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ABSTRACT:

A low noise electronic three phase bridge (22) controlled brushless DC motor (21) suitable for
whiteware appliance pumps and other appliance applications. Back EMF zero crossing
sensing (24) is used to determine rotor position and thus stator winding commutation times,
Motor torque and speed are controlled by pulse width modulating (32) the operation of that
bridge switching device which has just been switched from an OFF state to an ON state on
each new commutation. All three stator windings (A, B, C) have current flowing in each
winding commutation to improve motor current waveform and thereby reduce motor noise,
but the current in one winding is always terminated (50) before the end of the commutation

period to allow the back EMF in that winding (A) to be sensed for zero crossing.
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AUSTRALIA
PATENTS ACT, 1990

COMPLETE SPECIFICATION

FOR A STANDARD PATENT

ORIGINAL

Name of Applicant:

Actual Inventor:
Address for service
in Australia:
Invention Title:

FISHER & PAYKEL APPLIANCES LIMITED, a company
duly incotporated under the laws of New Zealand of 78
Springs Road, East Tamaki, Auckland, New Zealand
Jonathan David Hatwood :

A JPARK, Level 11, 60 Marcus Clarke Street, Canberra ACT
2601, Australia

Low Noise Back EMF Sensing Brushless DC Motor

The following statement is a fulf description of this invention, including the best method of petforming it known to us.
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LOW NOISE BACK EMF SENSING BRUSHLESS DC MOTQOR

TECHNICAL FIELD

This invention relates to electronically controlled brushless DC (BLDC) motors
(having permanent magnet roters) and in ﬁaru'cu]ar, but not solely, to three winding motors
for fractional horsepower applications sudh as in home appliances and healthcare equipment.
In 2 laundry machine such electronically controlled motors may be used to power the wash

and spin motion of an agitator or drum and/or the wash bowl drain and recirculating pumps.

PRIOR ART

Methods of controlling electronically commutated brushless DC motors have been
disclosed in US Patent 4,495,450 (Tokizaki et &l, assigned to Sanyo Electric Co Lid) and for
use in home appliances and in particuiar laundry washing machines in US Patent 4540921
(Boyd et al, assigned to General Electric Company), US Patent 4857814 (Duncan ¢t al,
assigned to Fisher & Paykel Limited). As background to the present invention some of the
basic electronically controiled motor (ECM) concepts described in these patents is
summarised below with reference to Figures 1 and 2.

A three phase (three stator windings) DC motor and three phase bridge commutator or
inverter is shown schematically in Figure 1 with bridge commutation switches, which could
be IGBT power FETs, being connected across of DC supply having a voltage +V. By tuining
on upper switch 1 for phase A and lower switch 2 for phase B, a static magnetic ficld will be
created in the stator due to direct cuerent flowing through phase windings A and B. By
subsequently turning off lower switch 2 for phase B and turning on lower switch 3 for phase
C, this magnetic field will move in a clockwise direction. Then turning off upper switch 1 for
phase A and turning on upper switch 4 for phase B will cause the magnetic ficld to continue
to move in the clockwise direction. By repeating this “rotation” of the commutation switches
the magnetic field in the stator will tend to rotate at the same speed as the switching of each
new switch pair. Other pattems of commutation switch activation could also lead to
clockwise rotation, but the one described produces maximum motor torque.

1t will be noted that in the example described only two windings are energised at any
one time (“two phase firing™). A full pattern of the six switch states for two phase firing
clockwise rotation is shown in Figure 2. This ¢an be interpreted as follows, To obtain
meximum torque in the motor the connections would be A+ and C- to the 60 degree angle,

then B+ and C- to the 120 degree angle, then B+ and A- to 180 degree angle, then C+ and A-
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to the 240 degree angle, then C+, B- fo the 300 degree angle, and then A+ and B- to the 360
degree angle, the sequence commencing at A+ and C- again. Thus there is a sequence of six
different switch patterns and each goes to 60 degree angle of rotation giving a total of 360
deprees in rotation.

Counter-clockwise rotation of the motor is achieved by reversing the switching pattern
sequence of the commutation switches.

