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ADAPTIVE COMPENSATION FOR HARD DISC DRIVE
SPINDLE MOTOR MANUFACTURING TOLERANCES

Background of the Invention
1. Field of the Invention

The present invention relates generally to improvements in the operation of hard
disc drives, and more particularly, but not by way of limitation, to an apparatus and
method for adaptively compensating for variations in rotational speed of a hard disc
drive spindle motor to reduce the effects of spindle motor manufacturing tolerances.

2. Brief Description of the Prior Art

Hard disc drives have become increasingly popular in recent times as long term
storage devices for personal computers. Such drives include a plurality of rigid discs
having magnetizable coatings to which data can be written by magnetizing successive
data cells defined along concentric data tracks of the discs. Because of the rigidity of
the discs, the further inclusion of a servo system which is capable of precise track
following permits the data tracks to be very closely spaced so that a hard disc drive can
store a very large amount of data in a very small volume.

With the advance of computer technology, an important characteristic of hard
disc drives is "access time" of the drive, which is a measure of the typical time during
which the disc drive is unavailable to carry out its functions of storing data supplied by
the computer and retrieving data previously supplied by the computer for storage.
Access time generally includes overhead, which is time required by the disc drive to
service its own internal operations, seek time, which is time required for a read/write
transducer head to seek to a desired data track, and latency, which is the time required
for a particular sector on the desired data track to reach the transducer head as the disc
is rotated under the transducer head.. As will be recognized by those skilled in the art,

. efforts to reduce access time have included reductions in latency by increasing the
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operating rotational speed of the discs so that, once the transducer head has been moved
to the appropriate data track, the time required for the particular secfor to reach the
transducer head is minimized. '

Modern disc drives use brushless dc motors, or spindle motors, to rotate the
discs at the desired operating rotational speed. These motors generally have a
statioha:y stator containing a plurality of phases, each phase having one or more sets of
electrical windings that are wrapped around poles within the stator with the sets of
windings in each phase being electrically connected in series. Each phase is generally
connected in parallel with the other phases so that all phases share a common center tap .
in a "Y" or a "star" configuration. The motors also have a rotatable rotor that contains
a plurality of permanent maghe{ segments.

The discs are mechanically mounted to the rotor and rotated by the energizing
of the windings within a phase in the stator to induce magnetic fields that interact with
the permanent magnet segments in the rotor to cause the rotor, and the discs, to rotate
in the desired direction at the desired operating speed. The selective energizing of
phases in the stator in a predetermined sequence is known as commutation of the
motor, which simply involves providing a series of timed commutation steps wherein
energy is impérted to the motor to c_auselit to rotate. The time between each
commutation step is called a commutation period, and the number of commutation
periods within one mechanical revolution of the motor is a lfunction of the number of
phases and the total number of north and south poles in the motor magnet segments.
For example, a three phase, twelve pole motor would have 36 commutation steps and
36 corresponding commutation periods in each mechanical revolution of the motor,
with each cbmmutation step occurring at a unique mechanical alignment of a winding
and a pole, where a switch is made from one configuration or commutation step to the
next.

As understood in the art, a commutation step involves supplying the motor with
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current to one phase, sinking current from another phase; and holding a third phase ata
high impedance so that it remains unenergized. A commutation cycle is defined as a
complete sequence of commutation steps such that evefy phase has in turn sourced
current, sunk current, and remained unenergized. The proper sequencing and timing of-
commutation steps will cause the motor to rotate in the desired direction at the desired
speed, and generally there will be a plurality of commutation cycles for each

~ mechanical revolution of the motor. The sequencing and timing of commutation steps
are supplied to the motor by cémmutation circuitry to cause the motor to rotate at the
desired operating speed.

Typically, modern disc drives have a back emf sense circuit that measures the
back emf generated on the unenergized phase held at high impeda_nce, compares this
voltage to the voltage on the center tap and generates a signal at a zero crossing of the
voltages, that is, when the back emf voltage changes polarity with respect to the voltage
on the center tap. The point at which the zero crossing occurred is then used as a
reference for the generation of the timing of the next commutation pulse, .as wellasa
reference to indicate the position and relative speed of the motor.

It will be recognized by those of skill in the art that slight variations exist in the
operating speed of a spindle motor during operation, and that it becomes increasingly
important to control and minimize these variations as the operating speed is increased to
ensure proper alignment of the transducer head and the sector before data is stored or
retrieved from a disc. '

_ One significant source of variation in the operating speed of a disc comes from
manufacturing tolerances within the spindle motor itself. These mmufacmﬁng
tolerances may be due to variations in bearings and bearing surfaces, variations in field
strength of permanent magnets in the spindle motor, variations in resistance and
inductance in phase windings in the spindle motor and most importantly, the variation

in the spacing of the magnetic poles and the slots between windings. These variations
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can significantly affect the timing of the zero crossings, which in turn will affect the
timing of the subsequent commutation steps and will affect the ability of the speed
control circuitry to maintain the rotation of the discs at a constant speed.

Further, before data may be stored on a particular sector in a data track, the
transducer head must first locate the correct data track and detect the boundary of the
correct sector as it passes under the transducer head, so the variations in the operating
speed of the discs typically requires the use of larger timing windows to detect the
proper sector boundary than would be necessary if the motor were running at near zero
speed variation.

A problem in many prior art hard disc driyes that use such back emf sensing and
commutation timing methods is the use of brevious zero crossing periods to determine
the timing of subsequent commutation steps. For example, one approach involves the
placement of subsequent commutation steps at a point in time beyond the most recent
zero crossing by an amount equal to one-half of the time that elapsed between the most
recent zero crossing and the next most recenf zero crossing, or one-half the previous
zero crossing period. Because of the variation associated with the timing of the zero
crossings due to manufacturing tolerances in the spindle motor, significant error can
exist in the placement of commutation steps based on the previous zero crossing period,
causing further motor speed variations. |

A related problem in many such prior art hard disc drives follows from the use
of zero crossings to indicate the motor speed and position; because of the variations in
zero crossings due to manufacturing tolerances within the spindle motor, the motor
speed control may provide unnecessary compensation of the motor speed at subsequent
commutation steps. For éxample, if as a result of manufacturing tolerances a zero
crossing occurs at a point in time that indicates the motor is running too fast, when in
fact the motor is running at the correct speed, the speed control circuitry may

unnecessarily cause the motor to slow down by reducing the supplied current. It has
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been observed that a certain amount of this error can be systematic for each mechanical
rotation of the discs in a motor; a motor running through each mechanical revolution
may be sped up or slowed down at the same steps based on these manufacturing
variations, while maintaining an ovérall average constant speed.

There is a need, therefore, for an improved disc drive motor control circuit that
compensates for systematic variations in disc rotational speed as a result of the effects
of motor manufacturing tolerances and provides improved speed control to allow for
increases in motor speed and decreases in required timing windows.

Summary of the Invention

The present invention proirides an apparatus and a method for adaptively
compensating for variations in rotational speed of a spindle motor in a disc drive by
taking and storing timing measurements after the spindle motor has reached nominal
operating speed and then using these measurements during operation of the spindle
motor to reduce the effects of variations in timing that are due to manufacturing
tolerances within the spindle motor.

More particularly, the present invention comprises an improved apparatus and
method for improving the operation of a hard disc drive spindle motor by reducing the
effects of systematic v_é.riations in motor rotational speed, including characterization
means for characterizing systematic variations in operational speed of the spindle motor
over a plurality of rotations during nominal operation of the spindle motor. The
characterization means includes speed control averaging means for characterizing the
average timing of zero crossing signals with respect to reference frequency periods and
commutation timing averaging means for characterizing the average time between
successive zero crossing signals.

Additionally, the invention includes compensation means to compensate for the
systematic variations in operational speed of the spindle motor. The compensation

means includes speed control compensation means, responsive to the speed control
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averaging means, for outputting modified speed control timing signals, the speed
control timing signals modified in response to the average timing characterized by the
speed control averaging means and the commutation timing compensation means,
responsive to the commutation timing averaging means, for outputting modified
commutation timing signals, the commutation timing signals modified in response to .
the average time characterized by the commutation timing averaging means.

The commutation timing of the spindle motor is improved by using the present
zero crossing period, rather than the previous zero crossing period, to generate the
timing of subsequent commutation steps. After the motor is started and achieves
nominal operating speed, the hard disc drive enters a characterization mode wherein the
error associated with each zero crossing period within a mechanical revolution of the
spindle motor is measured as a phase difference between a predetermined portion of

“each zero crossing period and a corresponding portion of a nominal zero crossing
period:. The nominal zero crossing period is defined as the time between the reference
pulses supplied by the reference clock, where the reference pulses occur at nominal

- zero crossings. The measured phase differences are then averaged over a plurality of
mechanical revolution to provide an average phase difference for each zero crossing
period in a mechanical revolution of the discs. |

After the average phase difference is found, the hard disc drive enters a
compensation mode of operaﬁon, wherein the average phase differences are used to
locate the commutation steps at a location in time beyond the most recent reference
pulse by an amount equal to the predetermined portion of the reference period adjusted
by the average phase difference determined for that zero crossing period. Ina
preferred embodiment, the predetermined portion of the zero crossing period, the
nominal zero crossing period, and the reference period is one-half (1/2) of these

periods. e
The speed control circuitry used to control the speed of the spindle motor is
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improved by using an average of the phase difference between the zero crossings and
the associated nominal zero crossings to provide a reference for the motor speed and
location. After the motor is started and running at operating speed, while the hard disc
drive is in ihe characterizatioh mode, the error associated with each zero crossing
within a mechanical revolution of the spindle motor is measured as a phase difference
between each zero crossing and each associated nominal zero crossing. The measured
phase differences are then averaged over a plurality of mechanical revolutions to
provide an average phase difference for each zero crossing in a mechanical revolution
of the discs.

