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VELOCITY CONTROL FOR A DISK DRIVE ACTUATOR 

BACKGROUND 

Field of the Invention 
The present invention relates to a data storage 

5 device having read/write heads for accessing information on a 
storage medium, and more specifically, to a mechanism for 
controlling the velocity of an actuator that moves the 
read/write heads in relation to the storage medium, 
particularly during head loading operations. 

10 Description of the Prior Art 
Data storage devices, and in particular, data 

storage devices of the type that accept a removable cartridge 
containing a disk-shaped storage medium, usually employ 
either a linear actuator mechanism or a rotary arm actuator 

15 mechanism for positioning the read/write head(s) of the disk 
drive over successive tracks of the disk-shaped-storage 
medium. In most disk drives, and particularly in those that 
receive removable disk cartridges, the linear or rotary arm 
actuators are moved to a retracted, or parked position when 

20 the disk drive is not in use. In sue~ a retracted position, 
the read/write heads of the disk drive are moved off and away 
from the surface(s} of the storage medium in order to prevent 
damage to the head(s) and storage medium. In order to resume 
use of the disk drive, the read/write heads must once again 

25 be loaded onto the surface(s) of the storage medium so that 
the data transfer can begin. It is important that the head 
loading operation be carried out in a controlled manner to 
prevent damage to the read/write heads. 
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Couse et al.1 U.S. Patent No. 4,864,437, describe a 
head loading velocity control mechanism for a disk drive that 
measures the back EMF voltage across the actuator of the disk 
drive to obtain an indication of the velocity of the 

5 actuator. The measured back EMF voltage is then employed in 
a control scheme to control the velocity of the actuator 
during a head loading operation. Unfortunately, the 
circuitry needed to measure the back EMF voltage across the 
actuator increases the cost and complexity of the disk drive. 

10 Furthermore, this technique provides only a rough control of 
.. the actuator velocity1 which may_ not be acceptable in many 

applications. 
Lee, U.S. Patent No. 511281813, describes a 

velocity control technique for a disk drive actuator that 
l.5 employs thermal measurements to estimate the velocity of the 

actuator. Again, however, the circuitry necessary to obtain 
accurate thermal measurements unduly increases the cost of 
the disk drive, and this technique is susceptible to 
inaccuracies. 

20 Other prior art devices employ high-precision glass 
scales affixed to a disk drive actuator for obtaining 
accurate position and track counting information during track 
seek operations. See, e.g., Thanos et al., U.S. Patent No. 
5,084,791 .. Unfortunately, the cost and complex;ity of the 

25 high-precision glass scales and associated optical circuitry 
make them disadvantageous. 

Certain products in the "BETA" line of Bernoulli 
disk drives manufactured by Iomega corporation, the assignee 
of the present invention, employ an optical sensor and a 

30 gray-scale pattern affixed to a linear drive actuator to 
obtain an indication of the linear position of the actuator. 
However, t~ese products do not, and are not capable of, 
deriving or controlling the velocity of the actuator using 
the position information generated with the gray-scale 

35 pattern and optical sensor. 
As the foregoing illustrates, there·is a need for a 

simple, cost efficient mechanism for controlling the velocity 

... 
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of a disk drive.actuator, particularly during head loading 
operations. The present invention satisfies this need. 

SQMMARY OF THE INYBNTIQN 
The present invention is directed to a simple, low-

s cost, efficient means of controlling the velocity of an 
actuator of a data storage device, particularly during ~ead 
loading operations. According to the present invention, a 
data storage device for reading and writing information to 
~d from a storage medium and having an actuator for moving a 

10 read/write head o~er a surface of the storage me~ium 
comprises an optical sensor mounted on either a surface of 
the data storage device or a surface of the actuator, and a 
gray-scale pattern provided on the other of these surfaces 
opposite the optical sensor. The gray scale pattern provides 

15 an·amount of reflected light at the optical sensor that 
varies with the position of the actuator. The optical sensor 
receives the reflected light and generates therefrom an 
output signal indicative of the position of the actuator. A 
control system processes the position signal output from the 

20 optical sensor in accordance with a velocity control 
algorithm to control the velocity of the actuator, 
particularly during a head loading operation. The optical 
sensor and gray-scale pattern provide a simple, low-cost, 
efficient means of generating a signal indicative ~f the 

25 position of the actuator arm, from which the control system 
can derive a velocity estimate and control the velocity of 
the actuator arm. 

30 

These and other features and advantages of the 
present invention will become evident hereinafter. 

BRIEF DESCRIPTION OF TBE DRAWINGS 
The foregoing sununary, as well as the following 

detailed description of the preferred embodiment, is better 
understood when read in conjunction with the appended 
drawings. For the purpose of illustrating th~ invention, 

35 there is shown in the drawings an embodiment that is 
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presently preferred, it being understood, however, that the 
invention is not limited to the specific methods and 
instrumentalities disclosed. In the drawings: 

Figure l is a perspective view of a data storage 
5 device, or disk drive, in which the present invention may be 

employed; 
Figure 2 is a perspective view of a disk cartridge 

for use in connection with the disk drive of Figure 1; 
Figure 3 is an perspective view of a portion of the 

10 disk drive of Figure 1 illustrating the mounting of an 
optical sensor and·a gray-scale pattern in accordance with a 
pref erred embodiment of the present invention; 

Figure 4 is a plan view of a gray-scale pattern. 
according to a preferred embodiment of the present invention; 