As mentioned in the example described, for creating a rotating magnetic field in the
stator only two phases have current intentionally flowing in them at once. “Three phase
firing™ where all phases have current flowing at any one time is also possible and provides
greater torque, but two phase firing has an advantage in that at any time one winding for 60°
every 180° has no intentional motor drive current flowing through it. In the cited patents this
temporatily uoused winding for 60° every 180° is sensed for any voltage induced by the
rotating permanent tagnet rotor to provide an indication of rotor position. The induced
voltage is due to back electromotive force (BEMF). It should be appreciated that this winding
changes every 60 degrees and using the pattern in Figure 2 as a reference the pattern of
unused windings will be C, B, A, C, B, A,

The sensed BEMF waveform is cyclical and varies between trapezoidal and a near
sinusoid. The “zero crossings” of this waveform are due to the edge of the permanent magnet
poles and provide a consistent point on the rotor to track its rotational position.

When such a DC brushless motor is running, each winding commutation needs to be
synchronous with the position of the rotor. As soon as the BEMF signal described above
passes through zero, a decision is made to commutate to the next switching paﬁerh 10 ensure
continued rotation is accomplished. Switching must only occur when the rotor is in an
appropriate angular position. This results in a closed loop feedback system for controlling
speed. The commutation frequency will keep pace with the rotor due to the closed loop
feedback from the BEMF sensor.

Acceleration or de-acceleration of the rotor is accomplished by either increasing or
decreasing the strength of the rotating magnetic field in the stator (by pulse width modulation
(FWM) of the stator current) since the force on the rotor is proportional to the strength of the
magnetic field. Maintaining a pre-determined speed under constant load involves controlling
the strength of the magnetic field in the stator to ensure that the desired commutation rate is
maintained. To maintain a pre-determined speed of rotation under varying loads requires
comresponding alteration of the strength of the magnetic field in the stator (by altering the
PWM duty cycle) to compensate for changes in the load on the rotor.
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The wse of BEMF sensing to determine rotor position has many advantages, of which
one is obviating the need for external sensors, such as Hall effect sensors. But prior art ECMs
using BEMF sensing have the problem in that the BEMF digitisers use a relatively high
numbet of components, particularly high voltage resistors, which tequire excessive space on
the associated printed circuit boards and increase cost. In WO 2005/062460 a method of
sensing the BEMF in only ene of the three stator windings is disclosed to address this
problem.

Other problems ars inherent in ECMs using BEMF sensing for rotor position and
where it is not feasible to employ a PWM regime that will produce & pure sinusoidal winding
current. Motor noise will be greater than when non-BEMF sensing “three phase firing” (see
for example US 5,534,763) is used. This is due to the high second harmonic content of the
motor current waveform which produces perturbations in the motor torque. This noise
problem is even more exacerbated when for reasons of economy only the lower (or only the
upper) commutation switching devices in the commutation bridge are pulse width modulated.

It is therefore an object of the present invention to provide an electronically controlled
motor system which goes some way towards overcoming the above described noise

disadvantage.

SUMMARY OF INVENTION

Accordingly in one aspect the invention consists in a method of clectronicaily
commutating current to a permanent magnet rotor brushless de motor having three phase
stator windings for producing rotating magnetic flux, a three phase bridge inverter including a
pair of series connected switching devices per phase and whercin motor torque is controlled
by pulse width modulation of said motot curtent comprising the steps of:

controlling said switching devices to commutate current through successive
combinations of three of said windings such that magnetic flux produced by said stator
windings rotates in a desired direction by 60° per commutation at a speed inversely
proportional to the period between commutations,

pulse width modulating the operation of that switching device which has been
switched from an off state to an on state on each new commutation,

applying voltage to onc out of said three windings on each new commutation for an
active petiod less than the period between commutations,

after expiry of said active period sensing in said one of said windings the periodic
back EMF induced by rotation of the permanent magnet rotor,

COMS ID No: SBMI-02857578  Received by IP Ausitralia: Time (H:m) 13:37 Date (Y-M-d) 2006-03-03




03 Mar 2006°

2006200913

B3-MAR-2886 15:30@ A J PARK 64 9 3896943 P.68

10

15

20

25

30

- 4-

digitising said sensed back EMF signal by detecting the zero-crossings of said back
EMF signal,
and causing each said commutation to occur at times which are substantially defined

by or derived from each logic transition in said digitised signal dye to zero crossings.