After the average phase difference is found, the hard disc drive enters the
compensation mode of operation, wherein the average phase differences are used as a
reference for the speed control circuitry. For each nominal zero crossing period, the

- average phase difference is retrieved and used to derive an adaptive zero crossing from
the nominal zero crossing by offsetting the nominal zero crossing by the average phase
difference. Phase difference signals for use by the speed control circuitry are then.
generated by determining the phase difference between the zero crossing and the
adaptive zero crossing.

An object of the present invention is to provide an improved apparatus and
method for back emf commutation timing and speed control in hard disc drives.

Another object of the present invention is to characterize variations in zero
crossings and zero crossing periods in a mechanical revolution of the discs.

Still another object of the present invention is to compensate for these variations
in zero crossings and zero crossing periods to reduce variation in the operating speed of
the discs.

Yet another object of the present invention is to allow the use of spindle motors
with larger mechanical and electrical tolerances without significantly degrading

performance within a hard disc drive.
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Still yet another object of the present invention is to allow for the tightening of
sector boundary detection tolerances within a hard disc drive while using the same
spindle motor. |

Other objects, features and advantages of the present invention will become
apparent from the following detailed description when read in conjunction with the
drawings and appended claims.

Brief Description of the Drawings

FIG. 1-is a fragmentary, exploded, perspective view of a conventional hard disc
drive, including a spindle motor and. associated components.

FIG. 2 is a cross section taken along line 2-2 of FIG. 1.

FIG. 3 is a schematic block diagram of a conventional motor circuit of the hard
disc drive of FIG. 1. |

FIG. 4 is a schematic diagram of a conventional 3-phase half bridge driver of
the motor circuit shown in FIG. 3.

FIG. 5 is a table of commutation steps that occur during a conventional six step
commutation cycle for a conventional three phase motor.

FIG. 6 is a set of graphical charts illustrating the voltage levels of the three
phases and the center tap of the motor of FIG. 1 as the motor is commutated according
to the commutation cycle as shown in FIG. 5.

FIG. 7 is a flow chart illustrating the operation of the conventional commutation
logic circuit as shown in FIG. 3.

FIG. 8 is a schematic block diagram showing the preferred embodiment of the
present invention using a phase lock implementation to provide spindle motor
commutétion timing and speed control.

FIG. 9 is a schematic block diagram of a first preferred embodiment of the
adaptive speed control pulse generator shown in FIG. 8.

FIG. 10 is a schematic block diagram of a second preferred embodiment of the
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adaptive speed control pulse generafor shown in FIG. 8. _

FIG. 11 is a schematic block diagram of the preferfed embodiment of the
adaptive commutation pulse generator of FIG. 8.

FIG. 12 is a flow chart showing the general steps performed by the
commutation pulse generator of FIG. 11.

FIG. 13 is a schematic block diagram showing the preferred embodiment of the
present invention using a frequency lock implementation to provide spindle motor
commutation timing and speed control. |

FIG. 14 is a schematic bloék diagram showing the preferred embodiment of the
adaptive speed control generator of FIG. 13. _

FIG. 15 is a schematic block diagram sﬁbwing th_e'prefenéd embodiment of the |
adaptive commutation timing generator of FIG. 13.

Detailed Description g'f the Prior Art

Before discussing the preferred embodiments of the present invention, it will be
useful to first describe the prior art and FIGs 1 through 7 have been provided for this
purpose. |

Referring to FIG.1, a hard disc drive, generally designated by the reference
numeral 20, is typically composed of a plurality of rigid discs, two of which are shown
in FIG.1 and
designated therein as 22 and 24, that have magnetizable surface coatings. When the
discs are rotated about their axes, data can be written to the discs or read therefrom by
transducer heads that are positioned adjacent their surfaces in the manner shown for the
disc 22 and a transducer head 26. The transducer heads are mounted on support arms,
such as the support arm 28, carried by an actuator (not shown) that moves the arms to
radially position the transducer hmds above concentric data tracks (not shown) defined

" on the discs.

In high performance disc drives, servo data is written on every track at the
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boundary of every sector which is read by the active transducer te provide positioning
information to a servo system (not shown) that is used in the positioning of the
actuator. | :

Support for the disbs 22, 24 in the hard disc drive 20 is provided by a rotor 30
of an electrically commutated, polyphase brushless dc spindle motor 32 so that the
motor 32 can be used to provide the rotation of the discs 22, 24 necessary for the
writing and subsequent re‘ading-of data. As shown in FIG. 2, the rotor 30 is composed
of a shell 34 (not n_umerically designated in FIG. 1) having a flange 36 formed at the
lower end t.ﬁereof so that the discs can be mounted on the rotor 32 as indicated in FIG.
1. Specifically, central holes 38 and 40, sized to slip on upper portions of the shell 34,
are formed through the discs 22 and 24 réspectively and the discs are supported in a
spaced relation on the flange 36 by spacers, two of which have been indicated as 42
and 44, and ciamped to the rotor 32 by a plate 46. The plate 46 is positioned atop the
uppermost disc 22 and is provided with a plurality of holes (not numerically designated
in the drawings) that align with a plurality of threaded holes (not numerically
designated in the drawings) in the top of the rotor 22. The plate 46 is secured to the
rotor 32 by way of bolts (not shown) that extend through the holes in the plate 46 and
screw into the holes in the top of the rotor 32.

Referring to FIG.2, the rotor is further composed of a plurality of permanent
magnets 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58 and 59 attached to the inner wall of
the shell to extend in a ring about a stator 60. The stator 60 is mounted on the case,
partially illustrated at 62 in FIG. 1, of the hard disc drive 20 and bearings (not shown)
between the shell 34 and the stator 60. As shown in FIG. 2, the stator 60 is composed |
of a plurality of stator sections 62, 64, 66, 68, 70, 72, 74, 76, and 78 which carry
windings 80, 82, and 84 as shown in FIG.3.

Referring now to FIG. 3, shown therein is a motor circuit 100 that includes the

windings 80, 82 and 84 and a transconductance amplifier and 3-phase half-bridge driver
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circuit 102 (hereinafter "driver circuit") with outputs connected to the windings 80, 82
and 84, for selectively energizing the windings. Although the construction of such
driver circuits is well known, for clarity of discussion FIG.4 shows a general schematic
of the driver circuit 102 cbntaining six FETs 104, 106, 108, 110, 112, and 114,
connected in pairs in such a manner so that FETs 104 and 106 are connected to winding
80 (further designated in FIG. 4 for clarity of illustration as phase A) by way of signal
path 140, FETs 108 and 110 are connected to winding 82 (designated as phase B) by
way of signal path 142, and FETs 112 and 114 are connected to winding 84 (designated
as phase C) by way of signal path 144. As will be recognized by those of skill in the
art, additional components, such as protection diodes, may be commonly employed in
such driver circuits, but these have been omitted to facilitate the present discussion.
Also shown in FIG. 4 is signal path 116, which connects a high voltage source
Vp 118 to the sources of FETs 104, 108, and 112, and signal path 119, which connects
the drains of FETs 106, 110, and 114 to a cﬁrrent sense resistor 120. The current
sense resistor 120 is connected between the signal path 119 and electrical ground 122,
and current sense taps 124 and 126 are connected across the current sense resistor 120
to provide a current sense to a spindle transconductance amplifier 127, the purpose of
which will be more fully described below.
As can be seen in FIG. 4, the gates of the FETs 104, 106, 108, 110, 112 and
114 are accessed by way of signal paths 128, 130, 132, 134, 136, and 138, so that, for
example, the impression of a voltage on signal path 128 to turn on FET 104 will cause
| the voltage Vp to be impressed on the phase A winding 82 by way of signal paths 116
and 140.
It is common practice during commutation of a three phase spindie motor to
impress one phase with a high voltage, another phase with a low voltage (generally
ground), and to leave the third phase in an unenergized, high impedance state at each

commutation step, and to change these states at each subsequent commutation step so as
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~ to cause rotation of the motor in the desired direction and speed. It can be seen from
FIG. 4 that, in order to impress the voltage Vp on phase A, signal path 128 may be
provided with v.oltage sufficient to turn on FET 104, while signal path 130 should
remain at a state below a level sufficient to turn on FET 106, thus causing conduction
through FET 104 and allowing the voltage Vp to be impr_essed on phase A by
establishing a conduction path from the signal path 116, through FET 104, and through
the signal path 140 to phase A. Similarly, in ordér to provide a low voltage on phase
B, it can be seen that FET 110 may be turned on by providing a sufficient voltage on
signal path 134, while signal path 132 should remain at a voltage below a level
sufficient to turn on FET 108. In this way, a ground path is established from phase B,
through the signal path 142, the FET 110, the signal path 118, the resistor 120, and
finally to ground 122. By épplying sufficient voltages on signal paths 128 and 134 to
turn on FETs 104 and 110, while ensuring voltages applied on the signal paths 130 and
132 keep FETs 106 and 108 turned off, current can be made to flow from phase A to
phase B. It should also be readily apﬁarent that phase C will remain at an unenergized,
high impedance state simply by leaving both FETs 112 and 114 in an off state by not
energizing signal paths 136 and 138. |

Referring now to FIG. §, a table is provided therein that shows the sequence of

states that each phase in a three phase spindle motor might take during commutation of
the motor. As can be seen, a commutation cycle for such a motor consists of six
‘commutation steps during which each phase is held at high voltage (denoted as "HIGH"
in the table), low voltage (denoted as "LOW™ in the table), and high impedance
(denoted as "HI-Z" in the table) twice respectively through the commutation cycle.
Depending on the number of stator magnetic poles located in a spindle motor, there
may be several commutation cycles within one complete mechanical revolution of the

motor.

