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[57] ABSTRACT

An n-phase DC motor is controlled by converting a
motor speed command signal generated from a pro-
grammed CPU to a motor drive signal and using this
motor drive signal to apply DC power to a selected
phase of the motor, the amount of applied DC power
being a function of the value of the motor speed com-
mand signal. Signals representing the position and/or
speed of the motor are supplied to the CPU from which
the CPU detects speed errors. The speed command
signal then is modified to speed up or slow down the
motor so as to reduce the detected errors.

33 Claims, 13 Drawing Figures
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METHOD AND APPARATUS FOR CONTROLLING
A MOTOR

BACKGROUND OF THE INVENTION

This invention relates to techniques for controlling a
motor and, more particularly, to a method and appara-
tus for driving and controlling a motor. Although the
present invention is applicable to both AC and DC
motors, the embodiments described herein are disclosed
in the context of driving and controlling the speed of a
DC motor. Furthermore, the motor which is controlied
by the present invention is particularly useful in those
applications requiring relatively precise and accurate
motor speeds, one of which applications is to drive a
magnetic disk on which data is written and read. Such
a motor is known, typically, as a “spin motor”, and the
present invention advantageously is used to drive the
spin motor of a small disk drive device, such as a 5} inch
or a 3} inch (or smaller) disk drive. Other applications
and uses of the controlled motor are contemplated, as
will become apparent.

In typical motor drive systems, either for AC motors
or DC motors, solid-state control circuitry, such as
transistor circuitry, is connected to a conventional mo-
tor, and control signals are applied to the transistor
circuitry to determine and regulate the current flowing
through that motor. In applications requiring motor
speed control, the actual speed of the motor is repre-
sented by suitable signals, which may be generated
either as a function of the actual motor current or as a
function of the rotation of a reference point on the
motor past a suitable pick-up. These signals are used to
detect errors or departures from a desired motor speed.
Such detected errors then are fed back to vary the oper-
ation of the transistor circuitry so as to maintain proper
speed control over the motor.

In one motor control circuit, the duty cycle of a pulse
width modulated (PWM) signal is controlled by a digi-
tal counter, the PWM signal being used to set the speed
of the motor. A digital processor is supplied with en-
coder pulses generated by, for example, a Hall effect
sensor to represent the actual speed of the controlled
motor. The processor determines speed errors as a func-
tion of these encoder pulses to shorten or lengthen the
duty cycle of the PWM signal, thereby adjusting the
motor speed. In another technique, the PWM signal
that is used to drive the motor is integrated to supply a
slowly changing drive signal to the motor.

One difficulty that has been recognized in systems
which adjust the motor drive signal promptly in re-
sponse to speed errors is the sensitivity of the motor
control circuit to repetitive errors. Even though such
speed errors may be relatively small, this sensitivity
may result in sudden or jerky changes in the motor
speed. Techniques have been suggested to enhance the
overall speed of loop stability of such circuits, such as
utilizing phase-locked loops, integrators, and the like.

Another problem attending motor speed control sys-
tems relates to the stopping or braking of the controlled
motor. If the drive signal is interrupted, such as if the
duty cycle of the PWM signal is reduced to zero, the
motor eventually will coast to a stop. However, in vari-
ous applications, such as in small disk drives, it is desir-
able for the motor to be braked quickly. Dynamic brak-
ing of a DC motor has been proposed, wherein the
bipolar transistor drive elements which are connected
across the motor windings are simultaneously rendered
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conductive to form a closed loop which short-circuits
the motor. It is difficult, however, in controlling DC
motors, to achieve such dynamic braking when the
usual motor power supply (which supplies operating
power to both the motor and the control circuitry) is
cut off. Also, the circuit components that have been
used generally are quite large or bulky, and dissipate
significant amounts of power.

OBIJECTS OF THE INVENTION

Therefore, it is an object of the present invention to
provide an improved method and apparatus for control-
ling the speed of a motor.

Another object of this invention is to provide a
method and apparatus for driving a motor which over-
comes many problems attending prior art techniques,
some of which have been addressed above.

A further object of this invention is to provide a
method and apparatus for driving an n-phase DC mo-
tor, whereby a desired speed of that motor is main-
tained.

An additional object of this invention is to provide a
method and apparatus for driving a DC motor wherein
relatively long-term errors as well as short-term speed
errors are compensated.

Another object of this invention is to utilize a central
processing unit (CPU) to generate motor command
signals for controlling the speed of a DC motor, these
signals being varied as a function of speed errors that
are sensed by the CPU.

A still further object of this invention is to utilize a
CPU in controlling a DC motor wherein the speed of
that motor is brought rapidly to a desired operating
speed from a start, or still, position.

An additional object of this invention is to provide a
method and apparatus for braking a DC motor to a stop
in the event that power thereto is cut off.

Another object is to utilize FET elements in the
motor drive and brake circuitry.

A specific object of this invention is to provide a
method and apparatus for controlling an n-phase DC
motor that is used as a spin motor in a disk-drive system,
such as in a small Winchester disk system.

Various other objects, advantages and features of the
present invention will become readily apparent from
the ensuing detailed description, and the novel features
will be particularly pointed out in the appended claims.

SUMMARY OF THE INVENTION

In its broader sense, the present invention is con-
cerned with a method and apparatus for driving a motor
such that the motor speed is accurately controlled.
Although the motor preferably is a rotary DC motor,
the teachings of the present invention are applicable to
driving and controlling the speed of a linear DC motor,
a linear AC motor or a rotary AC motor.

In the context of driving and controlling an n-phase
DC motor, motor speed command signals are generated
by a central processing unit (CPU) in accordance with
a programmed set of instructions. The motor speed
command signal may be a pulse width modulated
(PWM) signal or a digital signal having a value (e.g. a
numerical value) representing a commanded motor
speed. The motor speed command signal is converted to
a motor drive signal, as by integrating the PWM signal
or by digital-to-analog conversion of the digital signal,
and the motor drive signal is used to apply DC power to
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a selected phase of the DC motor. The amount of DC
power which is applied is a function of the magnitude of
the motor drive signal which, in turn, is determined by
the motor speed command signal. Signals representing
the position and/or speed of the motor are supplied to
the CPU, these supplied signals being used by the CPU
to detect errors in the actual motor speed. The CPU
then modifies the motor speed command signal by an
amount and in a direction which tends to reduce the
detected speed errors.

In one embodiment, the signals representing motor
position and/or speed are index pulses which are gener-
ated as the motor moves past one or more index posi-
tions, the time separation of these index pulses being a
function of the speed of the motor. An index time re-
lated to the time separation of the index pulses is com-
pared to a preceding index time and the difference
therebetween is compared to a reference time value to
provide an indication of speed error.

As one feature, the CPU is programmed to combine
a reference speed value with a detected speed error to
produce the motor speed command signal. If the num-
ber of detected speed errors in one direction exceeds the
number of detected speed errors in the opposite direc-
tion by a preset amount, the reference speed value is
changed. For instance, if the number of slow speed
errors exceeds the number of fast speed errors by this
preset amount, the reference speed value is increased to
" command a speed-up of the motor. As an example, the
reference speed value may be changed by a predeter-
mined increment.

In accordance with another feature, each phase, or
winding, of the motor is coupled to a respective switch-
ing device, such as a transistor (e.g. a MOSFET), and
commutation pulses are supplied to these switching
devices one-at-a-time. The commutation pulses may be
derived directly from a commutation pulse generator
that is coupled to the motor or, alternatively, the com-
mutation pulses may be produced by the CPU in re-
sponse to the index pulses.

In accordance with a further feature, a signal repre-
senting the actual motor current is fed back and nega-
tively combined with the motor drive signal, the result
of this combination being supplied to the switching
devices to determine the motor current.

A still further feature is to store a DC voltage level
when power is supplied to the motor and to the motor
drive circuitry, and to use the stored DC voltage level
to turn on the switching devices so as to short-circuit all
of the n phases of the motor when power is cut off.

As yet another feature, the CPU is programmed to
sense whether successive signals representing the rotary
position and/or speed of the motor have been generated
within a predetermined time period, to sense whether
the motor has reached a predetermined speed within a
preset number of revolutions, and to sense whether the
motor has maintained its speed for a predetermined
number of revolutions. If any of these conditions have
not been met, the CPU deenergizes the motor. This
facilitates prompt and accurate start-up of the motor
and, if this programmed routine is carried out during
normal operation, maintains the motor at its proper
speed, subject to the speed control operation mentioned
above.

BRIEF DESCRIPTION OF THE DRAWINGS

The following detailed description, given by way of
example, and not intended to limit the present invention

10

25

30

40

45

50

60

65

4

solely to the preferred embodiments disclosed and
shown herein, will best be understood in conjunction
with the accompanying drawings in which:

FIG. 1 is a block diagram of a motor speed control
system in accordance with the present invention;

FIG. 2 is a partial block, partial schematic diagram of
one embodiment of a motor drive circuit in accordance
with the present invention;

FIG. 3 is a partial block, partial schematic diagram of
another embodiment of a motor drive circuit in accor-
dance with the present invention;

FIGS. 4A-4F are waveform diagrams which are
useful in understanding the operation of the motor drive
circuit shown in FIG. 3;

FIG. 5 is a partial block, partial schematic diagram of
a preferred embodiment of a motor drive circuit in
accordance with the present invention;

FIGS. 6A-6B are flow charts representing a motor
start-up routine that is used with the present invention;
and

FIG. 7 is a flow chart of a motor control routine that
is used with this invention.

DETAILED DESCRIPTION OF CERTAIN
PREFERRED EMBODIMENTS

Referring now to the drawings, and in particular to
FIG. 1, there is illustrated a block diagram of a motor
speed control system 10 incorporating the present in-
vention. As illustrated in block form, the motor speed
control system is useable with a motor 12 and includes
a motor drive circuit 14, a central processing unit
(CPU) 16, an index signal generator 18 and a commuta-
tion signal generator 19. In the embodiment described
herein, motor 12 is an n-phase DC motor, such as a
2-phase or 3-phase motor. However, as will be appreci-
ated from the description set out below, motor 12 may
comprise an AC motor and motor drive circuit 14 may
be compatible with that AC motor. However, to facili-
tate a ready understanding of the broad teachings of this
invention, motor 12 will be described as an n-phase DC
motor.