15 Figure s is a top view of the portion of the disk 
drive illustrated in Figure 3; 

Figure 6A is a block diagram illustrating the 
manner in which the optical sensor is electrically connected 
within the data storage device; 

20 Figure 6B is a block diagram of a control system 
for controlling the velocity of a disk drive actuator in 
accordance with a preferred embodiment of the present 
invention; 

Figure 7 graphically illustrates various positions 
25 of the suspension arms of the actuator of the disk drive of 

Figure 1 as the suspension arms move along respective load 
ra~p structures during a head loading operation; 

Figure 8 is a flow chart illustrating a preferred 
embodiment of a method of controlling the velocity of the 

3 O actuator of Figure 1 during the head loading operation 
illustrated in Figure 7 in accordance with the present 
invention; 

Figure 9 illustrates a first velocity control 
algorithm employed by the control system of Figure 6, when 

35 the suspension arms are between positions 1 and 2 of Figure 
7; and 
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Figure 10 illustrates a second velocity control 
.algorithm employed by the control system of Figure 6, when 
the suspension arms are between positions 2 and 4 of Figure 
7. 

DETAILtm DESCRIPTION OF THE PREFERRED EMBQDIMB!fT 

Ref erring to the drawings wherein like numerals 
indicate like elements throughout, there is shown in Figure 1 
an exemplary data storage device 20, or disk drive, in which 
the present invention may be employed. The exemplary disk 

10 drive 20 is of the type that receives a removable disk 
cartridge, however, the present invention is by no means 
limited thereto. For example, the present invention can also 
be employed in a fixed-disk type drive. 

As sh9wn in Figure l, the exemplary disk drive 20 
15 comprises a chassis 21 on which a number of disk drive 

components are mounted. A front panel 24 of the disk drive 
20 has a substantially horizontal opening 22 for receiving a 
remo~able disk cartridge {Fig. 2). An eject button 26 is 
provided on the front panel for ejecting a disk cartridge 

20 from the disk Cirive 20. A spindle motor 110 is mounted on 
the chassis 21 to provide a means for rotating the storage 
media within a disk cartridge. 

An actuator arm 32, which forms part of a rotary 
arm voice coil actuator, is pivotally mounted to the drive 

· 25 chassis 21 at 38. The actuator arm 32 has a pl"urality of 
suspension arms 34 at its distal end that each carry a 
respective read/write head 36 for recording and reading 
information to and from the surfaces of the storage media of 
a disk cartridge. A head loading mechanism 35 facilitates 

30 loading of the magnetic heads onto the storage media. The 
head loading mechanism comprises a pair of load ramp 
structures 46, 48 upon which the suspension arms 34 of the 
actuator arm 32 ride during head loading/unloading 
operations. Further details concerning a head loading 

35 mechanism of the type shown at 35 can be found in co-pending, 
commonly assigned, U.S. Patent Application Serial No. 
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08/438,254, entitled "Head Loading Mechanism for a Disk 

Drive," filed May 10, 1995, which is incorporated herein by 

reference in its ent1rety. 

A voice coil element 43 (Figs. 3 and 5) is affixed 

s to a forked member 42 (Pig. 5) at the other end of the 

actuator arm 32 for controlling the rotational movement of 

the arm 3 2. A magnet return path assembly SO is mounted to 

the chassis 21 and provides a magnet return path for the 

voice coil element 43. 

10 Figure 2 is a perspective view of a disk cartridge 

10 that may be used with the removable cartridge disk drive 

20 of Figure l. The disk cartridge 10 comprises an outer 

casing consisting of upper and lower shells lOa, 10b, 

respectively. Preferably, the upper and lower shells 10a, 

15 lOb are formed of a rigid plastic material. In the present 

embodiment, the disk cartridge 10 contains two disk-shaped 

storage mediums 60, 62 (Fig. 7) that are attached, in stacked 

relation, to a hub assembly (not shown) rotatably mounted 

within the outer casing. A door 12 on the casing provides 

20 access to the recording disks by the read/write heads of a 

disk drive. In the present embodiment, the storage media 

comprise rigid tna91!-etic media, however, other storage media 

may be employed, such as flexible magnetic media or optical 

media. As described hereinafter in greater detail, when the 

25 disk cartri~ge 10 is inserted into the disk drive 20, the 

actuator arm 32 will rotate counter~clockwise (as viewed in 

Fig. 1) causing the suspension arms 34 of the actuator to 

move off the load ramp structures 46, 48, thereby loading the 

read/write heads 36 onto the surfaces of the storage media 

30 60, 62 within the cartridge 10. 

According to the present invention, a data storage 

device such as, for example, the disk drive illustrated in 

Figure l, has an optical sensor mounted on either a surface 

of the disk drive or a surface of the read/write head 

35 actuator of the disk drive, and a gray-scale pattern provided 

on the other of the surface of the actuator or the surf ace of 

the disk drive, opposite the optical sensor. The device 

•· 
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attached to the surface of the disk drive is stationary, 

