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(57) Abrége/Abstract:

A high-efficiency electric motor of electronic commutation type having a single stator unit and a single rotor unit comprises a first
electrical submachine (M1) and a second electrical submachine (M2), in which the first submachine (M1) Is fed by a voltage
source (V,) and Is associated with a sensor (R, ) for measuring the current absorbed from said feed. The first submachine (M1)

comprises at least two windings characterised by an inductance (L;,), a resistance (R.,), and induced electromotive force (E.,)
and a switch (P) connected in series. The second electrical machine (M2) 1s fed by a capacitor (C), which Is charged at a
controlled voltage (V). For each of said first windings there Is provided a diode (D), having one of its poles connected to the end
of the respective winding, which is connected to the switch (P), and the remaining pole connected to one of the ends of the
capacitor (C) thus charged at a controlled voltage (V). Moreover the first submachine (M1) Is pulse-modulation driven and
performs the function of power supply for the submachine (M2) by charging the capacitor (C) at the voltage (V) via the diodes
(D).
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(57) Abstract

A high-efficiency electric motor of electronic commutation type having a single stator unit and a single rotor unit comprises a first
electrical submachine (M1) and a second electrical submachine (M2), in which the first submachine (M1) is fed by a voltage source (Vp)
and is associated with a sensor (Rg) for measuring the current absorbed from said feed. The first submachine (M1) comprises at least

~

two windings characterised by an inductance (Lg), a resistance (Re), and induced electromotive force (Ef1) and a switch (P) connected in
series, The second electrical machine (M2) is fed by a capacitor (C), which is charged at a controlled voltage (V¢). For each of said first
windings there is provided a diode (D), having one of its poles connected to the end of the respective winding, which is connected to the
switch (P), and the remaining pole connected to one of the ends of the capacitor (C) thus charged at a controlled voltage (V.). Moreover

the first submachine (M1) is pulse-modulation driven and performs the function of power supply for the submachine (M2) by charging the
capacitor (C) at the voltage (V) via the diodes (D).
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TITLE OF THE INVENTION

HIGH-EFFICIENCY ELECTRIC MOTOR OF ELECTRONIC COMMUTATION TYPE

BACKGROUND OF THE INVENTION

Field of the intention

This invention relates to a high-efficiency electric motor of

electronic commutation type.

Discussion of the background

P

High-efficiency electrical machines of electronic commutation

type, herelnafter known as EMCs, operate with pulse modulation

ﬁ
p—

and generally at ultrasonic frequencies, with absorption of

very high ripple current pulses. Without the use of a costly
and bulky L-C filter in the feed 1line, the conducted and
radiated electrical disturbance levels would be greater than
allowed by current reqgulations. To reduce costs, the filter
can be replaced by one of active type able to decouple the
current absorbed ‘by the electric motor from the battery
current. A known and particularly effective i1mplementation,
in terms both of cost and performance, 1s to interpose between
the battery and the ECM a step-up converter current-controlled
by means of R,y on the basis of control information C.;
originating from the ECM, which 1s compared with a wvelocity
input V,.. by known methods. This converter 1is charactersised
by operating with an output voltage V. greater than the battery
voltage V, and by absorbing from the battery an essentially
continuous current (of constant delivered power) with a ripple
as small as desired, achieved by dimensioning the inductor L
and the switching frequency by known methods. The waveform of
the battery current i, is shown 1in FIG. 2, which shows the

typical times associated with the operation: 1/T is the
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switching frequency, T,, and T, are the on and off times of the

electronic power switch P (FIG. 1); also shown are the ripple

superimposed on the mean absorbed current and the composition
of 1,, consisting of the sum of i, and i,, this latter being
integrated by the capacitor C to provide a mean current 1.
(from an essentially continuous V_.) which powers the ECM.

SUMMARY OF THE INVENTION

—
p—

The object of the i1nvention 1s to achieve the operability of

the schematic of FIG. 1 essentially in terms of the waveform

P

of the current absorbed from the battery, while significantly

reducing cost and bulk by eliminating the inductance L and the
switch P. As 1t 1s not possible to eliminate these components
from an operational viewpoint, the 1nvention proposes a

solution which utilises certain switches and certain windings

of the ECM, already present for i1ts normal operation, to also
perform the function of switch P and inductance L.
This object 1is attained according to the invention by a high-

P

efficiency electric motor of electronic commutation type,

having a single stator unit and a single rotor unit, including
a first electrical submachine and a second electrical
submachine, 1n which:

- The first submachiline 1s fed directly by a voltage source
and 1s assoclated with a sensor for measuring the current
absorbed from the feed; said first submachine including at
least two windings chacterised by an inductance, a resistance,
an 1nduced electromotive force and a switch connected in

series;

