreciated from the foregoing description,
the seventh embodiment of the invention allows the stable
position detection of the rotor even when the rotor
structurally prevents the counter electromotive force in the
open phases from linearly varying. Furthermore. the
commutation can -be achieved always with the precise timing

because the feed timing is always monitored on the basis of

the current waveform.

Industrial Usefulness:

In spite of having no position—-sensor, the brushless DC

This is the replacement sheet
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circularly curved rotating nmagnetic pole surfaces normally generates the
counter electronotive force nostly fromthe circunferentially mddle points
of the respective rotating magnetic pole surface so that an erroneous
position detection of the rotating nmagnetic poles may be reliably avoi ded.
As* shown, the field permanent nmagnets 12. 13 in the instant case are
configured to have opposite | ateral- sihdes

motor of the invention can precisely detect the rotor
position. assure an adequate structural strength and achieve
'a fine rotation control.” In view of these abilities., the
brushless DC motor of the invention is suitable for use
under a severe condition such as pigh temperature usually

encountered by the scroll type compressor.
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sl anted so that

of

its S-pole side may have a surface area smaller than that
its N-pole side. Thus, the magnetic flux generated fromthe permanent

magnets is concentrated at circunferentially nmiddle points of ‘their S-pole
surfaces and accordingly at circunferentially mddle p

magneti c pole surfaces 14. 16. Bridges 18 defined at ﬁlﬂltmumlmﬂmﬂln

si des of the respective field permanent magnets 12. 13 have r'el dti Vel §
| arge wi dth over — 45 —

" What is claimed is:

1. A brushless DC motor without position sensor comprising
a stator fixed inside a motor frame and a rotor surrounded
by the stator and rotatably supported by said motor frame
through the aid of a rotatable shaft. said stator having a
plurality of stationary magnetic poles projecting inward,
inner end surfaces of said stationary magnetic poles
defining stationary magnetic pole surfaces lying
substantially at equal distances from said rotatable shaft
along a cylindrical surface, said rotor having even—-numbered
rotating magnetic poles projecting outward. outer end
surfaces of said rotating magnetic poles defining rotating
magnetic pole surfaces being magnetized alternately in
different polarities in the circumferential direction of the
rotor and opposed to said stationary magnetic pole surfaces
at a slight distance therefrom, wherein each of said
rotating magnetic pole surfaces presents a curved surface
swelling outward and i; most closely adjacent to the
corresponding stationary magnetic pole surface at a
circumferentially given point.

2. A brushless.bC motor without position sensor according
to Claim 1. wherein each of said rotating magnetic pole
surface is most spaced from said corresponding stationary
magnetic pole surface at circumferentially opposite ends

thereof and most closely adjacent to said corresponding
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Hll\l\\ \lIl\\ l\ll !

ting
ral

This is the reptacement shest

heet Has Been Reiaced og M AY ‘997



nost of their extents, since the opposite |ateral sides are_slanted--—Wth

a gonsequence, the yoke 7 has a relatively 23 high strength such that
the yoke 7 m ght not easily deformed even when an un r“mﬂ““(“‘mn“ force
is exerted on the ﬂ‘m | BRI
. * [+
- 46 -

stationary magnetic pole surface at a circumferentially
middle point thereon.
3. A brushless DC motor without position sensor according
to Claim 1, wherein each of said rotating magnetic pole
surface is most spaced from said corresponding stationary
magnetic pole surface at a circumferential end thereof and
most closely adjacent to said corresponding stationary
magnetic péle surface at a circumferentially middle point

. thereon.
4. A brushless DC motor without position sensor according
to any of Claims 1 to 3, wherein said rotor comprises a yoke
and field permanent magnets. said yoke having an even number
of rotating magnetic poles projecting radially outward., of
which the bases are provided with the field permanent
magnets inserted thereinto in parallel to the rotatable
shaft with the magnetic poles of the respective field
permanent magnets being opposed to the rotatable shaft, and
laterally opposite sides of the respective magnets being
slanted so that the respective magnets have their outer
magnet pole surfaces of relatively small surface areas.
5. A controller for brushless DC motor without position
sensor including an inverter adapted to drive the motor
under chopper control and utilizing a counter electromotive

force generated in stator coils of respective phases as a

rotor is rotated in order to detect a position of the rotor
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rotating magnetic pole surfaces 14. 16. Wile the enbodi nent of the
I ngention has been described on the basis of the specific enmpbodi nent having

the circularly curved rotating magnetic pole surface " Wm "mj n
curvature. radius smaller than that defining the sta "Hlﬁ “ E " npole
suffaces, the curvature of each rotating magnetic pole sarfacet i s not
limted to the circular arc and an$7ot her curvatures, for

and thereby to generate a commutation signal, said
controller comprising a commutation timing signal generator
serving to generate the commutation timing signal., an output
pattern mode generator serving to generate output patterns
of several types with which said stator coils are excited. a
coincidence detector adapted to detect a coincidence between
these signals output from said two generators and a starting
controller adapted to stop a motor drive output once when no
c;inéidence is detected by said coincidence detector and to
cause a restarting.

6. A controller fot-brushless DC motor without position
sensor including an inverter adapted to drive the motor
under chopper control and utilizing a counter electromotive
force generated in stator coils of respective phases as a
rotor is rotated in order_to detect a position of the rotor
and thereby to generate a commutation signal, said
controller comprising means to detect a rotation frequency
of said motor. means to compare the output signal from said
rotation frequency detecting means with a reference signal
depending on the_ .rotation frequency of the motor and means
to change a chopper frequency based on the output signal
from said comparing means.

7. A controller for brushless DC motor without position
gensor including an inverter adapted to drive the motor

under chopper control and utilizing a counter electromotive
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exanpl e, a parabolic curvature as viewed transversely of the rotatable
shaft may be enpl oyed as far as each rotating nagnetic pole-surface is so

configured to be nost spaced fromthe stationary nagneti at
the circunferentially opposite ends and nost cl osel ﬁmﬂﬁﬂﬂﬁ @IBH! mcat
the circunferentially mddle point of the rotating ey Uface.
The simlar effect will be obtained,gl so when each rotating magnetic pole

force generated in stator coils of respective phases as a
rotor is rotated in order to detect a position of the rotor
and thereby to generate a commutation signal. said
controller comprising means to generate pulses the number of
which are proportional to said rotation frequency of the
motor, an F/V converter adapted to generate voltage
proportional to the number of pulses output from said pulse
generator me&ns and means to change a shopper frequency in a
continuous fashion based on the output from said F/V
converter.
8. A controller for brushless DC motor without position
sensor including an inverter adapted to drive the motor

- under chopper control and utilizing a counter electromotive
force generated in stator coils of respective phases as a
rotor is rotated in order to detect a position of the rotor
and thereby to generate a commutation signal, said control
system comprising means to detect a magnitude of current
flowing through said motor and means to inhibit the position
detection immediately after the commutation based on the
output from said cd;rent detecting means.
9. A controller for brushless DC motor without position
sensor including an inverter adapted to drive the motor
under chopper control and utilizing a counter electromotive

force generated in stator coils of respective rhases as a

rotor is rotated in order to detect a position of the rotor

"
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surface is configured so as to nost spaced fromthe stationary magnetic—
pole surface only at one end in-the direction of its rotation and nost

cl osely -adj acent thereto at the circunferentially mdd
enmbodi nrent of the invention has been descri bed her et of (mllmmﬂ“nmmﬁm
t he specific enbodi ment having on the outer periphery of* tlie yok® four’

‘rotating nmagnetic poles which are, in turn, alternately provided with the
- 49 - : '

and thereby to generate a commutation signal., said
controller comprising a rotation frequency detector. a
detection inhibitor adapted to inhibit the rotor position
detection immediately after the commutation based on the
outpuf from said rotation freduency detector.

‘10. A controller for brushless DC motor without position
sensor, said controller adapted to control feed to stator
coils based on rotor position detection and comprising means
to detect a waveform of current flowing through the motof
and means to detect a position of said rotor based on the
current waveform detected by said current waveform detecting

means.
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field permanent Date., 24 magnets inserted thereinto the rotor is not
li.mted to such construction but may have any even nunber of rotating

*

- 50 —
ABSTRACT

BRUSHLESS DC MOTOR WITHOUT POSITION SENSOR AND ITS CONTROLLER

A brushless DC motor related to the first invention is
characterized in that rotary pole surfaces (14. 15. 16 and
17) of rotor magnetic poles (8 9, 10 and 11) are
respectively formed on convex surface, and the rotary pole
surfaces (14, 15. 16 and 17) are formed so that the distance
hetween each of them and a fixed pole surface (6) is
minimized at a predetermined point in the circumferential
direction. A controller related to the second invention is
characterized by restarting the motor when a commutation
timing signal is mismatched with an output pattern mode. A
controller related to the third invention is characterized
by comparing the motor speed with the reference signal to
change the chopper frequency in accordance with the compared
value. A controller related to the fourth invention is
characterized by continuously changing the chopper frequency

in accordance with the motor speed. Controllers related to
the fifth and sixth inventions are characterized by
inhibiting the position of a rotor (3) from being detected
immediately after commutation to a motor (1) in accordance
with the current flowing through the motor (1). A
controller related to the seventh invention is characterized
by detecting the position of the rotor (3) in accordance
with the waveform of the current flowing through the motor

(1).
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magnetic poles and a field permanent nmagnet nmay be inserted into each of
them Instead of inserting the field permanent nagnets into the yoke, it is
al so possible to formfield pernmanent magnets each having the rotating
magneti c pol e surface of the above-nentioned configuration and then to bond
themonto the outer periphery of the rotatable shaft. As will be apparent

fromthe foregoing description, in acgmgdance with the enbodi nment
of the invention, the :
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rotating magnetic pole surfaces of the rotor present the curvature swelling
radially outward so that each rotating magnetic pole surface is.nost
closely adjacent to the stationary magnetic pole surface at a given point
on the rotating nagnetic pole surface and, accordingly. the counter
el ectronotive force is concentrated at the point. In this manner. the
enbodi ment provides a brushl ess DC notor without position sensor
characterized by that the position . '

2/29

FIG.Z2
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of each rotating magnetic pole can be precisely detected. According to the
enbodi nent, the yoke is provided along its,outer periphery with even nunber
of the rotating nmagnetic poles projecting radially outward, these rotatlng
magnetic pol es being provided in their bases with the fleld per manent
magnets inserted thereinto in parallel to the rotatable shaft, and the
opposite lateral sides of each field
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25 permanent nmagnet are slanted so that the outer magnetic pole surface of
the magnet is smaller than its inner magnetic pol e surface. Consequently.
the magnetic flux generated fromthe field permanent magnets is .
concentrated at the circunferentially mddle point of each rotating
magneti c

4/29
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pol e, on one hand, and it is possible to provide the yoke with the

adequately wi de bridges and to obtain the yoke having a strength

sufficiently high to resist the unexpected external force exerted thereon.

Now, details of a ceontrol circuit usable together with brushless DC-notor -
of Fig. 1 will be described with reference to Figs. 3 through 7. Fig. 3 is -
a bl ock diagram of such a control systemy;,g
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A node detector 23 conpares a reference voltage Ed (and Ed+. Ed[err]) for
.forward voltage drop of feedback diodes included by an inverter 22 with
term nal voltage of the respective diodes in order to detect the turned-on
states of the respective feedback di odes and thereby to detect the
excitation pattern nodes. In this enbodinment. the inverter 22 s of

t hr ee- phase bi pol ar type and, as shown in Fig. 6. detects the turned-on
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states of six phases U+. U-. V+. V-. W. Wcorresponding to the respective
excitation patterns and applies the corresponding detection si g'nal s to a
control circuit 24 which, in turn, conprises a communication timng 'si gnal
detector 25. an output pattern rmde generator 26. a drive

7/29
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26 signal generator 27. a pattern coincidence detector 28. a starting
controller 29. a chopper selector 30 and a chopper signal generator 31.