while the device attached to the actuator moves with the 

actuator as it positions the read/write heads of the disk 

drive with respect to the storage media of the disk 

5 cartridge. As the actuator moves to position the read/write 

heads, the gray-scale pattern produces an amount of reflected 

light at the optical sensor that varies with the position of 

the actuator. The optical sensor produces an output signal 

proportional to the amount of reflected light received from 

10 the gray-scale pattern •. The output signal of the optical 

sensor is therefore indicative of the position of the 

actuator. As-used herein, the term 11 light 11 means 

electromagnetic· radiation from any portion of the 

electromagnetic spectrum, preferably electromagnetic 

15 radiation from the ultraviolet, visible or infrared portions 

of the electromagnetic spectrum, and most preferably, 

electromagnetic radiation from the inf rared portion of the 

electromagnetic spectrum. As used herein, the term "optical 

sensorn means any device, component or circuit capable of 

20 detecting light reflected from a surface or target, and 

includes, without limitation, photointerrupters, 

phototransistors and the like. 
Further according to the ·present invention, a 

control system receives the position signal from the optical 

25 sensor and proc~sses the position signal for purposes of 

controlling the velocity of the actuator. In a-preferred 

~odiment of the present invention, the control system 

controls the velocity of the actuator arm during a head 

loading operation, i.e., a~ the suspension arms 34 of the 

30 actuator move over the load ramp structures 46, 48 to load 

the read/write heads 36 onto the surfaces of th~ storage 

media of a disk cartridge. 
Figure 3 is a perspective view of a portion of the 

disk drive 20 of Figure 1, illustrating the mounting of an 

35 optical sensor 54 and gray-scale pattern 52 in accordance 

with a preferred embodiment of the present invention, it 

being understood that the present invention is by no means 
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limited to the embodiment shown. As shown in Figure 3, in 

the present embodiment, a gray-scale pattern 52 is attached 

to the lower surface of the voice coil 43. The voice coil 43 

is mounted to a forked member 42 (Fig. 5) at the end of the 

5 actuator arm 32. The optical sensor 54 is rigidly mounted to 

a surface of the disk drive 2 O below the voice coil 43 • An 

upper surf ace of the optical sensor 54 is disposed in facing 

relation to the gray-scale pattern 52. In the preferred 

embodiment, the spacing between the upper surface of the 

10 optical sensor and the gray-scale pattern 52 is approximately 

. O. 9 millimeters. 
Figure 4 is an enlarged view of a gray-scale 

pattern according to the pref erred embodiment of the present 

invention. As used herein, the term 11 gray-sc~le pattern" 

15 means an optical pattern ~hat varies in reflectivity at 

different positions over its surface. Varying reflectivity 

can be achieved by varying shades of g~ay, or by varying · 

levels of color from light to dark. Preferably, the gray­

scale pattern increases in reflectivity, preferably 

20 continuously, along one direction. In the preferred 

embodiment of Figure 4, the gray-scale pattern 52 comprises a 

series of gradually thinning lines 58 extending substantially 

lengthwise across the surface of the pattern. The pattern 52 

increases in reflectivity in its lengthwise direction from a 

25 first .end 52a to a second end 52b. In the present 

embodiment, the gray scale pattern 52 is printea on a backing 

ma~erial, preferably a photographic polyester film, most 

preferably a 0.1 millimeter thick polyester photographic 

with emulsion on a 0.05 millime£er white polyester. The 

30 backing material is then affixed to the coil 43 using an 

adhesive, with the gray-scale pattern facing the optical 

sensor 54. 

film 

Figure 5 is a top view of the portion of the disk 

drive 20 shown in Figure :3. As shown in Figure 5, in·the 

35 preferred embodiment, the optical sensor 54 is affixed at 55 

to a surface of the magnet return path assembly 50. The 

optical sensor 54 is positioned directly under the surf ace of 
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the voice coil 43 to which the gray-scale pattern 52 is 
attached. As the actuator arm 32 rotates about its axis 38, 
the voice coil member 43 will move in the direction indicated 
by arrow 53. Thus, as the actuator arm rotates, the gray-

s scale pattern 52 will move past the optical sensor 54, 
reflecting a different amount of light on the optical sensor 
54 depending upon its position in relation to the optical 
sensor 54. The optical sensor 54 generates an output signal 
having a magnitude proportional to the amount of light 

10 incident upon the sensor. Due to the precision of the 
actuator arm mounting 38, the gray-scale pattern 52 will move 
in a constant plane above the optical sensor 54. 

At any point during the rotation of the actuator 
arm, the amount of light reflected upon the optical sensor 54 

15 from the gray-scale pattern 52 is indicative of the angular 
position of the actuator arm 32 relative to the optical 
sensor 54. The output of the optical sensor 54, which is 
proportional to the amount of light incident upon the sensor, 
will therefore be indicative of the position of the actuator 

20 arm 32. The output signal is transmitted via a conductor 56 
to a control system, described hereinafter. 

In the preferred embodiment, the control system 
derives a signal indicative of an estimated velocity of the 
actuator arm from the position signal output from the optical 

25 sensor 54, and processes the estimated velocity signal in 
accordance with a velocity control algorithm to·generate a 
control signal to drive the actuator 32 and to maintain the 
velocity of the actuator 32 within a predetermined range. In 
a most preferred embodiment, the control system selects one 

30 of a plurality of different velocity control algorithms for 
processing the estimated velocity signal, depending upon the 
position of the actuator arm 32. An estimate of the velocity 
of the actuator arm can readily be determined from the 
position signal, i.e., velocity is the rate of change of 

35 position. As used herein, the term 11 control system" means 
any circuit, device or algorithm, whether implemented in 
software or hardware, that receives the position signal from 
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the optical sensor 54 and, based thereon, generates a control 
signal to drive the voice coil 43 of the actuator arm 32 to 
maintain the velocity of the actuator arm within a 
predetermined range. 