- the second electrical submachine i1s fed uniquely by a

capacitor which 1s charged at a controlled voltage;

o ST ) Piew . o w ‘¥ sone " e Can el gy A L S S b Atk AdON 2. 3. LD KPP Pe VP B e ob o A ® o B Sy eet Fokd % e 2% msasnsclail cliel s ss nennel A e B B R St o o




10

15

20

235

T TR A v i I by v LRI REAL N 3 A Tre P MW P e 3

CA 02247832 2000-12-14

—3 -

- for each of the first windings there is provided a diode,

having one of its poles connected to the end of the respective

winding, which is connected to said switch, and the remaining

pole connected to one of the ends of the capacitor thus charged
at a controlled voltage;

~ the first submachine is pulse-modulation driven to obtain
a closely DC current absorption from said voltage source with
harmonlcs content as low as desired and, by charging the
capacltor at the voltage via the diodes, the first submachine

provides the unique power supply for the second submachine.

BRIEEF DESCRIPTION OF THE DRAWINGS

A more complete apprecilation of the invention and many of the

P

attendant advantages thereof will be readily obtained as the

same becomes better understood by reference to the following
detailed description when considered in connection with the
accompanying drawings, wherein:
FIG. 1 1s a schematic block diagram of an electric motor
of known type;
FIG. 2 shows the waveforms of the current through the
motor of FIG. 1;
FIG. 3 1s a schematic block diagram of the electric motor

according to the 1nvention;

FIGS. 4 and 5 are 1llustrations of two electromagnetic
structures forming the electric motor of the
invention;

FIG. © 1s a schematic of block diagram of a specific the
electric motor of the invention;

FIG. 7 1s an invention of waveform diagrams illustrating

the phase emfs of the motor of the invention;
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FIG. 8 1s a simplified schematic block diagram

corresponding to that of FIG. 6;

g

FIG. 9 1s a further schematic of block diagram the

F

machine of the invention;

b FIG. 10 1s a waveform diagram;

P

FIG. 11 1s a schematic block diagram of the motor of the

invention provided with protection devices:

FIGS. 12 and 13 are further waveform diagrams; and

FIG. 14 1s a schematic block diagram of an additional

10 circuit for the electric motor of this invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Referring now to the drawings, wherein like reference numerals
designate 1dentical or correspondlng parts throughout the

several views, essentially according to the invention, the

15 inductance L and switch P of FIG. 1 are integrated into a

sultably structured ECM, controlled and dimensioned to add to

1ts electric motor function the function of active filter, so

~ -

covering by itself the overall operability of the schematic of

FIG. 1. The first feature of the ECM proposed by the invention

20 (FIG. 3) 1s that it operates as two submachines which

mechanically combine their contributions at the same rotor of

the ECM whereas electrically they operate and are controlled
as two separate machines. The first, known hereinafter as M1,
1s powered by the battery at voltage V,, whereas the second
2> known hereinafter as M2, is powered by a capaclitor C charged

to a wvoltage C. Dby the operation of M1 as described

herelnafter. The scheme 1s completed by the fast diodes D

connected to the capacitor C as in FIG. 3. The velocity input

Veer and the signals of the Hall position sensors are also

e e L Ml T TGRS COPRAN I, VR AL R LA A . Loy . . ,. ..
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function of the inductance L and the switch P of FIG. 1, the

submachine M1 must be designed with a unipolar structure with
two or more windings (depending on the number of phases to be
determined and the number of windings to be powered i'n
parallel) with the magnetic coupling between them as loose as
possible. The inductances of its windings and the switches P
already proposed for their normal PWM driving provide the L and
P functions of FIG. 1.

The third feature is that the submachine M2 can have a
different number of phases and windings than the submachine M1,
with any magnetic coupling between them, but magnetically
decoupled from the windings of Ml1.

The fourth feature is that the driver of M2 is totally

independent of that of M1. It can therefore be of unipolar,

pridging, linear or PWM type and is characterised by having a
control function (for example a control feed-back on V. ) which
ensures that under all operating conditions the current induced
by the operation of M1 via the diodes D is totally absorbed by

MZ. Without limiting the generality of the aforedescribed

principle of operation, for greater clarification and for

providing the main design principles, reference will be made

H
p—

Lo a two-phase battery powered unipolar brushless motor of

permanent magnet type.

Iwo electromagnetic structures which implement the
aforesaid magnetic coupling conditions are shown in FIGS. 4 and
> by way of non-limiting example.

In particular, for the same nominal ECM operating conditions
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and the same number of poles, the structure of FIG. 5 has a

lower phase inductance and a lesser demagnetising reaction (1/3

of that of the structure of FIG. 4).