In a second aspect the invention consists in an electronically commutated brushless de

motor comprising:

a stator having three phase windings adapted to be selectively commutated to
produce a rotating magnetic flux, ’

arotor rotated by said rotating magnctic flux;

a three phase bridge inverter including a pair of series connected switching devices
per phase with the junctions of said switching devices connected to respective ' stator
windings;

digitising means coupled to one or more of said windings for digitising the back EMF
induced in said one or more windings by detecting the zero crossings of said back EMF
signal; and

a microcomputer operating under stored program control, said microcomputer
receiving said digitized back EMF signal and outputting switching siguals for said switching
devices, said microcomputer storing sequences of switching device state patterns for
exacution to produce switching signals to cause current to be commutated through successive
combinations of all three of said windings such that magnetic flux produccd by said stator
windings rotates in a desired direction by 60° per commutation at a speed inversely
proportional to the period between commutations; and

said stored program including routines for:

pulse width modulating the switching signal for the switching device which has been
switched from an off state to an on state on when the next switching pattern of said sequence
is executed on each new commutation,

controlling the duration of the applied voltage to one only of said three windings on
each new commutation for an active period less than the period between commutations,

activating said digitising means after expiry of said active period;

and causing each said commutation to occur at times which are substantially defined

by or derived from each logic transition in said digitised signal due to zero crossings.

In a third aspect the invention consists in a washing appliance pump including:
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a housing having a liquid inlet and a liquid outlet,
an impeller located in said housing, and

an electronically commutated motor which rotates said impeller, said electronically

comumutated motor comprising:

a stator having three phase windings adapted to be selectively commutated to

produce a rotating magnetic flux,
arotor rotated by said rotating magnetic flux;

a three phase bridge inverter including a pair of series connected switching devices
per phase with the junctions of said switching devices connected to respective stator
windings;

digitising means coupled to one or more of said windings for digitising the back EMF
induced in said one or more windings by detecting the zero crossings of said back EMF
signal; and -

a microcomputer operating under stored program control, said microcomputer
receiving said digitized back EMF signal and outputting switching signals fbr said switching
devices, said microcomputer storing sequences of switching devicc state patterns for
execution to produce switching signals to cause current to be commutated through successive
combinations of all three of said windings such that magnetic flux produced by said stator
windings rotates in a desired direction by 60° per commutation at a speed inversely
proportional to the period between commutations; and '

said stored program including routines for:

pulse width modulating the switching signal for the switching device which has been
switched from an off state to an on state on when the next switching pattern of said sequence
is executed on each new commutation,

controlling the duration of the applied voltage to one only of said three windings on
each new commutation for an active period less than the petiod between commutations,

activating said digitising means after expiry of said active period;

and ¢ausing each said commutation to occur at times which are substantially defined by or

derived from each logic transition in said digitised signal due to zero crossings.

In a fourth aspect the invention consists in a three winding brushless dc motor drive

comprising:
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a three phase bridge inverter including a pair of series connected switching devices per
phase with the junctions of said switching devices adapted to be connected 1o respective stator

windings of said mofor,

digitising means adapted to be coupled to one or more of said windings for digitising
the back EMF induced in said one or more windings by detecting the zero crossings of said
back EMF signal; and

a microcomputer operating under stored program control, said microcompurer
receiving said digitized back EMF signal and outputting switching signals for said switching
devices, said microcomputer storing sequences of switching device state patterns for
execution to produce switching signals to cause current to be commutated through successive
combinations of all three of said windings such that magnetic flux produced by said stator
windings rotates in a desired direction by 60° per commmtation at a speed inversely
proportional to the period between commutations; and

said stored program including routines for:

pulse width modulating the switching signal for the switching device which has been
switched from an off state to an on state on when the next switching pattern of said sequence
is executed on each new commutation, ’

controlling the duration of the applied voltage to one only of said three windings on
each new commutation for an active period less than the period between commutations,

activating said digitising means after expiry of said active period;

and causing each said commutation to occur at times which are substantially defined by or
derived from cach logic transition in said digitised signal due to zero crossings.