Motor drive circuit 14 is coupled to motor 12 and, as
will be described in greater detail below with respect to
the embodiments shown in FIGS. 2 and 3, drive circuit
14 includes a number of separately actuable switching
devices, each being coupled to a respective phase, or
winding, of motor 12. For example, if motor 12 is a
2-phase DC motor, drive circuit 14 is provided with
two switching devices, each being coupled to a respec-
tive phase, or winding, of the motor. Similarly, if motor
12 is a 3-phase DC motor, drive circuit 14 likewise is
provided with three switching devices, each being sepa-
rately coupled to a respective one of the motor phase
windings.

Drive circuit 14 is coupled to CPU 16 which, in a
preferred embodiment, may comprise a conventional
microprocessor that is programmed to carry out the
instructions described below. As an alternative, CPU 16
may be constructed of discrete circuit components,
such as logic circuits, and may be formed of separately
wired circuit components or of a large scale integrated
(LSI) circuit. To facilitate a ready understanding of the
present invention, CPU 16 is described as a pro-
grammed processor having the usual read only memory
(ROM), random access memory (RAM), timing mod-
ules and other conventional peripheral devices nor-
mally provided with microprocessors. Since the micro-
processor art is well known to those of ordinary skill,
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further description of its construction and components
need not be provided. Nevertheless, it will be under-
stood that typical microprocessors manufactured by
Intel, Motorola, Zylog and other semiconductor manu-
facturers may be used, if desired.

CPU 16 is adapted to generate a motor speed com-
mand signal which is supplied to drive circuit 14 and is
used by the drive circuit to energize motor 12 in a man-
ner whereby the desired speed of the motor is achieved
and maintained. The manner in which the motor speed
command signal is generated and the manner in which
this signal is used by drive circuit 14 will be described
below.

Index signal generator 18 is coupled to CPU 16 and is
adapted to supply index signals to the CPU, these index
signals representing the position and/or speed of motor
12. As an example, index signal generator 18 may com-
prise a pulse position generator which is adapted to
sense when one or more respective phases of motor 12
rotates past a reference position. One embodiment of
such a pulse position generator is a so-called Hall effect
sensor which may be fixedly positioned at a reference
location and is adapted to generate a pulse when a ferro-
magnetic element mounted on the rotary shaft of motor
12 rotates therepast. In one example, a single Hall sen-
sor, or pick-up, is provided and the rotary shaft of
motor 12 may have coupled thereto a plurality of ferro-
magnetic elements equally spaced at desired angular
locations. As an example, two such elements may be
spaced 180° apart so as to generate two rectangular
waves as the motor undergoes one complete revolution.
As another example, three such ferromagnetic elements
may be spaced 120° apart. As yet another example, one
or more ferromagnetic elements may be associated with
each phase of motor 12 such that, for a 3-phase motor,
one pulse is generated when the first phase rotates to the
reference position, another pulse is generated when the
second phase rotates to that reference position and a
third pulse is generated when the third phase rotates to
that reference position. As still another example, each
phase of the motor may be associated with two such
ferromagnetic elements, whereby two pulses are gener-
ated for each phase as the motor rotates by 360°.

In the foregoing, it has been assumed that a single
Hall sensor is used to generate the index pulses. While
this may be satisfactory for a 2-phase motor, it is prefer-
able to provide a respective Hall sensor for each phase
if the number of phases of motor 12 is three or more.

The index signals generated by index signal generator
18 are supplied to CPU 16 for the purpose of detecting
the actual speed of the motor. For example, if the index
signal generator is operable to generate uniformly
spaced pulses when motor 12 operates at a fixed speed,
then the time separation between two successive index
pulses is an indication of the actual speed of the motor.
Of course, it will be appreciated that, if desired, the time
separation between any two index pulses, such as the
first and third pulses, the first and fourth pulses, etc.,
may be used to represent the actual motor speed. Based
upon the detected motor speed, as derived from these
index pulses, CPU 16 is adapted to determine whether a
speed error is present, that is, whether the actual motor
speed differs from the desired, or programmed motor
speed, whereupon the motor speed command signal is
modified to correct such error. Hence, the motor speed
command signal may be increased if CPU 16 senses that
motor 12 is operating too slowly, or the motor speed
command signal may be reduced if the CPU senses that
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the motor is operating too rapidly. The manner in
which the motor speed error is detected and the motor
speed command signal is modified is described in
greater detail below.

In addition to supplying the motor speed command
signal to motor drive circuit 14, CPU 16 is adapted, in
one embodiment to supply commutating pulses to the
motor drive circuit. These commutating pulses are used
to select the appropriate phase of motor 12 which is to
be energized. Such commutating pulses may be pro-
duced by the CPU from the index signals supplied by
index signal generator 18. Thus, CPU 16 utilizes the
index signals for two purposes, viz. to determine and
compensate motor speed errors, and to select the appro-
priate phase of the motor which is to be energized.

As an alternative embodiment, a commutation signal
generator 19, similar to index signal generator 18, may
generate commutation signals that are supplied directly
to motor drive circuit 14 as the commutation pulses
therefor.

Motor speed control system 10 also is provided with
a brake circuit 20 coupled to motor drive circuit 14. The
brake circuit is adapted to achieve dynamic braking of
motor 12 in the event that the electrical power supply to
the motor and to the motor drive circuit is cut off. As
will be described below, DC power is supplied by way
of a conventional DC power supply, the latter including
a voltage regulator for supplying regulated voltage to
elements of the motor drive circuit. Brake circuit 20
includes a storage device, such as a capacitor, supplied
with voltage from the power supply and adapted to
store a voltage level during normal operation of the
motor and motor drive circuit. When the power supply
is cut off, either intentionally or inadvertently, the
stored voltage level is supplied to drive circuit 14 to
effect a short-circuiting of the phases of motor 12. This
short-circuiting is achieved by providing a low impe-
dance path from all of the motor windings to a refer-
ence potential, such as ground, thereby resulting in
rapid, dynamic braking of the motor.

The manner in which motor speed control system 10
operates now will be briefly described. Let it be as-
sumed that the usual power supply is operating so as to
supply energizing power to drive circuit 14. Let it also
be assumed that suitable energizing potential is applied
to CPU 16. For the purpose of the present description,
it will be assumed that each of the n phases of motor 12
is coupled in common to the power supply. The func-
tion of drive circuit 14 is to select the appropriate one of
these phases to be energized and also to determine the
current level which flows through the energized phase.
When power first is applied, or turned on, CPU 16
executes a start up routine, described below with re-
spect to FIGS. 6A and 6B. As a result of this start up
routine, the CPU supplies a motor command signal to
motor drive circuit 14 to effect a rapid start-up of motor
12 to its desired operating speed. As an example, the
operating speed of motor 12 is on the order of about
3600 rpm. During the start up routine, index signal
generator 18 supplies index signails to the CPU repre-
senting the actual speed of the motor. These signals, and
more particularly, the time separation therebetween,
are used by the CPU to determine whether the motor
has reached its operating speed within preset parame-
ters (e.g. within a predetermined number of revolutions
of the motor) and whether that speed has been main-
tained for a desired period of time. Assuming that motor
12 has reached its operating speed properly, the micro-
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processor then executes its motor control routine by
which the speed of the motor is maintained.

When operating to maintain motor 12 at its operating
speed, motor drive circuit 14 is controlled by the com-
mutation pulses supplied thereto by CPU or, in the
alternative embodiment, by the commutation pulses
supplied directly by commutation signal generator 19,
to select, or actuate, desired ones of the motor phases.
As an example, each of the n phases of motor 12 are
selected, or actuated, in succession. It will be appreci-
ated that, in the preferred embodiment, only one phase
of the motor is selected, or actuated, at any given time.

As motor 12 rotates, index signal generator 18 contin-
ues to generate index signals representing the position
and speed of the motor, these index signals being used
by CPU 16 to detect speed errors. More specifically,
deviations between the actual speed of motor 12 and the
desired, operating speed thereof are sensed. If the motor
operates too slowly, the speed command signal is
changed (e.g. it is increased) by CPU 16, resulting in an
increase in the current flowing through the selected, or
actuated, phase so as to increase the motor speed. Con-
versely, if the motor operates too rapidly, CPU 16
changes the speed command signal in an opposite direc-
tion (e.g. it is decreased), whereupon motor drive cir-
cuit 14 causes a reduced current to flow through the
selected, or actuated motor phase.

Let it now be assumed that the power supply which
energizes the motor and the motor drive circuit is inter-
rupted. The voltage level which had been stored on the
storage device of brake circuit 20 is utilized by motor
drive circuit 14 to connect simultaneously all of the
phases of motor 12 to ground. Hence, as the motor
rotates due to inertia following the interruption of the
power supply, reverse currents are induced in the motor
windings thus dynamically braking the motor.

In the foregoing description, it has been assumed that
motor 12 is a rotary motor. It will be readily appreci-
ated that, if desired, the motor may comprise a linear

motor wherein a linearly movable armature is driven by
motor drive circuit 14 rather than a rotary driven arma-
ture (or rotor).

