
1 -CONTROL OF SYNCHRONOUS ELECTRICAL MACHINES
Technical Field The invention generally relates to
alternating current driven Synchronous motors. More
particularly the invention relates: to controlling
alternating current (AC) driven synchronous motors-.
Background Art A synchronous motor may be defined as
either a motor which has a running speed which is
exactly proportional to an AC supply frequency or as a
motor which is driven by waves of current synchronous
with the motor back EMF. This latter definition
includes at least some AC supplied brushless DC motors
locked by electronic or other control to the AC
supply.for efficiency reasons. _. AC driven
synchronous motors are an efficient and well known
method of powering  machines: requiring a constant
speed drive, since the motor is locked to a rotational
.. .,:rate:whichis .dependent-on the driving
frequency...Starting such motors is difficult,. -since
there is no unidirectional starting torque unless the
motor. speed is close to the- - - synchronous speed,
in other words, Unless synchronous speed-is low_  ,
..T.ypically this indicates-the use. of either a
variable frequency poiver supply to allOw . _ 



starting theymotor at low speed, the combination of
the motor with another type of . motor to supply the
starting torque (such as an induction motor using at
least partially  2 the same windings), or the use of
some mechanical device to provide initial movement and
then to allow movement in only a single direction.
Examples of the-latter- include various clutches and
impulse starters although a feature -common to many is
a difficulty in determining a starting direction for
the synchronous motor, which will lock equally well in
either direction of rotation. Some solutions are shown
in US -patents 5859513 which uses a separate starting
winding and 4716325 which uses a mechanical reverse
direction protection. US patent 3529221 shows a shaded
pole motor with windings switched to start the motor,
providing limited control of starting. direction and
torque. The performance of these motors is
satisfactory only for a narrow range of undemanding
applications, and construction is complex. Other
methods of providing motors which lock to the supply
frequency involve the use of brushless DC motors which
are typically multi-phase inverter driven machines
with Hall effect sensors to detect the rotation of the
machine rotor and a controller to bring the motor up
to speed and lock the rotation to the mains supply.
Such motors are costly to drive and control. Therefore
a need exists for a 'solution to the  problein of
providing a synchronous motor which will start without
undue mechanical or electrical complexity and which
.will reach and maintain a rotational speed
synchronous with an AC supply. The present invention
provides a solution to this and other problems which
offers - advantages over the prior art or which will
at least provide the public with a useful choice. All
references, including any patents or patent
applications cited in this specification are hereby
incorporated by reference. No admission is made that
any reference constitutes prior art. The-discussion of
the references states what their authors assert, and
the applicants reserve the right to challenge the
accuracy and pertinency of the _ 



cited documents It will be clearly understood that,
although a number of prior art publications are
referred to herein, this reference does not constitute
an admission that any of these. documents form part of
the common general knowledge in the art, in  New
Zealand or in anyother country. It is acknowledged
that the term 'comprise' may, under varying
jurisdictions, be attributed with either an exclusive
or an inclusive meaning. For the purpose of this
specification, and-unless otherwise noted, the term
'comprise' shall have an inclusive - meaning i.e. that
it will be taken to mean an inclusion of not only the
listedcomponents it directly references, but also
other non-specified components or elements. This
rationale will also be used when the term 'comprised'
or. 'comprising' is used in relation to one or more
steps in a method or process. The tenn "motor phase"
as used herein refers to the phase angle between the
AC voltage applied to the motor and the back
electro-motive force (EMF) produced by the motor. This
value is normally closely equivalent to the phase
relationship between rotor position and applied AC
voltage for any one construction of a motor. Summary
of the Invention ln one exempinication me mv_ention
consists in a method of starting and controlling an
alternating current driven motor, comprising a rotor
with, poles and a sMtor the stator having at least one
energising coil per pole, by: 