BRIEF DESCRIPTION OF DRAWINGS

Figure | is a simplified circuit diagram of an electronically commutated three winding
brushless DC motor,

Figure 2 shows the sequence of commutation switch states for two phase firing to
cause clockwise rotation of the motor of Figure I,

Figure 3 is a block circuit diagram of an electronically commutated brushless DC
motor according to the present invention,

Figure 4(a) is a waveform diagram showing the idealised drive currents flowing
through the three windings of the motor,
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Figure 4(b) is a cotresponding wavéform diagram showing the voltage across the
single sensed winding of the motor of Figure 3,

Figure 4(c) is a corresponding waveform diagram showing the digitised form of the
voltage waveform shown in Figure 4(b),

Figure 5 is a circuit diagram for the back EMF digitiser shown in Figure 3,

Figure 6 shows diagrammatically an application of the present motor driving a drain
and/or recirculation purap in a clothes washing machine,

Figure 7 is a waveform diagram showing winding current in a two phase activated
motor with pulse width modulation of only the lower switching devices in the motor drive and
corresponding drive voltage for the lower switching device connected to that winding,

Figure 8 is a table of switching patterns for a two phase activated pulse width
modulated motor drive,

Figure 9 is a waveform diagram showing winding current in & two phase activated
motor with pulse width maodulation being rotated between the upper and lower switching
devices in the motor drive and corresponding drive voltage for the Jower swifching device
connected to that winding,

Figure 10 is a waveform diagram showing winding current in a pseudo three phase
activated motor with pulsé width modulation being rotated between the upper and lower
switching devices in the motor drive and corresponding drive voltage for the Jower switching
device connected to that winding,

Figure 11 is a table of switching patterns for a pseudo thre¢ phase activated pulse
width modulated motor drive with square brackets indicating switching devices which are on
for less than the commutation period in accordance with the present invention, and

Figure 12 is a waveform diagram showing drive voltage for upper and lower switching
devices for all three phases during a full cycle for a pseudo three phase activated motor

according to the present invention.

DESCRIPTION OF THE PREFERRED EMBODIMENTS OF THE INVENTION

Preferred implementations of the invention will now be desctibed.

Figure 3 shows one preferred form of the electronically commutated motor of the
present invention in block diagram form. The main hardware blocks are a permanent magnet
three winding motor 21, motor winding commutation circuit 22, DC power supply 23, back
EMF digitiser 24 and a programmed microcomputer 25, In one preferred application where
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the motor 21 drives an impeller 61 in a pump 62 in a washing appliance (see Figure 6) the
microcomputer 25 will usually be the appliance microprocessor which will be responsible for
all other appliance control functions; including control of a main motor for spin and wash
actions in the case of a clothes washing machine.

The present electronically commutated motor (ECM) system is desctibed in relation to
a preferred form of motor 21 having a stator with three windings (or phases) A, B and C and
six salient poles. Other stator configurations could be used. The motor has a four pole
permanent magnet rotor (not shown), although a different number of poles could be adopted.
The windings A, B and C are connected together in star configuration in this embodiment as
indicated in Figure 3.

‘The motor drive (inverter or commutation circuit) 22 includes pairs of switching
devices (1 to 6) in the form of IGBTs or power field effect transistors (FETs) which are
connected across the direct current power supply 23 in a bridge configuration to commutate
each of windings A, B and C in the manner already described with reference to Figures 1 and
2 where they are designed A+/A-, B+/B- and C+/C-. The winding inductances ensure the
winding current that results is more sinusoidal than the rectangular voltage waveforms, Each
of the six switching devices making up the upper (1, 4, 6) and lower (3, 2, 3) switches for
each motor phase is switched by gate signals a+, a-, b+, b-, ¢+, ¢- produced by microcomputer
25. DC power supply 23 supplies the DC voltage which is applied across cach switching
device pair,

BEMF digitiser 24 receives an input signal from the switched end of motor phase A
for the purposes of monitoring the back EMF induced by rotation of the rotor which provides
totor position information. In the preferred embodiment only the output from a single motor
winding (in this example winding A) is used for this purpose as disclosed in WO
2005/062460, although the technique of sending only one winding is not essential to the
present invention. BEMF digitiser 24 supplies at its output a digital signal (see Figure 4(c))
representative of the analogue signal at its input (see Figure 4(b)) and derives the logic levels
by comparator techniques as will be described. The digital output signal will include pertodic
logic transitions Al and A2 which correspond to the “zero crossings” Z1 and Z2 of the
analogue BEMF voltage induced in phase winding A as a rotor pole passes a winding pole
associated with that phase.