The specific schematic which achieves the principles (FIG.

1 and FIG. 3) 1s shown in FIG. 6. To complete the control

electronics, in addition to that already described it includes

two signals V., for operating by known circuits (clamping

circults) a protection at overvoltages exceeding the VDSS

allowed by the switches P2. These latter together with other
circult details are known and do not form part of the inventive

idea, and will therefore not be referred to hereinafter. The

chosen two-phase structure is for example of known type with
four unipolar windings powered as two single-phase machines (at
full half-wave). The first single-phase machine (consisting

of PHASE 1 and PHASE 3) covers the role of the submachine N2

and 1s powered at Vz. The emfs of each phase €r1, €p2r €p3; Spy4)

are shown 1n FIG. 7, where it can be seen that they are out of

phase by 90 electrical degrees.

The magnetic structure, the seat of the magnetic flux
generated by the currents in each winding of the submachine M1
(1dentified in FIGS. 4, 5 and 6 as PHASE 1 and PHASE 3), must
be such as to ensure that the inductances of these windings are
as mutually decoupled as possible to prevent absorbed current
gaps during swlitching between one winding and the next in the
driving sequence (a known problem when mutual inductance exists
petween the two) and that the inductive couplings with the
windings of M2 are marginal. This is achieved by the presence
of non-wound decoupler teeth (indicated by T,4)and winding the
two phases (PHASE 1 and PHASE 3) on physically separate teeth
(see FIGS. 4 and 5). The M2 windings also operate as an

electric motor generating an active torque, as they suitably
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engage the pertinent emf half-wave by known methods (e.gq.
sulitable decoding of Hall position sensors). The magnetic

structure, the seat of flux generated by the currents in each

winding of the submachine M2 (identified in FIGS. 4, 5 and 6

as PHASE 2 and PHASE 4), must ensure in this case a very tight
magnetic coupling between them to enable the stored magnetic
energy (from the windings which cease to conduct to those which
begin to conduct) to be transferred during switching with
minimum losses via the diodes D2 (known operation). This 1is
achleved by winding said phases on the same teeth (see FIGS.
4 and 5).

As the two submachilines operate 1in parallel in providing

the desired mechanical power 1t is generally advantageous to
dimension them such that, at least under nominal conditions,
poth the mechanical power supplied and the loses are divided
into equal parts.

The design data for sald operating point (n) are:

Prech (n) mechanical power

RPM(n) velocity

n(n) efficiency

V, feed voltage
Knowing the design data, the geometry and the materials chosen
for constructing the machines, the 1iron, ventilation and
friction losses P¢ , . Can be predicted by known methods.

The value of Ry 1s chosen such tat voltage drop across it
can pbe considered negligible as a first approximation, so that
to simplify the calculations the diocde 1s simulated as an ideal

diode with a resistor equal to R, in series (see FIG. 8).

By way of example, for the machine of FIG. 8 the
equivalent scheme shown in FIG. 6 can be used, which shows the
essential components for dimensioning the two machines, these
beling:

Ls;, 1nductance of each winding of Ml




10

15

20

25

30

CA 02247832 2000-12-14

-} -

R¢y resistance of each winding of Ml

E.; mean emf per half wave at the nominal velocity of each

winding of Ml

Rp; internal resistance of the power switch (e.g. MOSFET)
for each winding of Ml.

FIG. 8 also shows the corresponding elements for M2.

The two submachines (M1) and (M2) must be designed as

follows. Dimensioning of submachine Ml:

The first element immediately obtainable 1is i, from

N(n) = Pmchm) / Vo 1@
hence 11t = Poacitn)y / Vom 0@ (€Q. 1)
Equation 1, together with cost considerations and other

known operational aspects of the switch Pl, enables its
tvype to be identified and hence Rp; to be qualif_ied as an
item of data. Having identified 1i,,; and Ry, Eeqin(n),
Efy 1000y and Rgyq can be obtained. From the Kknown
relationship Pgp = Ppeen + Pee,v,a = E-I and remembering that

the power has to be distributed equally between the
machines M1l and M2, for Ml:

Eaag L1 = (Vbmdiim Ny + Pea,v,am 172

hence Eﬁ @ = % [(Vpm N(n) + Peg,vatm 7/ f1m]

which by replacing i,,; Dby eq. 1 gives:

Beigy = ¢ Vi N(N)[1 + Pegvatm) / Poechiny (eq. 2a)
AS Psy vam 1S negligible compared with Ppgenm)r» (eq. 2a)

can be rewritten as

Eei(n) = § Vymn(n) (eq. 2b)
from which E¢; 1000y €2n be obtained as follows:
Eg (1000) = [Eg ¢ / RPM(n)] - 1000 (egq. 3)