5 Figure 6A illustrates the manner in which the 
optical sensor 54 is electrically connected within.the data 
storage device 20. In the present embodiment, the optical 
sensor 54 comprises a photointerrupter·having an emitter 55 
that emits infrared energy (i.e., light) from one half of its 

10 upper surface, and a detector 54 (i.e., phot<=!transistor) that 
detects reflected inf rared energy and occupies the other half 
of the upper surface of the sensor. The emitter 55 and 
detector 57 portions of the optical sensor 54 face the gray­
scale pattern 52. A suitable photointerrupter that can be 

15 used to implement the optical sensor 54 is the GP2S27 
subininiature photointerrupter available from the Sharp 
Electronics Corporation. 

In the present embodiment, the emitter 55 of the 
photointerrupter is driven by a constant current sink 59 in 

20 order to prevent variations in the power supply voltage (+5V) 
from effecting the output signal. The constant current sink 
is turned on and off by a microprocessor 82 through a 
transistor (not shown). 

An emitter that is driven constantly will degrade 
25 significantly in a relatively short period. For example, the 

Output of the emitter may degrade as much as seven percent 
ov~r_the first 1000 hours ?f operation. Such degradation 
would seriously affect the accuracy of the optical sensor 54. 
In order to minimize degradation, in the present embodiment, 

30 the emitter 55 is driven by the microprocessor 82 only when 
required. In this manner, the operating time of the emitter 
55 is minimized, greatly increasing its life. 

The output signal generated by the detector portion 
57 of the optical sensor is filtered, in the present 

35 embodiment, by a three pole low pass filter 78 in order to 
provide gain and to eliminate any high frequency components 
in the signal. The filtered output signal is then provided 
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to an-input of the microprocessor 82. In the present 

embodiment, the microprocessor 82 comprises a Motorola 

MC68HC16Z1 micropr0cessor that has an integrated analog-to­

digital converter. The analog-to-digital converter is used 

5 to sample the output signal of the optical sensor 54. The 

low-pass filter 78 can be implemented using, for example, an 

LM358 operational amplifier and associated circuitry. 

It is important for proper oper~tion of the present 

invention that the optical sensor 54 be calibrated so that 

10 the magnitude of the output of the detector portion 57 of the 

sensor 54 is consistent from disk drive to disk drive. 

Commercially available optical sensors, even when obtained 

from the same manufacturer, will not have the same output for 

a given input. From a manufacturing standpoint, it is simply 

15 not possible to make each optical sensor perform exactly 

alike. The calibration scheme of the present invention 

compensates for these manufacturing variations. Other 

variations in the performance of the optical sensor 54 will 

·occur from drive to drive due to variations in the whiteness 

20 of the gray scale pattern, contaminates and other variables. 

The calibration scheme of the present invention compensates 

for all of these variations. 
In accordance with the present invention, 

calibration is achieved by driving the emitter 55 of the 

25 optical sensor with a pulse-width modulated signal having a 

nominal frequency of 32 kilohertz. The aforementioned 

Motorola microprocessor has an integrated pulse-width 

modulator that is used for this purpose. When the actuator 

arm 32 is in a fully parked position, an all-white portion of 

30 the gray scale pattern faces the optical sensor 54. Before 

any movement of the actuator arm 32 occurs, the 

microprocessor 82 drives the emitter 55 at a nominal 

frequency (e.g., 32 kHz) and pulse width. The output of the 

detector 57 is then sampled and its magnitude is compared to 

35 a reference value. ~f the values do ~ot match, the 

microprocessor 82 varies the pulse width of the driving 

signal until the output of the detector 57 matches the 
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reference value. This calibration is performed in every disk 
drive using the same reference value. Once the calibration 
is complete, the value of the pulse width can be stored in 
EEPROM for later reference. The optical sensor 54 can be 

5 recalibrated any time the actuator arm 32 is moved into its 
parked position. 

Figure 6B is a block diagram of one embodiment of a 
closed-loop control system that can be employed in accordance 
with the present invention~ As shown, the control system 

10 comprises the low-pass filter 78 and microprocessor 82 of 
Figure 6A. The low-pass filter 78 conditions the output of 
the optical sensor 54 for input_ to the integrated analog-to­
digital converter 84 of the microprocessor 82. The position 
signal is sampled a~ a predetermined rate and then processed 

15 in accordance with a selected velocity control algorithm 
implemented by the.microprocessor 82. The.microprocessor 82 
outputs .a control signal, which in the present embodiment may 
take the form of a series of discre,te pulses, to a pulse­
width-modulation digital-to-analog ponverter (PWMDAC) 88 via 

20 line 86. The PWMDAC 88 converts the pulses of the control 
signal into.an analog control signal and provides the analog 
control signal to an amplifier 92 via line.90. The amplified 
control signal drives the voice-coil motor of the disk drive 
via line 94. As recited in the claims, the PWMDAC 88 and 

25 amplifier 92 form a means for applying the control signal to 
the actuator arm 32. 

The magnitude of the control signal will determine 
the velocity of rotation of the actuator arm 32. In the 
present embodiment, the velocity co~trol algorithms 

30 implemented by the microproce~sor 82 are designed to control 
the velocity of the actuator arm 32 during head loading 
operations. However, the control system described above, in 
conjunction with the optical sensor 54 and gray-scale pattern 
52 could be used to control the velocity of the actuator arm 

35 32 during other phases of disk drive operation, if desired. 
Moreover, the optical sensor 54 and gray-scale pattern 52 can 
also be used, in another application, to obtain rough 

& 
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pos~tion information whenever the primary track servo looses 

control of the position of the read/write heads. This 

prevents total loss of control of the position of the heads. 