The BEMF digitiser 24 may be implemented in hardware as shown in Figure 5 and
diselosed in WO 2005/062460 (incorporated hetein by reference) or may be implemented in

software in microprocessor 23,
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The basic microcomputer software functions required to operate the motor witl now be
described with reference to Figure 3 to provide background to the inventive concepts which
will be described separately. A start routine 30 causes the commutation control pulse
generator 29 to produce pulses on ports a+ to ¢- in output port group 26 reflecting the switch
patterns shown in Figure 2. Each of the six switch paiterns is successively retrieved in tum
from memory 28. Control pulses for the commutation switches (1 to 6) are synthesised by
the commutation control pulse generator routine 29 which includes a pointer value which
points to the location of the switching state pattern in table 28 which is required to produce
the next commutation for the particular direction of rotation required of motor 21. Six
commutation drive signals are required to be synthesised although only two of these change
state on each commutation. The switch patterns are cycled continuously at a low speed to
produce 4 stator flux which rotates at the same speed to induce the rotor to rotate and
synchronise with that speed.

Various known techniques for checking for rotor synchranism within rotating stator
flux during the open loop startup phase may be used, although in the preferred embodiment
the technique disctosed in WO 2005/062460 is used.

Onee rotor synchronism has been detected commutation control is triggered by the
logi¢ transitions in the back EMF signal at input port 27 in & closed loop wode and the start
routine exited. Commutations may he triggered by actual detected zero-crossings in the
BEMF signal in the currently unused winding or, where only one winding is monitored as in
the preferred embodiment (eg winding A), the logic transitions Al and A2 in signal 45 are
directly used while triggers for the commutation control pulsc generator 29 for phases B and
C must be derived by extrapolation as disclosed in WO 2005/062460.

Speed control of the motor when running under closed loop control is achieved in the
manner disclosed in US 6,034,493, That is, the synthesised commutation control pulses are
pulse width modulated when being supplied to the commutation circuit 22. A routine 32
imposes a duty cycle on the pulses which are synthesised by routine 29 appropriate to the
commutation devices through which motor current is to flow in accordance with the present
value of duty cycle held in location 33. The duty cycle is varied to vary the applied voltage
across the stator windings to aceelerate and decelerate motor 21 and to accommodate varying
Joads on the rotor since rotor torque is proportional to motor current and this is determined by
the duty cyele of the pulse width modulation (PWM). In some applications it may be
sufficient to only pulse width modulate the lower bridge devices (5, 2, 3) in the commutation

circuit 22.
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Noise Reduction

The current waveform for one winding (or phase) — in this case phase A - of a two
phase activated back EMF sensing motor with pulse width modulation of the lower switching
devices (5, 2, 3) only is shown in Figure 7 along with the switching input signal for the lower
switching device 5 in the bridge for that phase (A-). It will be noted that the current
waveform I, is far from sinusoidal and this results in perturbations in the motor torque and
hence vibrations which may produce an unacceptable level and quality of motor noise.

If the current waveform 1, is made to more closely approximate a sinusoid then motor
noise will be reduced. The present invention proposes a methodology to achieve this with
modest implementation costs. Referring to Figure 7 the main departures of waveform I, from
sinusoidal can be attributed to the notch in the maximum current amplitude excursions and the
steep decay of current to zero prior to polarity reversal.

The latter deficiency can be improved by pulse width modulation of the high side
bridge switches in addition to the low side switches, but with PWM not being applied to all
switching devices whenever they are on, but rather by rotating pulse width modulation from a
high side switch to a low side switch following each commutation. Rotating the application
of PWM means that on one commutation PWM is applied to a high side switch and on the
following commutation PWM is applied to a low side switch. This is implemented by pulse
width modulating the newly switched on switching device in each commutation (ie. each
newly implemented switching pattern in Figure 8). PWM rotation ensures the phase current
remains symmetrical. The switching patterns for such two phase activation with rotating
PWM is shown in Figure §. The result of PWM rotation on the cwrrent waveform is shown in
Figure 9. The cument decay time from peak 10 zero has now been increased. This is due to
the PWM strategy providing consistent and low opposing voltage across the “freewheeling”
recently turned off phase where reverse current flows through the corresﬁonding perallel
diode.