Referring again to FIG. 3, the windings 80, 82, and 84, as well as a center tap
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146, are connected by way of signal paths 148, 150, 152, and 154 respectively to a
conventional bagk emf sense circuit 156, which compares the voltages on the phases to
the voltage on the center tap and outputs a zero crossing signal (ZX) on signal path 158
at such points that a zero crossing is detected, as has been previously discussed. More
particularly, after each commutation step, the back emf sense circuit 156 compares the
voltage induced by the back emf of the motor on the unenergized phase to the voltage
on the center tap and outputs a ZX signal when the voltage on the unenergized phase
changes polaﬁiy with, or "crosses over" the voltage on the center tap (hence the use of
the term "zero crossing"). | |

FIG. 6 shows the voitages on phases A, B, and C and the voltage on the center
tap (CT) during the commutation steps described with reference to FIG. 5. As shown
in FIG. 6, at each of the first commutation steps (step 1), phase A is at high voltage,
phase B is at low voltage, and phase C is at high impedance. During step 1, the
voltage on phase C transitions from a high impedance to a high voltage state; at a point
denoted as 160 which is abbut halfway through step 1, the voltage on phase C crosses
over the voltage at the center tap. The back emf sense circuit 156, as shown in FIG. 3,
outputs a ZX signal after each commutation step at the point in time when the
previously unenergized phase experiences a zero crossing with the voltage on the center
tap. Thus, as the back emf sense circuit 156 monitors the voltages from the spindle
motor 20 during operation of the motor at nominal operating speed, signal path 158 is
provided with a series of ZX pulses that correspond to the measured zero crossings
from the motor 20, with the time between successive zero crossings defining zero
crossing periods.

Referring again to FIG. 3,. the ZX signals are provided by way of signal path
| 158 to a conventional Fcom pulse generator 162 which generates Fcom pulses (for
"commutation frequency") in response to the ZX signals from the back emf sense

circuit 156. The Fcom pulse may occur at the same time as the ZX signal, or may be



WO 97/11454 ' PCT/IB96/01019
14

delayed with respect to the ZX signal. The Fcom pulses are provided to a conventional
phase detector 164 which measures the phase difference between each Fcom pulse and
-a corresponding reference pulse (Fref) provided by a conventional Fref clock 166.

The Fref pulses are provided at a reference frequency that corresponds to the
speed of the motor running at operating speed and may be calculated by multiplying the
number of phases in the motor with the number of magnetic pole pairs, or stator
sections and with the operating speed of the motor, in revolutions per second. For
éxa.mple, for a three phase, 12 pole motor running at 5400 revolutions per minute (90
revolutions per second), the reference frequency would be selected to be

Fref = (phases)(poles)(RPS) = (3)(12)(90) = 3.24 KHz.

The Fref frequency will correspond to the nominal Fcom frequency, that is, the
nominal frequency of the Fcom signals generated by the zero crossings from the motor
running at operating speed.

"The phase detector 164 thus compares the Fcom pulses with the Fref pulses and
generates pump up pulses (Pu) and pump down pulses (/Pd) based on the relative
titning of the Fcom and associated Fref pulses. More particularly, a Pu pulse is
generated at such times that an Fcom pulse occurs after the corresponding Fref pulse,
the Pu pulse having a duration equal to the phase difference between the Fcom and Fref
pulses. Similarly, a /Pd pulse is genemted at such times that an Fcom pulse occurs
before the corresponding Fref pulse with a duration equal to the phase difference
between the Fref and Fcom pulses.

The generation of a Pu pulse by the phase detector 164 is generally taken to
indicate that the motor is running too slow, as an Fcom pulse from the zero crossing
occurring after the corresponding Fref pulse generally indicates that the motor speed is
lagging behind the Fref frequency. Similarly, a /Pd pulse is generally takeh to indicate
that the motor is running too fast, as an Fcom pulse occurring before the corresponding

Fref pulse indicates the motor speed is leading the Fref frequency. Additionally, the
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duration of the Pu and /Pd pulses provide a relative indication of how slow or how fast,
respectively, the motor is running. As a result, the motor circuit 100 uses the Pu and
/Pd pulses to modulate the speed of the motor so that a Pu pulse results in the motor
being sped up slightly while a /Pd pulse results in the motor being slowed down
slightly. This will be described in more detail below.

The Pu and /Pd pulses are provided by way of signal paths 168 and 170
respectively tc a conventional charge pump circuit 172. Those of skill in the art will
recognize that such charge pump circuits are well known in the art and that either a
voltage type or a current type charge pump may be used in such a circuit.

For reference, in a voltage type charge pump, a fixed voltage relative to a
reference voltage is applied to the input of a low pass filter for the duration of the Pu or
/Pd pulse. In this case, the Pu pulse voltage is normally positive with respect to a
reference voltage, while the /Pd pulse the pump voltage is negative with respect to the
reference voltage. During the time when there is neither a Pu nor a /Pd pulse (or when
both are present) the output of the éharge pump circuit is the reference voltage. On the
other hand, in a current type charge pump a fixed current (normally programmed by a
fixed resistor) is applied to a transimpedance amplifier which integrates the current
pulses and provides a voltage proportional to the integral of the pump current. As with
voltage type of charge pump; a positive current is output for the duration of the Pu
pulse and is withdrawn for the duration of the /Pd pulse. No current is supplied or
withdrawn when neither the Pu nor the /Pd pulse is present (nor when both are
present).

. -The output Pout of the charge pump circuit 172 is provided to a compensation

filter circuit 173, which includes a conventional low pass filter (not particularly shown)
- which filters out the sample frequencies related to the Fcom and Fref pulses. The low
~pass filter can be constructed from conventional passive or active elements to provide

filtering of frequencies above a cutoff frequency, which is normally in the range of
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about 100 Hz. The output of the low pass filter is provided to a conventional lead-lag
circuit (also not particularly shown) which provides the required phase margin to
achieve stability in the overall phase lock loop. As is known by those of skill in the
art, a freqﬁency error approach could be used instead of a phase error approach as
described hereinabove, in which case a lead-lag filter would not be required. It is
important to note, however, that the present _invention is not dependent upon the use of
a particular approach and embodiments of the present invention are presented
hereinbelow lfor both a phase lock and a frequency lock implementation.

The output of thé compensation filter is a DC signal relative to a reference
voltage representing required motor current to maintain a constant phase error, which
may be zero, dependiﬁg upon the fype of compensaﬁon circuit used. At equilibrium,
there is normally a constant voltage difference bet§veen the output voltage and the
reference voltage which will include DC offsets and biases along with the required
driving voltage. This output of the compensation filter is denoted as a current
command (Icmd) signal and prdvided on signal path 174 (as shown in FIG. 3) to the
driver circuit 102. More particularly, the Icmd signal is provided by way of signal
patli 174 to the spindle transconductance amplifier 127 previously described with
reference to FIG. 4. |

Referring now to the zero crossing ZX signal generated by the back emf sense

~ circuit 156 as shown in FIG. 3, it should be noted that this signal is not only provided
on signal path 158 .to the Fcom pulse generator 162, as previously discussed, but the
signal is also provided on signal path 158 to a conventional commutation pulse.
generator 176 to provide the necessary timing for subsequent commutation steps during
operation of the motor circuit 100. As previously discussed, such prior art
commutation pulse generators 176 use the most recent zero crossing period in order to
" determine when to provide the next commutation step by receiving a ZX pulse,

measuring the time that elapses until the occurrence of the next ZX pulse (i.e., the zero
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crossing period), taking a portion of this measured time (for example, one-half of the
zero crossing period), and placing the next commutation step by way of a delay counter
at a point in timé equal to this portion after the most recent zero crossing pulse. Some
prior art circuits use an established portion of the previous zero crossing period (such as
one-half the period), while others may use one-half the period plus or minus a small
fixed period of time to adjust the placement of the subsequent commutation steps to
improve motor torque characteristics.