Figure 7 illustrates various positions of the 

5 suspension arms 34 of the actuator arm 32 as they move over 

the surface of the load ramp structures 46, 48 during a head 

loading operation. As shown, the suspension arms move along 

the load ramp structures 46, 48 from "Positien 1 11 , through 

"Position 2 11 to "Position 3°. At "Position 3 11 , the 

io suspension arms 34 begin to move down the respective ramped 

surfaces of the load ramp structures 46, 48. As the 

suspension arms 34 move down the ramped surfaces of the load 

ramp structures 46, 48, the read/write heads 36 (not shown) 

at the distal ends of the respective suspension arms 34 move 

is toward the respective surfaces of the storage media 60 and 

62. When the suspension arms 34 reach "Position 4", the 

read/write heads 36 are fully loaded onto the surfaces of the 

media 60, 62. The term "loading" means to bring the 

read/write heads of the disk drive'· into normal operating 

20 position with respect to the surfa~es of the storage media. 

Fully "loaded" heads do not necessarily contact the surfaces 

of the storage media. Rather, in riaany disk drive 
applications, and in the preferred embodiment of the present 

invention, the read/write heads of the drive fly closely 

25 over, but do not contact, the surface of the rotating media. 

Figure 8 illustrates the operation of the control 

system of Figure 6B during the head loading sequence 

illustrated in Figure 7. As a head loa~ing operation is 

initiated, microprocessor control passes to step 64 where the 

30 microprocessor samples the position signal rec~ived from the 

optical sensor 54 to determine the position of the actuator 

arm, and hence, the suspension arms 34. If the suspension 

arms are determined to be between "Position 1" and "Position 

2", control passes to step 66 where the microprocessor 82 

35 begins processing the incoming samples of the position signal 

in accordance with a first velocity control algorithm. In 

the present embodiment, the first velocity control algorithm, 
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described hereinafter in greater detail and ref erred to 
herein as the "initial push control•, implements a bang-bang 
velocity control technique with high control authority that 
is designed to overcome the static friction, or stiction, 

5 ~etween the surfaces of the load ramp structures 46, 48 and 
the suspension arms 34 of the actuator arm. The 
microprocessor 82 continues to monitor the position of the 
actuator arm 32 via the incoming position signal and 
continues the initial push control of the actuator arm 32 

10 until the suspension arms move past "Position 2". 
As the su~pension arms 34 move past position 2, 

control passes to step 68 where the microprocessor switches 
to a second velocity control algorithm that, in the preferred 
embodiment, comprises a closed loop velocity PID compensation 

15 and a nonlinear braking control. The PID compensation 
maintains the velocity of ~he suspension arms within a 
predetermined range. However, since the PID compensation is 
not able to respond to certain non-linearities and external 
disturbances in the system, the non-linear braking control 

20 takes over when the velocity of the heads reaches a 
predetermined threshold. Both the PID compensation and non­
linear braking control are described below in greater detail. 

Once the suspension arms 34 reach "Position 4°·, the 
head loading operation is complete, and control passes to 

25 step 72 where the microprocessor initiates acquisition of the 
servo track information on the surf aces of the storage media 
60, 62. 

Figure 9 graphically illustrates the bang-bang 
velocity control technique of the initial push control 

30 algorithm, i.e., the first velocity control algorithm. The 
initial push control algorithm is implemented as an interrupt 
driven real-time program executed by the microprocessor 82. 

At the beginning of each interrupt service function of the 
microprocessor 82, the optical sensor's output, which is 

· 35 proportional to the position of the actuator arm 32, is 
sampled by the microprocessor 82. A discrete differentiation 
is conducted ·(block 96) to obtain an estimate of the 

.. 

. . 
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velocity, vh. This value is then multiplied by a gain 
factor, Khb (block 98). The result, Ubl>i, is then compared to · 
a switch function depicted at block 100. The output of the 
switch function, Ubbo, which defines a control signal for 

5 driving the actuator 32, is then output to the actuator power 
amplifier 92 though the PWMDAC 88. According to the switch 
function of the present embodiment, 

uhbo = +ubb' if ubbi > ubb; 
ubbo = o, if ubbi = O; and 

10 ubbo = -ubb, if ubbi < Uti:t.. 
While the initial push control algorithm is implemented in 
software and executed by the microprocessor 82, it is 
understood that the present invention is by no means limited 
thereto. For example, the initial push control algorithm 

15 could be implemented using discrete circuitry. Moreover, the 
present invention is not limited to the particul~r algorithm 
described above. Rather, any suitable control algorithm 
capable of overcoming the static friction between the 
suspension arms and the surf ace of the head load structures 

20 can be employed during this phase of the head loading 
operation. 

Figure 9 graphically illustrates the second 
velocity control algorithm that is employed by the control 
system when the suspension arms 34 are determined to be 

25 between °Position 2 11 and "Position 4 11 (Fig. 7) • This second 
velocity control algorithm is also an interrupt driven real­
time program that is executed by the microprocessor 82. As 
mentioned above, in the present embodiment, the second 
velocity control algorithm implements both a PID compensation 

30 algorithm and a nonlinear braking control algorithm, one of 
which is selected at any given instant based on the estimated 
velocity of the actuator arm 32. 