The present invention also provides for climination of the notch in the current
waveform peak values. This is achieved by activating the third phase for a period for less
than the full commutation period (that is less than 60° flux rotation angle) so as to ensure the
phase is inactivated in the region of the back EMF zero crossing. This pseudo three phase
activation allows back EMF zero crossing detection to be used while obtaining some of the

advantages of three phase activation.

The waveforms for partial activation of the third phase (pseudo-three phase activation)
when it would normally be off are shown for phase A in Figure 10. It will be seen that the A-
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switching device is tuned on (and pulse width modulated) in the 120° to 180" flux rotation
sector for a short period (i.e. after the 60° to 120" sector when it is continuously ON) when it
would ndmlally have been turned off following its being switched on for the preceding two
60" sectors. It will be noted that the notch at peak value of phase current I has now been
substantially corrected,

Together with the increased current decay time from peak values achieved by rotating
the pulse width modulation a substantially trapezoidal current waveform is produced. Such a
motot current waveform leads to considerably reduced torque perturbations and therefore
considerably reduced motor noise. ln addition because the waveform is more symmetrical
with second harmonic distortion reduced, such residual noisc as exists is less offensive to the
human car.

Activation of three phases also reduces peak winding currents. This reduces heat
dissipated in the switching devices. This in turn allows for a higher switching frequency
which also serves to reduce motor noise.

The waveforms for the switching device driving signals for pseudo three phase
activation of the motor (and rotating PWM) are shown in Figure 12 and the corresponding
switch pattern table is shown in Figure 11 with swilch ON periods less than 60" being
indicated by the use of square brackets. In pseudo three phase activation, depending on the
particular switch pattern, either two high side or two low side switching devices are ON. The
two switching devices on the same level (upper or lower) are those which are pulse width
modulated to avoid circulating currents which distort the current waveform and reduce
efficiency when switches on opposite levels are simultaneously pulse width modulated. It is
important that when the third phase is activated that its pulse width modulated ON period is
terminated sufficiently in advance of the potential zero crossing time of the rotor generated
back EMF.

Tn a simple implementation the ON petiod is fixed = say 300uS. Preferably the third
phase activation time is varied with motor speed thereby improving the cwrrent waveform
smoothing. The computed value of third phase activation time must be subject to
modification to maintain a predetermined minimum head space between the termination of
phase current decay to zero and the peint of back EMF zero crossing. This is particularly
significant as the current decay period is proportional to the forward current which itself is
proportional to the motor load.

In applications where some residual noise can be tolerated, savings can be made by

using & common PWM duty cycle for all three phases. If a more sinusoidal waveform is
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required for reduced noise independent control of PWM duty cycles for each phase through
each of the three commutations per half cycle can be employed.

By such means waveform distortion due to ensuring necessary off time for back EMF
sensing and cwrents ramping up and dowﬁ too fast or too slow can be compensated, The
PWM duty cycles in this technique are pre-stored using values derived empirically or from a
model and vary motor speed.

The low noise motor strategy described above is implemented by software rontines in
the motor control microprocessor shown in Figure 3 will now be described.

An End of Current Pulse routine 51 detects the completion of the current pulse at the
selected time interval, from the filtered digitized back EMF signal from routine 48.

A Phase Conduction Control routine 49 caleulates the reduced conduction time for the
third phase and passes it to Phase Conduction Timer routine 50. This time is based on motor
speed and routine 49 accepts speed data from routine 34. In a simpler embodiment with a
less powerlul microcomputer this time may be fixed, say at 300 S, and routine 49 is not
required.

Commutation data from routine 29 provides the start time for the third phase
conduction time and this is passed to the Phase Conduction timer routine 50. Routine 49 also
measures the time between current pulse termination (o zero crossing detect by signals from
End of Ipulse detect routine 51 and from routine 46. If a predetermined time margin is
compromised it sends & signal to routine 33 to reduce PWM duty cycle on all phases to avoid
loss of synchronism.

