
United States Patent (19) 11 
Elliott 

(54) DIGITAL VELOCITY CONTROLFORADISK 
DRIVE SERVO SYSTEM 

45) 

III 
(75) Inventor: Mark L. Elliott, Eden Prairie, Minn. 
73 Assignee: Magnetic Peripherals Inc., 

Bloomington, Minn. A high velocity seek deceleration technique is disclosed 
for seek operations of disk drives wherein measured 
time per track is compared to a predetermined time per 

22 Filed: May 30, 1986 track in a memory as indexed by number of tracks to 
end of seek determines an error value which adjusts a 

0 as a 360/78 deceleration amplifier. The gain of digital output to the 
amplifier is adjusted depending on the number of tracks 

References Cited to end of seek, the higher the number, the higher the 
gain. Further, a variable bandwidth filter is employed to 
increase bandwidth as velocity decreases. 

21 Appl. No.: 869,269 

51) Int. Cl. ................................................ G11B 5/55 
52 U.S. Cl. .............. 
58) Field of Search .......................................... 360/78 

57 

(56) 
U.S. PATENT DOCUMENTS 

4,172,267 10/1979 Sidman .................................. 360/78 
4,288,731 9/1981 Lee ........................................ 360/78 

HVEL 

READ THE TIME/TRACK (TIME) AND 
COMPUTE THE HIGH VELOCITY ERROR (HVERR). 
TERR = TTIME-DTIME 
HVERR = HVGAINXTERR 

COMPUTE CURRENT OUTPUT (CURNT ) 
FROM HVERR, USING A FIRST ORDER 
LOW PASS FLTER FUNCTION: 

X = A x X, H x HVERR 

CURNT1 = x+x, 
X, Xo 

OUTPUT CURRENT SAMPLE TO 
POWER AMP D/A CONVERTER 

RETURN 

Patent Number: 4,677,507 
Date of Patent: Jun. 30, 1987 

Primary Examiner-George G. Stellar 
Attorney, Agent, or Firm-J. A. Genovese; E. P. Heller, 

ABSTRACT 

3 Claims, 3 Drawing Figures 

THE CURRENT OUTPUT FILTER IS 
A RECURSON LOWPASS FILTER 
THAT MUST BE EXECUTED 
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1. 

DIGITAL VELOCITY CONTROL FOR A DISK 
DRIVE SERVO SYSTEM 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The invention relates generally to disk drive servo 

systems and more particularly to methods and means 
for controlling the deceleration curves during high 
velocity seeks. 

2. Brief Description of the Prior Art 
Disk drive servo seek systems typically drive the 

head to a high velocity and control the velocity on 
deceleration so that the head can settled over a track in 
as short a time as possible. The servo systems obtain 
input from the servo tracks or other information on the 
disk which provides position information. Most prior 
systems differentiated this servo position signal to ob 
tain velocity and adjusted the deceleration amplifier 
depending on how the the measured velocity varied 
from a desired velocity. Some systems used the time per 
track from servo position outputs to compute velocity 
of the head. See e.g., U.S. Pat. No. 4,329,721. Other 
systems have employed the time per track measured 
directly to compare to a desired time per track, and 
depending upon the difference, either turn on the decel 
eration amplifier or turned it off. 
An advantage of systems employing velocity in the 

feedback loop is that it uses a measure of velocity to 
control velocity, a linear relationship. Correspondingly, 
systems employing time per track to control velocity 
have the disadvantage in that time per track is inversely 
proportional to velocity and a loop controlling velocity 
is non linear. This non linear relationship degrades ve 
locity control accuracy. 
However, computing velocity (differentiating or di 

viding distance by time per track) has the disadvantage 
in high speed systems in that if analog circuits are em 
ployed, a time lag is introduced into the feedback loop, 
and if digital techniques are employed, processor time 
to calculate velocity is high (division takes a lot of pro 
cessor time). Therefore, velocity systems are inherently 
slower and therefore less accuracy is available. Seek 
speeds are thereby limited. 