transiently supplying alternating current through at
least one energising coil in a switched manner
synchronously with the alternating current supply to
the motor to start the motor in a rotational
direction;      _ detecting when the rotational
direction is incorrect and removing the alternating
current supply and allowing the motor to stop; -
otherwise controlling the connection of supply
current-to he coils by: -      - connecting a supply
current-to--that coil for at least part of the period
during which it would provide rotational acceleration;
accelerating the rotor towards a synchronous
rotational rate. Preferably the invention includes
maintaining the rotor at a synchronous rotational rate
once accelerated. Preferably the invention indludes
initially aligning the rotor by maintaining a supply
current applied to a coil or combination of coils
until the rotor is aligned with the magnetic field
created. Preferably .the invention includes starting
the motor, in a random direction by transiently
providing a supply current to a coil or coil
combination.  Preferably the invention includes
connecting the alternating current supply to a coil or
coil combination for at least part of the period when
both the coil reverse EMF and the applied voltage are
in phase.. Preferably the step of deteCting when a
coil or coils could supply an accelerating torque. to
the rotor includes detecting the back EMF on at least
one coil or conibination of coils, detecting the AC
voltage applied kr the Motor," detecting when the
applied voltage is of the sani_e polarity as the back
EMF. Preferably the :step of accelerating the rotor
towards a synchronous rate includes eontiecting the AC
Voltage to die Coil or combination of coils when die
back EMF and applied AC voltage are of the same
polarity. 



Preferably the switching means is a triac, and the
triac gate voltage is monitored to determine when the
triac is non-conducting, and a value representative of
the back EMF derived from the voltage across the triac
when the triac is non-conducting. Preferably at
synchronous speed the rotor accelerating torque is
maintained at the minimum value which will retain
synchronism. An alternating current driven synchronous
motor control circuit comprising:  5       a switching
means supplying alternating current to at least one
coil or combinationof coils in a motor with a rotor
baying multiple poles and a stator having at least one
energising coil per pole,        a detection means
detecting when the-back EMF on a coil or combination a
coils is of the same polarity_as the applied voltage
and       an activating means activating the switching
means for at least part of the period detected by the
detecting means. Preferably the switching means
separately switches at least two adjacent coils.
Preferably the adjacent coils are constituted by a
pole coil with a tapping point. Preferably the circuit
switching means has acontrol electrode and the circuit
compares the back EMF_ _as measured_ across the
switching means when a measurement` at the control
electrode of a switching means indicates that the
switch is not conducting.  The and mher features of as
well as advantages which characterise the present
invention will be apparent upon reading of the
following detailed description and review of the
associated dravvings. Brief Description of the
Drawings 



Figure 1 is a general perspective view of a motor
layout. - Figure 2 is a block diagram of a circuit for
use with the motor of Figure 1. Figure 3 is a flow
diagram suitable for the circuit drive of Figure 2.
Figure 4 shows a comparison 61Winding back EMF for
direetion determination. Figure 5 shows the torque
developed by the windings.  6 Figure 6 shows control
of the motor current at low speed. - Figure 7 shows
control of the motor current at higher speed. Figure 8
shoWS the circuit curient and voltages at synchtOnist
'Figure 9 shows a graph of Supply tOrqite versus load
torque: Description of the Invention Referring now to
Figure 1 a synchronous motor consists generally of a
rotor with pole pieces 101 and magnets 102, the axle
shaft and driven connection of the rotor not being
shown. Stator 402 .consists of flack iron 105; -which
is a torte magnetic element such as laminated steel,
and wire wound bobbins 103, 104 where,the bobbins form
a winding on each pole of the motor, the bobbins
forming a first winding of bobbins 103 and a second
winding of bobbins 104, and the windings in total do
not subtend the full circumference of the stator. The
windings on the bobbins on each side consist typically
of a single wire continuously wound along all four
bobbins, but extending to 



a tap point located in the grooves on the bobbin
cheek. There may be a tap point . between each pair of
bobbins or only one tap point may be present located
between bobbins .103; 104. Typically the windings on
each pole Of a single phase machine may subtend from
120 to 135 degrees. A single phase AC supply is
connected to the bobbins on each side of the motor and
__ _ the current through the different parts of the
winding is phase controlled to provide a
unidirectional torque while the motor is below
synchronous speed. -This requires detection of the
speed of the rotor versus the AC supply frequency, and
control of the current in a part of the winding in
dependence on the speed difference from synchronous
speed. Many possible connections of the windings may
be used to provide the required control.  7  A circuit
such as that shown in Figure 2 may be used where-a
souice of alternating -- current 201 is connected to
windings 204 and 205, representing windings 103 and
104 where all windings 103 are typically in series and
all windings 104 fineries. The ,---winding tap between
204 and 205 is connected to triac 207 and the end
connection of the windings is connected to triac 206. 