Turning now to FIG. 2, there is illustrated in partial
block, partial schematic form, one embodiment of a
drive circuit 24 that may be used to implement motor
drive circuit 14. In particular, motor drive circuit 24 is
adapted to drive a 2-phase motor and is referred to
herein as a 2-phase drive circuit. For convenience,
motor 12 is depicted in FIG. 2 as including two separate
phases of motor windings, illustrated as motor phase
windings 26 and 28. As shown, motor phase winding 26
is coupled to a switching device 30, preferably formed
as an MOS power transistor, described herein as a
MOSFET. Similarly, motor phase winding 20 is cou-
pled to a switching device 32, also shown as a MOS-
FET. In the illustrated embodiment, MOSFETS 30 and
32 are comprised of n-channel MOS devices whose
drain elecirodes are coupled to windings 26 and 28,
respectively, and whose source electrodes are coupled
to a reference potential, such as ground, through a con-
trolling bipolar transistor 64. FET devices are advanta-
geous for use in the braking circuit because they exhibit
sufficiently high input impedance. As will be described,
the braking circuit includes a storage capacitor that
need not be very large physically in order to supply
enough energy to turn on the FET’s for motor-braking.
It is seen that the drain-source circuit of MOSFET 30 is

* connected in series with motor phase winding 26 and
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transistor 64, and the drain-source circuit of MOSFET
32 likewise is connected in series with motor phase
winding 28 and transistor 64. A suitable source of oper-
ating potential +V is connected in common to the
motor phase windings; and current flows from this
source through a respective one of these motor phase
windings if the MOSFET connected thereto is rendered
conductive. The magnitude of the motor current flow-
ing through the motor phase winding is a function of the
conductivity of transistor 64 which, in turn, is a function
of the voltage applied to the base electrode thereof.

2-phase drive circuit 24 includes a speed command
input 34 to which the speed command signal generated
by CPU 16 (FIG. 1) is applied. As an example, this
speed command signal may be a PWM signal whose
duty cycle is determinative of the speed of the motor.
Speed command input 34 is coupled via a conventional
buffer circuit 36 to an integrator 38. As one embodi-
ment, the integrator is comprised of a resistor 40 con-
nected to a capacitor 42, the junotion defined therebe-
tween being coupled to the base electrode of transistor
64. As one example, buffer 36 may be a conventional
integrated circuit, such as Model 7406. It is recognized
that integrator 38 is adapted to convert the PWM sig-
nals supplied from speed command input 34 via buffer
36 to a corresponding DC level. This DC level changes
as a function of changes in the duty cycle of the PWM
signal.

The DC level produced by integrator 38 renders
transistor 64 conductive and the current flowing
through the collector-emitter circuit thereof also flows
through MOSFET 30 or MOSFET 32, depending upon
which is actuated. Actuation of the MOSFETS is deter-
mined by commutation pulses supplied to commutation
input 48, this input being coupled via a buffer 50 to the
gate electrode of MOSFET 30 and being coupled via an
inverting buffer 52 to the gate electrode of MOSFET
32. As mentioned above, the commutation pulses may
be supplied directly from commutation signal generator
19 (FIG. 1) which generates commutation signals as the
motor rotates. Alternatively, the commutation pulses
may be supplied by CPU 16 in response to the index
pulses that are applied to the CPU by index signal gen-
erator 18. In the preferred embodiment, the commuta-
tion pulses exhibit a rectangular waveform which un-
dergoes transitions when the motor armature and ferro-
magnetic element rotate past a suitable pick-up, such as
the aforementioned Hall sensor. For example, the rect-
angular waveform may undergo a positive transition
when a predetermined point on motor phase winding 26
is juxtaposed the Hall sensor, and the rectangular wave-
form then may undergo a negative transition when a
comparable predetermined point on motor phase wind-
ing 28 is juxtaposed the Hall sensor. In one embodiment,
the positive portion of the rectangular waveform may
extend for a period equal to 180° of angular rotation of
the motor or, if desired, both the positive and negative
portions of the rectangular waveform may extend for
substantially equal periods of 90° of rotation, 45° of
rotation, or any desired amount. It is appreciated that
the number of cycles of the rectangular waveform
which are generated during one complete revolution of
the motor is a function of the number of ferromagnetic
elements (or the like) which may be spaced about the
rotor.

A suitable power supply (not shown) is used to apply
the voltage -4V to motor phase windings 26 and 28.
This power supply also may produce a voltage which,
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as a numerical example, may be on the order of about
+12 V, this voltage being used to supply a relatively
lower, regulated voltage to the various buffer circuits
36, 50 and 52 shown in FIG. 2. In this regard, a voltage
regulator 54, which forms no part of the present inven-
tion per se, is responsive to the +12 V voltage to gener-
ate a regulated voltage on the order of about 435 V.

FIG. 2 also illustrates one embodiment of brake cir-
cuit 20, this embodiment being comprised of a storage
capacitor 66 which is supplied with the +12 V voltage
via a forward-poled diode 68. The junction defined by
capacitor 66 and diode 68 is coupled via a relatively
high resistance resistor 70 to resistors 44 and 46 and,
thence, to the gate electrodes of MOSFETS 30 and 32,
respectively. As will be described, the resistance of
resistor 70 is sufficiently high, such as on the order of
about 1 megohms, so as to prevent the voltage level
stored across capacitor 66 from being supplied to MOS-
FETS 30 and 32 during normal operation of 2-phase
drive circuit 24. However, because of the high input
impedances of the MOSFETS, capacitor 66 need not be
of a large physical size to render the MOSFETS con-
ductive for braking.

As also shown in FIG. 2, snubbing diodes 56 and 58
are coupled to the drain electrodes of MOSFETS 30
and 32, respectively, these snubbing diodes having their
cathode electrodes connected in common and through a
series circuit comprised of a zener diode 60 and a resis-
tor 62 to the power supply. The purpose of snubbing
diodes 56 and 58 is to protect MOSFETS 30 and 32
from being damaged in the event of excessive voltage
when a MOSFET is turned off suddenly in response to
a commutation pulse.

The manner in which the 2-phase drive circuit illus-
trated in FIG. 2 operates now will be described. Let it
be assumed that the DC motor is operating at or near its
desired speed. As the motor rotates, index signals are
generated, as described above, and it is further assumed,
for simplicity, that the commutation pulses supplied to
commutation input 48 undergo one complete cycle as
the motor makes one complete revolution. It is further
assumed that the commutation pulses exhibit a symmet-
rically rectangular waveform such that, during the posi-
tive portion thereof, buffer 50 actuates MOSFET 30
and, during the negative portion thereof, inverting
buffer 52 actuates MOSFET 32. Hence, during one-half
of the rotation of the motor, MOSFET 30 is actuated to
enable drive current to flow through motor phase wind-
ing 26, and during the other half of the motor rotation,
MOSFET 32 enables motor drive current to flow
through motor phase winding 28. This alternate actua-
tion of MOSFETS 30 and 32 serves to select for energi-
zation motor phase windings 26 and 28 alternately.

As will be described in greater detail below, and as
has been mentioned above, the CPU supplies PWM
speed command signals as the motor. rotates. The duty
cycle of the PWM command signal is varied to compen-
sate for speed errors. Thus, if the motor rotates too
slowly, the duty cycle of the PWM command signal is
increased (and the “off” time thereof is decreased) and,
conversely, if the motor rotates too rapidly, the duty
cycle of the PWM command signal is reduced (and the
“off” time is increased). This PWM command signal is
supplied to integrator 38 by buffer 36 and is integrated
to apply to transistor 64 a DC level that is determined
by the PWM duty cycle. The current flowing through
the collector-emitter circuit of transistor 64, and
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through the drain-source circuit of the MOSFET that is
actuated, is determined by the PWM command signal.

From the foregoing, it is appreciated that, when the
positive portion of the rectangular waveform of the
commutation pulse is present at commutation input 48,
MOSFET 30 is actuated and the magnitude of the cur-
rent therethrough is determined by the conductivity of
transistor 64 whose conductivity is determined by the
DC level supplied thereto from integrator 38. Depend-
ing upon the current through the MOSFET, a corre-
sponding motor current flows from the power supply
voltage +V, through motor phase winding 26, through
the drain-source circuit of MOSFET 30 and through
transistor 64 to ground. Likewise, during the negative
portion of the rectangular waveform of the commuta-
tion pulse applied to commutation input 48, inverting
buffer 52 actuates MOSFET 32, and the current
through this MOSFET is determined by the DC level
supplied from integrator 38. Depending upon this DC
level, a corresponding motor current flows from the
power supply voltage +V through motor phase wind-
ing 28, through the drain-source circuit of MOSFET 32
and through transistor 64 to ground.

If the CPU senses that the motor is operating too
slowly, the duty cycle of the PWM command signal is
increased, resulting in a higher DC level supplied to
transistor 64. Consequently, when one and then the
other of MOSFETS 30 and 32 is actuated by the com-
mutation pulses, the current therethrough is increased
and a correspondingly higher motor current flows
through motor phase winding 26 and then through
motor phase winding 28. Conversely, if the CPU senses
that the motor is rotating too rapidly, the duty cycle of
the PWM command signal is reduced so as to corre-
spondingly reduce the DC level supplied to transistor
64 from integrator 38. As a result, the current through
the MOSFETS decreases to decrease the motor current
flowing through motor phase winding 26 and then
through motor phase winding 28. This operation con-
tinues until it is desired to stop the motor.

Let it now be assumed that, in order to stop the rota-
tion of the motor, the power supply is cut off. Prior to
the cut off of the power supply, capacitor 66 is charged
to a voltage level substantially equal to the power sup-
ply voltage 412 V less the drop across diode 68. How-
ever, this voltage to which capacitor 66 is charged is not
supplied through resistor 70 to the gate electrodes of
MOSFETS 30 and 32.

Once the power supply is cut off, the +5 V output of
voltage regulator 54 is reduced to zero. Consequently,
buffer circuits 36, 50 and 52 are deenergized. These
buffer circuits are of a conventional type and, as is
known, the output impedance thereof is relatively low
during energization but, when the power supply thereto
is interrupted, the output impedance of the buffer cir-
cuits exhibits a relatively high impedance. Because of
the high impedance presented by buffer circuits 36, 50
and 52, the voltage to which capacitor 66 had been
charged now is applied via resistor 70 and resistors 44
and 46 to the gate electrodes of MOSFETS 30 and 32,
respectively. This voltage, which is seen to be higher
than the +5 V output of voltage regulator 54, is suffi-
cient to render MOSFETS 30 and 32 conductive and
present short-circuits to motor phase windings 26 and
28. Since both motor phase windings now are short-cir-
cuited, the motor is dynamically braked.