The commutation timng signal detector 25 is adapted to detect the

comut ation timng signal based on the output fromthe node detector 23 and

to generate a clock pulse. The output pattern node generator 26 is adapted
to generate. based on the clock pul se ap%llizsd from
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the comutation timng signal detector 25, signals representing six nodes
as indicated in Fig. 6 and, based on each of these signals. the drive
signal generator 27 generates a notor drive signal. The pattern coi nci dence
detector 28 conpares a signal hl, one of the six comutation timng signals
with a waveform h3-2 of the output pattern node 2 during a period for which

the output pattern nbde generator 26-0u%ﬁuas a signal ho to the starting
control |l er 23 - '
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to request a restarting. Based on, a signal h3 fromthe output pattern
node generator 26 and a signal fromthe starting controller 29. the drive
signal generator 27 generates a notor drive signal while the chopper

sel ector 30 determ nes whether the chopper is positive or negative and
outputs a corresponding signal to the drive signal generator 27. The
signal comi ng fromthe chopper signal .generator 31 is superposed in the
drive signal generator 27 and thereby '
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driving the respective transistors of the inverter 22. Referring to Fig. 4.

the arrangenent of the pattern Date:
illustrated. The output pattern

K1

27 coi ncidence detector 28 is
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node generator 26 functions as a down-counter adapted to generate the OR

signal h2 of the six comutation timng signals in the formof a clock

pul se successively on six output termnals 5 through 0. |In starting and

restarting. the node 5 is output as an initial node, then the nodes 3. 2.

1. 0 and 5 are output in this order (Regarding such sequence. details wll
be described later). The output h3-2 of the output pattern node generator
26 and the comutation :
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timng signal hl are applied to EX-OR gate 32 of which the output h4. in
turn, is applied together with the OR signal h2 of the six comutation
timng signals.to an NAND gate 33. Specifically, the output h3-2 of the

out put pattern node generator 26 is conpared with the commutation timng
signal hl during a period for which the OR signal h2 of the six comutation
timng signals is output and, if no coincidence is detected, the output ho
of the NAND gate 33 becones High.: :
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This output is applied to the starting controller 29. Correlation of the
respective signals is.illustrated by a tinme chart of Fig. 5. The drive
signal generator 27 successively generates the drive signals of the output
patterns 5 through O corresponding to the excitation patterns -as indicated

in Fig. 6. Mire specifically, the output pattern nodes, the excitation
patterns and the conmutation timng s'wml
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28 detection phases are nutually rel ated one another as illustrated in Fig.
5. For exanple, if the commutation timng signal was detected fromU of

t he open phase U at the output pattern node 3. the excitation pattern nmay
be '
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—_

changed over fromthat corresponding to the node 3 to that corresponding to
;the node 2 at the next output pattern node 2. i.e., the excitation node
"from V+ to U " in order to continue the normal rotation. Fig. 7 is a
flow chart illustrating a starting sequence of the control circuit when

tdri‘'ving the brushless DG-motor in fig. 1. Excitation of a given pattern
ioccurs at

16/29

m3

64

ms

md

m2
63
63

vy v
oK
A

*.,.M T -I-_‘ I.'T‘ . O }.AM,I_I_I_I_-L T <
A T | g S
"

FIG.16

62
62

67
61

56
58

)
Q§ ©
S R
This Sheet Has Been Replaced This is the replace
A e OBWNE
al@.



a step T1. In this instance, the node 5 is selected as the given pattern,
i.q.. the excitation pattern of "U+ phase to V- phase" and 10 to 15A is fed
with such output pattern. Such state is nmaintained for 0.8 sec at a step
T2. Consequently, the rotor is rotated in forward or reverse direction by
an-electrical angle of 180[err] max. and stopped so that a position of the

rotor may be fixed. Now, the output pet/gern node is advanced by two and the
node 3 i s output.
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Nanely, feed occurs with the excitation pattern "from V+ phase to W

phase". As a result, the rotor is started in forward direction according to
the excitation pattern being advanced further by electrical angle 120[err]
in forward direction and accel erated. A degree of accel eration depends on
the feed current value as well as the |loading condition and, in this
control circuit a revolution speed enough to
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29 generat'e the counter electronotive force required for sensorless running
can*be reached at a nonent of starting with a feed current in order of 5A
Thus, at a step T4. the comrutation timng signal is generated. So far. as
the normal rotation is concerned, the comutation timng signal
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Is detected fromthe feedback di odes of the U phase which is open during
this period. Then, a step T5 determ nes whether the output pattern node
coincides with the commutation timng signal generation phase or not. Mre
specifically, the step T5 determ nes whether the signal of the node 2
coincides with the commutation timing signal fromthe U- phase or not,
since the output pattern node is advanced by 1 to the node 2 as the

comut ation timng signal
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is generated. If a coincidence is detected, the routine proceeds to a step
T6 to continue the sensorless running. and if "not detected, the routine is
branched to a step T7 to stop the output pattern. After 2 sec has el apsed
at a step T8. the routine returns to the step 1. the start point of the
open | oop, to repeat -the starting sequence. The el apsing tinme at the step
T8 is preferably set to a tinme period at the end of which the rotor stops
and, in this
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enbodi ment, the time in order of 2 sec is appropriate. It should be

under stood ‘that the current value, the elapsing tine and the output pattern
are specific for this control circuit systemand it is obviously possible
to enpl oy the other Date:

22/29
FIG.22
( Stai' T ) _
> T21
synchronized
running
' Has -
NO the time period t T22 This Sheet Has
glapsed ?

[TE

NO 723

Has feed been
started ?

T24

current’ waveform
18 picked up. -

Has feed mode been
~_ Switched 7

T29

Feed timing is Feed timing is
advanced delayed

il

This is the replacement

08 MAY 1997

Date:



30 val ues and patterns in the other control systens/ further described
bel ow. As will Be apparent fromthe foregoing description, the above
described control circuit usable in Fig. 1 is arranged so that the state in

whi ch the notor is rotating can be detected even under a |oad possibly
causi ng the
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state during.the starting to fluctuate and restarting can be tried by
repedting the starting sequence even when the notor is vibrating. In this
way, a further reliable starting can be achieved with a relatively sinple
circuit arrangenent. Another control circuit usable in Fig. 1 wll be
described with reference to Fig. 8. Fig. 8 is a bl ock diagram show ng an
arrangenent of a
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controller. As has previously been nmentioned, a node detector 23 detects
the turned-on state of respective feedback diodes. A control circuit 24 in
t hi s enbodi nent principally conprises a comutation timng signal detector
25. a phase shifter 35, a 6-step waveform generator 36. ‘a drive signal
generator 27. a triangular wave conparator 37. an F/V converter 38. a
conparator 39 and first and second oscillators 40, 41.
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The conmutation timng signal detector 25 detects the conmutation timng
obt ai ned from a chop-off period based on the output of the nbode detector 23
and generates a clock pulse. The phase shifter 35 is a delay circuit
conparing a counter adapted to obtain a normal -conmutation tim ng based
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31 on the out put signal of the commutation timng signal detector 25 and
shifts (i.e.. delays) the phase generally within an electrical angle of

15[ err] to 30[err] The 6-step waveform generator 36 generates wavefornms
of six nodes based on the clock pul ses applied fromthe phase shifter 35 so
thdt the drive signal detector 27 may generate thereupon the notor drive
signal and superpose this on the choppeR759%nal
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applied ftomthe triangular wave conparator 37 prior to application to the
inverter 22. The F/ V- converter 38 serves to F/V convert the clock pul ses
whi ch are proportional to the-rotation frequency of the notor 1 output from
the comutation timng signal detector 25 and DC voltage obtai ned thereby
i s’ conpared by the conparator 39 with the reference voltage dependi ng on
the rotation frequency of the notor 1. Depending on the result of
conparison, swtching
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h
occurs by ‘neans of a ., swtch 42 between the first oscillator 40 and the
_«second oscillator 41.. OQutputs of these oscillators 40. 41 are alternately
.applied in the formof reference triangular waves to the triangul ar wave
conparator 37 and the reference triangular wave generated fromthe second
osci:llator 41 presents an oscillation frequency differing fromthat of the
referenceé triangular wave generated frgg);_t.jﬁe first oscillator 40.
Preferably, the

i
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first oscillator 40 has an oscillation:frequency of 15 kHg C;oé?é;égﬁ%EED/ 2.

and the F/V converter 38 and the conparator 3 32 are so ar

angefé Wﬁ
the switch 42 is connected to the first oscillator 40 for the pb atyon
frequency | ess than 5000 and

BRUSHLESS DC MOTOR WITHOUT POSITION SENSOR

Technical Field:

'_The present in&ention"relates to a brushless DC moctor
without'position sensor utilizing a counter eleétrpmotive
force generated in coils wound on a stator as a rotor is
rotated to_posifioﬁ—detéct magnetic poles of the rotor. and
more particularly to a brushless DC motor without position
sensor haQing the rotor configured so that respective
—rotating magnetic-pdle surfaces of the rotor come most
-closély adjacent to inner end surfaces of the stator’'s
.respective magnetic.poles at predetermined circumferential
poinfs qh the respective rotating magnetic pole surfaces and
thefeby positions of the rotgr's rgspective po;es.

Such a brushless DC-motor is driven by a controller.

JP-A~-63 140_644'discloses a rotor with a permanent magnet for a

‘rotary electric machine. In a rotor, field permanent magnets

are arranged diametrically longitudinally and their respective

poles are not directed to a stator core. The field permanent
magnets have a fully rectangular shape.

Us 3,124,733 discloses a permanent magnet motor, in particular
for the use as a:stepping motor. The rotor has north and south
poles arranged alternately and with a recess inbetween on its
.outer surfacé.'The rotor end surface at the respective north
-and south poles respectively have an unsymmetrical form, which
is slightly slanted in one direction. Each of the north and

south poles respec;ively underlie one opposing stator field
coll on the stator.

This is the replacement sheei

21 Nov 1597

Date:



is connected to the second oscillator for the rotation frequency of 5000 or
higher. It is also possible to provide a signal oscillator and to switch
oscillation frequency itself based on the output of the conparator. As

wil | be under st ood from the foregoi ng description, the just
described controll er advantageously mnimzes a switching | oss of the
inverter and effectively

REPILACEMENT SHEETS SG
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suppresses a heat generation fromthe inverter elenents. A still further
control circuit usable with the inventive DC-notor of Fig. 1,2 wll be
described with reference to Figs. 9 through 11. As seen in Fig. 9,
this control circuit 24 principally coffrises a commutation timng
signal detector 25. a phase shifter 35, a 6-step waveform generator 36. a

drive signalp gPreqAle¥7 2ghods &1 BEgHbAGNEAKAgnet excited electric machine.
Here, a plurality of stationary field coils are provided on a
stator and a plurality of field permanent magnets are provided
on a rotating shaft. The pole shoes have on their outer surface
a different curvature than the curvature of .the inside surface
of the stator.

US 3,860,843 shows aﬁ arrangement of permanent magnets on a
stator ring and the provision of magnetic field windings on a
plurality.of.rotatinq magnetic poles. Each of the rotating
magnetic polé surfaces has a different curvature than those
formedlby the permanent magnets on the outside stator ring.
Each_fotating magnetic pole surface lies opposite one single
permanent magnet on the outside ring.

US 4,573,003 discloses a AC machine, which is optimised for a
converter operationt A piurality of stator windings are
provided on a stator ring and a pole rotor rotating within the
ring has different distances with respect to the individual

field windings, since it has a different curvature than the
inside surface of the field winding ring.

In the following, the background art regarding brushless DC
motors will be discussed. |

Recently._the'brushless DC motor has been used in
various apparatus and equipment in view of its high
efficiency and controllability. The brushless DC motor has

the substantially same construction as the synchronous

motor. so the position detector such as the Hall element has

the rep\acement shest
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conparator 37. an F/V converter 38 and an-oscillator 43. The comrutation
timng signal detector 25 detects the conputation timng obtained froma
chop-of f period based on the output of t h®& node detector: 23-and generates a
clock pulse. The phase shifter 35 is a delay circuit-conprising a counter
adapted tfo obtain a normal commutation tining based on the output signal of
the commutation timng signal detector 25 and shifts (i.e., delays) the

phase generaﬁégn_netessary to detect a position of the rotor in driving.
However.'the'sp;ce'océupied by such a position detector has
become a serious problem with the progress of
‘miniaturization and has come to the front as an important
factor which obstructs a desired miniaturization of the
motor. To solve such a problem. so-called position-
sensorless. brushless DC motor has been déveloped recently
and already been put in practiéal use.