SUMMARY OF THE INVENTION 
The invention employs a time per track technique 

further including a variable gain on the output to linear 
ize the relationship between time per track and velocity 
to decrease instability. Gain is made proportional to 
distance from destination. A variable bandwidth filter is 
employed with a narrow bandpass at high velocities to 
control noise instability introduced by the high gain. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

FIG. 1 shows the apparatus employed in the pre 
ferred embodiment. A disk drive 10 includes a disk 12 
on which are recorded servo track which are read by 
head 14 during seek operations. The servo data read by 
head 14 is provided online 13 to a servo demodulator 18 
which provides a position signal output on line 26. The 
signal looks like the sawtooth pattern 25, with each null 
representing a track center. One branch of the signal 28 
is provided to a sample and hold 30, the output of which 
is converted to an analog to digital converter 32, which 
provides a digital representation of the signal to a mi 
croprocessor 34. This digital value is differentiated to 
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2 
yield velocity as is conventional, but is only used when 
seek velocities are low (e.g., within 3 tracks of the de 
sired track). 
Another branch of the position signal 29 is provided 

to a track crossing detect circuit 38, which preferably 
detects track crossing by the presence of the servo nulls. 
This circuit 38 outputs on line 40 a track crossing pulse 
which is input to a track crossing timer (which may be 
of conventional design employing counters clocked by 
a reference oscillator which are set or reset by the track 
crossing pulse) and a track crossing counter. The out 
puts of these two devices are input to microprocessor 
34, which in the preferred embodiment is a Texas In 
struments TM32010. 
The micro 34 uses the track crossing counter to deter 

mine the number of tracks left in a seek. This number 
indexes a memory to recall a predetermined desired 
time per track which a compared to the measured time 
per track from timer 42 to yield a time error value. The 
number is also used to adjust the gain of a variable gain 
value. The time error value and gain value are multi 
plied together and provided to a variable bandwidth 
digital filter (in the preferred embodiment a conven 
tional low pass IIR digital filter) the output of which is 
provided by the micro 34 to a digital to analog con 
verter (DAC) 36 whose analog current output is pro 
vided on line 24 to a power amplifier 22 to control the 
current in a coil 20 mounted on a carriage 16. Current in 
the coil causes acceleration or deceleration depending 
upon the direction of the current. The number (from 
counter 44) is also used to vary the bandwidth of the 
digital filter. 
FIGS. 2 and 3 show the preferred algorithms for 

computing the output to the DAC 36 from the inputs 
from devices 42 and 44 during high velocity seek. FIG. 
2 shows overall routine, and FIG. 3 shows two of the 
subroutines. 
The FIG. 2 routing is structured as a series of loops 

that are used for various phases of the seek operation. 
These are determined by the distance remaining to 
reach the destination track. Each loop monitors the 
progress of the move, computes the forward gain vari 
able (HVGAIN) needed by the control loop, and reads 
the Desired Time per Track (DTIME) from a velocity 
lookup table residing in the micro's memory. Velocity 
control feedback computations are handled by a 
HIVEL subroutine (FIG. 3). After each track is 
crossed, the high velocity control loop checks the dis 
tance remaining (number of tracks) to the destination 
and determines if it should remain in the present control 
loop or branch to the next succeeding loop. 
FIG.3 shows the High Velocity subroutine (HIVEL) 

and the High Velocity Filter subroutine (HVFILT). 
Immediately after track crossings, HIVEL is entered to 
read the time per track counter 42 (TTIME), compute 
the time per track error (TERR) by subtracting 
DTIME from the lookup table, and multiply the error 
by the high velocity gain variable (HVGAIN from 
FIG. 2) to obtain an error variable HVERR. This value 
of HVERR is used until the next track is crossed. 
HVERR is provided to the HVFILT subroutine to 

perform a filter computation. The filter computation is 
a recursive function that must be executed repeatedly at 
a constant rate. A and H in the formula shown are filter 
coefficients. These are changed to vary the bandwidth 
of the filter. The filter coefficients in the preferred en 
bodiment have three phases, that before 64 tracks until 
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destination where the bandwidth is very narrow, be 
tween 64 and 3, the bandwidth is widened, and at 3 the 
bandwidth is widened again (here the low speed rou 
tine, not part of the present invention takes over from 
the high velocity routine). X0 and X1 are state variables 
used to pass information from one execution to the next. 
And CURNT1 is the filter output provided to the DAC 
36. 