Preferably, storage capacitor 66 is of sufficient capac-
itance so as to not be fully discharged before the motor
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is braked, yet is not physically large because of the high
input impedances of MOSFETS 30 and 32. As a numer-
ical example, if resistor 70 is on the order of 1 megohm,
and if capacitor 66 is on the order of 22 microfarads,
then the time constant of the RC circuit formed of resis-
tor 70 and capacitor 66 is on the order of about 20 sec-
onds. This time constant exceeds the expected time
duration of dynamically braking the motor to a stop.

Yet another embodiment of a motor drive circuit that
may be used with the present invention is illustrated in
partial block, partial schematic form in FIG. 3. As de-
scribed above with respect to the block diagram shown
in FIG. 1, the present invention is applicable to a 2-
phase motor and also to a 3-phase motor. For conve-
nience, therefore, FIG. 3 illustrates one embodiment of
a 3-phase drive circuit 74.

The 3-phase drive circuit shown in FIG. 3 is similar in
many respects to the 2-phase drive circuit shown in
FIG. 2. In the FIG. 3 embodiment, the motor which is
driven thereby is provided with three motor phase
windings 76, 78 and 80, these three phases being con-
nected in common to a suitable power supply +V.
Motor phase winding 76 is connected in series with the
source-drain circuit of a MOSFET 82, motor phase
winding 78 is connected in series with the source-drain
circuit of a MOSFET 84, and motor phase winding 80
is connected in series with the source-drain circuit of a
MOSFET 86. In the illustrated embodiment, each
MOSFET is an n-channel MOS device, the source elec-
trodes thereof being coupled to ground via a noise filter
resistor 120.

The gate electrodes of MOSFETS 82, 84 and 86 are
adapted to be supplied with a motor drive signal. In the
embodiment shown in FIG. 3, the motor drive signal is
derived from the motor command signal produced by
the CPU (FIG. 1), this command signal being applied to
a speed command input 88. Whereas the speed com-
mand signal that is supplied to the speed command input
in the embodiment of FIG. 2 has been described as a
PWM signal, the speed command signal supplied to
speed command input 88 (FIG. 3) is assumed herein
merely to be a digital signal whose value (e.g. whose
numerical value) is determinative of the speed at which
the motor is driven. Hence, speed command input 88
may be comprised of plural parallel inputs to which the
digital speed command signal is supplied in parallel or,
alternatively, the speed command input may be formed
of a single input to which the digital speed command
signal is serially supplied.

Speed command input 88 is coupled to a digital-to-
analog converter 90 which, in turn, converts the digital
command signal to a corresponding DC level. This DC
level is supplied via a suitable amplifier 92 to the gate
electrodes of MOSFETS 82, 84 and 86 by means of
resistors 94, 96 and 98, respectively. Amplifier 92 may
function as a buffer or, alternatively, the amplifier may
function to increase the DC level by a fixed gain.

The DC level supplied to the gate electrodes of
MOSFETS 82, 84 and 86 by amplifier 92 is not suffi-
cient to render conductive any of these MOSFETS.
However, the combination of the DC level with a com-
mutation pulse controls the conductivity of the MOS-
FET to which the commutation pulse is applied. In this
regard, a commutation input 100 is adapted to be sup-
plied with 3-phase commutation pulses which, in one
embodiment, are supplied by CPU 16 and, in an alterna-
tive embodiment, are supplied by the commutation
signal generator shown in FIG. 1. More particularly,
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commutation input 100 is formed of three separate in-
puts coupled to buffers 102, 104 and 106, respectively.
As will be described below, only a single commutation
pulse is applied to any of these inputs at any given time.

Buffers 102, 104 and 106 may be similar to aforedes-
cribed buffer 50, these buffers being connected to the
gate electrodes of MOSFETS 82, 84 and 86, respec-
tively.

FIG. 3 also illustrates the brake circuit shown in FIG.
2 and discussed above. The junction defined by capaci-
tor 66 and diode 68 is coupled via resistor 70 to the
output of amplifier 92. The brake circuit shown in FIG.
3 performs substantially the same function in the same
way as the brake circuit shown in FIG. 2.

FIG. 3 also illustrates the use of snubbing diodes 110,
112 and 114 connected to the drain electrodes of MOS-
FETS 82, 84 and 86, respectively, these snubbing diodes
having their cathodes connected in common through a
zener diode 116 connected in series with a resistor 118
to the power supply voltage +12 V. As before, the
purpose of the snubbing diodes shown in FIG. 3 is to
protect the MOSFETS against damage that may be due
to excessive voltage when a MOSFET is de-actuated by
a commutation pulse.

The manner in which 3-phase drive circuit 74 oper-
ates now will be described with reference to the wave-
forms shown in FIGS. 4A-4F. For simplification, let it
be assumed that a separate Hall sensor or other suitable
pick-up is provided for each of the three phases of the
motor. Let it be further assumed that each phase is
provided with a suitable number of angularly spaced
apart ferromagnetic elements, or other suitable trigger-
ing devices, such that the Hall sensor generates a rect-
angular waveform exhibiting two cycles during one
compiete revolution of the motor, each cycle being
symmetrical and formed of a positive portion and a
negative portion of equal duration. Thus, for phase I,
the index signal generated by the Hall sensor associated
therewith may be as illustrated in FIG. 4A during a 360°
rotation of the motor. Similar Hall sensors, or equiva-
lent pick-ups, and ferromagnetic elements, or suitable
trigger devices, are provided for motor phases II and
III to generate the index signals shown in FIGS. 4B and
4C, respectively. As an example, the ferromagnetic
elements which may be provided for motor phase II are
angularly spaced by 60° from the ferromagnetic ele-
ments of phase I; and the ferromagnetic elements of
phase III are angularly spaced by 60° from the ferro-
magnetic elements of phase II. As an alternative, the
Hall sensors may be spaced from each other by these
angular amounts and a common one or two ferromag-
netic elements may be used to trigger each sensor.

The CPU is supplied with the index signals shown in
FIGS. 4A, 4B and 4C and, in a manner that will be
known to those of ordinary skill in the art, generates the
commutation pulses shown in FIGS. 4D, 4E and 4F.
Alternatively, suitable discrete circuitry may be used to
generate the commutation pulses of FIGS. 4D-4F from
the index pulses shown in FIGS. 4A-4C. For example,
commutation pulses suitable to select motor phase 1
(such as the commutation pulses shown in FIG. 4D)
may be produced when the positive portion of the index
pulse shown in FIG. 4A coincides with the negative
portion of the index pulse shown in FIG. 4B. Likewise,
the commutation pulses shown in FIG. 4E (suitable to
select motor phase II for energization) may be pro-
duced when the positive portion of the index pulse
shown in FIG. 4B coincides with the negative portion
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of the index pulse shown in FIG. 4C. In like manner, the
commutation pulses shown in FIG. 4F (which are
adapted to select motor phase III) may be produced
when the positive portion of the index pulse shown in
FIG. 4C coincides with the negative portion of the
index pulse shown in FIG. 4A. Thus, for each motor
phase, two commutation pulses are generated during
360° rotation of the motor, each of these commutation
pulses having a duration corresponding to about 60° of
motor rotation (i.e. 60° mechanical) with successive
pulses being separated by 120° mechanical.

In the embodiment described herein, the commuta-
tion pulses shown in FIG. 4D are supplied to buffer 102,
the commutation pulses shown in FIG. 4E are supplied
to buffer 104 and the commutation pulses shown in
FIG. 4F are supplied to buffer 106. It is recognized that
only one of these commutation pulses is positive at any
given time, and the MOSFET which is supplied with
the positive commutation pulse is actuated.

The actuated MOSFET, that is, the MOSFET that is
turned “on” by a commutation pulse, is rendered con-
ductive by the DC level supplied thereto from amplifier
92. Hence, the degree of conductivity of the actuated
MOSFET is a function of the DC level supplied thereto
which, in turn, is determined by the motor speed com-
mand signal supplied from the CPU to speed command
input 88. The degree of conductivity of the MOSFET
determines the motor current flowing in the motor
phase winding connected thereto and this, in turn, es-
tablishes the rotary speed of the motor.

It is recognized that the brake circuit shown in FIG.
3 is substantially the same as the brake circuit shown in
FIG. 2. Hence, in the interest of brevity, and in order to
avoid unnecessary duplication, the description of the
manner in which the brake circuit operates in FIG. 3 is
not described. Suffice it to say that capacitor 66 is
charged to a suitable voltage level when power is sup-
plied from the power supply (not shown) to 3-phase
drive circuit 74, and this voltage is applied to all of the
MOSFETS simultaneously when the power supply is
cut off. This is because the output impedances of ampli-
fier 92 and buffers 102, 104 and 106 revert to a relatively
high impedance level when operating power from volt-
age regulator 108 is removed therefrom, thus permitting
the voltage stored across capacitor 66 to be supplied to
the MOSFETS. As described in the embodiment of
FIG. 2, when the MOSFETS are rendered conductive
simultaneously, motor phase windings 76, 78 and 80 are
short-circuited therethrough, thus dynamically braking
the motor.