Based upon the timing scheme used by the commutation pulse generator 176, a
commutation pulse (CP) signal will be subsequently output on signal path 178 to a
conventional commutation logic circuit 180, which operates to provide a sequenced
output on six output signal paths 182, 184, 186, 188, 190, and 192, with these outputs
changing for each new commutation step in response to the CP signal. The sequence of
states for these outputs is shown in a table in FIG. 7, which provides the outputs from
the commutation logic circuit 180 for each step in the six step commutation cycle

. described with reference to FIGs. 5 and 6.

In the table of FIG. 7, a "1" corresponds to a high voltage, perhaps 5V, being
placed on the indicated signal path, whereas a "0" corresponds to a low voltage,
perhaps ground, being placed on the indicated signal path. As will be recognized by
those of skill in the art, the cori_xmutation logic circuit 180 may'be implemented using
combinatorial logic or a state machine to output the sequence of states shown in FIG. 7
at each successive commutation step. The commutation iogic circuit 180 receives
conventional operational commands from a system controller 181, as shown in FIG. 4.

Continuing with FIG. 4, it will be readily observed that the signal paths 182,
184 and 186 are provided to a multiplexer 194 (hereinafter "mux"). The mux 194
serves to switch a \}oltage Vg from a voltage source 196 to one of the three previously
described signal paths 128, 132, and 136 in response to the signals provided on signal

- paths 182, 184, and 186. For example, with reference to FIG. 7, it can be seen that at
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commutation step 1, signal path 182 is at a "1" logic state and signal paths 184 and 186
are at a "0" logic state. Thus, signal path 182 will be provided with a high voltage
(perhaps 5V), which will cause the mux 194 to provide the voltage Vg on signal path
128, turning on fET 104 as previously described, and signal paths 132 and 136 will
remain at zero volts. The value of the voltage Vg will be great enough to cause
saturation of the FETs .104, 108, and 112, respectively, to allow a maximum amount of
current to pass therethrough and to the energized winding 80, 82, or 84, respectively.

In a similar manner, the signal paths 188, 190 and 192 from the commutation
logic circuit 180 are pfovided to a second multiplexer 198 which selectively applies a
voltage to the corresponding signal paths 130, 134 and 138. However, the voltage
applied to signal paths 130, 134 and 138, respectively is not a fixed voltage (as with
mux 194), but rather varies in accordance with the detected speed of the motor. The
voltage is provided on signal path 200, which is the output of the previously described
spindle transconductance amplifier 127.

The spindle transconductance amplifier 127 provides a speed control feed-back
loop for the motor circuit 100 by cqmpaﬁng the voltage across the current sense
resistor 120 with the current command Icmd from the charge pump and compensation
filter circuit 174, as shown in FIG. 3 and modulaﬁng the voltage provided on signal
path 200 in response thereto. Unlike the voltage Vg provided by the voltage source

196 to the mux 194, the voltage applied to signal path 200 is not sufficient to cause
saturation of the FETs 106, 110 and 114, but instead causes each FET when selected to
operate in its linear region. |

Generally, if the circuitry indicates the motor is running too fast, the spindle
transconductance amplifier 127 will provide a lower voltage on signal path 200,

~ whereas a higher voltage will be grovided on signal path 200 if the motor is running
too slow. Varying the voltage in this manner will regulate the current that passes

through a selected source-path FET (106, 110 or 114 respectively) and thus regulate the
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amount of current that flows through the windings. If the motor is running too slow,
siightly more current will be allowed to flow to increase the motor speed; if the motor
is running too fast, slightly less current will flow to decrease the motor speed. The
current will be sensed through the current resistor 120 and the voltage provided on
signal path 200 may be increased or decreased according to the current command Iecmd
signal from the charge pump and compensation filter circuit 172.
etailed Description of the Preferred Embodiment
Having now reviewed the prior art in detail, the preferred embodiments of

present invention can now be déscrii_:ed beginning with FIG. 8, which shows a block
diagram for a motor circuit 100A of the present invention having a phase lock
implementation. A comparison Befweén FIG. 8 and previously discussed FIG. 3
reveals that several elements are common between the prior art motor circuit 100
shown in FIG. 3 and the motor circuit 100A shown in FIG. 8. More particularly, the
motor circuit 100A of FIG. 8 comprises a driver circuit 102 having the same
construction and operation as the driver circuit 102 shown in FIG. 3; the same is also
genérally true for the windings 80, 82, and 84, the back emf sense circuit 156, phase
error detector 164, reference clock 166, charge puinp 172, compensation filter 173,
énid the commutation logic 180 shown in FIG. 8. Additionally, however, FIG. 8
includes an adaptive speed control pulse generator circuit 300 and an adaptivé

| cominutaﬁon pulse génerator circuit 400, the construction and operation of each to be
described below.

Beginning with the adaptive speed control pulse generator 300, it can be seen in

FIG. 8 that this circuit prov1des both the Fref and Fcom pulses to the conventional
phase error detector 164 and in turn, receives the Pu and /Pd signals from that circuit
as well as the ZX signal from the back EMF sense circuit 156 and a reference
frequency (denoted as Fref0) from the reference clock 166. For reference, the FrefQ
signal is the same as the Fref signﬁ described with reference to FIG. 3, but as will
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become apparent below, the present invention provides the reference frequency to the
adaptive speed control pulse generator 300, and not to the phase error detector 164
directly (as in the prior art), and this change in operation necessitates a change in
nomenclature for the initial signal from the reference clock 166.
As provided hereinabove, the purpose of the adaptive speed control pulse
generator 300 is to first characterize the systematic variations in speed during motor
rotation and then to compensate for these variations during subsequent operation of the
motor speed control circuitry. It is important to note at this time that there are
alternative embodiments for this circuit provided within this disclosure, and each of
these will be described in detail as follows. |
Turning now to FIG. 9, shown therein is the first embodiment for the adaptive
speed control pulse generator 300 of FIG. 8, which provides a first phase locked Fcom
period compensation impleménta_tion. As will be recognized by those of skill in the art,
in a phase locked servo loop, an error or control signal is developed by comparing the
time of occurrence of a reference edge of a feedback signal, in this case the Fcom
pulse, to the time of occurrence of the reference edge of a reference frequency signal.
The difference between these two times is the phase error. The servo loop will
generé.lly try to kéep lthe difference between the times of occurrence equal to zero or
some equilibrium constant value or phase angle, depending upon the characteristics of
the servo loop.
In the present embodiment, after the spindle motor has come up to speed and

- has become phase locked to a reference frequency, the circuit enters a characterization
(or LEARN mode) during which a measurement is madé of the pulse widths of the
normal Pu (pump up) .and /Pd (pump down) pulses coming out of the phase error
detector 164 (as shown in FIG. 8) for each Fcom period. These pulse widths are

averaged and stored in a RAM memory where each address contains the value

associated with a specific Fcom period in the physical rotation of the motor. Although



WO 97/11454 ' PCT/1B96/01019
21

any number of methods. may be employed to accumulate and store this information, it
is not required that the addresses be tied to a specific rotational position permanently,
as long as they remain so for the duration of time that the drive spindle motor remains
running in phase lock. If so desired, each time that the motor starts, a new set of
measurements and averaging may be initiated and each set may be independent of any
previous set of measurements. This is the implementation used in the preferred
embodiments of the present disclosure, but should not be construed as a limitation.

After the characterization, or LEARN mode is completed, the average values obtained
therefrom are used to advance or delay the Fcom or the Fref pulses as required to
provide the speed control compensation.

The Pu and /Pd pulse widths represent a misplacement of the Fcom pulse with
respect to a reference frequency pulse edge, whether because of the mechanical
tolerances in the placement of the magnetic poles and coil slots, or because of speed
errors. The average of the set of pulse widths associated with a specific Fcom
represents the mechanical misplacement that is to be removed by compensation, thus
providing 2 more uniform signal to the motor speed control that more nearly represents
true speed variation. |

The characterization, or LEARN mode is defined as a given number of
complete revolutions of the spindle motor. _The once around time is determined by
counting the number of Fcom pulses; as described hereinabove, in a 12 pole, 3 phase
“motor there will be 36 Fcom pulses per revolution and for an 8 pole, 3 phase motor
there will be 24 such pulses. For reference, the preferred embodiments of the present
disclosure are based on a 12 pole, 3 phase motor resulting in 36 Fcom pulses per
revolution.

As will be recognized, the process of determining the average values to be used

the determination of the average is equal to a power of 2 (Such as 16 or 32). This is
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because the average value of a set of binary numbers is equal to the sum of the set of
numbers right shifted by the number of bits equal to the power of two used to define
the set of numbers. For. example, the average of 32-binary values can be determined
by summing the 32 values to obtain a total sum value and then right shifting the total
sum value five bit locations. For reference, the preferred embodiments of the present
disclosure use this methodology to average each characterization value over 32 rotations
of the motor; of course, the present invention is not limited to either this number of
rotations or this particular methodology for obtaining the average.