Hence using known formulas the number of turns of the
winding and the value of L, can be calculated. To obtailn

Reymy @n energy balance can be used in which the machine
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M1 absorbs 50% of the total power. Hence:
[Efl(n) + (Rfl + RPl)il(n)] j-1(11) = i Vb(n) il(n)
giving Eeq(n) + (Reg + Rpp) L9y = 2 Vin
from which Rfl z [Vb(n) /2 - Efl(n)]/il(n) - RPI (eq. 4)

5 Dimensioning of submachine M2:

Defining T,, and T, as the on and off times of the

switches Pl respectively,

10 Regardless of the voltage V. across the capacitor C, its

charging current can be obtained from the always valid
relationship: '
i, = i; Toee/T = i,(1 - D)
which at the nominal operating point can be written as
15 i;(n) = iy (1 - D(n)) ~ (eq. 5)
The relationships between M2 and M1 for their respective

characterising elements can now be obtained. Remembering

the condition of equal power, then:

Ea) + L2ty = Efam +11m)
20 hence Eam = EBaagm e ligm 7/ 12(R)
and finally
Ecam) = Baam /(1 = Dm) (eg. 6)

Remembering also the condition of equal dissipated power,

then:
25 Rea ) ¢ 1,(n)* = Rgyqm - 11(:1)2
hence Reamy = Reim o (il(nl / L2 )2.
and finally Reamy = Reiqm /(l-Dm,)2 (eq. 7)

The only unknown is D, which can be obtained from

Ail.'ron = Ail,'roﬁf

30 from which, having assumed RD = Rpl
(Vy = [Egg + (R + Rpp)1a])Ton / LT
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= (Rpgga + Vo = [Vp = (Eg + Reg 11)]) Toge/Lgy T (eq. 8)
Putting A = Vy = [E¢f + (Reg + Rpy)i; ], then:
D = (V. - A)/V, (eq. 9)

Hence, remembering (eq. 4),

1 = Dim) = Vo + Vewm /2 (eq. 10)
from which it can be seen that having fixed V,, (1 - D)
is defined unambiguously by V. -
The three ensuing conditions help to define V.,
unambiguously. These are:
Condition 1
In order for current not to circulate through that
winding of the submachine Ml which with its emf, the sum
of the motional part E¢(n and the transformer part Ep (g
due to undesirable coupling between the windings of the
submachine Ml and between these and those o0of the
submachine M2, would give a negative contribution to the
development of mechanical power, the voltage Vpg(azs)
across the power switch P, ¢ connected to said winding
must be less than the voltage across the capacitor_ C.
Only in this mariner can the diode Dy Dbe polarised
inversély and hence current cannot pass therethrough. The
following condition must therefore be satisfied (see
FIGS. 8 and 9): '

Veim) 2 Vosietsy = Vom * Eeaamy + Emin (cond.

1)
Condition 2
As the maximum voltage Vis2 (of£) écross the power switch P2

occurs during the time interval in which that winding of

the submachine M2 connected to it is inactive, then:

VQSZ(otf) C {max) + Ethm.x) = 2 VC(mx);

hence in order for the rupture voltage Vyss2 ©0f the power

e orrer v et vl . - . 5 s .~ . . . 2
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switch P2 not to be exceeded, the following condition
must be satisflied:

2 Vemax) < Vpss2 (cond. 2)
Condition 3

Remembering that:

- the coupling between the windings of the submachine M2
must, as stated, be as high as possible;

- the transfer of magnetic energy, which occurs through
D2 during switching between <the wind'ings of submachine
M2, is less dissipative the higher the difference between
the feed voltage, which in this case 1s V., and the
transient overvoltage V.., oss.¢) (Made as close as possible
to Vpss; Py said clamping circuits) which appears across
the power switch P2 when it opens;

- the cost of the capacitor C increases with its rated
voltage; it is apparent that Vg, must be as low as
possible (cond. 3).

Given that in practice:

Eesgmy + B = & Vo)
then (see (cond. 1))

Ve * 3/2 Vp (eq. 11). .
From (eqg. 10) and (eq. 11) the following are also
obtained: o = i@ /3 (eq. 12.1)

Eeamy = 3Efi(n) (eq. 12.2)

Rezm = 3 Rercm) (egq. 12.3)

P = 3° Rergm (eq. 12.4)

Equations 12.1 - 12.4, which unambiguously determine the
dimensioning of the submachine M2, show an interesting
aspect from the constructional viewpoint, namely that for
the two submachines, wire of the same cross-section can

be used, with a different number of wires in parallel for

e ER i s v TR b ) A AT FAT L et e s M e e
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the two submachines.