Fig. 26 is a fragmentary sectional view showing a
.con»entxonal brushless DC motor without position sensor in
an enlarged scale. . Such a posztlon-sensorless brushless DC
motor 81 of prior art comprises a stator 82 and a rotor 83.
The_stafbr 82 surrounds the rotor 83 rotatably supported by
a rotatable sh#ft 86 and includes a plurality of stationary
magnetic poles 84 projecting inward. The respective |
stationary magnetic poles 84 carry coils U. V. W (not shown)
wound thereon. The stationary magnetic poles 84 are
. magnetized in a predetermined polarity as cﬁrrent flows
through the coils U. V. W. Stationary magnetic pole
surfaces 85 defined by fhe inner end surface of the
respective stationary magnetic poles 84 lie at equal
distances ‘from the center of the rotatable shaft 86 along 2
cylindrical surface. |
The rotor 83. on the other hand. comprises a yoke 87

formed from a plurality of silicon steel sheets laminﬁted
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33 with an electrical angle of 15[err] to 30[err]. -The 6-step waveform
gener ator 36. generates waveforns of six nobdes based on the .cl ock- pul ses

applied fromthe phase shifter 35 so that the drive signal generator 27 may
t hereupon generate the notor 3

integrally and a pair of field permanent magnets 88. The
yoke 87 is provided along its outer periphery with four
rotating magnetic poles 89 p?ojécting outward and these
rotating magnetic poles 89 are alternately provided in their
bases with the field permanent magnets 88 inserted therein
with the N-poles of these magnets 88 being arranged face to
face. Respective rotating magnetic pble surfaces 90 defined
by the outer end surfaces of the respective rotating
magnetic poles 89 lie at equal distances from the center of
the Eotatable shaft 86 so as to form curved surfaces.
respectively. so that each rotating magnetic pole surface 90
is unif;rmiy spaced from the confronting stationary magnetic
pole surface 85 at every point on the rotating magnetic pole
surface 90.

Under the effect of mutual repulsion occurring between
the N-poles of the two permanent magnets 88, the ﬁagnetic
flux éenerated by the rotor 83 exits from the voke 87 via
the rotating magnetic poles containing there%n no field

permanent magnet and enters again into the yoke 87 via the

" rotating magnetic poles containing therein the respective

field permanent magnets as shown, Consequently. the
rotating magnetic poles containing therein the respective

permanent magnets are magnetized in S-polarity and the

. rotating magnetic poles containing therein no permanent

magnets are magnetized in N-polarity.
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drive signal and superpose this on the chopper signal applied fromthe
triangul ar wave conparator 37 prior to applicaticon to the inverter 22. The
F/'V converter 38 serves to F/V convert the clock pul ses which are .
proportienal to the rotation frequency of the notor 1 output fromthe
commutation timng signal deteector 25 and DC vol tage obtai ned thereby is
appliéd to the oscillator 43 which then generates reference triangul ar wave

of a period bei NQRecently. a driving method for the position-sensorless.
brushles§ DC motor has been proposed. in which the counter
electromotive force éeneratéd.in the stator coils as the
rotor rotates is utilized instead of relying on the position
detector (Suzuki. Ogasawara. Akagi. Naniwae. Nagatake.
Okuyama: “Construction of position-sensorless. brushless DC
motor”. reported in the 34th national meeting of JEC.
Industrial Application Group. 1988). With such a driving
method. as shown in Fig. 27. a 120° voltage feed type
inverter 91 is used as the main circuit and RPM control is
effected by a chopper control. Referring to Fig. 27.
referéhce'numeral 81 designates a motor. reference numeral
82 designates a stator. reference numeral 83 designates a
rotor. symbols U. V. W designate stator coils of respective
phases. symbols Ta*, Tb*. Te*. Ta™. Tb~. Tc~ designate
transistors. and symbols Da*. Db*. Dc*. Da”. Db~. Dc~
designate'feedbaék diodes. According to this proposal. the
counter electromotive- forces e,. ep. ec. generated in the
fespective phases and the drive signal applied to a pair of
transistors are trially obtained in the mutual relationship
as illustrated in Fig. 28. The respective phases U. V. W
have their open periods (i.e.. a period for which the
transistors are free from application of the drive signal)

twice each for 60° during a period corresponding to an

electrical angle of 3600, It should be understood hére that
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proportional to the DC voltage. The triangular wave with a rotation
frequency command vol tage and output a predeterm ned chopper signal to the
drive signal ‘generator 27. Fig. 10 exenplarily-illustrates a connection
extending fromthe F/V converter 38 to the oscillator 43 shown in Fig. 9.
and Fig. 11 illustrates waveforns generated frominportant components of
the connection. The F/V converter

the phase in the open state is referred to hereinafter as
the open phage.

To drive the motor according to this driving method. a
starting sequence as shown in Fig. 29 is followed.
Initially. the motor is excited for a predetermined time
with the drive signal of an optional excitation pattern
(step T31) and thereby the rotor is displaced to the
position corresponding to this excitation pattern (step
T32). Then. the excitation pattern is changed over to the
excitation pattern advanced by 120° (step T33) and thereby
the motor is rotated (step T34). The counter electromotive
force.is generated in the stator coils as the motor is
rotated. The rotating magnetic poles are indirectly
position-detécted by détecting the turned-on state of the
feedback diodes associated with the open phases and thus the
communication signal is generated (step T35). More
specifically. rotation of the rotor causes the stator coils
to generate the counf?r electromotive force which causes, in
turn. the terminal voltage of each open phase to be varied.
Consequently. anode potential of the P-side feedback diodes
rises to a level higher than Ed* or cathode potential of the
N-side feédbaék diodes drops to a level lower than Ed™ and
thus the feedback diodes are tuned on. Accordingly. the
turned-on state of the diodes associated with tﬁe open

Phases may be detected to detect the current excitation
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38 principally conprises an operational anplifier 44. a diode, a resistor
and a capacitor. The conmutation timng signal, detector 25 generates siXx
pul ses per one revolution of the notor 1. Wen a signal k1 fromthe
commit ation timng signal detector 25 gs applied to the F/V converter

pattern and.'in_consequence. positions of the rotating
‘magnetic poles are detected. Practically. the mode detector
92 as shown in Fig. 27 detecks the turned-on state of the
respective diodés.by comparing the reference voltage Ed with
the terminal voltage of each diode.

The turned-on states of the diodes associated with the
open phases are detected in the proximity of 30° during the
open period of 60° Namely. the turned-on state is detected
at a leading phase of approximately 30°. Accordingly. the
control circuit 93 generates the drive signal with delaying

" all the phases approximately 30°. respectively (such phase
delayiné is referred to as pﬁase shift)., to effect the next
compunication and utilizes this drive signal to perform the
chépper control.

However. with this position-sensorless. brushless DC
motor of prior art. the magnetic flux generated from the
field permanent ﬁagnets tends to be concentrated at points

'! on the respective rotating magnetic pole sqéfaces deviated
from the circumferentially middle boints tﬁeréon.in the
direction of rotation since the respective rotating magnetic
pole_surfaces &re uniformly spaced from the respective
stationary'haénetic pole surfaces at every point on the
respective rotating magnetic pole surfaces. As a result.
the counter electromotive force generated by the magnetic

flux will be prematurely detected with respect to the actual

Tt
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34 38. DC voltage k2 which is proportional to the rotation frequency is
obtained. The DC voltage k2 drives a gate of FET 46 and causes ON

resi stance of FET 46 to vary in a linear fashion. The triangular wave
gener-ator 37 conprises operational anplifiers 45. 47, "oscillation frequency
regul ating resistors. a capacitor and a Zener diode. An FET is connected
bet ween the resistors so that an output signal

positions of the respective rotating magnetic poles and the
stationary magnetic poles will be excited earlier than a
predetermined timing. prevenfing the rotor from being
smobthly rotated.

In the conQentional'position-sensorless; brushless DC
motor having the yoke containing the permanent magnets
inserted therein. the field permanent magnets usually have
substantially rectangular cross-sections. respectively. and
the outer magnetic pole surface of each field permanent
magnet defines a relatively large surface. Such
conffguration also has contributed to the above-mentioned
deviatian 6f the magnetic flux.

The conventional rotor comprising the yoke and the
field permanent magnets has encountered another problem |
concerning a strength of the yoke. More specifically. the
field permanent magnets each having a rectanéular cross-
section which is slightly narrower than the associated
rotating magnetic pole’is inserted into. the base of this
rotating magnetic pole and. therefore. bridges of the yoke
which connect the outer end to the base of each rotating
magnetic pole containing therein the field permanent magnet
have necessériiy slender configuration.

With the driving method of prior art. if the counter
electromotive force can be detected at first one

communication based on the starting sequence., it will be
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k3 fromthe operational anplifier 47 presents a reference triangular wave
of a frequency which is proportional to the frequency of the signal k1l
output fromthe commutation timng signal detector 25. It should be:
under.stood that the tinme axis given in F8g. .11 for the respective
wavefornms k1, k2 and k3 is actually expanded rel ative to the waveform k3
rgr ?onvenience of jllgstration. In this controller the rotation frequency
determined that & normal starting has been ichieved and a
change-over will occur from the open loop to the sensorless
running. Therefore. the roior.is inadequately position-held
and vibrates. for example. when a load involves a torque
fluctuation. Moreover. if next one communication is
performed under a torque being generated in the reverse
direction. the rotor is rotated from a position other than-
the desired position. so the counter electromotive force is
RN detected prematurely by an electrical angle of 60° or 120°
| with respect to the actual position of the rotor and change-
over to the sensorless running occurs, upon which a
predetérmined excitation pattern is output. However. the
motor can not be normally started and often vibrates since
this excitation pattern differs from the intrinsic
excitation pattern depending on the actual position of the
rotor. Even if the motor is vibrating. a signal
representing the counter electromotive force is detected
and. if this signal is higher than a level required for the
sensorless running. the predetermined excitation pattern
continues to be output. Consequently. both the normal
starting and the restarting are impossible.
With the above-mentioned driving method. furthermore.
the chopper frequency has had to be set. for a relatively

wide rotation frequency range of the motor., so that the

communication timing be free from any affection of the
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continuously variable from2 kHz to 15 kHz for the rotation frequency of O
to 10000 per mnute. As will be appreciated fromthe foregoi ng description.
the above controller advantageously mnimzes a swtching |oss of the

inverter and suppresses a heat generation fromthe inverter elenents. since

the chopper frequency can be ‘cont i nuouslgy varied in accordance with the
rotation frequency of the notor 1

detection timing delay at the maximum rotation frequency.
For example. aﬁ'electrical angle of 60° corresponds to

0. 5m/sec and, tﬁerefore. the:chbpper frgquency is set to a
level as high as in order of 10 kHz. However. such high
chopper frequency disadvantageousiy results in an increased
switching loss of the inverter and a significant heat
generation from the inverter elements.

In addition. the above-mentioned driving method has
encountered further another problem that the electric energy
accumulated in the stator coils is emitted immediately after
transfgr from the energized state to the deenergized state
and'coﬁseéuently a voltage appeafs in the open phase. The
time period for which the electric energy is emitted depends
on the value of current flowing through the stator coils and
the load exerted on the motor. The motor is not rotated

~during emission of such electric energy. because no precise
position information of the permanent magnet rotor can be
obtained unless the détection of the counte; electromotive
force is inhiﬁited.