Referring again to FIG. 9, shown therein is the first embodiment of the adaptive
speed control pulse generator 300 which operates generally in accordance with the
foregoing description. More particularly, the circuit comprises a controller 302, which
may be any variety of well known staté machines, microprocessors or microcontrollers
capable of carrying out the sequence described below. The controller 302 initiates the
LEARN mode upon receipt of a START command on signal line 304 from the system
controller (not shown). Tﬁe controllef 302 in turn sets a SELO output and a SEL1
output on select lines 306 and 308, respectively, in order to instruct a conventional six-
input, two output multiplexer 310 (hereinafter_ "mux") to connect input Al to output A
and to connect input Bl to output B (more will be said below concerning the SELO and
SEL1 oufputs); This results in the Fref0 signal from the reference clock 166 (as
shown in FIG. 8) on signal line 312 being output to output signal line 314, which in
turn is provided to the phase error detector 164 of FIG. 8 as the Fref signal. As shown
in FIG. 9, the ZX (zero crossing) signal from the back EMF sense circuit 156 (of FIG.
8) is provided on signal line 158 to a one-shot 316, which provides a fesulting pulse on
signal line 318 to inputs B1 and B2 of the mux 310, and this resulting pulse is
connected to mux output signal line 320, providing the Fcom signal to the phase error
detector 164 (of FIG. 8).

The pulse on mux output signal line 320 is also provided by way of signal line
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322 to a divide by 36 divider 324. An inverting input is shown to indicate that the
pulse is inverted prior to receipt by the divider 324. The divider 324 proceeds to
output an output pulse on signal line 326 to a divide by 32 divider 328 after the receipt
of 36 input pulses from signal line 322, providing an indication each time one complete
revolution of the motor has occurred. Additionally, the divider 324, at the receipt of
each input pulse from signal line 322, outputs a six bit value on bus 330, which serves
as a unique address input for a RAM 332, the function of which to be described below.
The divider 328, in turn, outputs a signal at the completion of 32 revolutions to a2 D-
latch 334, which sets the latch and toggles the LEARN value reported to the controller
by way of signal path 336, indicating that the LEARN mode has been completed. To
provide clarity of illustration, FIG. 8 omits certain conventional clear and clock lines
that, as will be recognized, would be required for these and other circuit blocks shown.
It is sufficient to note that the cifcuit is cleared upon initialization in a conventional
manner and that the completion of the 32 rotations of the motor during the LEARN
mode is reported to the controller 302 by way of the signal line 336.

Now, as will be recalled, the phase detector 164 of FIG. 8 generates, in
response to the phase difference between the Fref and Fcom signals, Pu and /Pd pulses,
and as shown in FIG. 8, these signals are pmvidéd by_Way of signal paths 338 and 340,
respectively, to the charge pump and compensation filter circuit 172 as well as the
adaptive speed control pulse generator 300. More particularly, FIG. 9 shows these

 signal paths 338 and 340 coming into the circuit, with the signal path 340 (containing
the /Pd pulse) being connected to an inverter 342 so that the Pu pulse is provided on
path 338 and an inverted /Pd pulse is provided on signal path 344 to an up/down
counter 346.

The up/down counter 346 is a conventional counter that provides an eight bit
count (in two's complement form) from an initial zero value in accordance with the

signals applied to UP and DN inputs. The counter counts up while the Pu pulse is



WO 97/11454 : PCT/IB96/01019
24

active and counts down while the inverted /Pd pulse is active, causing either a positive
or a negative count, respectively. The counter 346 is initialized and cleared by the
controller 302 for each count and the clock for the counter 346 is supplied at some
division of the system clock that provides the resolution desired (provided by up/down
system clock divider 348). Of course, the actual frequency used would be dependent
upon the design. The resulting count is an eight bit count value that represents the
duration of the incoming Pu 61' inverted /Pd pulse, respectively.

The eight bit count value is provided to a 13 bit adder 350 and added to a
previous value stored in RAM 332 for tﬁat Fcofn period (the previous value being
provided by way of a régister 334). Tt should be noted that, upon system initialization,
the RAM is initialized by the controller 302 so that zeros are initially stored in all 36
required memory locations (there being 36 Fcom periods in a motor revolution). The
eight bit count is provic-led.as the least significant bits to the 13 bit adder 350, and over
the course of the LEARN mode, as the motor makes 32-revolutibns, a total sum is
accumulated for each Fcom period. Of course, some values will be positive and others
will be negative, depending upon the receipt of Pu and /Pd pulses respectively during
the operation of the pﬁase error detector 164 of FIG. 8, but at the conclusion of the
LEARN mode, the RAM 332 will contain 36 different total sums, each having a total
of 13 bits and each further.corresponding to each Fcom period in a motor rotation.

~ Upon completion of the LEARN mode, as described hereinabove, the circuit
.300 will enter a compensation mode of operation. For each Fcom period, the RAM
332 is instructed to provide the total sum to the register 334, and the eight most
significant bits of the total sum is prbvided to an up/down counter 352. As described
| hereinabove, using the eight most significant bits of the 13 bit total sum effectuates a
divide by 32 operation (by shifting the value right by five bit locations), so that the
resulting value placed into the up/down counter 352 is an average value for that Fcom

period. It will be readily recognized that the two up/down counters 346, 352 are not
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both required; rather, a single up/down counter couid be used for both the
characterization and compensation mode of operation with appropriate selection logic,
but to provide a more clear description of the operation of the circuit, two counters
have been provided.

As hereinabove described, the count value from the register 334 is in two's
complement form, which includes a sign bit for indicating the polarity of the count, the
sign bit having a value of "1" if the count is negative and 0" if the count is positive.
As shown in FIG. 9, bus 354 connects the eight bit count from the register 334 to the
up/down counter 352 and fhe controller 302. Additionélly, the sign bit is connected to
an UP input of the up/down counter 352 and an inverted sign bit is connected to the
DN input of the up/down counter 352. - In this way; the polarity of the sign bit instructs
the counter 352, once enabled, to either count up from the iﬂitially loaded count value
to zero (if the value is negative) or to count down from the count value to zero (if
positive). The controller tests the count Qalu’e to see if it is zero, positive or negative,
and provides outputs on the aforementioned SELO and SEL1 signal paths 306 and 308
as well as instructions to the up/down counter 352 accordingly.

If the count value is equal to zero, then the counter 352 is not enabled by the
controller 302 and the SELO and SEL1 outputs are set to select the Al and Bl inputs on
the mux 310 (the same as during the LEARN mode). This passes the incoming Frefo
and ZX signals directly to the phase error detector 164 without compensation.

If the count value is a positive number, the controller 302 enables the counter
352 to count down from the count value to zero at the occurrence of the next Fref0
pulse sensed on signal path 312 and the counter 352, once the zero count is reached,
outputs a zero count signal on signal path 356 which is provided to a one-shot 358. The
output of the one-shot 358 is a pulse that is provided by way of signal path 359 to both
the A2 and the B3 inputs of the mux 310. At same time that the counter 352 is enabled

to begin the countdown, the controller 302 also provides the appropriate signals on the
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SELO and SEL1 signal paths 306 and 308 so as to instruct the mux 310 to select the
inputs A2 and B1. Thus, the circuit 300 provides a "delayed” Fref signal on signal
path 314 and a "normal"” Fcom signal on signal path 320 to the phase error detector 164
of FIG. 8.

Finally, if the count value is a negative number, the controller 302 enables the
counter 352 to count up from the count value to zero at the occurrence of the next ZX
signal from signal path 158. In response, the counter 352 counts up to zero and outputs
a pulse which is subsequently applied to the A2 and B3 inputs of the mux 310. This
time, however, the controller 302 selects the SELO and SEL! values so as to instruct
the mux 310 to pass inputs Al and B3, so in the case of a negative count value, the net
result is the passage of a "normal" Fref signal on signal path 314 and a "delayed” Fcom
signal on signal path 320 to the phase error detector 164, |

It should be noted that this implementation results in a non-uniform reference
frequency being provided to the phase error detector (as well as delayed Fcom pulses
with respect to the detection of zero crossings by the back EMF sense circuit), but the
benefit is a decrease in motor speed variations and improved speed control operation in
the compensation mode. It should further be noted that the entire circuit of FIG. 8
could be implemented in a fnicroprocessor or a DSP with suitable programming to
accomplish the functions hereinabove described.

It was mentioned hereinabove that the adapﬁve speed control pulse generétor of
FIG. 8 could be embodied in several alternative ways, and having completed a
descriptibn of the first embodiment with respect to FIG. 9, the discussion will now turn
to a second embodiment of the circuit and FIG. 10 has been provided for that purpose.

FIG. 10 presents a second phase locked Fcom period compensation
implementation, which also develops a control signal by comparing the Fcom pulse
with the Fref pulse and kéeping the phase difference at some constant value, but in this

second embodiment the reference frequency provided to the phase error detector 164
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(of FIG. 8) remains constant and the Fcom signal is advanced or delayed as required.