- A microprocessor control 212, supplied with and
measuring the applied AC voltage via 213, 214 controls
the firing angle of the triacs under software control
in a known manner, based on the phase of the AC
voltage, the voltage at the tapping point via
connection 210, the voltage at the end point via
connection 211 and the voltage at the gate of each
iliac via connections 208, 209. - Connections 210, 211
monitor the voltage across the triacs when these are
turned on, and the back EMF of the motor when_the
triacs are off. The detection of the back EMF allows a
measure of whether the rotor is rotating in response
to the applied voltage, what the speed of rotation is,
and what the rotor position is with respect to the
windings. Optionally the back EMF may be measured when
the gate voltage of the triacs indicates that the
triac is off. Using this information it is possible to
firstly align a non-rotating rotor to a known position
(normally by lightly energising both windings to
centralise the rotor between them), then to energise
one half of the winding to begin the initial rotor
rotation in the desired direction, then to advance the
rotor by controlling the cyclic energisation of the
coils to maintain a rotating field ahead of the rotor
until the rotor is-at synchronous speed. - A normal
synchronous motor can be loaded until the rotor lags
the rotating field by up to 90 _degrees, at which
point it is providing maximum torque. Any attempt to
increase loading past that point will result in the
motor dropping out of synchronism and stopping.- Using
the controlled fields of the two windings his-
possible to exceed 90 degrees of lag, since sensing
the back EMT allows the-detection of the rotor lag -
and control of the individual windings to maintain the
rotor sensibly synchronous at lag factors over 90
degrees.  Figure 3 shows the flow diagram of the
microcontroller which consists-essentially of three
operating areas concerned with (a) starting the motor
rotating- in the correct direction; (b)-bringing the
motor up to synchronous speed; (c) maintaining the
motor-in synchronism under varying loads. --When
initially switched on the motor may be aligned in any
position and on coil energising may rotate-inither
direction. To ensure that only -rotation, in the
correct - direction is allowed the procedureS.
starting at step 301 is followed. This procedure
differs from one requiring initial alignment to a
static position and instead randomly energises the
system in one direction. This uses a process which
consists of energising the coils 204 and 205
(respectively B and A in the flow diagram and drawings
with AB as the series combination), thus providing a
higher aligtunent current than coil 205 in FIG 2 can
supply alone. Only a short periodic energisation is
provided at step 302, and the resultant reverse EMF
across coil/05 (B)is measured at 303, 304 to detennine
the direction of energisation. FigureA shows how this
measurement is carried out where, with an initial
impetus having been supplied to the motor, the
relative normalised back EMF 401 across A is shown at
403 and across the combination AB at 404. If the phase
of voltage 403 is leading that of 404 then the motor
is rotating one way. If it is lagging then the motor
is rotating the other way. It may require a few cycles
of applied current to rotate the rotor at a speed
sufficient to allow detection of the back EMF but once
this is measurable it is possible to _determine
whether it leads or lags and hence to determine the
rotation-direction at 305. If the direction is not
correct the program loops back to 301 and again
applies an energising voltage essentially at random
after a short wait. This process will eventually
result in the motor starting in the correct direction.
At this point .the procedure starting with step 306
is. carried out in which the EMF ,1 .across the B
-coil is again measured at 306, the rotor position
calculated at 307 from -the differencein phase between
the applied and detected voltages and the_ rotor speed
calculated at .308 from the difference in position of
the rotor on successive cycles of  