Finally. the above-mentioned driving method is
accompanied with further additional problem concerning the
detéction'ﬁf.the relative position of.the stator coils and
the permanent ﬁagnet rotor. More specifically. the counter
electromotive force appearing in the stato} coils being not

fed (hereinafter referred to as open prhases) is detected and
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A further control circuit usable in Fig. 1 will be described with reference

to Figs. 12 through 17. Referring to Fig. 35 12. reference nuneral 22
desi gnates an inverter and

10.

thereby the rela%ive'position of the stator coeils and the
permanent magnets is detected according to the driving
method. Howevef. if the counter-electromotive force
appearing in thg oren phases nonlinearly varies, no precise
detection of the relative position willlbe achieved.
Accordingly. it is an object of the invention to
provide a brushless DC motor without position sensor
allowing the rotating magnetic poles to be precisely
position-detected and having an adequate structural

strength. This'object is solved by a brushless DC-motor

without position sensor comprising :

a) a stétor fixed inside a motor body and a rotor
located inside said stator and rotatably
supported by said motor body via a rotatable shaft,

b) said stator having a plurality of projected
stationary magnetic poles , inner end surfaces

of said stationary magnetic poles lying
substantially at equal distances from said rotatable

shatft .. on a circumferential surface:;

c) said rotor havihg even-numbered rotating magnetic ©
poles, and outer end surfaces of said rotating
magnetic poles having alternately different

polarities in the circumferential direction of the

rotor;
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ref erence nuneral. 23 designates-a counter el ectronotive-force detector
(having a function simlar to that of the node detector in the previous
first through fourth explained controllers). The inverter 22 serves as a
driver circuit for the brushless DC notor 1. The brushless DC notor 1

i ncludes stator coils U V. Wand pernmangpt magnet rotor 3 so that the

per manent nmagnet rotor 3 is rotated under the effect of the magnetic field
generated by current flow ng

d) each of said outer end surfaces being
arranged opposed to several ends of said stationary
magnetic pole surfaces . at a slight distance
{dg,di,d3) therefrom;

e) said outer end surfaces having &
minimum distance (dg) at a predetermined point in a
distance from said stationary magnetic pole surfaces
and having greater distances (dj,dz) in the
rotating direction and counter-rotating direction:

£) field permanent magnets . being inserted
befween said rotating magnetic poleé and
said rotating shaft in parallel to the rotating
shaft , and wherein said field permanent magnets
are lying opposed in parallel to each other
with the rotating shaft being interposed
therebetween; and

g) each of said field permanent magnets having
it opposite lateral sides slanted, such that the
outer magnetic pole surface of the respective field
permanent magnet directed outside towards
said stationary magnetic poles is smaller than
the inner magnetic pole surface thereof directed
inside towards said rotating shaft .

Further advantageous embodiments and improvements of the

invention may be taken from the dependent claims.
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t hrough the stator coils. This control circuit 24 conprises a current
detector 50. a current |evel detector 51. a detection inhibitor 52, a phase
shifter 53 and a feed signal generator 54. Term nal voltage of the

brushl ess DC notor 1 is applied to the.counter el ectronotive force detector
23 and the counter electronotive forcetodf the open phases is detected based
on the termnal voltage. The

Such a brushless DC-motor without position sensor

can advantageously be driven by a controller adapted,
even when the motor can not be normally rotated, for
example, due to a vibration in stafting, to return to the
start of an open loop, so an open loop control can be
restarted to repeat the position fixation of the rotor

until the normal rotation is achieved.

The brushless DC-motor may also be advantageously driven

by a
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current detector 50 and the current |evel detector 51 constitute together
nmeans to detect a nagnitude of the current flowi ng through the notor 1. The
current detector 50 enploys conponents such as a shunt resistor and a
current transformer to achieve the desired detection. The current |evel
detector,. 51 is readily arranged by. usiﬁd a peak hold circuit. The detection
inhibitor 52 is a circuit to inhibit further detection of the counter

electronDtlve force
controller adapted to change over the chopper frequency

continuously depending on the rotation frequency of the
motor and thereby to minimize a switching loss of the

inverter.

The brushless DC-motor can also be driven by a
controllef adapted to be able to detect the counter
electromotive force precisely even if the rotation frequency

and/or load of the motor fluctuate.

Furthermofe the brushless DC-motor can be controlled by a
control system adapted ﬁo detect the waveforms of current
flowing through tﬁe DC brushless motor and thereby to
achievé a stable position detection of the permanent magnet
rotor even if the counter electromotive force appearing in

the open phases nonlinearly varies.

Disclosure of the Invehtion:

" A first aspect of the invention can be seen in a
ii _ brushless DC motor without position sensor comprising a
. ~ stator fixed inside é motor frame and a rotor surrounded
by the stator and rotatably supported by the motor frame
through the aid of a rotatable shaft, the stator having a
pluralit} of stationary maghetic poles projecting inward,
inner end surfaces of the stationary magnet poles
defining stationary magnetic pole surfaces lying
substantially at equal distances from the rotatable shaft

along a cylindrical surface, the rotor
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Dat e: 36 imedi ately after commutation has occurred. The phase shifter
53 del ays the phase of output signal fromthe detection inhibitor 52 by an

el ectri cal

angle of 30[err]. The

12

haQing a plurality of rotating magnetic poles projecting
oﬁtward. outer end surfaces of the rotating magnetic poles
defining rotating magnetic pole surfaces which are
magnetized alternately in different polarities in the
circumferential direction of the rotor and opposed to the
stationary magnetic pole surfaces at a slight distance
therefrom. wherein each of the rotating magnetic poie
surfaces presents a curved surface swelling outward and is
most closely adjacent to the corresponding stationary
magnetic pole surface at a given circumferential point.
Pfeferably. the rotor comprises a yoke and field
permanent magnets. the yoke having an even number of
rotAting magnetic poles projécting radially outward. of
which the bases are alternately provided with the field
permanent magnets inserted thereinto in parallel to the
rotatable shaft with the magnetic poles of the respective
permanent magnets being opposed to the rotatable shaft. and
opposite lateral sides of the respective magnets being
slanted so that the respective magnets have their outer
magnetic pole surfaces provided with relatively small
surface areas.
A controller, that can be used for dfiving the inventive
brushless DC motor wthout position sensor utillizes

turned-on states of feedback diodes, the controller

comprising: an output pattern mode generator,
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feed signal generator 54 is a ci‘rcuit to generate a signal wth which the
inverter 22 is driven. Referring to Fig. 13. the counter electronotive _.
force detector. 23 uses a plurality of conparators 55 to conpare a mddle
point wwth a termnal voltage of the notor 1 so that the term nal voltage
mL of the brushless DC notor ‘1 and the odput n2 of the counter

el ectronotive force detector 23 present waveforns as illustrated in Fig.
14. respectively.

a 'commutatio.r'\- ‘timing s'igna.l generator and a coincidence

. detector serQing to detect a coincidence of the signals
generated from the output pattern mode generator and the
commutation timing signal generator. respectively, wherein.
when the output of the detector indicates no coincidence. a

motor drive output is stopped once and then starting is

repeated.

Anogher controller for the inventive brushless DC
motor without position sensor utilizes turned-qn states
of feedback diodes and provided with a chopper control
adaptéd for rotation-frequency-adjustably driving the
brushless DC motor, the contrcller comprising : motor’s
rofation frequency detector means and comparator means
serving to compare the output signal of the detector
means with a reference signal depending on the rotation
frequency of the motor, wherein a chopper frequency is
changed based On the output.signal of the comparator.

,

Still another controller for use with the inventive
brushless DC motor without position sensor utilizes
turned-on states of feedback diodes and provided with a
chopper control adapted for rotation-frequency-adjustably
driving fhe brushless DC motor, the controller comprising

a circuit adapted to generate the number of pulses

proportional to the rotation frequency of
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Referring to Fig. 14. a time period t for which an electric energy is
emtted depends on the |oad and the rotation frequency. A current value |
and the electric energy enission tinme period t are graphically shown in
Fig. 15 based on the data experinentally &btained using the rotation
frequency as a paraneter. ‘As wll be apparent fromFig. 15. the electric

energy emssion tine periodt is prolonged as the rotation frequency is
reduced. Accordingly, the

the motor and an F/V converter adapted to generate voltage
_ proportional to the number of pulses. wherein a chopper
frequency is continuously changed based on the output of the

F/V converter.

A controller ﬁéable with the inventive brushless DC motor
without position sensor, comprises : means serving to
detect current flowing through the motor and means
serving to inhibit detection of the counter electromotive
force immediately after commutation.

Such a controller for the inventive brushless DC motor
withdut position sensor, can also comprise means serving
to detect the rotation frequency of the motor and means
td inhibit detection of the counter electromotive force

immediately after commutation.

The controllei that can be used with the inventive
brushless DC motor without position can also comprise
means serving to detect waveforms of current flowing
through the brushless DC motor and means serving to
position-detect the permanent magnet rotor based on the

waveforms of current.

Brief Description of the Drawings:

Fig. 1 is a circuit diagram showing circuit components
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controller should inhibit the detection of counter electronotive force for
a time period longer than the tine period corresponding to the expected

m ni nrum rotation frequency. However, this inhibiting time period
exceedi ng an el ectrical angle -of 30[erH] would result in inhibiting the
detection of counter electronotive force which nust be

of a brushless DC motor without position sensor such as

an inverter in the embodiment of the invention:

Fig. 2 is a sectional view of the brushless DC motor
without position sensor taken transversely of an axis
thergof:

Fig. 3.is a block diagram of a control circuit shown.
in Fig. 1;

Fig. 4 is a circuit diagram showing an example of a

-~ pattern coincidence detector:

Fig. 5 is ;-timing chart illustrating a mutual
relationship of various signals appearing in the control
circuitg

Fig. 6 is a diagram illustrating a mutual relationship
of output pattern mode, excitation mode and commutation
timing detection phase:

Fig. 7 is a flow chart of a starting sequence:

Fig. 8 is a block‘ diagram of details of
another control circui? shown in.?ig: 1

Fig. 9 is a block dia;ram‘ of details of still

another control circuit shown in Fig. 1

Fig. 10 is a circuit diagram showing a connection from
an F/V converter to an oscillator:
Fig. 11 is a waveform diagram illustrating predominant

waveforms appearing in the F/V converter and the oscillator,

respectively:
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37 detected. Fig. 16 exenplarily shows the detection inhibitor 52. A feed
termnation signal for a lower armature is applied to an input term nal 57
of a nonostable nultivibrator 56 (hereinafter sinply referred to as
nmononulti) while a feed term nation signqk for an upper armature is applied

to an

Fig. 12~£s a block-aiagram of details of yeﬁ another
control circuit usable in Fig. 1;
| Fig. 13 is a circuit diagraﬁ of a.countgr electromotive
force detector:
Fig. 14 is a signal waveform diagram for the counter
electromotive force detector:
Fig. 15 is a graphic diagram illustrating a

relationship between current value and electric energy

. - emission time period:

Fig. 16 is a circuit diagram of a detection inhibitor{

Fig. 17 is a signal waveform diagram for the detection
inhibifor: _ N

Fig. 18. is a block diagram of details of an<->ti1er‘.!
_conErol circuiﬁ shown in Figll; .

Fig. 19 is a graphic diagram illustrating a
relationship bétween rotation frequency and electric.energy
emission time period: | _

Fig. 20 is a block diagram of details of another’

control circuit usable in Fig. 1

Fig. 21 is a block diagraﬁ of a rotor position
detectof:

Fig. ?2 is a flow chart of rotor position detecfion:

Figs. 23. 24 and 25 are waveform diagrams illustrating

current waveforms as function of feed timing. respectively:

Fig. 26 is a sectional view showing a brushless DC
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I nput termnal 59 of a nononmulti 58. The out.put signal of the current
| evel detector 51 is applied to termnals 61. 62. 63 of the respective
nononul tis 56. 58 and thereby varying a qgriod of the output pulses. 1In
this specific exanple, the period of the output pulses is varied by OV OFF
of timng capacitors. The si-gnals appearing in the circuit of Fig. 16
present respective wavefornms as illustrated in Fig. 17. Referring to Fig.
17. if md i's at a high level. n2 )
: motor without position sensor of prior art as -halved:
Fig. 27 is a circuit diagram of an inverter used in a
motor of prior art:
Fig. 28 is a diagram illustrating a relationship
between counter electromotive force and driving signal in a
motor of prior art: and

Fig. 29 is a flow chart illustrating a starting

.sequence for a motor of prior art.

% Preferred Embodiments of the Invention:

Below the embodiment of the invention will bé

described-with reference to Figs. 1 and 2.

Referriﬁg to Fig.'l. there is shown a general
afrangement of a drive control system for the brushless DC
motor without position sensor.