'fhe adaptive speed control pulse generator of FIG. 10 is generally denoted as
item 3004, and. includes several of the same components as the circuit of FIG. 9. The
operation of the circuit of FIG. 10 is essentially the same as that of the circuit of FIG.
9 during the LEARN mode; over the course of the 32 mechanical revolutions that
comprise the LEARN mode, a total sum is stored in the RAM 332 for each Fcom
period. Additionally, the controller 302 provides a SEL output on select line 360,
instructing the mux 310 to connect inputs Al and Bl to outputs A and B, passing the
FrefO signal from fhe reference generator. 166 (as shown in FIG. 8) and the Fcom
signal (ZX signal by way of the one-shot 316) to the phase error detector 164 of FIG.
8. Itis important to note that the polarity of the count values E.alculated during the
LEARN mode by the circuit of FIG. 10 are reversed in comparison with thé values
calculated by the circuit of FIG. 9; more particularly, in FIG. 10 the Pu signal path
338 is connected to the DN input of the counter 346 and the signal path 344 containing

- the inverted /Pd pulse is connected. to the UP input of the counter 346.

Once the LEARN mode is éompleted, the circuit enters the compensation mode
duﬁng which, for each Fcom period, the most significant eight bits from the RAM are
provided to an adder 362 which also receives a constant value indicative of 1/2 of the
Fref period from block 364. These two values are summed so that the count value
from RAM 332 is either added to or subtracted from 1/2 of the Fref period (depending

| upon whether the count value is positive or negative) and this value is loaded into the
up/down counter 352 which is enabled by the controller 302 at the occurrence of the
nexf ZX pulse. When the counter reaches zero, a zero count pulse is provided on the

 signal path 356 to the one-shot 358 and the resuiting pulse is thereafter applied by way
of signal path 359 to the B2 input of the mux 310. At the same time, the controller
302 provides the appropriate SEL signal on selection line 360 to connect inputs A2 and

B2 of the mux 310 to outputs A and B so that the Fref signal is placed on output line



WO 97/11454 | PCT/1B96/01019
28

314 and the Fcom signal is placed on signal line 320. FIG. 10 shows an inverter 366
upline from the mux input A2 so that the Fref signal supplied to the phase error
detector 164 during the compensation mode is inverted with respect to the Fref signal
provided during the LEARN rﬁode. The phase reversal of the Fref signal is made to
account for the nearly 180 degfee phase delay of the compensated Fcom signal.

| To summarize, the operation of the second embodiment for the adaptive speed
control pulse generator 300A shown in FIG. 10 provides a constant reference frequency
to the phase error detector 164 (of FIG. .8) and advances or delays the Fcom signal
accordingly to provide improved motor speed variation control.

Referring again to FIG. 8, the preferred embodiment of the present invention
presented therein inc_ludes the aforementioned adaptive commutation pulse generator
circuit 400, which receives the ZX signal from the back EMF sénse circuit 156 as well
as several signals from the adaptive speed control pulse generator 300. FIG. li shows
an embodiment for the adaptive commutation pulse generator 400, which is a phase
lock commutation compensation circuit that works in cooperation with either the phase
lock Fcom period compensation circuit of either FIG. 9 or FIG. 10 to improve the
commutation timing of the motor.

Generally, the adaptive comxﬁutation pulse generator circuit 400 uses the two
Fcom average error values that Bound the commutation point to determine the specific
timing of the commutation point. As described hereinabove, prior art commutation
methods generally place the commutation point at a location in time that is one-half of
the length of the prévious Fcom period beyond the most recently occurring Fcom pulse.
The present circuit, however, adaptively places the commutation point at the halfway
point of the current Fcom period. With an ideal motor, the commutation point should |
optimally occur at a target point w_hich is the half period point of the reference
frequency, plus or minus a precession value that is introduced as desired to optimize

~motor torque performance. The present circuit places the compensated commutation
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point at a point that is the target point plus one-half the sum of the average Fcom error
for the Fcom pulses that bound the point.

Tuming to FIG. 11, the adaptive commutation pulse generator 400 receive§ the
ZX pulse on signal path from the back EMF sense circuit 156 (of FIG. 8), as well as
the eight bit count value (on bus 354), the LEARN signal (path 336), a commutation
load signal (path 380), a commutation élear signal (path 382) and an up/down system
clock signal (path 384) from the adaptive speed control pulse generator (300 in FIG. 9
or 300A in FIG. 10).

During the LEARN mode, the adaptive commutation pulse generator 400
operates to provide commutation timing for the motor using the conventional
commutation pulse generator 176, which operates to output conventional commutation
timing pulses on signal path 402 in respbnse to the receipt of successive ZX pulses on
path 158. The prior art commutation pulse generator 176 was discussed hereinabove
with reference to FIG. 3 and may be implemented using a controller or combinatorial
timing logic as required to generate the necessary pulses. For purposes of clarity, FIG.
12 provides a simple flow chart that illustrates the general steps that may be performed
by this circuit to generate each conventional commutation timing pulse. Of course, it
will be recognized that the steps illustrated in FIG. 12 are performed for every Fcom
period during operation of the circuit so that a count is initialized upon receipt of every
ZX pulse.

Turmning again to FIG. 11, the conventional commutation timing pulses are
provided on the signal path 402 to a multiplexer 404, which also receives the LEARN
signal from signal path 336 as a selection input. During the LEARN mode, the mux
404 thus outputs the commutation timing pulses CP from the commutation pulse
generator 176 on output line 406 to the commutation logic circuit 180 of FIG. 8, which
operates in accordance with the foregoing description to provide the commutation

timing of the motor.
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Upon completion of the LEARN mode, the circuit of FIG. 11 enters the
compensation mode, during which the commutation timing is adaptively improved.
More particularly, the eight bit count value from the register 334, as shown in FIGS. 9
and 10, is provided by way of the bus 354 to a register 408 and also to an eight bit
adder 410 in a manner to be described below. The purpose of the register 408 is to
delay the received count value one Fcom period, with the register being controlled in a
conventional manner by the controller 302 of FIG. 8 (details not shown for purposes of
clarity). Thus, the adder 410 receives a count value from the present period as well as
the count value from the immediately pi'eceding period, performs a summing operation
on these two values, and provides an eight bit sum output to a 16 bit adder 412.

The adder 412 is also providéd with a constant 16 bit value from block 414, this
value representing one-half of the nominal (ideal) Fcom period (plus or minus any
precession value that may be used to slightly advance or delay the commutation timing
to improve the torque characteristics of the motor). The least significant bit (LSB) of
- the eight bit sum output from the adder 410 is discarded by the adder 412 (to effectuate
a divide by 2) and this value is added to the value from block 414. It is important to
note that, because the eight bit sum output from the adder 410 can be a negative
number,. the sign bit must be extended appropriately by the adder 412 to ensure the
summing operatibn occurs properly. The resulting output of the adder 412 is a 16 bit
positive number that represents the optixﬁum commutation timing for the current
commutation pulse (beyond the most recently obtained ZX pulse).

~* The output from the adder 412 is provided to a down counter 416, which is
instructed to begin counting down to zero by the controller 302 (of either FIG. 9 or
FIG. 10). When the counter 416 reaches a zero count, a zero count signal is provided
on signal path 418 to a one-shot 420, which outputs the commutation pulse on signal
path 422 to the Al input of the mux 404. As the circuit at this time is operating in the
characterization mode, the LEARN signal has been previously toggled (by the circuit of
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either FIG. 9 or FIG. 10), so that the mux 404 connects the input A1 to the output A,
passing the compensated commutation pulse by way of output signal path 406 to the
commutation logic circuit 180 of FIG. 8 at the required point in time.

Having compléted a discussion of the phase lock implementation of the motor
circuit 100A shown in FIGS. 8-12, a frequency lock implementation of the present
invention will now be discussed. Referring now to FIG. 13, shown therein is a motor
circuit 100B comprising another preferred embodiment of the present invention and
employing a frequency lock approach in controlling thg speed and commutation of the
motor. As with the embodiment discussed with reference to FIG..8, the motor circuit
100B of FIG. 13 iﬁcludes several prior art components that operate essentially in the
same manner as described hereinabove. The new components for the motor circuit
100B shown in FIG. 13, however, are an adaptive speed control generator 500 and an
adaptive commutation timing generator 600 and the construction and operation of each
of these circuits will be discussed in detail below.

Beginning with the adaptive speed control generator 500, FIG. 14 shows a
preferred embodiment for this circuit. It should be noted at this time that the circuit
includes the operation of the charge pump 172 shown in FIG. 3, so that the output from
this circuit includes the Pout signal which is piovided directly to the compensation filter
173 of FIG. 13. As will be recognized by those of skill in the art, a servo loop system
having a frequency lock implementation generally develops an error or control signal

- by comparing the period of a feedback signal, in this case the Fcom pulse to the period
of a reference frequency. The reference frequency need not be generated as the period
of the reference frequency can be represented by a constant value. The difference
between the two periods is the frequency error and the servo loop will generally try to
keep the frequency error equal to zero or at some equilibrium constant value or
frequency slip, depending ﬁpon the characteristics of the servo loop.

In accordance with the present invention, after the spindle motor has come upto
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speed and has become frequency locked to a reference period, a measurement is made
of the period error for each Fcom period. These period errors are averaged and stored
ina RAM whefe each address contains the value associated with a specific Fcom period
in the physical rotation of the motor. As with the phase lock implementation described
hereinabove, it is not necessary that these addresses be tied to a spe'ciﬁq position, but
rather only that they remain so for the duration of time in which the spindle remains
running. Each time that the motor starts, a new set of measurements and averaging is
initiated and each set is independent of previous sets of rﬁeasurements.