If 1, is the mean turn length identical for all windings
of the ‘two submachines, Scy the wire cross-section of each
winding of the subma'chine Ml and S,, the wire cross-
section of each wihding cf the submachine M2, then:

Reg = p (1l Ngy)/ Co (eq. 13.1)

Rez = p (1 Nyz)/ Ces (eq. 13.2)
Given that from (eq. 12.2) it can be deduced that the

number of turns N,; of each winding of the submachine M]

must be 1/3 the number N,, of each winding of the
submachine M2: '

Ng;y = 1/3 - N, (egq. 13.3)
From (eq. 12.3) and (eq. 13.1-13.3):

P(ly * Noa)/Ses = 3° p (1 Ny)/Sey = 3° p(la - Nyu/3)/Sq

hence

Sc1 = 3S8., (eg. 14)
This latter shows that the winding of the submachine Ml
can be formed by poéitioning in parallel three wires of
Cross-section identical to that of the single wire used
for the winding of the submachine Ml. A PWM control
Strategy at fixed frequency is normaliy implemented on
Step-up converters of the type shown in FIG. i. Given
that, as clarified in the description of the inventive
idea, the function of the inductor L of FIG. 1 is
performed by windings which 'are the seat of induced emf,
@ strategy such as the aforegoing would méke it difficult
to contain the battery current ripple within
predetermined limits. For this reason the control

étrategy adopted is of hysteresis type, which acts anly

on the on phase of the submachine Ml and, in accordance

with known methods, maintains that the current is absorbed by

P TRt Wt DN Wk - SR SRR AIIVREREE S I I A, MM B 4 S A M L e . A L L e e el ae o
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the ECM, as measured through the resistor Ry within
predetermined maximum and minimum values such as to make the
ripple as small as desired compatible with the technical

limitations related to the state of the art of the switching

devices used. This naturally means that the switching

frequency of the power switches of the submachine M1 is not set

put 1s directly related to 1ts electrical parameters

(inductance, emf, feed voltage). Convenlently, a control
strategy 1s used for the voltage V. across the capictor C which
for each delivered torque and rotational velocity condition
satisfies the noted condition 1, while maintaining the
difference between V_, and Vs oy @S small as desired by known
methods. This strategy enables the battery current to be fully
- controlled during switching between windings of the
submachine M1. If during switching between windings of the
submachine M1 it happens that the current 1in the phase which
1s switched off decreases more rapidly than the current
increase 1n the phase which 1s switched on, the current i,

falls to below the minimum set value. If 1n contrast when one

phase 1s switched off the current decreases more slowly than

the current increase 1n the phase which 1s switched on, the 1,
control maintains 1t within the preset limits. To obtain this
condition 1t 1s necessary that during the switching time the
average value of E;,, known as E; ., 1S such that

Vp — Efl,avg > V. - (Vb - Efl,avg)

As V. = 3/2 V,, necessarily Eg ., < 0.25 V,.
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Given that this is achieved by simply anticipating switching
(already necessary for operation of the submachine M2 and
easily 1implemented), the absorbed current ripple is hence

easlly controllable in any event.

A filter for eliminating conducted and radiated electrical

disturbances 1s conveniently positioned in the ECM feed line

(see FIG. 11) and 1s of much smaller cost and size than that
required for an ECM which does not implement the 1inventive
ldea. The simplest way of protecting a battery-powered ECM is

to connect a power diode 1n series with the operating relay.

Besides being costly and bulky, this diode introduces a voltage
drop (typically 0.7 Volt) and hence reduces the EM efficiency
(for equal absorbed power). The operating relay, which is key-
operated, has to withstand a switch-on current which is so high
as to require unacceptable overdimensioning. According to the
schematic shown in FIG. 11 the ECM is instead directly powered
by the battery via the relay RL controlled by the electronic
control wunit ECU. A lower-power diode D, and a ballast
resistor R, are connected as shown in FIG. 11. Given that

electronic control unit which controls the relay RL is key-

powered vlia D,, the ECM 1s protected against polarity
inversion. The ballast resistor R, prolongs the duration of
the current pulse which charges the capacitors C and C. when
the starting switch 1s operated, so limiting the extent of the
dV/dt to which the capacitors are subjected and preventing
passage o0f destructive current through the switch. The
electronic control unit ECU measures the voltage across the

resistor R, and enables the relay RL only when this voltage,

and hence the switch-on current, fails below a predetermined

safety level.

Referring to eq. (11) V. = 3/2 V,, there are some cases (for
1nstance to lower the rms current through the capacitor C, to
lower the current through the switches of submachine M2, etc.)