The drive control system for the brushless DC motor
without position sensor. in addition to the brushlesé DC
motor without posit}on sensor 1 ‘itself, a powgr.supply 21,
an inverter 22 having charge of chopper control. a mode
detector 23 utilizing a counter electromotive force to
detect the position of a rotor 3 and a control circuit 24

serving_to control the inverter 22. The brushless DC motor

without positioﬁ sensor 1 comprises a stator 2 and the rotor
3. The brushless DC motor without position sensor 1 in this

embodiment is-of three-phase inverter driven type and

reference symbols U, V. W designate respective coils wound
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i s grounded and therefore no signal is transferred. If nb is at a high
| evel , output of an OR gate 64 is also at a high l.evel. Thus. m4 and nb

may be arranged as illustrated in Fig. 17 to inhibit the. detection as-long
as the.electric energy is being emtted. n8 is an output waveform of the
detection inhibitor 52. It should be understood that there nust be

provided the circuit of Fig. 16 by the nunber correspondlng to the nunber
of notor's phases. The signal :

on the stator 2. Reference symbol Vn designates voltage
across U. V., W and this voltage is generated selectively
across two of these three coils U. V, W_upon switching of
the inverter 22.

The power supply 21 is in a state ready to supply
rectified current. Reference symbol Ed (and Ed*, Ed7)
designates an electromotive force. The inverter 22
comprises feedback diodes Da*. Db*. Dc*. Da”. Db~. Dc~ and

‘i} transistors Ta*. Tb*. Tec*. Ta~. Tb". Tc~.
| The respéctive system components operate, as will be
" described.. in rotationally driving the brushless DC motor
without position sensor. |

The inverter 22 comprises P-side transistors Ta®. be.
Tc* to which the feedback diodes Da*., Db*. Dc* are
connected, respectively. and N-side transistors Ta". Tb™. Tc~
to which the feedback diodes Da~, Db~. Dc™ are connected.
respectively. Under chopper control by a set of P-side

L

transistor and N-side transistor. two of the three-phase

coils are selectively supplied in succession with three-
phase direct current to generate magnetic field by which the
rotor is_rotationally driven. More specificaliy. output
mode patferns ﬁf the driviné signal are preset to 5 through
O in accordance with excitation patterns required to

maintain normal rotation of the motor 1. as will be

described later with reference to Fig. 6. and the motor 1 is
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presenting the waveformn8 | eads the normal feed timng by an electrical
angl e 30[err] and therefore the phase shifter 53 nust provide a delay
corresponding to this electrical angle 38 of 30[err]. The phase shifter
53 is readily inplenented using a . : o

) ' 19

rotationally driven under effect of commutation sequenced by
a relationship between the’respective;excitation patterns,
on one hand. and commutation timing detection phases and
turned-on diodes. on the other hand. The mode detector 23
is connected to the inverter 22 and detects the turned-on
states of the respective feedback diodes included by the
inverter 22 based on the counter electromotive force
generated in the respective coils of the motor 1. The
control circuit 24 detects the commutation timing of the
respective coils U. V. W based on the detection signal from
the mode detector 23 and outputs the driving signal to each
transistor of_the invertef 22 do that a well timed
commutation may occur to the respective coils U, V. W. The
chopper control is effected in the inverter 22. Based on
the driving signal. the inverter 22 repeats the operation as
mentioned above. Such repeated operation causes the rotor 3
to be continuously driven.

The stator 2 an& the rotor 3 of the brushless DC motor
without position sensor constituting an important part of
this embodiment will be described more in detail. Fig. 2
shows the brushless DC motor without‘position sensor of this
embodimedf infan enlarged sectional view taken transversely
of the rotation axis thereof.

The stator 2 surrounds the rotor 3 and has twenty four

stationary magnetic poles 5 projecting inward. Though not
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counter. Based on an output signal of the phase shifter 53. the feed signal
generator 54 generates a drive signal for the inverter 22. Sonetines, the
phase shifter 53 is elimnated depending on the parti-cular manner in which
the angle of lead is controlled. As will be appreciated fromthe foregoing
description. the above control circuit ggd ows the position- sensorless
drive to be achieved on the basis of the precise

shown. these stationary magnetic poles 5 carry coils wound
thereon. Stationary magnetic pole surfaces 6 defined by
inner ends surfaces of the.respective stationary magnetic
poles 5 lie at equal distances from the center of a
rotatable shaft 4 in conformity with an imaginary
cylindrical surface.

The rotor 3 is rotatably supported by the rotatable
shaft 4 and includes # yoké 7 comprising a plurality of
integrally laminated silicon steel sheets. The yoke 7 has
along its outer periphery four rotating magnetic poles 8. 9.
10. 11 projecting radially outward. A pair of field
permanent magnets.12. 13 are inserted into bases of the
rotating magnetic poles 8. 10. respectiyely. in parallel to
the rotatable shaft 4 with N-poles of these field permanent
magnets 12.-13 being positioned face to face. Consequently,

" the N-poles of the field permanent magnets 12. 13 repulse
each other and magnetic flux generated therefrom defines a

Ld

magnetic path as illustrated by Fig. 2. Specifically. the

magnetic flux from the yoke 7 after having passed through
the rotating magnetic poles 9. 11 and then enters the yoke
again through the rotating magnetic poles 8. 10. Thus. the
rotating.magnetic poles 8. 10 are magnetized as S-poles
while the rotating magnetic poles 9. 11 are magnetized as N-

poles.

The rotating magnetic pole surfaces 14. 15, 16. 17 on
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commutation timng even if the |oad and/or the rotation frequency
fluctuate. Accordingly, the position-sensorless drive can be adopted for
the particular field of application in which such a position-sensorless
drive has usually been unpractical. Still another control circuit usable in
Fig. 1 will be described with.reference $p Figs. 18 and 19. This control
circuit 24
the outer ends of the respective rotating magnetic poles 8.
9. 10. 11 define curved surfaces swelling radially outward.
respectively. In the instant case, circularly curvéd
- surfaces defined by the respective rotating magnetic pole
surfaces 14. 15, 16. 17 have a curvature larger than that of
the imaginary cylindrical surface on which the stationary
magnetic pole surfaces 6 lie. In other words. the rotating
magnetic pole surfaces 14, 15, 16, 17 are most closely
adjacent to the stationary magnetic pole surfaces 6 at
circumferential middle points of the respective rotating
magnetic pole surfaces.

The magnetic flux generated from the field permanent
magnets 12, 13 is concentrated on the circumferentially
middle points at which the rotating magnetic pole surfaces
are most closely adjacent to the stationary magnetic pole
surfaces. Such phenomenon will be explained more in detail
in connection with the rotating magnetic pole surface 14.

A distance from the circumferentially middle point of
the rotating magnetic pole surface 14 to the corresponding
stationary magnetic pole P2 is designated here by do and
distances:from;the §tationary-magnetic poles Pl. P3 adjacent
the stationary magnetic pole P2 to the rotating magnetic
pole surface 14 are designated by dl and gg.'respectively.
The distance do is smaller than both the distance dl and the

distance d2 and. in consequence. the magnetic flux generated
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conprises, as shown in Fig. 18. a detection inhibitor 52. a phase shifter
53, a feed signal generator 54 and a rotation frequency detector 65. The
detection inhibitor 52 inhibits further detection of counter ®electronotive
force immedi ately after the comutation has occurred. The phase shifter 53
del ays the phase of output signal fromth2 detection inhibitor 52 by an

el ectrircal angle of 30[err]. The feed signal generator 54

from the field permanent magnet 12 reaches the rotating
magnetic pole surface 14 mostly via the stationary magnetic
pole P2 and thereby a counter electromotive force generated
by the rotating magnetic pole surface 14 is concentrated to
the stationary magnetic pole P2. This is true also for the
ofher rotating magnetic pole surfaces 15. 16. 17.

In this way. the rotor 3 having the above-mentioned
circularly curved rotating magnetic pole surfaces normally
generates the counter electromotive force mostly froam the
circumfereﬁtiilly middle points of the respective rotating
magnetic pole surface so that an erroneous position
detection of the rotating magnetic poles may be reliably
avoided.

~ As shown. the field permanent magnets 12. 13 in the
instant case are configured to have opposite lateral sides
slanted so that its S-pole side may have a §urface area
smaller than that of its N-pole side. Thus. the magnetic
flux generated from %he permanent magnets is concentrated at
cirCumfereﬁtially middle points of their S-pole surfaces and
accordingly at circumferentially middle points of the
rotating magnetic pole surfaces 14. 16. Bridges 18 defined
at the oéposife latefal sides of the respective field
permanent magneﬁs 12. 13 have relatively large width over

most of their extents, since the opposite lateral sides are

slanted. With a consequence. the yoke 7 has a relatively
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39 serves to generate a signal with which the inverter 22 is driven. The
rotation frequency detector 65 detects the rotation frequency of the notor
1 and the rotation frequency information provided therefromis applied to
t he detection
23
high strength such that the yoke 7 might not easily deformed
even when an unexpected external force is exerted on the

rotating magnetic pole surfaces 14, 16.

While the embodiment of the invention has been
described on the basis of the specific embodiment having
the circularly curved rotating magnetic pole surfaces
each defined by a curvature. radius smaller than that
defining the stationery magnetic pole surfaces, the
curvature of each rotating magnetic pole surface is not
limited to the circular arc and any other curvatures, for
example, a parabolic curvature as viewed transversely of
the rotatable shaft may be employed .as far as each
rotat.ihg magnetic pole surface is so configured to be
most spaéed from the stationary magnetic pole surface at
the circumferentially opposite ends and wmost closely
adjacent thereto at the circumferentially middle point of
the rotating magnetic pole surface. The similar effect
will be 6b.tained also when each rotating magnetic pole
surface is configured so as to most spaced from the
stationary magnetic’pole surface only at one eﬁd in the
direction of its rotation and most closely adjacent

thereto at the cifcumferentially middle point.

While the embodiment of the invention has been described
heretofore on the basis of the speclific embodiment having
on the outer periphery of the yoke four rotating magnetic
pol'es which are, in turn, alternately provided with the

field permanent
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i nhibitor 52. A counter electronotive force detector (= node detector) 23
Is of the arrangenent simlar to that in the previous fifth enbodi nent and
provi des the output waveformn2 as illustrated in Fig. 14. The rotation

frequency N and the electric energy emssion tinme period t are graphically

shown in Fig. 19 based-on-the‘data,exper;nentally obt ai ned using the | oad
as a paraneter. As will be apparent fro

magnets inserted thereinto. the rotor is not limited to such
' construcfion_but may have aﬁy even number of rotating
magnetic poles and a field permanent magnet may be inserted
into each of ihem. Instead of inserting the field permanent
magnets into the yoke. it is also possible to form field
permanent magnets each having the rotating magnetic pole
surface of the above-mentioned configuration and then to
bond them onto the outer periphery of the rotatable shaft.
As will be apparent from the foregoing description. in
accordance with the embodiment of the invention, the
rotating magnetic pole surfaces of the rotor present the
curvaturé swelling radially outward so that each rotating
magnetic pole surface is most closely ad jacent to the
stationary magnetic pole surface at a2 given point on the
rotating magnetic pole surface.and. accordingly. the counter
electromotive force is concentrated at the point. In this
manner.-theée@bodiment provides a brushless DC motor
without position sensor characterized by that the position
of each rotatiﬁg magnetic pole can be precisely detected.
According to the embodiment., the yoke is provided along its
outer periphery with even number of the rotating magnetic
poles projectiné radially outward. these rotatiné magnetic
poles being provided in their bases with the field permanent
magnets inserted thereinto in parallel to the rotatable |

shaft. and the oppdsite lateral sides of each field
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Fig. 19. the electric energy emssion time period t is prolonged as the
rotation frequency is reduced. Accordingly, also this controller should
inhibit the detection of counter electronotive force for a tinme period

| onger than the time period correspondi to the expected mnimumrotation
frequency. However, this inhibiting tine period exceeding an el ectrical
angle of 30[err] would result in inhibiting the detection of the counter

permanent magnet are slanted so that the outer magnetic pole
surface of the magnet is sméller-than its inner magnetic
pole surface. Consequently. the magnetic flux generated
from the field permanent magnets is concentrated at the
circumferentially middle point of each rotating magnetic
pole. on one hand. and it is possible to provide the yoke
with the adequately wide bridges and to obtain the yoke
having a strength sufficiently high to resist the unexpected

external force exerted thereon.
Now, details of a control circuit usable together

with brushless DC-motor of Fig. 1 will be described with

reference to Figs. 3 through 7.
Fig. 3 is a block diagram of such a control system.