The period error represents a misplacement of the Fcom pulse with respect to a
reference period, whether because of the mechanical tolerances in the placement of the
magnetic poles and coil slots, or because of speed errors. The average of the set of
period errors associated With a Fcom represents the mechanical misplacement that is to
be removed by compensation, thus providing a more uniform signal to the motor épeed
control that more nearly represents true speed variation. After the characterization
(LEARN) mode is completed, the average values are used to add to or subtract from
each observed Fcom period to generate an improved Pout signal used by the
compensation filter circuitry.

As shown below, a controller is provided to provide the sequential timing of the
various components within the circuit, and the operation of this controller could be
provided by way of a processor, state machine, or combinatorial logic as required.
Further, the entire circuitry presented herein could be implemented directly in a DSP or
other processor programmed with suitable programming to implement the functions as
described.

Turning now to the circuit of FIG. 14, shown therein is the adaptive speed
control generator 500, which is shown to comprise a controller 502 which receives a

the sequence of the present invention. As with the descriptions for the circuits of
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FIGS. 8-12, it will be understood that several conventional and well known operational
connections are omitted from FIG. 14 to promote clarity of illustration of the
operations that are explicitly set forth; it should be understood that the controller
adequately controls the circuit of FIG. 14 and initiates a clear operation on the circuits
prior to beginning the sequence.

Generally, the circuit of FIG. 14 operates in a manner such that the Fcom
period is compared to a fixed value representing the nominal Fcom period for the
running speed of the motor. If the count is too short then the motor is running too fast;
conversely, if the count is too long, the motor is running too slowly. During the
LEARN mode, the negative Vaiue of the nominal Fcom period is loaded into an UP
counter, which commences counting the negative value up to zero. Upon receipt of the

- next ZX pulse, the value in the counter is transferred to an up/down counter (and the
up counter is reloaded for the next measurement). The sign bit is used to determine the
count direction for the up/down counter and while the up/down counter is counting a
Pout signal is output, having the polarity of the sign of the loaded value. The Pout
signal remains active until the counter reaches a count of zero. After the LEARN
mode is completed, the circujt enters a compensation mode of operation during which
the average counts accumulated during the LEARN mode are used in the generation of
the Pout signals.

Now turning to a detailed description of the circuit of FIG. 14, upon receipt of
the start command from the system processor, the circuit enters the aforementioned
LEARN mode which continues for 32 revolutions of the spindle motor. A delayed
Fcom (DFcom) signal is generated by the controller in response to the receipt of a ZX
pulse from signal path 158 and output on signal path 504 to a divide by 36 divider 506,
which outputs a signal every 36 DFcom signals. This output, which signifies one
mechanical revolution of the mot“c;_l;.é been completed, is provided to a divide by 32

divider 508, which at the completion of 32 revolutions latches a D-latch 510 causing
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the toggling of a LEARN signal on output line 512 (indicating the completion of the
LEARN mode).

Oufput line 512 is provided a§ an input to the controller 502, as well as to a
select input on a multiplexer 514 which causes a value from block 516 to be loaded into
an up counter 518. The value in block 516 is a constant 16 bit value (in two's
complement form) representative of the nominal Fcom period and is negative in sign.
The value chosen, of course, is selected based upon the system clock frequency as well
as the nominal rotational speed of the motor and the number of Fcom periods in a
revolution (which for this example is 36). Thé value may be further adjusted slightly
to take into account the number of clock cycles required by the controller td process the
control information used to control the circuit. The up counter 518 commences
counting the value in an upward direction until the next ZX pulse is received by the
controller 502, at which time the count in the up counter 518 is outputted to an
up/down counter 520 by way of bus 522. The up counter 518 is immediately cleared,

 reloaded with the value from block 516, and again begins counting the value up until
recéipt of the next ZX pulse.

The value provided to the up/down cdunter 520 will most likely be a number
(either positive or negative) that is near zero, depending on whether the ZX pulse
occurred just before or after the counter 518 reached zero during the count (it will
readily be recognized that the value will be exactly zero when the actual Fcom period is
equal to the nominal Fcom period). The sign bit from bus 522 is provided on signal
path 523 to an UP input and an inverted DN input of the up/down counter 520, so that
when the value is negative, the up/down counter 520 will be instructed to count up and
when the value is positive, the up/down counter 520 will be instructed to count down.
Upon receipt of a LOAD command from the controller 502 on signal path 524, the
value on bus 522 is loaded into the up/down counter 520 and the up/down counter is

enabled on the falling edge of the LOAD command (by way of D-latch 526 and output
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line 528). The sign bit on path 523 is also provided to D-latch 530 which, upon receipt
of the falling edge of the LOAD command from path 524, outputs a signal on path 532
which is presented to both an exclusive OR (XOR) block 534 and a conventional tri-
state output device 536. As the up/down counter 520 continues to count to zero (either
up or down), the moSt significant Q-bit (MSQ) output remains at the same polarity as
the polarity of the count until the count reaches zero. Signal path 538 connects the
MSQ output signal to the XOR block 534 and the output from the XOR block 534
(which is a high logic state) is provided by signal path 540 to an enable (EN) input of
the tri-state device 536. Thus, once the up/down counter 520 is enabled, it begins
counting the value either up to zero (if it is negative) or down to zero (if it is positive)
and a Pout signal is output by the tri-state device 536.0n output line 542 with a polarity
that is the same as that of the value being counted. At such time that the up/down
counter 520 reaches zero, the tri-state device 536 is disabled, truncating the Pout signal
on path 542. Additionally, the output from the XOR on path 540 (which at this time is
at a low logic state) is inverted by an inverter 544 and the output is provided on signal
path 546 to clear the D-lafch 526.

Additionally, at the same time that the count value from the up counter 518 is
provided on bus 522 to the up/down counter 520, the count value is also provided to a
multiplexer 550 which also receives the LEARN signal from signal path 512 as a
selection input, causing the value to be passed to a 16 bit adder 552. As with the
circuits in FIGS. 9 and 10, the adder 552 sums thé value with a value previously stored
in RAM 554 so as to accumulate a total sum over the 32 mechanical revolutions of the
LEARN mode. The RAM is addressed by the divider 506 (by way of address bus 556)
and the previously stored 13 bit value is passed to a register 558 and output therefrom
on bus 560 to a 10/13 bit shift module 562, which during the LEARN mode passes the
value unchanged to the adder 552 by way of bﬁs 564. The purpose for the 10/13 bit
shift module 562 is to éerform the divide by 32 (shift right five bits) operation during
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the characterization mode. The-RAM is initialized so that it contains zeros in all 36
addresses at the start of the LEARN mode.

Upon the conclusion of the LEARN mode, the circuit of FIG. 14 enters the
compensation mode, during which the stored values in the RAM 554 are used to
generate the Pout signal on path 542. The general operation of the circuit during the
compensation mode may be best understood by beginning with mux 550, which passes
the value from block 516 to the 16 bit adder 552 and the total sum accumulated in
RAM 554 is provided to the register 558, bus 560, and is shifted right by the 10/13
shift module 562 to effectuate the divide by 32 required to obtain an average value.
This average value is thus presented to the adder 552 and summed with the value from
block 516. The output of the adder 552 is provided by way of bus 566 to the mux 514,
and from there to the up counter 518 which initiates a count up. As during the LEARN
mode, the up counter 518 is stopped at the next ZX signal and the cdunt obtained at
that time is provided to the up/down counter 520, which operates as described
hereinabove to generate the Pout sighal as required on signal path 542.

Referring again to FIG. 13, it can be seen that the adaptive speed control
generator S00 provides several outputs to the adaptive commutation timing generator
600, which as previously discussed provides the commutation pulse (CP) timing pulses
to the commutation logic 180 to commutate the motor. Turning to FIG. 15, shown
therein is a schematic block diagram for the preferred embodiment for the adaptive
commutation timing generator 600 for a frequency lock implementation,, constructed in
accordance with the present invention. It will be recognized that the circuit of FIG. 15
is similar in construction and operation to the circuit of FIG. 11; more particularly,
during the LEARN mode the commutation timing pulses are generated by the
conventional commutation pulse generator 176 as hereinabove described and output on
signal path 606 t-c;_t-t—x;;:ommutation logic 180 of FIG. 13 by way of signal path 602 and

multiplexer 604. In this manner, during the LEARN mode the commutation timing is
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generated in a conventional manner.

At such ﬁme that the circuit enters the compensation mode of operation, the
average data accumuléted during the LEARN mode is used to improve the commﬁtatibn
timing. Particularly, the most significant 10 bits from the count value from bus 560 as
shown in FIG. 14 are provided to a register 608 and also to an eleven bit adder 610.
The purpose of the register 608 is to delay the received count value one Fcom period,
so that the adder 610 receives a count value from the present period as well as the count
value from the immediately preceding period, performs a summing operation on these
two values, and provides a ten bit output to a 16 bit adder 612. Additionally, the most
Signiﬁcant bit (MSB) from the adder 610 is provided as a sign extension to the adder
612 and the least signiﬁcant bit (LSB) is dropped, effectuating a divide by two
operation on the output. | |

As with the circuit of FIG. 11, the adder 612 is also provided with a constant 16

- bit value from block 614, this value representing one-half of the nominal (ideal) Fcom
period (plus or minus any precession value that may be used to slightly advance or
delay the commutation timing to improve the torque characteristics of the motor). The
résulting output of the adder 612 is a 16 bit positive number that represents the
optimum commutation timing for the current commutation pulse (beyond the most
recently obtained ZX pulse).