At the beginning of each interrupt service function 
of the microprocessor 82, the optical sensor's output, which 

35 is proportional to the position of the actuator arm 32, is 
sampled by the microprocessor 82. A discrete differentiation 
is conducted (block 102) to obtain an estimate of the 
velocity, Vh. This value is then compared to a velocity 
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threshold, vlllilX, at block 106. If the estimated velocity vh 
is less than or equal to the velocity threshold Vmax .(i.e., vh 
s VlllU:), then the estimated velocity samples are processed in 
accordance with the PIO compensation algorithm. Algorithm 

5 select logic represented by block 104 selects the appropriate 
control signal output via block 116. In the present 
embodiment, the PID compensation in discrete form is 
implemented as follows: 

Upm = Kp x Vh[O] + ~ x (Vh[O] - ·Vh[lJ) + K1 x VI [O], 

10 ·where VI[O] • VI[1] + Vh[O) is the integral of the velocity 
estimate; Vh[O] and Vh(l] represent the current and the 
previous velocity estimates, respectively; Kp, Kt. and ~ are 
the proportional, integral, and derivative gain factors; and 
UPID is the control signal output of the PID compensation 

15 algorithm. In order to overcome the friction between the 
suspension arms 34 and the surf aces of the load ramp 
structures 46 and 48, Upm is divided into n pu_lses by a pulse 
divider 112. The summation of these pulses has the 
equivalent energy of Upro• The p_ulses are then transmitted tC? 

20 the PWMDAC 88 via line 86 and are realized by the PWMDAC 88 
within a sample period. 

When suspension arms 3~ approach the end of the 
load ramp structures 46, 48, a braking force may be needed to 
replace the PID compensation due to the severity of external 

25 disturbances and non-linearities. Accordingly, if the 
estimated velocity, Vb, ~ceeds the velocity threshold, Vmax 

{i~e., Vh > Vmax), the braking control algorithm 108 is 
selected via selection logic 104. The braking control 
algorithm, in combination with pulse divider 1i4, outputs a 

3 0 number of pulses with a constant· amplitude. These pulses 
represent the control signal for driving the actuator. The 
pulses are transmitted to the PWMDAC 88 via line 86 and are 
realized by the PWMDAC 88. The braking control will continue 
k samples until the velocity estimate again satisfies the 

35 velocity threshold, i.e. , Vh s v_x, at which point PID 
compensation will resume. .It is un~erstood that, as with the 
first control algorithm, the second control algorithm is not 

• 
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limited to the particular em'bodiment described above. 
Rather, any suitable algorithm for ~ontrolling the velocity 
of the actuator arm within a predetermined range can be 
employed without departing from the spirit and scope of the 

5 present invention. Moreover, the second velocity control 
algorithm can be implemented using discrete circuitry and is 
not limited to the software implementation described above. 

As the foregoing illustrates, the present invention 
is directed to a data storage device having apparatus for 

10 controlling the velocity of an actuator arm. The apparatus 
comprises an optical sensor, a gray-scale pattern and a 
control system. The optical sensor and gray-scale pattern 
provide a low-cost, efficient means of generating a signal 
indicative ~f the position of the actuator arm, from which 

15 the control system can derive a velocity estimate and control 
the velocity of the actuator arm. The present invention is 
particularly well suited for controlling the velocity of the 
actuator arm during a head loading operation. It is 
understood that change~ may be made to the embodiments 

20 described above without departing from the broad inventive 
concepts thereof. Accordingly, the present invention is not 
limited to the particu~ar embodiments disclosed, bu~ is 
intended to cover all modifications that are within the 
spirit and scope of the invention as defined by the appended 

25 claims. 
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WHAT IS CLAIMED IS: 

1 1. A data storage device for reading and writing 

2 information to and from a storage medium, said data storage 

3 device having an actuator for moving a read/write head over a 

4 surf ace of the storage medium, said data storage device 

5 further comprising: 
6 an optical sensor mounted on one of a surf ace of 

7. the data storage device and a surface of the actuator; 

8 a gray-scale pattern provided on the other of said 

9 surf ace of the data storage device and said surf ace of the 

10 actuator opposite ~aid optical sensor, said gray scale 

11 pattern providing an amount of reflected light at said 

12 optical sensor that vartes with the position of the actuator, 

13 said optical sensor receiving said reflected light and 

14 generating therefrom an output signal indicative of the 

15 position of said actuator; and 
16 a control system responsive to the position signal 

17 output frdm said optical sensor for controlling a velocity of 

said actuator. 

1 2. The data storage device of claim 1 wherein the 

2 optical sensor is mounted pn a surface of said data storage 

3 device and wherein the gray-scale pattern is provided on a 
surface of said actuatQr. 

1 3. The data storage device of claim 1 wherein the 

2 actuator comprises a rotary arm voice-coil actuator having a 

3 rotatably mounted arm with a coil attached at one end 

4 thereof, and wherein said gray-scale pat.tern is provided on a 

surface of said coil. 

1 4. The data storage device of claim 3 wherein 

2 said optical sensor is mounted within a magnet return path 

3 assembly of the data storage device, opposite the gray-scale ~-

pattern provided on said coil. 
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l 5. The data storage device of claim l wherein 
2 said gray scale pattern varies in reflectivity at different 
3 positions on said pattern. 

4 6. The data storage device of claim 5 wherein 
5 said gray scale pattern increases in reflectivity 
6 continuously in a lengthwise direction of said _pattern. 

7 7. The data storage device of claim 6 wherein 
e said gray scale pattern comprises a plurality of gradually 
9 thinning lines extending substantially lengthwise across said 

pattern. 

1 s. The data storage device of claim l wherein 
2 said gray scale pattern is printed on a backing material that 
3 is affixed to said other of said surf ace of the data storage 

device and said surface of the actuator. 