Yet another embodiment of the motor drive circuit is
illustrated in FIG. 5. For purposes of explanation, and
with the intent of not being limited solely to the descrip-
tion herein, the motor drive circuit shown in FIG. 5 is
illustrated as a 3-phase drive circuit 124 which, of
course, can be used in a manner similar to the 3-phase
drive circuit shown in FIG. 3. It will be appreciated,
however, that the differences between these 3-phase
drive circuits 74 and 124 are equally applicable to a
2-phase drive circuit, such as that shown in FIG. 2. That
is, the circuit shown in FIG. 2 may be modified to in-
clude the features of FIG. 5. For convenience, and in
order to limit the present explanation merely to the
differences between the FIGS. 3 and 5 embodiments,
the same reference numerals are used in FIG. 5 to iden-
tify those components which have been discussed previ-
ously with respect to the embodiment of FIG. 3.
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Briefly, it is seen that the 3-phases of the motor wind-
ings 76, 78 and 80 are driven by MOSFETS 82, 84 and
86, respectively, these MOSFETS being selectively
actuated by commutation pulses supplied individually
to the MOSFETS from commutation input 100 via
buffers 102, 104 and 106, respectively. Thus, depending
upon the rotary position of the motor, one and only one
commutation pulse is supplied to one of these buffers
and, correspondingly, one and only one of MOSFETS
82, 84 and 86 is actuated to supply a motor drive signal
to the motor phase winding connected thereto. It is
recognized that the motor drive signal is derived from
the speed command signal produced by the CPU, and
this speed command signal may be a PWM signal, as in
the embodiment of FIG. 2, or a digital signal, as in the
embodiment of FIG. 3. It is further appreciated that, in
the motor drive circuit shown in FIG. 5 as well as the
motor drive circuits shown in the preceding embodi-
ments, the speed command signal may take other forms,
such as a pulse amplitude signal, a pulse position signal,
or the like. Again, merely for convenience, the motor
command signal that is supplied to motor drive oircuit
124 in FIG. 5 is assumed herein to be a PWM signal.

In the embodiment shown in FIG. §, the motor drive
circuit includes a feedback circuit for feeding back a
signal representing the magnitude of the current actu-
ally flowing through the motor and combining this fed
back signal with the motor drive signal derived from
the CPU-generated speed command signal. To this
effect, a mixer, or subtracting circuit 130, has one input
coupled through a low pass filter 128 to speed command
input 126 and another input coupled to receive a signal
representative of the actual current flowing through the
motor. This current-representing signal is produced by
a current-to-voltage converter 132 which, in its simplest
form, may comprise a resistor, such as a calibrating
resistor, connected in common to the source-drain cir-
cuits of MOSFETS 82, 84 and 86. It is appreciated that
the current flowing through any one of motor phase
windings 76, 78 and 80 also flows through resistor 132
to produce a voltage thereacross that is proportional to
this current. Resistor 132 is coupled to a level adjust-
ment circuit 134 which, as an example, may comprise an
amplifier having constant gain K to amplify, or level-
adjust, the voltage produced across resistor 132. The
level-adjusted voltage provided by amplifier 134 is ap-
plied to mixer 130 to be subtracted from the motor drive
signal produced by low pass filter 128. The resultant
difference between the motor drive signal and the
motor current representing signal is supplied to an inte-
grator 136 from which a DC level is applied in common
via resistors 94, 96 and 98 to the gate circuits of MOS-
FETS 82, 84 and 86, respectively.

In the interest of simplification, an illustration of the
brake circuit is omitted from FIG. 5. Nevertheless, it
will be appreciated that the brake circuit advanta-
geously may be used with this embodiment and may be
connected thereto in the manner shown in FIG. 3. Also,
it will be appreciated that a power supply is connected
to the embodiment of FIG. 5 in order to supply operat-
ing voltage to the various components illustrated
therein. Although snubbing diodes 110, 112 and 114 are
shown partially connected in FIG. 5, it will be appreci-
ated that these snubbing diodes may be connected to
additional circuitry, such as shown in FIG. 3. It is be-
lieved that the further illustrations of the brake circuit,
power supply and additional connections to the snub-
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bing diodes are not necessary for an adequate under-
standing of the embodiment shown herein.
In operation, the speed command signal supplied to
speed command input 126 is converted to a motor drive

signal by low pass filter 128 and supplied to, for exam- -

ple, the positive input of mixer 130. In the embodiment
wherein the speed command signal is a PWM signal,
low pass filter 128 functions as an integrator, similar to
the integrator shown in FIG. 2. Alternatively, if the
speed command signal is a digital signal, such as that
described in the embodiment of FIG. 3, low pass filter
128 may be replaced by a digital-to-analog converter
and a suitable amplifier, such as shown in FIG. 3. In
either embodiment, mixer 130 is supplied with a motor
drive signal having a magnitude (e.g. a DC level) deter-
mined by the speed command signal.

During normal operation, only one of MOSFETS 82,
84 and 86 is actuated at any given time in response to the
commutation pulses supplied to commutation input 100.
Irrespective of the particular MOSFET which is actu-
ated, it is expected that, if there is no change in the
speed command signal, the motor current flowing
through the motor phase winding that is connected to
the actuated MOSFET will be the same. That is, if
MOSFET 82, 84 or 86 is actuated, the motor current
flowing through motor phase winding 76, 78 or 80 will
be the same; and this motor current also flows through
current-to-voltage converting resistor 132. Hence, the
voltage produced across this resistor is directly propor-
tional to the current flowing therethrough and, thus,
level adjustment circuit 134 is supplied with a voltage
that represents the motor current. After adjusting the
level of this voltage, level adjustment circuit 134
supplies it to mixer 130, whereat the level-adjusted
voltage is subtracted from the motor drive signal de-
rived from the speed command signal. The difference
signal produced by mixer 130 thus represents the differ-
ence between the commanded motor speed and the
actual motor current. At optimum speed, that is, when

the motor is driven at the very speed commanded by the
7'CPU, the motor drive signal supplied to mixer 130 by

low pass filter 128 is equal to the fed back motor current
signal supplied to the mixer by level adjustment circuit
134. It is appreciated that the gain K of circuit 134 thus
may be selected in accordance with this desired condi-
tion.

The difference signal produced by mixer 130, that is,
the difference between the motor drive signal produced
by low pass filter 128 and the fed back motor current
signal produced by level adjustment circuit 134, is inte-
grated by integrator 136 and supplied as a drive signal
to MOSFETS 82, 84 and 86. Depending upon which of
these MOSFETS is actuated by the commutation pulse
then applied to commutation input 100, the conductiv-
ity of the actuated MOSFET is a function of this driven
signal. Consequently, the current flowing through the
motor phase winding that is connected to this actuated
MOSFET likewise is a function of this drive signal.

In the preceding discussions of the various embodi-
ments of the motor drive circuit, the current flowing
through the actuated MOSFET has been described as
being controlled or determined by the level of the drive
signal that is supplied by integrator 38 (FIG. 2), ampli-
fier 92 (FIG. 3) or integrator 136 (FIG. 5). As is appre-
ciated, since a MOSFET is an amplifying device, the
magnitude of the drain-source current flowing there-
through and, thus, the magnitude of the current flowing
through the motor phase winding connected thereto, is
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a function of the gate-source voltage. If this gate-source
voltage increases, that is, if the drive signal is supplied
to the gate of the actuated MOSFET, and if this drive
signal increases, the drain-source current likewise in-
creases. Conversely, if the magnitude of the gate volt-
age decreases, the drain-source current decreases. It is
seen, therefore, that the current flowing through a
motor phase winding need not be determined solely by
the conductivity of the MOSFET connected thereto
because the MOSFET functions as an amplifying de-
vice in accordance with its conventional operation.

The preceding description has been directed primar-
ily to various embodiments of the motor drive circuit.
As described above, it is the CPU which supplies the
motor drive circuit with the speed command signal
from which the motor current is adjusted in each phase
so as to bring the motor speed into conformance with
the commanded speed. As has also been described, the
CPU executes, among other routines and programmed
instructions which form no part of the present invention
per se, a motor start up routine by which the motor is
driven rapidly to its desired operating speed and a
motor control routine by which the operating speed of
the motor is controlled to maintain its desired speed.
These two routines now will be described in conjunc-
tion with the flow charts shown in FIGS. 6A-6B and 7.

Referring first to the flow charts of FIGS. 6A and 6B,
these flow charts represent the start up routine executed
by the CPU to bring the motor rapidly to its operating
speed of, for example, 3600 rpm. It is recognized that
this start up routine is initiated in accordance with the
overall programmed set of instructions for the CPU,
and the manner in which this routine is selected by the
CPU instructions is not necessary for an adequate un-
derstanding of the start up routine and, thus, need not be
described.

Upon entering the start up routine, the CPU gener-
ates a start-up command signal (not shown) to apply, for
example, maximum current through the motor wind-
ings, and also resets a timer. For clarity of understand-
ing, the various instructions shown in the flow charts
herein are identified by reference numerals. Neverthe-
less, it will be appreciated that each illustrated instruc-
tion may be comprised of several steps, as are known to
those of ordinary skill in the art, but may be adequately
described merely as an “instruction step”. Such steps
may call for positive action, such as the present step of
resetting a timer, or may call for an inquiry, such as
after the timer has been reset (block 138), inquiring in
block 140 whether the output of index signal generator
18 (FIG. 1) has changed its state. If the index pulse has
not changed its state, or level, that is, if a positive or
negative transition has not yet been produced, the CPU
advances to block 142 to inquire if the timer, which had
just been reset, has reached a preset time of expiration.
If this inquiry is answered in the negative, the CPU
cycles through the loop of blocks 140 and 142 until
either the index pulse has changed its state or the timer,
after being reset initially, finally has timed out. Al-
though not shown herein, it will be appreciated that the
timer is updated or incremented periodically, such as in
accordance with the usual processor clock.

If the timer has timed out before the index pulse has
changed state, it is assumed that the motor has not oper-
ated or, alternatively, the index signal generator is not
operating properly. In either event, upon an affirmative
answer to the inquiry of block 142, the CPU advances
to block 144 to turn off or deenergize the motor and
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then to block 146 to provide a suitable error display,
such as a flashing indicator or the like.

If, prior to the timing out of the timer, the inquiry of
block 140 is answered in the affirmative, that is, a
change of state in the index pulse has occurred, the
CPU advances to block 148 to inquire whether a preset
number of state changes, or transitions, in the index
pulse has occurred. For example, the start up routine
may “look for” the leading or trailing edge of each
index pulse and, thus, may be responsive to every other
change in state. Alternatively, the start up routine may
“look for” every second, third, fourth or xth index pulse
and may base its decisions on detecting such xth index
pulse. In that event, a preset number of state changes are
counted until the xth index pulse is detected.