1n which it 1s necessary to have V. > 3/2 V,. In that case it
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could happen that during the commutation between the phases of
the submachine M1, the current in the phase which is switched
off decreases more rapidly than the current increase in the
phase which 1s switched on; the battery current will fall out

of the prescribed tolerance-band.

To avoid the fall of the battery current it is necessary
to add an electronic circuit (FIG. 14) to control the current
in the phase which is switched off. This 1s attained, as
described below, by artificially prolonging the conduction
interval of each phase of submachine M1, feeding to the gate
of the corresponding MOSFET a clock signal logically anded with
the pwm signal that normally controls the phases of submachine
Ml 1n order to maintain the battery current within the

gy,

prescribed tolerance-band. The decrease of the phrase current

vs time (slope) is controlled at a value such to avoid battery

current to fall out of the above mentioned.

The logic keeps the MOSFET definitively off when the phase

o

current reaches zero. The behaviour of the circuit will be

explained for one of the two phases (named 1) of submachine M1,
providing that complementary circuitry 1is wused for the
other (s).

Referring to FIGS. 12 and 13, let the phase 1 switched
off.
Vo, = voltage at the drain of MFT1
V. = voltage across the capacitor C
clock = square wave with duty-cycle value less than 50% the

g

duty-cycle of the pwm signal and frequency value
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at least greater than three times the frequency of

pwm signal
hall = the Hall effect sensor signal which switches on
phase 1

pwm = signal which normally controls the phases of

submachine Ml in order to maintain the battery

current within the prescribed tolerance-band.

When HALL goes down to . <low>, MFT1 is switched

(momentary) off, V,, becomes greater than V., b; goes to
<high>, y; goes to <high> and q, will 1latch clock,
out;=clock:MFTl will be controlled by pwm anded with the
clock one (see FIG. 12).

When the current through the phase 1l reaches zero and q,
(latched to clock) switches off MFT1, V,, cannot override
Ve, By goes to <low> and when clock goes to <low>, y, goes
to <low>; suddenly q; will go to <low>, out, will go ddwn
to <low> and MFT1 will be definitively switched off (see
FIG. 13).

AR 2L ¢ RIS NS AT NI SN M T - AR e L AN e . e TR N A AT T P D TP A . 1o - O R -
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CLAIMS:

1. An electronic commutation motor comprising:

a stator unit and a rotor unit configured as a direct

current multi-phase motor constituted by a first submachine and
a second submachine, each machine corresponding to a respective

motor phase;

said first submachine being pulse-modulation driven and

comprising at least two first winding circults each comprising

a series combination of a winding having an 1nductance and a

resistance and 1n which an 1induced electromotive force 1s
produced, and a phase switching switch;
a capacitor;

at least two diodes coupled between respective ends of

said at least two first winding circults and sald capacitor;
and

said first submachine and said at least two diodes
configured to charge said capacltor to a controlled voltage
applied to said second submachine as a power supply for said

second submachine.

2 . The motor of Claim 1, wherein said second submachine
comprilses:

at least two second winding circuits, each comprising a
series combination of a winding having an 1nductance and a
resistance and 1in which an induced electromotive force 1s

produced, and a phase switching switch.

3. The motor of Claim 2, wherein sailid at least two first
winding circuits are connected 1n parallel and sald at least

two second winding circuilts are connected 1n parallel.

4 . The motor of Claim 2, wherein said first and said second

submachines comprise diodes connected in parallel with
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F

respective of the switches of said winding circuilts.

5. The motor of Claim 2, comprising:

an electronic control unit configured to control a

plurality of said switches on the basis of the controlled

voltage of the capacitor, a current circulating within the
voltage source, a voltage across the switches of the second

submachine kinematic guantities of the motor.

o . The motor of Claim 1, wherein said 1nductors are
electromagnetically decoupled from each other or have windings

which are inductively separated.

7. The motor of Claim 2, wherein the second submachine has

gp—

a number of inductors equal to the number of inductors of the

first submachine.

*

8 . The motor of Claim 2, wherein the second submachine has

1 number of inductors different from the number of 1nductors

of the first submachine.

9. The motor of Claim 2, wherein said inductors of the second

submachine are electromagnetically coupled together.

10. The motor of Claim 2, wherein said inductors of the second

submachine are electromagnetically decoupled from said

inductors of the first submachine.

11. The motor of Claim 1, wherein the first and second
submachines have respective drivers 1independent from each

other.

12. The motor of Claim 11, wherein the driver of the second
submachine is selected from the group consisting of unipolor,

bridging, linear and PWM drivers.
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13. The motor of Claim 6 or 10, wherein the stator unit

comprises teeth on which said windings are wound, further

comprising:

a ferromagnetic element without windings 1nterposed

5 Dbetween two adjacent stator teeth provided with windings.

14. The motor of Claim 13, wherein the windings of the first

submachine are formed such that the respective phases are wound

on different teeth separated by a ferromagnetic element without

10 windings.