1 9. The ~ta storage device of claim 8 wherein 
2 said backing material comprises a photographic polyester 

film. 

1 10. The data storage device of claim 1 wherein 
said control system comprises a closed-loop control system. 

1 11. The data storage device of claim l wherein 
2 said control system derives a signal indicative of an 
3 estimated velocity of the actuator from the position signal 
4 output from the optical sensor and processes the estimated 
5 velocity signal in accordance with a velocity control 
6 algorithm to generate a control signal to drive the actuator 
7 and maintain the velocity of the actuator within a 

predetermined range. 

1 12.· The data storage device of claim 11 wherein 
2 said control system selects one of a plurality of different 
3 velocity control algorithms for controlling the velocity of 
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4 the actuator depending-upon the position of the actuator as 
indicated by the output signal of said optical sensor. 

1 13. The data storage device of claim 12 wherein 
2 said plurality of different control algorithms comprises an 
3 initial push control algorithm, a proportional-integral-
4 derivative compensation algorithm, and a braking control 

algorithm. 

1 14. The data storage device of claim 1 wherein 
2 - said control system comprises: 
3 an analog-to-digital converter electrically coupled 
4 to said optical sensor for sampling the output signal of said 
5 optical sensor; 
6 means for differentiating successive samples of the 
7 output signal of said optical sensor to produce a signal 
8 indicative of an estimated velocity of said actuator; 
9 . means for processing the estimated velocity s_ignal 

10 ~ acco~dance with a velocity control algor~thm to generate a 
11 control signal to drive the actuator and maintain the 
12 velocity of the actuator within a predetermined range; and 
13 means for applying said control signal to said 

actuator. 

l 15. The data_ storage device of claim 14 wherein 
2 said·means for applying said control signal comprises a 
3 pulse-width-modulation digital-to-analog converter (PWMDAC) 

and an amplifier. 

1 16. The data storage device of claim 14 wherein 
2 said means for differentiating and said means for processing 

comprise a microprocessor. 

1 17. The data storage device of claim 1 wherein the 
2 optical sensor comprises a photointerrupter having an emitter 
3 that illuminates the gray-scale pattern and a detector that 

detects light reflected from the gray-scale pattern. 
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1 18. The data storage device of claim 17 wherein 
2 the emitter of the optical sensor is driven by a pulse-width 
3 modulated signal, the pulse width of which is adjusted to 

compensate for variations in the output of the detector •. 

1 19. A data storage device of the type that 
2 receives a removable cartridge containing a storage medium, 
3 said data storage device having an actuator for moving a , 
4 read/write head over a surface of the storage medium, said 
5 data storage device further comprising: 
6 an optical sensor mounted on a surf ace of the data 
7 storage device; 
8 a gray-scale pattern provided on a surf ace of the 
9 actuator opposite said optical sensor, said gray scale 

10 pattern providing an amount of reflected light at said 
11 optical sensor that varies with the position of the actuator, 
12 said optical sensor receiving said reflected light and 
13 generating therefrom an output signal indicative of the 
14 position of said actuator; and 
15 a control system responsive to the position signal 
16 output from said optical sensor for controlling a velocity of 

said actuator. 

1 20. The data storage ~evice of claim 19 wherein 
2 the actuator comprises a rotary arm voice-coil actuator · 
3 having a rotatably mounted arm with a coil attached at one 
4 end thereof, and wherein said gray-scale pattern is provided 

on a surface of said coil. 

l. 21. The data storage device of claim 20 wherein 
2 said optical sensor is mounted within a magnet return path 
3 assembly of the data storage device, opposite the gray-scale 

pattern provided on said coil. 

1 22. The data storage device of claim 19 wherein 
2 said gray-scale pattern varies in reflectivity at different 

position on said pattern. 
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1 23. The data storage device of claim 22 wherein 
2 said gray scale pattern increases in reflectivity 

continuously in a lengthwise direction of said pattern. 

l 24. The data storage device of claim 23 wherein 
2 said gray scale pattern comprises a plurality of gradually 
3 thinning lines extending substantially lengthwise across said 

pattern. 

1 25. ·The data storage device of claim 19 wherein 
2 said gray scale pattern is printed on a backing material that 

is affixed to the surface of the actuator. 

l 26. The data storage device of claim 25 wherein 
2 said backing material comprises a photographic polyester 

fi1m. 

1 

1 

27. The data storage device of claim 19 wherein 
said control system comprises a closed-loop control system. 

28. The data storage device of claim 19 wherein 
2 said control system derives a signal indicative of an 
3 estimated velocity of the actuator from the position signal 
4 output from the 9ptical sensor and processes the velocity 
5 signal in accordance with a velocity control algorithm to 
6 generate a control signal to drive the actuator and maintain 

the velocity of the actuator within a predetermined range. 

1 29. The data storage device of claim 28 wherein 
2 said control system selects one of a plurality of different 
3 velocity control algorithms for controlling the velocity of 
4 the actuator depending upon the position of the actuator as 

indicated by the output signal of said optical sensor. 

1 30. ~he data storage device of claim 29 wherein 
2 saLd plurality of different control algorithms comprises a 
3 initial push control algorithm, a proportional-integral-
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4 derivative compensation algorithm, and a braking control 
algorithm. 

1 31. The data storage device of claim 1.9 wherein 
2 said control system comprises: 
3 an analog-to-digital converter electrically coupled 
4 to said optical sensor for sampling the output· signal of said 
5 optical sensor; 
6 means for differentiating successive samples of the 
7 output signal of said optical sensor to produce a signal 
B indicative of an e~timated velocity of said actuator; 
.9 means for processing the estimated velocity signal 

10 in accordance with a velocity control algorithm to generate a 
11 control signal to drive the actuator and maintain the 
12 velocity of the actuator within a predetermined range; and 
13 means for applying said control s-ignal to said 

actuator. 