If the inquiry of block 148 is answered in the nega-
tive, the start up routine returns to biock 138 to reset the
timer and then carry out the remaining steps illustrated
therein. However, if the preset number of index pulse
state changes has occurred, then the inquiry of block
148 is answered in the affirmative and the start up rou-
tine advances to block 150 to inquire whether an index
pulse has been received within an allotted period of
time. If this inquiry is answered in the negative, it is
assumed that, although the index puise has changed
state (block 140) and a preset number of such state
changes has occurred (block 148), nevertheless the
motor is rotating too slowly because successive index
pulses (or those selected index pulses which are to be
sensed) are spaced too far apart and, thus, do not occur
within the allotted predetermined period of time. A
negative answer to the inquiry of block 150 results in
the turning off of the motor and an error is displayed.

If the inquiry of block 150 is answered in the affirma-
tive, that is, if an index pulse has been received within
the allotted predetermined period of time, the start up
routine advances to block 152 to inquire if the motor has
reached its operating speed range within a preset num-
ber of revolutions. If this inquiry is answered in the
negative, that is, after the preset number of revolutions
has occurred the motor still has not reached its operat-
ing speed range, the motor is turned off and an error
indication is displayed. But, if the operating speed range
has been reached successfully within the preset number
of motor revolutions, the routine advances to block 154
to inquire if the motor operating speed has been main-
tained within its proper range for a predetermined num-
ber of revolutions. Thus, it is seen that it is not sufficient
merely for the motor to reach its operating speed range.
Rather, the motor speed must be maintained in the de-
sired range for at least a predetermined number of revo-
lutions. If the inquiry of block 154 is answered in the
negative, the routine advances to turn off the motor and
display an error indication.

However, once the start up routine has advanced to
an affirmative answer to the inquiry of block 154, the
following conditions will have been established: the
index pulse has changed state, a preset number of such
state changes has occurred, successive (or selected)
index pulses have been received within the allotted
predetermined time period (i.e. the motor is not operat-
ing too slowly), the motor operating speed range has
been reached within a preset number of revolutions, and
the motor speed has been maintained within its operat-
ing range for a predetermined number of revolutions.
The routine then advances to block 156 to set the speed
command signal to a predetermined level. In the em-
bodiment wherein the speed command signal is a PWM

20

35

40

45

60

65

18

signal, the duty cycle of this PWM signal is set to 40%.
In the embodiment wherein the speed command signal
is a digital signal, a comparable value or level is set for
this digital signal. Thus, at this point, the speed com-
mand signal has been reduced from a relatively high or
even a maximum level to, for example, a level corre-
sponding to a 40% PWM duty cycle. This, in turn,
reduces the energization of the motor from its high or
maximum level which, of course, is desirable during the
initial start-up phase of motor energization.

Following this setting of the speed command signal,
the routine advances to block 158 whereat the speed
command reference signal is updated, or changed, to
accommodate each detected error (referred to as the
spin error). For example, if one index pulse is generated
during each rotation of the motor, then the speed com-
mand reference signal is updated at each revolution. If
two index signals are generated during each 360° revo-
Iution of the motor, then the speed command reference
signal is updated with each index pulse, or at each rota-
tion of 180°. As a further alternative, if index signals are
generated such as in the manner shown in FIGS.
4A-4C, then an error sensing operation may be carried
out at every 60° of rotation, such as between the leading
edges of the index puises shown in FIGS. 4A and 4B, or
between the leading edges of the index pulses shown in
FIGS. 4B and 4C, or between the leading edges of the
index pulses shown in FIGS. 4C and 4A.

A “spin error” is referred to as the difference be-
tween a reference time period, that is, the expected time
period separating two successive or selected index
pulses, and a measured time period, that is, the actual
time separation between those index pulses. It is seen
that this spin error is equal to zero if the motor is operat-
ing at its desired or reference speed. However, if the
motor is operating too slowly, then the spin error is
negative. Conversely, if the motor is operating too rap-
idly, the spin error is positive. At each spin error mea-
suring time, that is, each time that the spin error is deter-
mined, the speed command reference signal is changed.
For example, an increase in the “off time” of the PWM
command signal is effected if the motor is operating too
rapidly, and a decrease in the “off time” of the PWM
command signal is effected if the motor is operating too
slowly. It is appreciated that the converse of this opera-
tion may be carried out, if desired, wherein the refer-
ence time period is subtracted from the measured, or
actual time period between selected index pulses, with
the resultant spin error being used to update the speed
command signal.

After carrying out the instructions of block 158, the
start up routine advances to block 160 to inquire
whether, after updating the speed command reference
signal, the operating speed of the motor has been main-
tained within its desired range for a predetermined per-
iod of time. If this inquiry is answered in the negative,
that is, if the motor speed cannot be properly main-
tained within its operating range, the motor is turned off
and an error indication is displayed. However, if the
motor operating speed has been successfully maintained
in its operating range for a predetermined period of
time, the routine advances to block 162 to inquire
whether the number of spin errors in one direction
exceed the number of spin errors in the opposite direc-
tion by a predetermined amount. For example, from
block 158, it is seen that if the motor is operating consis-
tently too slowly, that is, if the motor speed is within its
operating range but, nevertheless, is less than the de-
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sired absolute speed thereof, then the difference be-
tween the reference time period between selected index
pulses and the actually measured time period will pro-
duce a negative spin error. If, as a numerical example,
there are six more accumulated negative spin errors
.than there are accumulated positive spin errors, the
inquiry of block 162 is answered in the affirmative.
Conversely, if the motor is operating within its desired

speed range but consistently operates slightly faster

than the absolute desired speed, then the actual time
period between selected index pulses will be less than
the reference time period therebetween, resulting in a
positive spin error. If there are six more accumulated
positive spin errors than there are negative accumulated
spin errors, the inquiry of block 162 is answered in the
affirmative. However, if the motor speed “hunts” about
its desired absolute value, then the inquiry of block 162
will be answered in the negative.

Assuming that the number of accumulated spin errors
in one direction does not exceed the number of accumu-
lated spin errors in the opposite direction by the prede-
termined amount, the resultant negative answer to the
inquiry of block 162 then results in the inquiry of block
166 as to whether the motor still is operating within its
desired speed range. If not, the routine returns to block
158, and the loop comprised of blocks 158, 160, 162 and
166 is repeated until either the inquiry of block 160 is
answered in the negative, whereupon the motor is
turned off, or the inquiry of block 162 is answered in the
affirmative.

It is assumed that if there are, for example, six more
negative spin errors than positive spin errors, the motor
is operating too slowly because the reference speed
command signal is not sufficiently high. Conversely, if
the motor is operating too rapidly such that there are six
more positive spin errors than negative spin errors, it is
because the reference speed command signal is too high.
Thus, if the inquiry of block 162 is answered in the
affirmative, the reference speed command signal is
modified by a predetermined amount. For example, if
the reference speed command signal is a PWM signal,
the duty cycle or, alternatively, the off time thereof, is
increased or decreased by, for example, one microsec-
ond, depending upon whether there is an excess of neg-
ative or positive spin errors, respectively. Thereafter,
the routine advances to the inquiry of block 166.

. It is expected that the aforementioned change in the
reference speed command signal will be sufficient to
eliminate the preponderance of spin errors in one direc-
tion. If not, the routine cycles through the loop com-
prised of blocks 166, 158, 160, 162 and 164, whereby
additional changes in the reference speed command
signal are made, if necessary.

If the inquiry of block 166 is answered in the affirma-
tive, that is, if the motor continues to operate within its
operating speed range, the routine advances to the in-
quiry of block 168 to determine whether the operating
speed of the motor has been maintained within its de-
sired range for a preset number of revolutions. This
inquiry is seen to be similar to the inquiry of block 154
and, if desired, the same number of revolutions may be
used in both inquiries to ascertain whether the operating
speed of the motor has been properly maintained. If the
answer to the inquiry of block 168 is negative, the rou-
tine returns to block 166 to inquire if the motor is oper-
ating within its operating speed range. If not, the rou-
tine cycles once again through the loop formed of
blocks 158, 160, 162, 164 and 166 until it is determined,
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by the inquiry of block 168, that the operating speed
range of the motor has, in fact, been maintained for a
preset number of revolutions. At that time, the routine
advances to block 170 which functions to change the
reference command signal by a predetermined amount
(for example, the PWM duty cycle or off time may be
changed by one microsecond) if there are thirteen more
spin errors in one direction than the other. Block 170
may be seen to be similar to the combination of blocks
162 and 164, except that, in carrying out the instructions
of block 170, the reference speed command signal is
changed at a much slower rate. It is appreciated that
when the routine advances to block 170, there is more
tolerance to the spin errors because, at this stage, the
motor will have been operating within its operating
speed range very close to or at the desired absolute
speed value.

After carrying out the instructions of block 170
(which, it is appreciated, are comprised of several in-
structions that may be repeated a number of times), the
CPU exits from the start up routine.

From the foregoing discussion of the flow diagrams
shown in FIGS. 6A and 6B, it is seen that, if the motor
successfully reaches its operating speed range within a
predetermined number of revolutions and has main-
tained its speed within that range for a satisfactory num-
ber of revolutions, the reference speed command signal
initially is changed at a rapid rate (for example, with
each detected spin error, as represented by block 158),
and then is changed at a slower rate (for example, if
there are six more spin errors in one direction than the
other, as represented by block 162), and then at a still
slower rate (for example, if there are thirteen more spin
errors in one direction than in the other, as represented
by block 170), provided that the motor remains within
its operating speed range throughout.

In general, after completing its start up routine, the
CPU will not return to this routine until another start up
operation is called for by the CPU program. Typically,
this operation is carried out only during initial start up
phases when power initially is applied to the motor and
motor drive circuit. However, in the event that a sub-
stantial change in motor speed occurs, this routine may
be entered once again. The conditions under which the
start up routine is carried out form no part of the present
invention per se and, thus, in the interest of brevity,
need not be discussed herein. .