In a more complete embodiment routine 49 sends = signal to routine 33 to modify
PWM on each phase independently at commutation angle intervals to produce a motor current
which more accurately approximates a sinusoid. To do this routine 49 requires switching
device state patterns from routine 29.

The Phase Conduction Timer toutine 50 disables BEMF signal from being analysed
while third phase conduction occurs by sending a signal to routine 43. It also tumms off PWM
on the active third phase when phase conduction time has clapsed by signal to PWM duty

cyele routine 33.
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1. A method of elecironically commutating current to a permanent wagnet rotor
brushless de motor having three phase stator windings for producing rotating magnetic flux, a
three phase bridge inverter including a pair of series connected switching devices per phase
and wherein motor torque is controlled by pulse width modulation of said motor current
comprising the steps of:

controlling said switching devices to commutate cuwrent through successive
combinations of three of said windings such that magnetic flux produced by said stator
windibgs rotates in a desired direction by 60° per commutation at a speed inversely
proportional to the period hetween commutations,

controlling motor torque and speed by pulse width modulating the operation of that
switching device which has been switched from an off state to an on state on cach new
commutation,

applying voltage to one out of said three windings on each new commutation for an
active period less than the period between commutations,

after expiry of said active period sensing in said one of said windings the periodic
back EMF induced by rotation of the permanent magnet rotor,

digitising said sensed back EMF signal by detecting the zero-crossings of said back
EMF signal,

and causing each said commutation to occur at times which are substantially defined

by or derived from each logic transition in said digitised signal due to zero crossings.

2. A method according to claim 1 wherein the active period when voltage is applied to

said one out of three winding on each new commutation is a function of motor speed.

3. A method according to claim 1 wherein the active period when voltage applied to said

one out of three winding on each new commutation is fixed.
4. A method according to any one of claims 1 to 3 wherein the time between the expiring
of said active period when voltage is applied to said one out of three windings until the

subsequent back EMF zero-crossing is detected and if said time is less than a predetermined
value the duty cycle of said pulse width modulation is reduced.
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5. A method according to any one of claims 1 to 4 wherein the pulse width modulation
duty cyele is independently controlled for each phase and varied with motor speed to
compensate for non-symmetrical activation of said three phases and thereby produce winding

currents which better approximate sinusoids.

6. An ¢lectronically commutated brushless dc motor comprising:

a stator having three phase windings adapted to be selectively commutated to

produce a rotating magnetic flux,
a rotor rotated by said rotating magnetic flux;

a three phase bridge inverter including a pair of series connected switching devices
per phase with the junctions of said switching devices conpected to respective stator
windings;

digitising means coupled to one or more of said windings for digitising the back EMF
induced in said one or more windings by detecting the zero crossings of said back EMF
sigoal; and

a microcomputer operating under stored program control, said microcomputer
receiving said digitized back EMF signal and outputting switching signals for said switching
devices, said microcomputer storing sequences of switching device state patterns for
execution to produce switching signals to cause current to be commutated through successive
combinations of all three of said windings such that magnetic flux produced by said stator
windings rotates in a desired direction by 60" per commutation at a speed inversely
proportional to the period between commutations; and

said stored program including routings for:

controlling motor torque and speed by pulse width modulating the switching signal for
the switching device which bas been switched from an off state to an on state on when the
next switching pattern of said sequence is executed on each new commutation,

controlling the duration of the applied voltage to one only of said three windings on
each new commutation for an aclive period less than the period between commutations,

activating said digitising means after expiry of said active period;

and causing each said commutation to oceur at times which are substantially defined

by or derived from cach logic transition in said digitised signal due to zero crossings.
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7. A motor according to ¢laim 6 whetsin said microcomputer includes:

a speed sensing routine which reccives an input from said back EMF digitiser and
outputs a value indicative of motor speed and a routine which receives said speed value and
controls the duration of the active period when voltage is applied to said one out of three

windings of each new commutation as a function of motor speed.

8. A motor according to claim 6 wherein said microcomputer stores a predetermined
value indicative of the duration of the active period when voltage is applied to said one out of
three windings on each new commutation and a rontine which receives said speed value and

controls the duration of said active period in accordance with said stored predetermined value.