15. The motor of Claim 2, wherein said inductors of the second

submachine are electromagnetically decoupled from said

inductors of the first submachine, and the stator unit

15 comprises teeth on which said windings are wound, further

comprising:

a ferromagnetic element without windings 1interposed

between two adjacent stator teeth provided with windings; and

the windings of the second submachine being formed such

\anal

20 that the respective phases are wound on the same teeth.

16. The motor of Claim 6 or 10, wherein the stator unit
comprises teeth on which said windings are wound, further
comprising:

25 a
between two adjacent stator teeth provided with wilndings

"erromagnetic element without windings 1nterposed

1

wherein each stator tooth provided with windings 1s split into

a fork, between the ends of which 1s 1interposed said

ferromagnetic element without windings.

30
17. The motor of Claim 16, wherein the windings of the first

submachine are formed such that the respective phases are wound

on the forked ends of two adjacent teeth, said ends being

separated by said ferromagnetic element without windings.

35




10

15

20

235

30

33

CA 02247832 2000-12-14

_20_

18. The motor of Claim 1, comprising a power source selected
from the group consisting of a d.c. voltage generator, a

storage battery, and a rectified a.c. voltage generator and

configured to apply a voltage to said first submachine.

19. The motor of Claim 11, comprising a power source selected

P

"rom the group consisting of a d.c. voltage generator, a

Lod

storage battery, and a rectified a.c. voltage generator and

configured to apply a voltage to said first submachine, wherein
the driver of the first submachine comprises a current
hysteresis driver configured to act on the windings of said
first submachine to maintain the current circulating through
said power source within a required range.

H

20. The motor of Claim 19, wherein a switching frequency of

the switches of said first submachine depends on electrical

parameters of said first submachine.

21. The motor of Claim 5, comprising:

a power source configured to apply a voltage to said first
submachine;

a power diode connected 1n series between the power source
and the first submachine; and

a first switch controlled by the electronic control unit

and connected in parallel with power diode between the power

source and said first submachine, said electronic control unit

sensing a switch-on current and controlling said swilitch to

bypass said power diode when the sensed switch-on current falls

below a predetermined value.

22. The motor of Claim 21, comprising:

a resistor connected in series with said power diode with

the series combination of said power diode and said first

switch connected in parallel with said first switch.

- M wr® v s abellrladl Mw Al dow s = M b s Lo e e seadat aan o h dad Jams L Are 0
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23. The motor of Claim 22, comprising:

said electronic control unit configured to sense saild

switch-on current by detecting a voltage across said resistor.

5 24. The motor of Claim 21, comprising:

an L-C filter interposed between said power souce and said

first submachine.

25. The motor of Claim 22, comprising:
10 an L-C filter interposed between salid power source and

salid first submachine.
26. The motor of Claim 23, comprising:
an L-C filter interposed between said power source and

135 said first submachine.

27. The motor of Claim 2, comprising:

a power source configured to apply a voltage to said first

submachine;

20 wherein the controlled voltage to which said capacitor 1s

charged is equal to 1.5 times the value of the voltage across

said power source, the windings of said first submachine are

formed by positioning in parallel a number of wires equal to

three times a number of wires used for windings of said second

25 submachine and have the same cross-section as wlres used for

windings of said second submachine.

28. The motor of Claim 21, wherein the controlled voltage to
which said capacitor is charged is equal to 1.5 times the value

30 of the voltage across said power source, the windings of said

Ll

First submachine are formed by positioning 1n parallel a number
of wires equal to three times a number of wilres used for
windings of said second submachine and have the same cCross-

section as wires used for windings of said second submachine.

335
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29. The motor of Claim 28, wherein the controlled voltage to

which said capacitor is charged is equal to 1.5 times the value

of the voltage across said power source, the windings of said

first submachine are formed by positioning in parallel a number

of wires equal to three times a number of wires used for
windings of said second submachine and have the same cross-

section as wires used for windings of said second submachine.

30. The motor of Claim 2, configured as a unipolar two-phase
electrical machine with four inductor windings, in which two

of said windings are inductively separated from each other to

form the first submachine and the other two are 1inductively

coupled together to form the second submachine, further

comprising a driver having at least two MOS transistors having

parasitic diodes and configured to drive said second submachine

via said at least two MOS transistors so as to utilize the

parasitic diodes for energy recovery.

31. The motor of Claim 5, wherein the electronic control unit

provides control of the controlled voltage across the capacitor

such that:
V“ > Vb T Efl T Eml!