The output from the adder 612 is provided to a down counter 616, which is
instructed to begin counting down to zero by the controller 502 (of FIG. 14). When
the counter 616 reaches a zero count, a zero count signal is provided on signal path 618
to a one-shot 620, which outputs the commutation pulse on signal path 622 to the Al
input of the mux 604. As the circuit at this time is operating in the compensation
mode, the LEARN signal has been previously toggled so that the mux 604 connects the
input A1 to the output A, passing the compensated commutation pulse by way of output

signal path 606 to the commutation logic circuit 180 of FIG. 13 at the required point in



WO 97/11454 PCT/1B96/01019

38
time.

As stated hereinabove, the present invention is limited to the error correction
used by the servo loop, as preferred embodiments have been provided for both phase
lock and frequency lock implementations. It will be recognized that the major
differences between these two implementations include a higher clock frequency for the
frequency lock approach (a clock of at least 10 MHz will keep quantization error down

to 100 ns) as compared to the phase lock approach, and the use of a reference clock

- generator, which is required for the phase lock but not the frequency lock approach.

Further, it will be understood with the present trend of circuit integration, it may be
preferable to integrate the functional operations of the preferred embodiments disclosed
above entirely into a DSP or other integrated circuit to carry out the steps set forth
which comprise the invention..

- It will be clear that the present invention is well adapted to carry out the objects
and attain the ends and advantages mentioned as well as those inherent therein. While
presently preferred embodiments have been described for purposes of this .disclosure,
numerous changes may be made which will readily suggest themselves to those skilled
in the art and which are encompassed in the spirit of the invention disclosed and as
defined in the appended claims.

- The aforegoing descriptioxi has been given by way of example only and it will be
appreciated by a person skilled in the art that modifications can be made without

departing from the scope of the present invention.
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CLAIMS

1. An improved motor cohtrol circuit for providing commutation timing and speed
control to windings in a hard disc drive spindle motor, the circuit having a back emf
sense circuit for generating a plurality of zero crossing signals in response to voltages
sensed on the windings in a mechanical revolution of the spindle motor, the circuit
further having a predetermined number of reference frequency periods for each
mechanical revolution of the spindle motor, the improved motor control circuit
comprising;

characterization means for characterizing systematic variations in operational
speed of the spindle motor over a plurality of rotations during nominal operation of the
spindle motor, the characterization means including:

speed control averaging means for characterizing the average timing of zero
crossing signals with respect to referencé frequency periods; and

commutation timing averaging means for characterizing the average time
bé@een successive zero crossing signals; and

compensation means for compensating for the systematic variations in
operational speed of the spindle motor, the compensation means including:

speed control compensation means, responsive to the speed control averaging
means, for outputting modified speed control timing signals, the speed control timing
signals modified in response to the average timing characterized by the speed control
averaging means; and

commutation timing compensation means, responsive to the commutation timing
averaging means, for outputting modified commutation timing signals, the commutation
timing signals modified in response to the average time characterized by the

commutation timing averaging means.

-
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2. An improved method for providing commutation timing and speed control to
windings in a hard disc drive spindle motor in a circuit having a back emf sense circuit
for generating a plurality of zero crossing signals in response to voltéges sensed on the
windings in a mechanical revolution of the spindle motor, the circuit further having a
predetermined number of reference frequency periods for each mechanical revolution of
the spindle motor, the improved method comprising the steps of:

characterizing systematic variations in operational speed of the spindle motor
over a plurality of rotations during nominal operation of the spindle motor, including
the steps of:

characteriiing the average timing of zero crossing signals with respect to
reference frequency periods; and

characterizing the average .time between successive zero crossing signals; and

- compensating for the systematic variations in operational speed of the spindle

motor; including the steps of: .

outputting modified speed control timing signals in response to the characterized
average timing of zero crossing signals with respect to reference frequency periods; and

outputting modified commutation timing signals in response to the characterized

average time between successive zero crossing signals.

3. In a hard disc drive of the type having a multi-phase spindle motor and a back
emf sense circuit, the spindle motor having a plurality of Fcom periods in a mechanical
rotation, a method for compensating for variations in rotational speed of the spindie
motor, comprising the steps of:

characterizing the spindle motor during a learn mode by

commutating the spindle motor using back emf sensing;

generating pump-up and pump-down signals according to phase differences

between zero crossings and reference pulses provided at a reference frequency; and

N
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averaging the lengths of the pump-up and pump—déwn signals for each Fcom
period and storing an associated average length value; and

compensating for spindle motor rotational speed variations, by

generating pump-up and pump-down signals according to phase differences
between zero crossings angi adapted refer.e_nce pulses, the adapted reference pulses

comprising the reference pulse adjusted by the average length value.

4, In a disc drive having a multi-phase spindle motor, a system controller;
memory, and a back emf sense circuit 'for providing back emf commutation timing, the
spindle motor having a plurality of nominal zero crossings within a mechanical
revolution of the spindle motor, a method for minimizing variations in rotational speed
of the spindle motor comprising: |

characterizing error associated with each zero crossing within a mechanical
revolution of the spindle motor by determining an average phase difference between
each zero crossing and each.ass_ociated nominal zero crossing, over a plurality of
mechanical revolutions; and -

compensating for the error associated with each zero crossing by using the
average phase difference tb_identify an adaptive zero crossing for each zero crossing
within a mechanical revolution, and

generating an adaptive phase difference signal, wherein the adaptive difference |
signal represents the phase difference between each zero crossing and each associated

adaptive phase crossing.

S. In a disc drive having a multi-phase spindle motor, a system controller,

memory, and a back emf sense circuit for providing back emf commutation timing, the

spindle motor having a plurality of nominal zero crossings within a mechanical

revolution of the spindle motor, an apparatus for minimizing variations in rotational

S
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speed of the spindle motor comprising:

zero crossing characterization means for characterizing error associated with
each zero crossing within a mechanical revolution of the spindle motor, wherein the
error is characterized as an average phase difference between each zero crossing and
each associated nominal zero crossing, over a plurality of mechanical revolutions; and

zero crossing éompensation means, responsive to the characterization means, for
compensating for the error associated with each zero crossing by using the average
phase difference to identify an adaptive zero crossing for each zero crossing within a
mechanical revolution, and

géner_ating an adaptive phase difference signal, wherein the adaptive difference
signal represents the phase difference between each zero crossing and each associated

adaptive phase crossing.

6. . The apparatus of Claim 5, wherein the zero crossing characterization means
comprises:

- a phase detector for identifying a phase difference between each zero crossing
and each nominal zero crossing;

averaging means, responsive to the phase detector, for averaging the phase
difference between each actual zero crossing and each nominal zero crossing to
generate the average phase difference for each actual zero crossing; and
- storage means, responsive to the averaging means, for storing the average phase

difference for each actual zero crossing.

7. In a disc drive having a multi-phase spindle motor, a system controller,

memory, a back emf sense circuit, and a clock for providing reference pulses at a

reference frequency, the reference pulses defining a plurality of nominal zero crossing

periods within a mechanical revolution of the spindle motor, the reference pulses
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further defining a plurality of nominal commutation steps within a mechanical
revolution of the spindle motor, the nominal commutation steps defined as occurring in
the centér of each nominal zero crossing period, a method for minimizing vaﬁations in
rotational speed of the spindle motor by adaptively selecting commutation steps for the
spindle motor, comprising the steps of:

characterizing error associated with each commutation step within a mechanical
revolution of the spindle motor by determining an average phase difference between
one-half of each zero crossing period and one-half of the nominal zero crossing period,
over a plurality of mechanical revolutions; and '

compensating for the error associated with each commutation step by placing
each commutation step at an adaptive commutation 'step located at the associated

nominal commutation step offset by the average phase difference.

8. In a disc drive having a multi-phase spindle motor, ;‘1 system controller,
memory, a back emf sense circuit, and a clock for providing reference pulses at a
reference frequency, the reference pulses defining a plurality of nominal zero crossing
periods within a mechanical revolution of the spindle motor, the reference pulses
further defining a plurality of nominal commutation steps within a mechanical
revolution of the spindle motor, the nominal commutation steps defined as occurring in
the center of each nominal zero crossing period, an apparatus for minimizing variations
in rotational speed of the spindle motor by.adaptively selecting commutation steps for
the spindle motor, comprising:
_commutation step characterization means for characterizing error associated with

each commutation step within a mechanical revolution of the spindle motor, wherein

- the error is characterized as an average phase difference between one-half of each zero
crossing period and one-half of the nominal zero crossing period, over a plurality of

- mechanical revolutions; and
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commutation step compensation means, responsive to the characterization
means, for compensating for the error associated with each commutation step by

placing each commutation step at an adaptive commutation step located at the

associated nominal commutation step offset by the average phase difference.
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