Referring now to the flow chart shown in FIG. 7,
there is illustrated the motor control routine that is
executed by the CPU to modify the speed command
signal supplied to the motor drive circuit in order to
compensate for detected errors in the motor speed. This
motor control routine is carried out periodically when,
for example, an index pulse is detected. For example,
the CPU may include a suitable interrupt routine that is
responsive to such an index pulse, whereupon the motor
control routine is carried out.

Initially, the CPU advances to block 180 to measure
the time duration between a previously sensed index
pulse and the newly generated index pulse. This time
duration is referred to herein as the index time, and the
presently measured index time is designated the ‘“new”
index time.

Once this new index time is measured, the routine
advances to block 182, whereupon the “old” index time
is subtracted from this new index time. It will be appre-
ciated that the “old” index time refers to the index time
that had been measured during a previous measuring
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operation. As a numerical example, if the time separa-
tion between successive index pulses is measured, and if
first, second and third index pulses had been generated,
then the time separation between the first and second
index pulses comprises the “old” index time, and the
time separation between the second and third index
pulses comprises the “new” index time.

After the old index time has been subtracted from the
new index time, the routine advances to block 184,
whereupon the difference between these successive
index times is designated the “previous revolution
time”. It will be understood that the “‘previous revolu-
tion time” does not necessarily refer to the time re-
quired for a complete 360° revolution. Rather, it is a
simple designation by which the differences between
successively measured index time periods (or, alterna-
tively, selected index time periods) can be identified.
The “previous revolution time” can be ascertained
merely from a partial rotation or revolution of the mo-
tor. For example, and with reference to the index pulses
shown in FIGS. 4A-4C, the “old” index time may be
the time separation between the leading edges of the
pulses shown in FIGS. 4A and 4B, the “new” index
time may be the time separation between the leading
edges of the pulses shown in FIGS. 4B and 4C, and the
“previous revolution time” may be ascertained upon
detecting the leading of the pulse shown in FIG. 4C.

After designating the difference between the mea-
sured index times as the “previous revolution time”, the
motor control routine advances to block 186 whereby
the spin error is calculated. As shown in FIG. 7, the spin
error is equal to the difference between the “previous
revolution time” and a reference revolution time. This
reference revolution time may comprise any suitable
time period, such as zero or some other value, if pre-
ferred. It is expected that the *previous revolution
time” will be equal to the reference revolution time if
the motor is operating at its commanded motor speed.
Hence, if the motor is operating at the speed that has
been commanded, the spin error will be equal to zero.

After calculating the spin error (block 186) the rou-
tine advances to block 188 to inquire whether this spin
error is positive or negative. If the spin error is negative,
which means that the “previous revolution time” is less
than the reference revolution time, it is concluded that
the motor is operating too rapidly. Conversely, if the
spin error is positive, due to the fact that the “previous
revolution time” is greater than the reference revolu-
tion time, it is concluded that the motor is operating too
slowly.

Let it be assumed that the spin error is negative. Ac-
cordingly, as shown in FIG. 7, the routine advances to
block 190, whereupon the speed command signal is
updated by adding this negative spin error to the refer-
ence speed command signal. Of course, since the spin
error has been assumed to be negative, this arithmetical
operation is, in effect, a subtracting operation. If the
speed command signal is assumed to be a PWM signal,
then the PWM off time is updated by adding the PWM
reference duty cycle and the spin error. It is appreciated
that this resuits in increasing the PWM off time which,
in turn, decreases the PWM duty cycle, which is appro-
priate to compensate for excessive motor speed.

The routine then advances to block 192, which in-
quires whether the updated PWM off time (which has
been increased) exceeds a maximum predetermined off
time. If not, the routine advances to block 194. How-
ever, if the updated PWM off time exceeds the maxi-

25

30

40

45

50

60

65

22

mum predetermined off time, the actual updated PWM
off time is limited to no more than 90% of the overall
PWM period, as shown in block 196. Hence, excessive
PWM off times are not permitted. Thereafter, the rou-
tine advances to block 194.

Assuming that the answer to the inquiry of block 188
indicates a positive spin error, representing that the
motor is operating too slowly, the PWM off time is
updated by summing the PWM reference duty cycle
and the positive spin error value. This is represented by
block 202. As a result, the PWM off time is reduced and
the PWM duty cycle is increased. It is appreciated that
this is an appropriate operation to compensate for insuf-
ficient motor speed.

Following the instructions carried out by block 202,
the routine advances to block 204 to inquire whether
the PWM off time is less than a minimum predeter-
mined off time. Stated otherwise, inquiry is made to
determine if the PWM duty cycle is too large. If the
inquiry of block 204 is answered in the negative, the
routine advances to block 194. However, if this inquiry
is answered in the positive, that is, if the PWM off time
would be less than the minimum predetermined off time
if the positive spin error value merely is added to the
PWM reference duty cycle, then the routine advances
to block 206, whereupon the updated PWM off time is
limited to no less than 10% of the overall PWM period.
Stated otherwise, the PWM duty cycle is limited to a
maximum of 90% in the event that the positive spin
error is too large. As mentioned above, the PWM duty
cycle is limited to no less than 10% in the event that a
negative spin error is too large.

After updating the PWM duty cycle (or off time), or
limiting the PWM duty cycle to no less than 10% and to
no more than 90%, the routine advances to block 194,
whereupon the just-measured index time is stored as the
“old” index time. From block 182, it is appreciated that
this stored “old” index time will be used in the next
cycle through the motor control routine to be sub-
tracted from the next measured index time in order to
determine the “previous revolution time”.

After carrying out the instruction of block 194, the
routine advances to block 198 to inquire whether there
are thirteen more spin errors in one direction than in the
other. If this inquiry is answered in the affirmative, the
PWM reference duty cycle (or off time) is changed by
a predetermined amount, for example, by one microsec-
ond, as represented by block 200. Thus, it is seen that
the combination of blocks 198 and 200 is quite similar to
the instructions represented by block 170 of FIGS.
6A-6B.

Of course, if the inquiry of block 198 is answered in
the negative, the CPU merely exits from the motor
control routine. This routine is carried out once again
upon sensing the next index pulse.

From the foregoing description of the flow chart
shown in FIG. 7, it will be appreciated that, during
normal operation, the motor speed command signal is
updated in response to each detected error, thereby
compensating so-called “fast” or short term errors.
However, in the event that “slow” or long term errors
are detected, as when the number of spin errors in one
direction exceeds the number of spin errors in the other
by a predetermined amount (e.g. thirteen), the reference
speed command signal itself is changed so as to compen-
sate or correct for such “slow” errors. Examples of
“slow” errors are motor drift due to temperature,
changes in the operating characteristics of the compo-
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nents included in the motor drive circuit, changes in
environmental conditions, wear and tear of the motor
components or electrical circuitry, and the like. By
changing the reference command signal (e.g. the refer-
ence PWM signal or the reference digital signal), such
“slow” errors are compensated gradually while allow-
ing “fast” errors to be corrected promptly, as is appro-
priate.

While the present invention has been particularly
shown and described with reference to certain specific
embodiments, it will be readily appreciated by those of
ordinary skill in the art that various changes and modifi-
cations may be made. For example, it is contemplated
that, rather than utilizing a CPU to generate a speed
command signal, discrete circuitry capable of carrying
out the functions described above may be adopted. It
also is contemplated that changes in the motor drive
circuitry may be effected, such as by utilizing other
amplifying and/or switching devices to energize se-
lected phases of the motor. In the embodiment shown in
FIG. 2, transistor 64 may be omitted and the PWM
motor speed command signal, if of sufficiently high
repetition rate, may be applied directly to the gate elec-
trodes of MOSFETS 30 and 32 without first being inte-
grated. The current through the MOSFETS, and thus
through the motor phase windings, may be “chopped”.
The duration that the “chopped” current flows through
the windings, which is determined by the motor speed
command signal, controls the motor speed. This modi-
fied embodiment effectively reduces power dissipation
in the motor drive circuit.

Although an n-phase DC motor has been described
(wherein n=2 or n=3), it is appreciated that a greater
number of phases may be used. Also, an AC motor may
be controlled in accordance with the teachings of the
present invention with obvious, mechanical changes in
the motor drive circuitry. Still further, various schemes
of generating index pulses and commutation pulses have
been described, but it is intended that the present inven-
tion not be limited solely to those specific schemes.
Those of ordinary skill in the art will recognize other
techniques for generating index pulses and commuta-
tion pulses. Still further, it is desirable that the brake
circuit described above be used io rapidly dynamically
brake the motor when the power supply (not shown in
detail) is cut off. If desired, when carrying out the start
up routine (FIGS. 6A-6B), an instruction to turn off the
motor (block 144) may include an instruction whereby
the power supply is cut off in response to CPU control.
As a result, the turning off of the motor will result in its
dynamic braking, as described above. -

1t is intended that the appended claims be interpreted
as including the foregoing as well as other changes and
modifications, and that the scope of the present inven-
tion not be limited solely by the specific embodiments
described herein but should include other equivalent
arrangements.

What is claimed is:

1. A method of driving an n-phase DC motor, where
n> 1, comprising the steps of operating a central pro-
cessing unit (CPU) to generate a motor speed command
signal in accordance with a predetermined programmed
set of instructions; converting said motor speed com-
mand signal to a motor drive signal; selecting a respec-
tive phase of said DC motor to be energized; applying
DC power to the selected phase as a function of said
motor drive signal; supplying to said CPU signals repre-
senting the position or speed of said DC motor; operat-
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ing said CPU to detect both rapidly changing and
slowly changing errors in the actual speed of said DC
motor; operating said CPU in accordance with a first set
of instructions to modify said motor speed command
signal by an amount tending to reduce rapidly changing
detected speed errors; and operating said CPU in accor-
dance with a second set of instructions to modify said
motor speed command signal by an amount tending to
reduce detected slowly changing speed errors.