L_,, Ar———

where V, is the feed voltage of a power source applied to

P

said first submachine, E;, is the emf per half wave of each of

the windings of the submachine, and E, 1s the induced emf cue

to undesirable coupling between the windings of the submachine.

32. The motor of Claim 31, comprising:

a power source configured to apply a voltage to said first

submachine;

wherein the controlled voltage to which said capacitor 1is
charged is more than 1.5 times the value of the voltage across
said power source (V,); and

an electronic circuilt configured to control the current

p—
prvr

in a phase being swilitched off.
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33. The motor of Claim 21, wherein the controlled voltage to

which said capacitor is charged is more than 1.5 times the

value of the voltage across said power source, further
comprlising:

an electronic circuit configured to control the current

n

in a phase being switched off.

34. The motor of Claim 26, wherein the controlled voltage to

which said capacitor is charged is more than 1.5 times the

value of the voltage across said power source, further
comprising:

an electronic circuit configured to control the current

in a phase being switched off.

35 . The motor of Claim 32, wherein said electronic circuilt

applies a pulse wave modulated signal to control the phase

o -
pr—

switching switch of the winding circuit belng switched oIf to

artificially prolong the conduction interval of each phase ot

submachine.

36. The motor of Claim 33, wherein said electronic circuit

applies a pulse wave modulated signal to control the phase

g

switching switch of the winding circuit being switched off to

——

artificially prolong the conduction interval of each phase oI

submachine.

37. The motor of Claim 35, comprising:

a circuit provided to definitively switch off said pulse

wave modulated signal once the current in said winding circuit

being switched off reaches zero.

38. The motor of Claim 36, comprising:

a circuit provided to definitively switch off said pulse

wave modulated signal once the current in said winding circuilt

oy o 1 f 5oy ik Yrrm 2 et O G-I Pt 4ot A AT M SRR A1 WL Y A e e s e TR
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n

f reaches zero.

pbeing swltched o:

39. A circuit for applying power from a power source to a
motor, comprising:

a power diode connected in series between the power source
and said motor;

an input terminal configured to receive a start signal;

a control unit configured to control application of power

b

from the power source to the motor via the power diode upon

#

application of the start signal to the i1nput terminal;

a first switch controlled by the control unit and
connected i1n parallel with said power diode between the power
source and said motor; and

said control configured to output a signal applied to said

first switch when a switch-on current applied to the motor

falls below a predetermined value such that said first switch

then becomes conductive and bypasses said power diode.

40. The circuit according to Claim 39, comprising:

an L-C filter interposed between said power source and

said motor.

41. The circuit according to Claim 39, comprising:

a resistor connected in series with said power diode, with

P

the series combination of said resistor and said power diode

N

connected in parallel with said first switch.

42. The circuit according to Claim 41, comprising:

a resistor connected in series with said power diode, with

the series combination of sailid resistor and said power diode

connected in parallel with said first switch.

43. The circuit according to Claim 39, comprising:

a second switch connected to the 1input terminal to

P

initiate application of said start signal to said 1input
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terminal.

44. A method for applying power from a power source TO a
motor, comprilising:

providing power diode and resistor in serles between the
power source and the motor;

initiating application of power from the power source toO
the motor via said power diode upon receipt of a start signal;

sensing a switch-on current from the power source to the
motor; and

bypassing said power diode when the sensed switch-on

current drops below a predetermined value.

45. The method of Claim 44, comprising:

limiting current to said motor by connecting a resistor
is series with the power diode; and

bypassing both said power diode and said resistor when the

sensed switch-on current drops below a predetermined value.

46. The method of Claim 45, wherein said sensing step
comprises:
sensing a voltage across said resistor connected in series

with the power diode.

47. A circuit for applying power from a power source to a
motor, comprilsing:

a power diode connected in series between the power source
and said motor;

means for receiving a start signal;

control means for controlling application of power from

the power source to the motor via the power diode upon

application of the start signal to said means for recelving;
switch means controlled by the control means connected 1n
parallel with said power diode between the power source and

said motor; and

Femdoy v vs i vala wii iR a3 M ERte A e AN v BN At . e . =& .
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said control means controlling said switch means to close

when a switch-on current applied to the motor falls below a
predetermined value such that said switch means then bypasses

sald power diode.

48. The circuit according to Claim 47, comprising:

an L-C filter 1interposed between said power source and

sald motor.

49, The circult according to Claim 47, comprising:

a resistor connected in series with said power diode, with

the series combilination of said resistor and salid power diode

connected in parallel with said switch means.

50. The circult according to Claim 438, comprising:
a resistor connected 1n series with sald power diode, with
the series combination of saild resistor and said power diode

connected in parallel with said switch means.
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