9 applied voltage. At 309 the detection of no change
in position and zero speed indicates that -the motor
has stalled, so the whole procedure is restarted from
301, otherwise if the speed is found at 311 to be
below synchronous speed the procedure using the A coil
is re-entered at 305.  Figure -5 shows how the motor,
unlike a normal synchronous motor, generates a
continuous torque from even a slow speed. The figure
shows the normalised torque at 501 plotted against the
mechanical Totation of the motor for the torque
contributions - of the A winding at 504 and the AB
series winding at 503. While the torque for each
winding, goes through two zero points -per rotation
the combination produces appreciable torque throughout
the rotation, meaning that the motor can carry a load
from close to zero rotational speed.  Eventually -the
rotor will reach synchronous speed and. switch _to the
procedure starting at 312 in which again the rotor
position and speed are calculated from the reverse
EMF, _which may be taken across either coil.-B. or
across they series combination of A + B when no
voltage is applied. From the rotor position it can be
determined how far the rotor is out of phase with the
desired rotor position at synchronism. This phase
error is corrected by varying the firing angle of the
voltage applied to the coils in such a manner as to
increase or decrease the applied torque and so bring
the rotor back to the desired position. In this manner
the motor may be set at a selected output speed and
maintained at that speed regardless of whether it is
actually synchronised-with the applied AC. Further,
the, phaselead-or lag can be controlled in at least
some degree to provide the greatest possible
efficiency. At rotor speeds below synchronism
the-rotor is most easily controlled by a triac or
similarly triggered switching device when the number
of ac cycles per rotation of the rotor is an integral
number divided by the number of poles, since the triac
can then be _ triggered at the same point in the
rotation of the rotor on each successive set of
cycles. The rotor speeds around which control is most
easily obtained are therefore 1/5, 1/4, ._ ._ 1/3,2/5,
1/2, 2/3 etc of the frill synchronous speed. The
microprocessor may be 



__  10  arranged: to step up -through such a sequence
to bring the rotor to full synchronous - speed. - -
Figure 6 shows the torque generated at a speed well
below synchronism and shows the applied voltage 602
measured at 601, the back EMF across winding A at 603
and - the torque 605 measured at 604 generated by
switching on the current through winding A./ The
processor controlling triacs 206,207 will switch the
appropriate one on when at torque in the correct
direction can be obtained, given the instant applied
voltage and the instant back .EMR Thus whenever the
applied voltage and the back  EMF are of the same
polarity the triac to the relevant coil could usefully
be switched on, although since zero crossing switching
is used the actual switch on time will be lower than
the theoretical maximum. _ Figure 7 shows the same
readings as in Figure 6 but for-double the
motor_rotational speed, at 2000RPM. It is notable that
the opportunities to generate torque are reduced as
the applied AC and the back EMF remain out of phase
for comparatively longer. This therefore result in a
reduction of torque compared to the start-up torque as
the motor speeds up.  Figure 8 shovvs typical
waveforms at synchrony where the AC supply measured at
_501 and shown at 502 is applied to the motor and
produces a back EMF 503 through _windings AB which
lags the applied voltage, as opposed to the standard
synchronous motor where the back EMF leads the applied
voltage. The current through the triac is now
controlled, by controlling the firing time, to provide
the torque required to maintain the motor in
synchronism, since it is possible to operate the motor
above synchronous speed. A valuable feature of
operation is that the motor may be - maintained in a
mode in which the minimum power is taken from
the-upply line to 