+ A mode detector 23
compares a reference voltage Ed.(and Ed*, Ed™) for forward
voltage drop of feedback diodes included by an inverter 22
with terminal voltage of the respective diodes in order to
detect the turned-on states of the respective feedback

diodes and thereby to detect the excitation pattern modes.
In this embodiment. the inverter 22 is of three-phase
bipolér type and. as shown in Fig. 6., detects the turned-on
_states of six phases U+, U-. V+. V=, W+ W- corresponding to
the respective excitation patterns and applies the
correspondiqg detection signals to a control circuit 24
which. in tufn. comprises a communication timing signal

detector 25. an output pattern mode generator 26. a drive
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el ectronotive force which nust be detected. The detection inhibitor 52 is
of the arrangenent simlar to that in the previous control)er.of Fig. 16
and provides the output waveformas illustrated in Fig. 17. The, out put
signal .leads the normal feed tinmng by ,¢ .

signal.generafor 27. a pattern coincidence deéector 28. a
starting controller 29; a chopper selector 30 and a chopper
signal generator 31. The Eomﬁut;tion timing signal detector
25 is adapted to detect the commutation timing signal based
on the output from the mode detector 23 and to generate a
clock pulse. The output pattern mode generator 26 is
adapted to generate. based on the clock pulse applied from
the commutation timing signal detector 25. signals
representing six modes as indicated in Fig. 6 and. based on
each of these signals. the.driye signal generator 27
generates a motor drive signal. The pattern coincidence
detector 28 compares a signal hl. one of the six commutation
timing signals with a waveform gg:g of the output pattern
mode 2 during a period for which the output pattern mode
generator 26 outputs a signal ho to the starting controller
to reque#t a restarting. Based on a signal h3 from the
output pattern mode generator 26 and a signal .from the
starting controller 59. ;he drive signal generator 27
generates a motor drive signal while the chopper selector 30
determines whether the chopper is positive or negati#e and
outputs a'corre§ponding signal to fhe drive signal generator
27. The gignal coming from the chopper signal generator 31

is superposed in the drive signal generatér 27 and thereby

driving the respective transistors of the inverter 22.

Referring to Fig. 4. the arrangement of the pattern
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40 an electrical angle of 30[err] and therefore the phase shifter 53 nust

provide a delay corresponding to the electrical angle of 30[err]. In |
response to the phase shifter 53. the feed signal generator '54.generates a
drive signal for the inverter 22. As wi || be appreci ated - from- the

foregoi ng description, the j ust descri b®d controller for use in

coincidence detector 28 is illustrated. The output pattern
mode generator 26 functions as a down-counter adapted to
generate the OR signal h2 o% the six commutation timing
signals in the form of a clock pulse successively on six
output terminals 5 through 0. In starting and restarting.
the mode 5 is output as an initial mode. then the modes 3.
2. 1. 0 and SIare output in this order (Regarding such
sequence. details will be described later). The output h3-2
> of the output pattern mode generator 26 and the commutation
timing signal hl are applied to EX-OR gate 32 of which the
output'gg. in turn. is applied together with the OR signal
h2 of fhe_siﬁ comnutation timing signals to an NAND gate 33.
Specifically. the output h3-2 of the output pattern mode
generator 26 is compared with the commutation timing signal
hl during a period for which the OR signal h2 of the six
commutation timing signals is output and. if no coincidence
is detected. the output ho of the NAND gate 33 becomes High.
This output is applied to the starting controller 29.
Correiation of the respective signals is illustrated by a
time chart of Fig. 5.
The drivg signal generator 27 successively generates
the drive gignafs of the output patterns 5 through O
corresponding to the excitation patterns as indicated in

Fig. 6. More specifically. the output pattern modes. the

excitation patferns.and the commutation timing signal
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Fig. 1 also allows the position-sensorless drive to be achieved on the
basis of the precise commutation timng even if the |oad and the rotation
frequency fluctuate. Accordingly, the p®8ition-senorless drive can be
adopted for the particular field of application in which such a

posi ti on- sedetiekéssndphueeBaa ries walfua DBENeMDFAStd £l andMid e fhe just.
descri bed and the previous controllers have been descri bed above as :

enpl oying thélostinheed in Fig. 5. For example., if the commutation

timing signal was detected from U- of the open phase U at
the output pattern mode 3, the excitation pattern may be
changed over from that correSponding to the mode 3 to that
corresponding to the mode 2 at the next output péttern mode
"2, i.e.. the excitation mode ”from-V+.to U~ " in order to
continue the normal rotation.
Fig. 7 is a flow chart illustrating a starting

sequence of the control circuit when driving the

brushless DC-motor in fig. 1.
Excitation of a given pattern occurs at

a step T;. .In this instance. the mode 5 is selected as the
given pétte:n. i.e.., the excitation pattern of "U+ phase to
V- phase” and 10 to 15A is fed with such output pattern.
Such state is maintained for 0.8 sec at a step T2.
Consequently. the rotor is rotated in forward or reverse
direction by an electrical angle of 180° max. and stopped so
that a positién of the rotor may be fixed. Now, the output
pattern mode is advancéd by two and the mode 3 is output.
Namely. feed occurs with the excitation pattern "from V+
phase to W- pﬁase". As a result, the rotor is started in
forward direction according to the excitation pattern being
advanced fu?ther by electrical angle 120° in forward
direction and accelerated. A degree of acceleration depends

on the feed current value as well as the loading condition
and, in this control circuit a revolution speed enough to
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el ectronotive force detection according to so-called m ddl e point
conparison, it should be understood that these controllers are al so
applicable to the case in which the counter electronotive force is detected
based on the turned-on states of t2 feedback diodes as previously
mentioned. Finally, another control circuit will be described with
referience to Figs. 20 through 25. taking
' generate the counter electromotive force required for
sensorless running can be reached at a moment of.st#rting
with a feed current in order of 5A. Thus. at a step T4. the
commutation timing signal is generated. So far as the
normal rotation is concerned. the commutation timing signal
is detectéd from the feedback diodes of the U~ phase which
is open during this period. Then, a step TS5 determines
whether the output pattern mode coincides with the
commutation timing signal generation phase or not. More
specifically, the step T5 determines whether the siénal of
the mode 2 coincides with the commutation timing signal from
the U- phase or not. since the output pattern mode is
advanced by 1 to the mode 2 as the commutation timing signal
is generated. If a coincidence is detected. the routine
proceeds to a step T6 to continue the sensorless running.
and if not detected. the routine is branched to a step T7 to
stop the odtput pattern. After 2 sec has elapsed at a step
T8. the routine returns to the step 1. the start point of
the open loop. to repeat the starting sequence. The
elapsing time at the step T8 is preferably set to a time
period at the end of which the rotor stops and. in this
embodiment. the time in order of 2 sec is appropriate.

It should be understood that the current value. the

elapsing time and: the output pattern are specific for this

control circuit éystem and it is obviously possible to
employ the other
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the case in which a three-phase DC brushless notor is used. Fig. 20 is a
bl ock di agram generally showi ng an arrangenent of this controller. This
controller 24 conprises 41

30

-

values and patterns in the other control systems/ further.
described below.

As will be apparent from the foregoing description,
the above described control circuit usable in Fig. 1 is
arranged so that the state in which the motor is rotating
can be detected even under a load possibly causing the‘
state during the starting to fluctuate and restarting can?
be tried by repeating thestarﬁing sequence even when the
motor is vibrating. In this way,' a further reliable:
starting can be achieved with a relatively simple circuit
arrangement.

Anothér control circuit usable in Fig. 1 will be .
described with reference to Fig. 8.

Fig. 8 is a block diagram showing an arrangement of a
controller. As has previously been mentioned. a mode
detector 23 detécts the turned-on state of respective
feedback diodes. A control circuit 24 in this embodiment
principally comprises a commutation timing signal detector
25. a phase shifter 35, a 6-step waveform generator 36. a
drive signal generator 27, a triangular wave comparator 37,
an F/V converter 38, a comparator 39 and first and second

"oscillators 40, 41.

The commutation timing signal detector 25 detects the
commutation timing obtained from a chop~off period based on

the output of the mode detector 23 and generates a clock

pulse. The phase shifter 35 is a delay circuit comparing a

counter adapted to obtain a normal commutation timing based
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a current detector 50. an isolation anplifier 66. a rotor position detector
67 and a feed signal generator 54. The current detector 50 serves to detect
a waveformof current flow ng through the DC notor using conponents -such as
a shunt resistor and a current transfogfer. The feed signal generator 54
generates a signal with which the inverter 22 is driven. The isolation
anplifi.er 66 and the rotor position detector 67 constitute together neans
to detect the . i

on the output signal of the commutation timing signal

detector 25 and shifts (i.é.. delay#) the phase generally

within an electrical angle of 150 to 30°. The 6-step

waveform generator 36 genefates waveforms of six modes based

on the clock pulses applied from the phase shifter 35 so

that the drive signal detector 27 may generate thereupon the

mbtor drive signal and superpose this on the chopper signal

applied from the triangular wave comparator 37 prior to

application to the inverter 22. The F/V converter 38 serves

to F/Vv c&nvert the clock pulses which are proportional to

the rotatiop frequency of the motor 1 output from the

commutation timing signal detector 25 and DC voltage

obtained thereby is compared by the comparator 39 with the

reference voltage depending on the rotation frequency of the

motor 1. Depending on the result of comparison. switching

occurs by means 6f a switch 42 between the first oscillator

40 and the second oscillator 41. Outputs of these

( oscillators 40. 41 a;e alternately applied in the form of
. reference.triangular w&ves to the triangular wave comparator

37 and the reference triangular wave generated from the

second oscillator 41 presents an oscillation frequency

differing.from that of the reference triangular wave

generafed from the first oscillator 40. Preferably. the

first oscillator 40 has an oscillation frequency of 15 kHz.

on one hand. and the F/V converter 38 and the comparator 39
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current waveform and thereby detecting the position of the permanent nagnet
rotor 3. The rotor position detector 67 is of an arrangenent as shown in
Fig. 21. Qutput nl of the isolation anplifier 66 is applied to an A/ID
converter 68 which sanples the current 3mveformof a given period and
digiti.zes this. The current waveformthus digitized is applied to a

m cr oeonput-er 72 conprising a CPU 69. a RAM 70 and a ROM 71 and the

m croconputer 72

are so arranged that the switch 42 is connectea to the first
,oscillator 40 for the rotation frequency less than 5000 and
is connected to the second o;cill;tor for the rotation
frequency of 5000 or higher.
It is also possible to provide a signal oscillator and

to switch oscillation frequency itself based on the output

of the comparator.

As will be understood from the foregoing:
- description, the just described controller advantageously -

- minimizes a switching loss of the inverter and effectively

suppresses a heat generation from the inverter elements.
A still further control circuit usable with the

inventive DC-motor of Fig. 1,2 will be described with

reference to Figs. 9 through 11.:
As seen in Fig. 9, this control circuit 24

principally comprises a commutation timing signal

detector 25. a phase shifter 35, a 6-step waveform generator
36. a drive signal generator 27, a triangular wave
'comparator 37. an F/V converter 38 and an oscillator 43.