2. The method of claim 1 wherein said step of supply-
ing signals representing the position or speed of said DC
motor comprises generating successive index pulses as
said motor moves past predetermined index positions,
the freugency and time separation of said index pulses
being a function of the speed of said motor, and supply-
ing said index pulses to said CPU; and said step of oper-
ating said CPU to detect rapidly changing errors in the
actual speed of said DC motor comprises determining
from said index pulses an index time, storing a preced-
ing index time, obtaining a difference time between the
determined index time and the stored preceding index
time, and calculating the DC motor speed error by
subtracting a reference time value from the obtained
difference time.

3. The method of claim 1 wherein said step of operat-
ing said CPU to modify said motor speed commmand
signal to reduce slowly changing speed errors com-
prises combining a detected rapidly changing speed
error with a reference speed value to produce the motor
speed command signal; determining when the number
of detected rapidly changing speed errors in one direc-
tion exceeds the number of detected rapidly changing
speed errors in the opposite direction by a predeter-
mined amount; and changing said reference speed value
in a manner that reduces said detected rapidly changing
speed errors in said one direction.

4. The method of claim 3 wherein said reference
speed value is changed by a predetermined increment.

5. The method of claim 3, further including the step
of limiting the value of the motor speed command signal
produced by combining a detected rapidly changing
speed error with a reference speed value to an amount
greater than a predetermined minimum and less than a
predetermined maximum.

6. The method of claim 1 wherein said motor speed
command signal is a pulse width modulated (PWM)
signal; and wherein said step of operating said CPU to
modify said motor speed command signal comprises
modifying the duty cycle of said PWM signal.

7. The method of claim 6 wherein said step of con-
verting said motor speed command signal to a motor
drive signal comprises integrating said PWM signal to
produce a DC signal.

8. The method of claim 1 wherein sald motor speed
command signal is a digital signal having a value repre-
senting a commanded motor speed; said step of operat-
ing said CPU to modify said motor speed command
signal comprises modifying the value of said digital
signal; and said step of converting said motor speed
command signal to a motor drive signal comprises con-
verting said digital signal to a corresponding DC analog
signal.

9. The method of claim 1 wherein said step of select-
ing a respective phase of said DC motor to be energized
comprises generating n successive commutating pulses
as said DC motor moves through n successive positions;
and enabling a respective one of the n phases of said DC
motor in accordance with said commutating pulses.
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10. The method of claim 1 further comprising the
steps of generating a signal representing the current
actually flowing through the respective phases of said
DC motor; negatively feeding back the last-mentioned
generated signal to said motor drive signal to produce a
difference signal representing the difference between
the motor drive signal and said last-mentioned gener-
ated signal; and applying said difference signal to the
selected phase.

11. The method of claim 10, further comprising the
step of integrating said difference signal.

12. The method of claim 1 wherein said DC motor is
a rotary motor; and wherein said step of operating a
CPU to generate a motor speed command signal in-
cludes a start-up routine of sensing whether successive
signals representing the rotary position or speed of said
DC motor have been supplied to said CPU within a
predetermined time period; sensing whether said DC
motor has reached a predetermined speed within a pre-
set number of revolutions thereof; sensing whether said
DC motor has maintained said predetermined speed for
a predetermined number of revolutions; and de-energiz-
ing said DC motor if any of the aforementioned occur-
rences have not been sensed.

13. The method of claim 12, further comprising the
additional step of sensing if said DC motor has main-
tained said predetermined operating speed for a preset
period of time and, if not, de-energizing said DC motor.

14. The method of claim 1 wherein n=2.

15. The method of claim 1 wherein n=3.

16. A method of driving an n-phase DC motor, where
n>1, comprising the steps of operating a central pro-
cessing unit (CPU) to generate a motor speed command
signal in accordance with a predetermined programmed
set of instructions; converting said motor speed com-
mand signal to a motor drive signal; selecting a respec-
tive phase of said DC motor to be energized; applying
DC power to the selected phase as a function of said
motor drive signal; supplying to said CPU signals repre-
senting the position or speed of said DC motor; operat-
ing said CPU to detect errors in the actual speed of said
DC motor; operating said CPU to modify said motor
speed command signal by an amount tending to reduce
detected speed errors; and braking said DC motor when
electrical power is interrupted, including storing a DC
voltage level during the time period that power is ap-
plied, and using said stored DC voltage level to turn on
phase selecting FET devices and shunt all of the n pha-
ses of said DC motor to a reference potential through
said FET devices when said electrical power is inter-
rupted. .

17. Apparatus for controlling an n-phase DC motor
comprising: a programmed central processing unit
(CPU) for generating a motor speed command signal;
converting means for converting said motor speed com-
mand signal to a motor drive signal; switch means re-
sponsive to said motor drive signal for switching DC
power to a respective phase of said DC motor; index
signal generating means for generating index signals as
said DC motor operates and for supplying said index
signals to said CPU; said CPU being programmed to
respond to said index signals for detecting both rapidly
changing and slowly changing errors in the actual speed
of said DC motor; said CPU being programmed in ac-
cordance with a first set of instructions to modify said
motor speed command signal by an amount that tends
to reduce said radpily changing errors; and said CPU
being programmed in accordance with a second set of
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instructions to modify said motor speed command sig-
nal by an amount that tends to reduce said slowly
changing errors.

18. The apparatus of claim 17 further comprising
means for supplying respective commutating pulses to
said switch means to select a corresponding phase of
said DC motor for energization, whereby DC power is
switched through said switch means to the selected
phase in accordance with the value of the motor drive
signal.

19. The apparatus of claim 18 wherein said commu-
tating pulses are derived from said CPU.

20. The apparatus of claim 17 further comprising
means for sensing the current flowing in said respective
phases of said DC motor and for producing a feedback
signal representative thereof; difference means for pro-
ducing a difference signal as a function of the difference
between said motor drive signal and said feedback sig-
nal; and means for applying said difference signal to said
switch means, whereby said switch means responds to
said applied difference signal for switching DC power
to a respective phase of said DC motor.

21. The apparatus of claim 20 wherein said means for
applying said difference signal to said switch means
comprises an integrator.

22. The apparatus of claim 17 wherein n=2.

23. The apparatus of claim 17 wherein n=3.

24. The apparatus of claim 17 wherein said CPU
generates a pulse width modulated (PWM) speed com-
mand signal, and said converting means comprises inte-
grator means for producing a DC level as a function of
the duty cycle of said PWM speed command signal.

25. The apparatus of claim 17 wherein said CPU
generates a digital speed command signal having a
value representing a commanded motor speed, and said
converting means comprises a digital-to-analog con-
verter for producing a DC level as a function of the
value of said digital speed command signal.

26. The apparatus of claim 17 wherein said CPU is
programmed to detect rapidly changing errors in the
actual speed of said DC motor by determining the time
interval between index signals, storing a representation
of a preceding time interval between index signals, ob-
taining the difference between the determined time
interval, and the preceding time interval, and calculat-
ing the rapidly changing DC motor speed error by
subtracting a reference time interval from said differ-
ence.

27. The apparatus of claim 26 wherein said CPU is
programmed to modify said speed command signal to
reduce said slowly changing errors by combining the
calculated rapidly changing DC motor speed error with
a representation of a reference value to produce the
speed command signal, determining when the number
of detected rapidly changing speed errors in one direc-
tion exceeds the number of detected rapidly changing
speed errors in the oppoiste direction by a predeter-
mined amount, and changing said representation of said
reference speed value to reduce said detected rapidly
changing speed errors in said one direction.

28. The apparatus of claim 27 wherein said represen-
tation of said reference speed value is changed by a
predetermined increment.

29. The apparatus of claim 27 wherein said CPU is
programmed to limit the speed command signal to an
amount greater than a predetermined minimum value
and less than a predetermined maximum value.
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30. The apparatus of claim 17 wherein said DC motor
is 2 rotary motor; and wherein said CPU is programmed
to control said DC motor during an initial start-up mode
by sensing whether successive index signals have been
generated within a predetermined time, sensing
whether said DC motor has reached a predetermined
operating speed within a preset number of revolutions
thereof, sensing whether said predetermined operating
speed has been maintained for a predetermined number
of revolutions, and terminating said motor speed com-
mand signal if any of the aforementioned occurrences
has not been sensed.

31. The apparatus of claim 30 wherein said CPU is
further programmed to sense during said initial start-up
mode if said predetermined operating speed has been
maintained for a preset period of time and, if not, to
terminate said motor speed command signal.

32. Apparatus for controlling an n-phase DC motor
comprising: a programmed central processing unit
(CPU) for generating a motor speed command signal;
converting means for converting said motor speed com-
mand signal to a motor drive signal; switch means re-
sponsive to said motor drive signal for switching DC
power to a respective phase of said DC motor; index
signal generating means for generating index signals as
said DC motor operates and for supplying said index
signal to said CPU; said CPU being programmed to
respond to said index signals for detecting errors in the
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actual speed of said DC motor and to modify said motor
speed command signal by an amount that tends to re-
duce said errors; means for supplying respective com-
mutating pulses to said switch means to select a corre-
sponding phase of said DC motor for energization,
whereby DC power is switched through said swiich
means to the selected phase in accordance with the
value of the motor drive signal; and wherein said switch
means comprises n FET devices and a bipolar transis-
tor, said FET devices being connected in common with
said bipolar transistor, each FET device being con-
nected to a respective phase of said DC motor and being
rendered conductive by a respective commutating
pulse, and said bipolar transistor being responsive to
said motor drive signal to thereby determine the current
that flows through the conductive FET device and a
respective phase.

33. The apparatus of claim 32 further comprising
energizable power supply means for supplying operat-
ing potential to said apparatus; storage means for stor-
ing a voltage when said power supply means is ener-
gized; and means responsive to the de-energization of
said power supply means to apply said stored voltage to
said n FET devices for rendering said n FET devices
conductive and thereby short circuit the n phases of said

DC motor to brake said motor.
* * % * *