9. A motor according to any one of claims 6 to 8 wherein said microcomputer stores a
predetermined safe value of time between the expitation of applied voltage and the
subsequent zero-crossing and includes a routine which measures the time between the
removal of the applied voltage from the winding which is commutated for less than the next
back EMF zero-crossing and if this time is less than said safe value outputs a signal to said
pulse width modulation routine to cause that routine to reduce the duty cycle of said pulse

width modulation.

10. A motor according to either of claims 7 and 8 wherein said microcomputer stores a set
of duty cycle values for each phase for different motor speeds which determine the duty cycle
of the pulse width modulation of that phase at different times within a cycle and said pulse
width modulation routine receives speed values from said speed sensing routine and pulse
width modulates the signals for each switching device in accordance with said stored duty
cycle values and said speed value to produce winding currents which better approximate

sinusoids.

11. A washing appliance pump including:
a housing having a liquid inlet and a liquid outlet,
an impeller located in said housing, and
an electronically commutated motor which rotates said impeller, said electronically

commutated motor comprising:
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a stator having three phase windings adapted to be selectively commutated to

produce a rotating magnetic flux,

a rotor rotated by said rotating magnetic flux;

a three phasc bridge inverter including a pair of series connected switching devices
per phase with the junctions of said switching devices comnected to respective stator
windings;

digitising means coupled to one or more of said windings for digitising the back EMF
induced in sald one or more windings by detecting the zero crossings of said back EMF
signal; and

a microcomputer operating under stored program control, said microcomputer
receiving said digitized back EMF signal and outputting switching signals for said switching
devices, said microcomputer storing sequenccs of switching device state paitetns for
execution to produce switching signals to cause current to be commutated through successive
combinations of all three of said windings such that magnetic flux produced by gaid stator
windings rotates in a desired direction by 60° per commutation at a speed inversely
proportional to the period between commutations; and

said stored program including routines for:

controlling motor torque and speed by pulse width modulating the switching signal for
the switching device which has been switched from an off state to an on state on when the
next switching pattern of said sequence is executed on each new commutation,

controlling the duration of the applied voltage to one only of said three windings on
each new commutation for an active period less than the period between commutations, '

aciivating said digitising means after expiry of said active period;
and causing ¢ach said commutation to occur at times which are substantially defined by or
derived from each logic transition in said digitised signal due to zero crossings.

12.  Athree winding brushless de motor drive comprising:

a three phase bridge inverter including a pair of series connected switching devices per
phase with the junctions of said swilching devices adapted to be connected to respective stator
windings of said motor;

digitising means adapted to be coupled to one or more of said windings for digitising
the back EMF induced in said onc or more windings by detecting the zero crossings of said
back EMF signal; and
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a microcomputer operating under stored program conmfrol, said microcomputer
receiving said digitized back EMF signal and outputting switching signals for said switching
devices, said microcomputer storing sequences of swilching device state patterns for
execution to produce switching signals to cause current to be commutated through successive
combinations of all three of said windings such that magnetic flux produced by said stator
windings rotates in a desired ditection by 60" per commutation at a speed inversely
proportional to the period between commutations; and

said stored program including routines for:

controlling motor torque and speed by pulse width modulating the switching signal for
the switching device which has been switched from an off state to an on state when the next
switching pattern of said sequence is executed on each new commutation, ‘

controlling the duration of the applied voltage to one only of said three windings on
each new commutation for an active period less than the period between commutations,

activating said digitising means after expiry of said active period;
and causing each said commutation to oceur at times which are substantially defined by or

derived from each logic transition in said digitised signal due to zero crossings.

13. A method of elect;ﬁnically commutating current to a permanent magret rotor
brushless dc motor substantially as hereinbefore described with reference to Figures 1 to 5

and 7 to 12 of the accompanying drawings.

14.  Anelectronically commutated brushless dc motor substantially as hereinbefore
described with reference to Figures 1 to 5 and 7 to 12 of the accompanying drawings.

15. A washing appliance pump substantially as hereinbefore described with reference to

Figure 6 of the accompanying drawings.

16. A three winding brushless dc motor drive substantially as hereinbefore described with

reference to Figures 1 to 5 and 7 to 12 of the accompanying drawings.

FISHE! YKEL APPLIANCES
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