The commutation timing signal detector 25 detects the
commutation timing obtained from a chop-off period based on
the output of the mode detector 23 and generates a clock
pulse. The phase shifter 35 is a delay circuit comprising a

counter adapted to obtain a normal commutation timing based

on the output signal_of the commutation timing signal

detector 25 and shifts (i.e.. delays) the phase generally
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di agnoses the waveform A start signal also is applied to an input

termnal 73 df the mcroconputer 72. Now, operation of the controller as
has been described above will be described with reference to the flow-chart’
of Fig: 22. Upon application of the stsét signal, the m croconputer 72
generates a signal of a given period fromits output termnal 75 and this
signal-is applied to the feed signal

with an électfﬁcal angle of 159 to 30°. The 6-step waveform
generator 36 generates waveforms of six modes based on the
clock pulses applied from the phése shifter 35 so that the
drive signal generator 27 may thereupon generate the motor
drive signal and superpose this on the chopper signal
applied from the triangular wave comparator 37 prior to
application to the inverter 22. The F/V converter 38 serves
to F/V convert the clock pulses which are proportional to

/" the rotation frequency of the motor 1 output:from the

L

-

conmutation timing signal detector 25 and DC voltage
obtained thereby is applied to the oscillator 43 which then
generafes réference triangular wave of a period béing
proportional tp the DC voltage. The triangular wave with a
rotation frequency command voltage and output a
predetermined chopper signal to the drive signal generator
27.

Fig. 10 exemplarily illustrates a connection extending
from the F/V converter 38 to the oscillator 43 shown in Fig.
9. and Fig. 11 illustrates waveforms generated from
important components of the connection. The F/V converter
38 principally comprises an operational amplifier 44. a
diode. a résistar and a capacitor. The commutation timing
signal ﬁetector 25 generatés six pulses per one revolution

of the motor 1. When a signal k1 from the commutation

timing signal detecfor 25 is applied to the F/V converter
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generator 54. causing a synchronized running of the 42 brushl ess DC
notor 1 (step T21). The synchroni zed running continues for a given tine
period t until the brushless DC notor 1 reaches a predeterm ned rotation
frequency (step 34

38. DC voltage k2 which is proportional to the rotation
frequency is obtained. The DC voltage k2 drives a gate of
FET 46 and causes ON fesistancé of FET 46 to vary in a
linear fashion. The triangular wave generator 37 comprises
operational ampiifiers 45, 47, oscillation frequency
regulating resistors. a capacitor and a Zener diode. An FET
is connected between the resistors so that an output signal
k3 from the operational amplifier 47 presents a reference
triangular wave of a frequency which is proportional to the
frequency of the signal kil oufput from the commutation
timing signal detector 25. It should be understood that the
time axis:given in Fig. 11 for the respective waveforms kl.

k2 and k3 is actually expanded relative to the waveform k

1w

for convenience of illustration.

In this controller the rotation frequency is.
cdntinuously variable from 2 kHz to 15 kHz for the rotation
frequency of 0 to 10000 per minute.

As will be appreciated from the foregoing description,

. the above controller ;dvantageously'.
minimizes a switching loss of thé_inverter and suppresses a
heat generation from the inverter elements. since the
chopper frequency can be continuously varied in accordance
with the }otétion frequency of_the motor 1.

A further controi circuit usable in Fig. 1 wil} be

described with reference to Figs. 12 through 17.

Referring to Fig.
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T22). The given tinme period t depends on the characteristics of the

brushl ess DC notor actually used. After the brushless DC notor has
continued the synchroni zed running for the predetermned tinme period t at
the step T22. the mcroconmputer 72 ermnes at a step T23 whether a feed
(commut ation) to the phase i'n which e current waveformis being detected
is started or not. |If the determnation is affirmative, the current

wavef ar m

12, reférence humeral 22 designates an inverter and
reference numeral 23 designates a counter electromotive
force detector (having a fﬁngtion similar to that of the
mode detector in the previous first through fourth explained
coﬁtrollers). The inverter 22 serves as a driver circuit
for the brushless DC motor 1. The brushless DC motor 1
includes stator éoils U. V. W and permanent magnet rotor 3
so that the permanent magnet rotor 3 is rotated under the
effect of the magnetic field generated by current flowing
through the stator coils.

This control circuit 24,
comprises a current detector 50. a current level detector
51. a detection inhibitor 52, a phase shifter-53 and a feed
siénal generator 54. Terminal voltage of the brushless DC

motor 1 is applied to the counter electromotive forée

_&etector 23 and the counter electromotive force of the open

phases is detected based on the terminal voltage. The
current detector 50 and the current level detector 51
constitute together means to detect a magnitude of the
current flowing through the motor 1. The current deiector
50 employs components sdch as a shunt resistor and a current
transformer to achieve the desired deteétion. The current
level detector 51 is readily arranged by using a peak hold

circuit. The detection inhibitor 52 is a circuit to inhibit

further detection of the counter electromotive force
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output fromthe A/D converter 68 is picked up and stored in the RAM 70
(step T24) until the feed node is switched (step T25). |If the feed node
has been switched at the step T25. the U 69 reads the current waveform
stored.in the RAM 70-and t her eby detectiﬁg t he peak position of. t.he«current
waveform (step T26. step T27) to detect the position of the maghetic poles
of the‘rotor. If the current waveform has been detected. for exanple.

immediately ;fter commutation has occurred. 'The phase
shifter~53 delays the phase of output signal from the
detection inhibitor 52 by an electrical angle of 30°. The
feed signal generator 54 is a circuit to generate a signal
with which the inverter 22 is driven.

Referring to Fig. 13. the counter electromotive force
detector 23 uses a plurality of comparators 55 to compare a
middle point with a2 terminal voltage of the motor 1 so that
the terminal voltage ml of the brushless DC motorll and the
output m2 of the counter electromotive force detector 23
present waveforms as illustrated in Fig. 14. respectively.
Referring to Fig. 14, a time period t for which an electric
energy is emitted depends on the load and the rotation
frequency. A current value I and t;e electric energy
emission time.period % are graphically shown in Fig. 15
based oﬁ the_data experimentally obtained using the rotation
frequency as a paraqfter. As will be apparent from Fig. 15.
the electric'energy emission time period t is prolonged as
the rotation frequency is reduced. Accordingly. the
controller should inhibit the detection of counter
electromotive fofce_for a time period longer than the time
period corkesponding to the expected minimum rotation
frequency. However, this inhibiting time period exceeding
an electrical angle of 30° would resulﬁ in inhibiting the

detection of counter electromotive force which must be
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to have the peak position lying on the mddle (t[err]=t[err]) between the
commut ati on startlng point and the feed node sw tching point as_shown in
Fig. 23. the present feed timing is determined to match the-relative
position of the rotor and the stator coils. [If the peak p05|t|pn_lles on
the second half (t[err]>t[err]) as showysn Fig. 24. the feed tinmng

detected.
Fig. 16 exemplarily shows the detection inhibitor 52.

A feed termination signal for a lower armature is applied to
an input terminal 57 of a monostable multivibrator 56
(hereinaftér simply referred to as monomulti) while a feed
termination signal for an upper armature is applied to an
input terminal 59 of a monomulti 58. The output signal of
the curreﬁi level detector 51 is applied to terminals 61.

,  62. 63 of the respective monomultis 56, 58 and thereby

t varying a period of the output pulses. In this specific
example. the period of the output pulses is varied by ON/OFF
of timing capacitors. The signals appearing in the circuif |
of Fig. 16 present respective waveforms as illustrated in
Fig. 17. Referring to Fig. 17. if m4 is at a high level. mn2
is grounded and therefore no signal is transferred. If m5
is at a2 high iével. output of an OR gate 64 is also at a
high level. | Tﬁus ml and m5 may be arranged as illustrated
in Fig. 17 to 1nh1b1t the detection as long as the electric
energy is being emitted. m3 is an output waveform of the
detection inhibitor 52. It should be undefstood'that there
must be provided the circuit of Fig. 16 by the number
corresponding to the number of motor's phases. The signal
presenting fhe waveform m3 leads the nofmal feed timing by

an electrical angle 300 and therefore the phase shifter 53

must provide a delay corresponding to this electrical angle
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43 is determned to be delayed. If the peak position lies on the first half
(t[err]<t[err]) as shown in Fig. 25. the feed timng is determned to be
advanced. \Wen t[err]=t[err], the feed is continued with this timng. and
when t[err]>t[err], the feed timng is advanced by a prescribed anount
(step T28). When t[err]<t[efr], the feed8tinmng is del ayed

7

of 300. - The phase shifter 53 is readily implemented using a
counter. Based on an output signal of the phase shifter 53.
the feed signal generator 54 generates a drive signal for
the inverter 22. Sometimes. the phase shifter 53 is
eliminated depending on the particular manner in which the
angle of lead is controlled.

As will be appreciated from the foregoing description,
the above control circuit allows the positién-ﬁ
sensorless drive to be achieved on the basis of the precise
commutation timing even if the load and/or the rotation
frequency fluctuate. Accordingly. the position—-sensorless
drive can be adopted for the particular field of application

in'which'such a position—-sensorless drive has usually been

unpractical.

- -

Still another control circuit usable in Fig. 1 will'
be described with reference to Figs. 18 and 19.

This control circuit 24

”~

comprises. as shown in Fig. 18, a detection inhibitor 52, a
phase shifter 53, a feed signal generator 54 and a rotation
frequency detector 65.

The detection inhibitor 52 inhibits further detection
of counter electromotive force immediately after the
commutation has occurred. The phase shifter 53 delays the
phase of output signal from the:detection inhibitor 52 by an

electrical angle of 30°. The feed signal generator 54
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by a prescribed anmount (step T29). Once the feed timng has been changed.
the next feeding is waited for and, upon starting of the feeding. the '
operation as nentioned above will be repeated. |In this nmanner, the precise
comut ation timng can be achi eved even the rotation frequency and/or the

| oad fluctuate. However. excessively delaying or advancing the timng wll
result-in repetition of t[err]>t[err] and t[err]<t[err].

serves to generate a signal with which the inverter 22 is -
driven. The rotation frequency detector 65 detects the
rotation frequency of the motor 1 and the rotation frequency
information provided therefrom is applied to the detection
inhibitor 52.

A céunter electromotive force detector (= mode
detector) 23 is of the arrangement similar to that in the
previous fifth embédiment and provides the output waveform

“.  m2 as illustrated in Fig. 14. The rotation frequency N and
the electric energy emission time period t are graphically
shown 'in Fig. 19 based on the data experimentally obtained
using the load as a parameter. As will be apparent from
Fig; 19, thé_electric energy émission time period t is
prolonged as the rotation frequency is reduced.

Accordingly, also this controilér-should -

inbibit-the detection of counter electromotivé force for a

time period longer than the time period corresponding to fhe
expected minimum rotation frequency. However. this

inhibiting time period exceeding an electrical angle of 309

would result in inhibiting the detection of the counter
electromotivé force which must be detected.
The detection inhibitor 52 is of the arrangement

similar to that in the previous controller of

Fig. 16 and provides the output waveform as illustrated in

Fig. 17. The output signal leads the normal feed timing by
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As will® Dbe appreci at ed from the f oregoi ng: description, just
described controller allows the stable position detection of the rotor even
when the rotor structurally prevents the counter electronotive force in the
open phases fromlinearly varying. Furthernore, the commutation can be

achi eved always with the precise tinming hecause the feed timng is always
noni tor'ed on the basis of the current waVeform

an electrical angle of 30° and therefore the rphase shifter
53 must provide a delay corresponding to the electrical

angle of 30°. “In response to the phase shifter 53. the feed

signal generator 54 generates a drive signal for the

inverter 22.

As will be appreciated from the foregoing
.description, the just described controller for use in .
_Fig. 1 also allows the position-sensorless drive to be :
< ~achieved on the basis of the precise commutation timing f
N .even if the load and the rotation £frequency fluctuate. '
Accordingly, the position-senorless drive can be adopted
for the'partiéular field of appiication in which such a .
position-sensorless drive has usually been unpractical.
While the just described and the previous cbntfollers
have been described above as employing the counter .
electrombtive force detection according to so-called.
middle point comparison, it should be understpod that%
these controllers are also applicable to the case in; :

]
which the counter electromotive force is detected based

fop

on the turﬁed-on states of the feedback diodes as
. previously mentioned.
Finally, another control circuit will
be described with reference to Figs. 20 through 25, taking
the case in which a three-phase DC brushless motor is used.