maintain the motor in synchronism with the AC supply.
In comparison with a typical synchronous motor which
will provide maximum torque and efficiency at 90
degrees phase lag with the applied voltage, and drop
out of synchronism to require restarting if the load
is increased, the inventive motor will merely require
controlling back up to synchronous speed on a load
increase and can be maintained at any required phase
lead or lag for efficiency. The waveform shows the
motor with a leading phase angle.  11 - Figure 9 shows
a typical variation of motor torque versus load torque
for a typical  load of a fan At 401 the torque in
Newton metres is shown for winding A at 403 and
winding B at 404, showing that both reduce with
increasing rotational speed 402. The torque absorbed
by the load fan is shown at 405, with a balance
between applied torque and absorbed torque eventually
providing a stable operating speed.  While the motor
shown is a two pole motor the technique is applicable
to multi-pole motors, requiring only a controller with
more switching devices for the increased  number of
taps. It is not necessary that all windings be
controlled, since depending on the application only a
single part of a coil on a single pole or pair of
poles may need to be set as a starting winding where
the starting torque is very low. While the description
refers to a stator carrying controlled coils the
construction is equally applicable to a rotor carrying
the control circuitry and the controlled coils. It is
to be understood that even though numerous
characteristics and advantages of the various
embodiments of the present invention have been set
forth in the foregoing description, together with
details of the structure and functioning of various
embodiments of the invention, this disclosure is
illustrative only, and changes may be made in detail
so long as the functioning of the invention is not
adversely affected. For example the particular
elements such as the number of poles of the motor may
vary dependent on the particular application for which
it is used without variation in the spirit and scope
of the present invention. In addition, although the
preferred embodiments described herein are directed to
alternating current synchronous motors for use in
systems such as low power fluid pumps, it will be
appreciated by those skilled in the art that the
teachings of the present invention can be applied to
other systems such as industrial fan motors, without
departing from the scope and spirit of the present
invention.  



Industrial Applicability The motor of the invention is
used in the electrical industry and are typically
employed it the domestic white ware industry for
instance as fluid pumps or fan motors. The present
invention is therefore industrially applicable.
Claims:  1.A method of starting and controlling an
alternating current driven motor comprising a rotor
with poles and a stator the stator having at least one
energising coil per pole, by: transiently supplying
alternating current through at least one energising
coil in a switched manner synchronously with the
alternating current supply to the motor to start the
motor in a rotational direction;  detecting when the
rotational direction is incorrect and removing the
alternating current supply and allowing the motor to
stop; otherwise controlling the connection of supply
current to the coils by: detecting when at least
one-of the energising coils could, if energised,
supply an accelerating torque to the rotor; connecting
a supply current to that coil for at least part of the
period during which it would provide rotational
acceleration; accelerating the rotor towards a
synchronous rotational rate. 



2:A method as claimed in claim 1 including maintaining
the rotor at a synchronous rotational rate once
accelerated. 3. A method as claimed in claim 1
including initially aligning the rotor by maintaining
a supply current applied to a coil or combination of
coils until the rotor is aligned with the magnetic
field created. 4. A method as claimed in claim 1
including connecting the alternating current supply tO
a coil or coil combination for at least part of the
period when both the coil reverse OH and the applied
voltage are in phase. 5. A method as claimed in claim
1 wherein the step of detecting when a coil or coils
could supply an accelerating torque to the rotor
includes detecting the  14 back EMF on at least one
coil or combination of coils, detecting the AC voltage
applied to the motor, detecting when the applied
voltage is of the same polarity as the back EMF. A
method as claimed in claim 1 wherein the switching
means Isi triac, and the triac gate voltage is
monitored to determine when the triac is
nonconducting, and a value representative of the back
EMF derived from the voltage across the triac when the
triac is non-conducting. 



A method as claimed in claim 1 wherein at synchronous
speed the rotor acceleration is maintained at the
minimum value which will retain synchronism. An
alternating current driven synchronous motor control
circuit comprising: a switching means supplying
alternating current to at least one coil or
combination of coils in a motor with a rotor having
multiple poles and a stator having at least one
energising coil per pole, a detection means detecting
when the back EMF on a coil or combination of coils is
of the same polarity as the applied voltage and an
activating means activating the switching means for at
least part of the period detected by the detecting
means. 9. An alternating current driven motor control
circuit as claimed in claim 8 wherein the switching
means separately switches at least two adjacent coils.
10. An alternating current driven control circuit as
claimed in claim 8 wherein the circuit switching means
has a control electrode and the circuit compares the
back EMF as measured across the switching means when a
measurement at the control electrode of a switching
means indicates that the switch is not conducting. 