1 32. The data storage device of claim 31 wherein 
2 said means for applying said control signal comprises a 
3 pulse-width-modulation digital-to-analog converter (PWMDAC) 

and an amplifier. 

1 33. The data storage device of claim 31 wherein 
2 said means for differentiating and said means for processing 

comprise a microprocessor. 

1 34. The data storage device of claim 1.9 wherein 
2 the optical sensor comprises a photointerrupter having an 
3 emitter that illuminates the gray-scale pattern and a 
4 detector that detects light reflected from the gray-scale 

pattern. 

1 35. The data storage device of claim 34 wherein 
2 the emitter of the optical sensor is driven by a pulse-width 
3 modulated signal, the pulse width of which is adjusted to 

compensate for variations in the output of the detector. 
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1 3 6. Apparatus for controlling the velocity of an 
2 actuator that carries the read/write of a data storage device 
3 over a surf ace of a storage medium, said apparatus 

4 comJ?rising: 
S an optical sensor mounted on one of a surf ace of 
6 the data storage device and a surface of the actuator; 
7 ·a gray-scale pattern provided on the other _of said 
a surf ace of the data storage device and said surf ace of the 
9 actuator opposite said optical sensor, said gray scale 

10 pattern providing an amount of reflected light at said 
11 optical sensor that varies with the position-of the actuator, 
12 said optical sensor receiving said reflected light and 
13 generating therefrom an output signal indicative of the 
14 position of said actuator; and 
15 a control system responsive to the position signal 
16 output from said optical sensor for controlling a velocity of 

said actuator. 

1 37. The apparatus of claim 36 wherein the optical 
2 sensor is mounted on a surface of said data storage device 
3 and wherein the gray-scale pattern is provided on a surface 

of said actuator. 

1 38. .The apparatus of claim 36 wherein the actuator 
2 comprises a rotary arm voice-coil actuator having a rotatably 
3 mounted arm with a coil attached at one end thereof, and 
4 wherein said gray-scale pattern is provided on a surface of 

said coil. 

1 39. The apparatus of claim 38 wherein said optical 
2 sensor is mounted within a magn~t return path assembly of the 
3 data storage device, opposite the gray-scale pattern provided 

on said coil. 

1 40. The apparatus of claim 36 wherein said gray 
2 sca1e pattern varies in reflectivity at different positions 
3 on said pattern. · 
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4 41. The apparatus of claim. 40 wherein said gray 
5 scale pattern increases in reflectivity continuously in a 
6 lengthwise direction of said pattern. 

7 42. The apparatus of claim 41 wherein said gray 
8 scale pattern comprises a plurality of gradually thinning 

lines extending substantially lengthwise across said pattern. 

1 43. The apparatus of claim 36 wherein said gray 
2 scale pattern is printed on a backing material that is 
3 affixed to said other of said surf ace of the data storage 

device and said surface of the actuator. 

1 44. The apparatus of claim 43 wherein said backing 

1 

material comprises a photographic polyester film. 

45. The apparatus of claim 36 wherein said control 
system comprises a closed-loop control system. 

1 46. The apparatus of claim 36 wherein said control 
2 system derives a signal indicative of an estimated velocity 
3 of the actuator from the position signal output from the 
4 optical sensor and processes the velocity signal in 
5 accordance with a velocity control algorithm to generate a 
6 control signal to drive the actuator and maintain the 

velocity of the actuator within a predetermined-range. 

1 47. The apparatus of claim 46 wherein said control 
2 system selects one of a plurality of dif~erent velocity 
3 control algorithms for controlling the velocity of the 
4 actuator depending upon the position of the actuator as 

indicated by the output signal of said optical sensor. 

1 48. The apparatus of claim 47 wherein said 
2 plurality of different control algorithms comprises an 
3 initial push control algorithm, a proportional-integral-
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4 derivative compensation algorithm, and a braking control 
algorithm. 

l 49. The apparatus of claim 36 wherein said control 
2 system comprises: 
3 an analog-to-digital converter electrically coupled 
4 to said optical sensor for sampling the output signal of said 
5 optical sensor; 
6 means for differentiating successive samples of the 
7 output signal of said optical sensor to produce a signal 
a. indicative of an e~timated velocity of said actuator; 
9 means for processing the estimated velocity signal 

10 in accordance with a velocity control algorithm to generate a 
11 control signal to drive the actuator and maintain the 
12 velocity of the actuator within a predetermined range; and 
13 means for applying said control signal to said 

actuator. 

1 50. The apparatu~ of claim 49 wherein said means 
2 for applying·said control signal comprises a pulse-width-
3 modulation digital-to-analog converter (PWMDAC) and an 

amplifier. 

1 51. The apparatus of claim 49 wherein said means 
2 for differentiating and said means for processing comprise a 

microprocessor. 

1 52. The data storage device of claim 36 wherein 
2 the optical sensor comprises a photointerrupter having an 
3 emitter that illuminates the gray-scale pattern and a 
4 detector that detects light reflected from the gray-scale. 

pattern. 

1 53. The data storage device of claim 52 wherein 
2 the emitter of the optical sensor is driven by a pulse-width 
3 modulated signal, the pulse width of which is adjusted to 

· compensate for variations in the output of the detector. 