Fig. 20 is a bhlock diagram generally showing an arrangement

of this controller., -

This controller 24 comprises —
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I ndustrial Usefulness: In spite of having no position-sensor, the brushless

DC 44 nmotor of the invention can precisely detect the rotor position,
assure an adequate structural strength and achi eve : e
) 4

a current detector 50. an isolation amplifier 66. a rotor
position detector 67 and a feed signal generator 54. The
current detector 50 serves fo detect a waveform of current
flowing through the DC motor using components such as a
shunt resistor and a current transformer. The feed signal
generator 54 generates a signal with which the inverter 22
is driven. The isolation amplifier 66 and the rotor
position detector 67 constituté together means to detect the
current waveform and thereby detecting the position of the
permanent magnet rotor 3. The rotor position detector 67 is
of an arrangement as shown in Fig. 21.

Ogtpﬁt'gl of the isolation aﬁplifier 66 is applied to
an A/D convefter 68 which samples the current waveform of a
given periéd and digitizes this. The current waveform thus
digitized is applied to a microcomputer 72 comprising a CPU
69. a RAM 70 and a ROM 71 and. the microcomputer 72
diagnoses the waveform. A start signal also is applied to
an input terminal 73 of the microcomputer 72..

Now. operation of the controller as has been described
above will be described with reference to the flow chart of
Fisg. 22.

Upon épélfcation of the start signal. the microcomputer
72 generates a signal of a given period from its output

terminal 75 and this signal is applied to the feed signal

generator 54, causing a synchronized runnihg of the
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a fine rotation control. In view of these abilities, the brushless DC notor
of the invention is suitable for use under a severe condition such as high
tenperature usually encountered by the scroll type conpr.éssor.. 45

. , 42

brushléss DC motor 1 (step T21). The synchronized running
continues for a given time period t until the brushless DC
motor i reaches a predeterﬁinéd }otation frequency (step
T22). The given time period t depends on-the
characteristics of the brushless DC motor actually used.

Affgr the brushless DC motor has continued the
synchronized running for the predetermined time period t at
the step T22. the microcomputer 72 determines at a step T23

..~ whether a feed (commutation) to the phase in which the
current waveform is being detected is started or not. If
the determination is affirmative. the current waveform
outpuf from the A/D converter 68 is picked up and stored in
the RAM 70 (step T24) until the feed mode is switched (step
T25). 1If the feed mode has been switched at the step T25.
the CPU 69 reads the current waveforﬁ stored in the RAM 70
and thereby detecting the peak position of the current
wavefbrm (step T26. step T27) to detect the position of the
magnetic poles of the rotor.

If the current waveform has been detected. for example.
to have the peak position lying on the middle (t;=tj)
between the commutation starting point and the feed mode
switching.poinf as shown in Fig. 23, the present feed timing
is detéfmined to match the relative position of the rotor
and the stator coils. If the peak position liés on the

second half (ty>t2) as shown in Fig. 24, the feed timing
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Claing A brushless DC notor (1) w thout position sensor conprising: a) a
stator (2) fixed inside a notor body and a rotor (3) |located inside said
stator (2) and rotatably supported by said notor body via a rotatable shaft
(4); b) said stator (2) having a plurality of projected

43

is detérmined to he delayed. If the peak position lies on
the first half (tj<t) as shown in Fig. 25. the feed
timing is determined to be advanced.

When tj=ts. thé feed is continued with this timing,
and when tj>t3. the feed timing is advanced by a prescribed
-amount (step T28). When ti<tj. the feed timing is delayed
by a prescribed amount (steé T29).

Once the feed timing has been changed. the next feeding
is waited for and. upon starting of the feeding. the
operation as mentioned above will be repeated. In this
manner. the precise commutation timing can be achieved even
the rotation frequency and/or the load fluctuate. However.
excessively delaying or advancing the timing will result in
repetition of t;>ty and t1<ta.

As will be appreciated from the foregoing:
descfiption, just described controller allows the stable
position detectioﬂ of the rotor even when the rotor
structurally prevents the coﬁnter'electromotive force in the
open phases from linearly varying. Furthermore. the

commutation can be achieved always with the precise timing

because the feed timing is always monitored on the basis of

the current waveform.

Industrial Usefulness:

In spite of having no position-sensor. the brushless DC

shoel
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stationary magnetic poles (5), inner.end surfaces (6) of said statlonary
magnetic poles (5) lying substantially at equal distances from said-
rotatable shaft (4) on a circunferential surface; c) said rotor (3)
hayi ng “even- nunber ed rotating magneti g4poles (8,9, 10, 11), and outer end
sur f aces (14, 15,16, 17) of said rotating nmagnetic poles (8,9,10,11) having

al ter nat elot ot frfterﬂ'lﬂé Poléitido®Scan precisely detect the rotor
position. assure an adequate structural strength and achieve
a fine rotatxon_control. In view of these abilities. the
brushless DC motor of the invénfion is suitable for use
under a severe condition such as high temperature usually

encountered by the scroll type compressor.
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in the circunferential direction of the rotor (3); d) each of said outer
end surfaces (14,15, 16,17) being arranged opposed-to.several ends of sald
stationary magnetic pole surfaces (6) at a slight di stance
(d[err],d[err],d[err]) therefrom e) sai d outer endlﬂ”lﬁ

(14, 15, 16, 17) havi ng a mni mum di stance ¥d[err]) at ‘a mﬁnﬂ,wmﬂl nt
in a distance fromsaid stationary magnetic pol e surfades¢

Claims
1. A brushless DC motor (1) without position sensor
comprising:
a) a stator (2) fixed inside a motor body and a rotor

(3) located inside said stator (2) and rotatably
supported by said motor body via a rotatable shaft
(4);

b) said stator (2) having a plurality of projected
stationary magnetic poles (5), inner end surfaces (6)
of said stationary magnetic poles (5) lying
‘substantially at equal distances from said rotatable
shaft (4) on a circumferential surface;

c) said rotor (3) having even-numbered rotating magnetic
poles (8,9,10,11), and outer end surfaces
(14,15,16,17) of said rotating magnetic poles -
(8,9,10,11) having alternately different polarities
in the circumferential direction of the rotor (3}:;

d) each of said outer end surfaces (14,15,16,17) being
arranged opposéd to severai ends of said stationary
magnetic pole surfaces (6) at a slight distance
(dg,d;,dp) therefrom; |

e) said outer end surfaces (14,15,16,17) having a
minimum distance (dg) at a predetermined point in a
distéhce from said stationary magnetic pole surfaces
(6) and having greater distances (dj.,d7) in the

rotating direction and counter-rotating direction;

This is the replacement sheet
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(6) and having greater distances (d[err], d[err]) in t he rotatlng g direction
and counter-rotating direction; 46 f) field p Iﬂ’ (12 13)
bei ng i nserted between said rotating rragnet i c pol eﬁl ”ﬂ’"’,ﬂﬂm

f) field permanent magnets (12,13) being inserted
between said rotating magnetic bolés (8,9,10,11) and
said rotating shaft (4) in pérallel to the rotating
shaft (4), and wherein said field permanent magnets
(12,13) are lying opposed in parallel to each other
with the rotating shaft (4) being interposed
therebetween; and

qg) each of.said field permanent magnets (12,13) having
it opposite lateral sides slanted, such that the
outer magnetic pole surface of the respective field
permanent magnet (12;13) directed outside towards
said stationary magnetic poles (5) is smaller than
the inner magnetic pole surface thereof directed
. inside towards said rotating shaft (4).

2. A_bruéhless DC motor (1) without position sensor,
according to claim 1, characterized by:

said rotating magnetic poles (8,9,10,11) having their
outer end surfaces (8,9,10,11) formed by integrally
laminating many silicon steel sheets, such that circularly
curved surfaces defined by said respective rotating
magnetic pole surféces (14,15,16,17) have a curvature
larger than that of said circumferential surface on which

said stationary magnetic pole surfaces (6) lie.

. 3. A brushlgss DC motor (1) without position sensor,
according to claim 1, characterized by:

said field permanent magnets (12, 13) being arranged in
said rotor (3) at bases of said rotating magnetic poles
(8, 9, 10, 11) such that they lie on opposite sides
diametriéally of said rotating shaft (4) facing a

respective rotating magnetic pole surface (14:;16) and have

- | This is the replacement shamt
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said rotating shaft (4) in parallel to the rotating shaft (4),"andwherein

said field permanent magnets (12,13) are |ying oppos each
other with the rotating shaft (4) being interposed tﬁmmw m”! gjb
each of said field permanent nmagnets (12, 43) having it* opposI

sides slanted, such that the-outer magnetic pole surface of the respective

field their respective corresponding magnetlc poles (N} opposed
to each other. |

4. A brushless DC motor (1) without position sensor,
according to claim 1, characterized in that the smaller
outer magnetic pole surface is the N-pole of the field
permanent magnet (12;13) and the larger inner magnetic

“pole surface is the S-pole of the field permanent magnet
(12;13).

5. A brushless DC motor (1) without position sensor,
according to claim 3, characterized in that said field
permanent magnets (12,13) are arranged in said rotor (3)
parallel to said rotatable shaft (4).
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per mmnent magnet (12;13) directed outside towards said stationary nagnetic
poles (5) is smaller than the inner magnetic pole surface thereof directed
i nside towards said rotating shaft (4). 2. A brushl ess DC notor (1)
Wi t hout position sensor, according toal aim1, characterized by: said

rofating magnetic poles (8,9,10,11) having their outer end surfaces

(8,9,10,11) formed by integrally o .. o

BRUSHLESS DC MOTOR WITHOUT POSITION SENSOR AND ITS CONTROLLER

A'bruéhiess DC motor related to the first invention is
characterized in that rotary pole surfaces (14. 15, 16 and
17) of rotor magnetic poles (8, 9, 10 and 11) are
respectively formed on convex surface. and the rotary pole
surfaces (14. 15. 16 and 17) are formed so that the distance
between each of them and a fixed pole surface (6) is
minimized at a predetermined point in the circumferential
direction. A controller related to the seconq_inﬁention is
characterized by festarting the motor when a commutation
timing signél,is mismatched with an output pattern mode. A
controller related to the third invention is characterized
by comparing the motor speed with the reference signal to
change the chopper frequency in accordance with the compared
value. .A controller'related to the fourth invention is
characterized by continuously changing the chopper frequency
in accordance with the motor speed. Controllers related to
the fifth and sixth inventions are characterized by
inhibiting the position of a rotor (3) from being detected
immediately after commutation to a motor (1) in accofdance
with the current flowing through the motor (1). A
controller related to the seventh invention is characterized
by detecting the position of the rotor (3) in accordance

with the waveform of the current flowing through the motor

(1).

Figure 1
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| am hating many silicon steel

sheet s,

such that circularly curved surfadg
defined by said respective rotating magnetic pole surfaces (14, 15, 16, 17)

have a curvature larger than that of said circunferential surface on whifch
sai d stationary magnetic pole surfaces (6)
(1) without position sensor,
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said rotor (3) at bases of said rotating magnetic poles (8, 9, 10, 11) such
that they lie on opposite sides dianetrically of said rotating shaft (4)

facing a respective rotating magnetic pole surface (14;16) and have 47
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their respective correspondi ng magnetic poles (N) opposed to each other. 4.
A brushless DC nmotor (1) w thout position sensor, according to claim1,
characterized in that the smaller outer magnetic pole surface is the N pole
of the field permanent magnet (12;13) and the |arger inner nmagnetic pole
surface is the S-pole of the field permanent magnet (12;13):

3/29

— e -
. T
N m
N [
= 82 8
. o c o
o O 0=
> ' == O '
= ' O %0 '
(]
®) /
M
k N o
bt e =
8‘5______9. O = =St E.g '
i o2 O g - O a b
: O —i —= PR . O
o O O o u b o e
O« >EeQlE— o o
B PR = g
™ FRFFT KN vyl
O N | o @
e ' M c
L & H C vl 2
l‘ -t &3
Q - =
L Q Q <S s
=T O = O
bt O I D L4 O
_|5288® £35S .
1 N a‘-’ ‘Q-‘J (SRS IS '
' o8 o o0
3% & oo
o &0 ro\&
N )
' < |
] ]
~[ ! =
S =
3 S =
>33 > Loy
23| | W -2
N 555
SRR

This is the replacement sheet

Date: 21 NOV 1997



5. A brushl ess DC notor (1) w thout position sensor, according to claim
3, characterized in that said field permanent magnets (12,13) are arranged
in said rotor (3) parallel to said rotatable shaft (4)..
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