Referring to FIG. 2, HVGAIN is made porportional 
to velocity by relating it to the distance from destina 
tion. Thus 

HWGAIN-DISTHVGAIN-- HVGAIN2 

where DIST is the number of tracks from destination, 
and HVGAIN1 and HVGAIN2 are constants which 
are dependent upon the current to deceleration profile 
of each particular apparatus and must be determined 
experimentally. 
Once the constants HVGAIN1 and HVGAIN2 are 

determined, HVGAIN is calculable, and DTIME is 
determinable. The desired velocity profile (from the 
prior art) is converted into a time per track profile at 
each track. Thus DTIME is a function of distance to 
destination and rate of deceleration. Do to the non lin 
earity of the feedback loop, a strict conversion of veloc 
ity profile to time per track profile will result in an 
inherent error. This error is 

Time Error=Deceleration 
Current/(HVGAIN"KFWD), 

where Deceleration Current is the desired current to 
produce the required deceleration, and KFWD is a 

4. 
forward gain factor related to coil current and is a con 
stant determined by the DAC 36 and power amplifier 2 
circuits. 

Table 1 is an example of time per track and DTIME 
5 information related to tracks. Tracks 8 to 225 represent 

high velocity values and tracks 1 to 7 represent low 
velocity values. In the table N is the number of tracks to 
destination; VEL is the velocity in inches per second; 
TIME is time to reach track zero in milliseconds; 

10 TIME/TRACK is time difference between tracks from 
previous track in microseconds; DVEL is the desired 
velocity in inches per second used in the low velocity 
system (not part of the present invention) and represents 
the a difference from actual velocity sufficient to main 

15 tain desired deceleration current; LOWVEL is a hex 
value of DVEL scaled according to a low velocity 
sense gain (not used by the present invention); LOW 
TAB is a value input to the microprocessor for 
LOWVEL (not used in the present invention), DTIME 

20 is the desired time used by the present invention and 
represents the actual TIME/T plus the time error that is 
required to maintain desired deceleration current; 
HITAB is the high velocity table entry for DTIME 
(tracks 0-7 HITAB=LOWTAB) scaled by the cylin 

25 der time clock period of track crossing timer 42 and 
converted to four-digit hex, and HVGAIN is the value 
computed from the formula given above for the given 
track. Also, in this example, track are space 1042 micro 
inches apart, the acceleration constant for the coil is 

30 238.7 ((meters/second)/second)/amp, the friction of the 
carriage is 0.001 amps/(m/s) and the power amp gain is 
1 amp/B where B is the maximum value input to the 
DAC 36. 

TABLE 
VEL TIME TIME/T DVEL LOWVEL LOWTAB DTIME HITAB HVGAIN 

N (IPS) (MS) (US) (IPS) (HEX) (HEX) (US) (HEX) (AMPS/IPS) 
1 1.979 105 385.4 1.44 10F1 OF1 312.6 10F1 -.7307 
2 3.428 1.44 265.4 2.34 BA1 1BA7 920.7 1BA7 .0541 
3 4.425 1.70 207.9 3.34 2765. 2768 308.7 2768 21 
4 5.598 1.9 171.4 3.97 2ED2 2ED5 253.3 2ED5 2436 
5 6.564. 2.08 149.2 4.94 3A37 3A37 205.4 3A37 2S83 
6 7.405 2.23 133.9 5.78 4423 4426 176.6 4426 2667 
7 8.160 2.37 22.5 6.53 4DOA 4D16 1570 4D16 2722 
8 8.851 2.49 112.3 7.22 5530 5.535 141.2 0311 2760 
9 9.713 2.60 103.1 7.50 5869 5872 37.0 02C2 .2663 
10 10,504 2.70 95.8 8.29 61BE 61C6 125.6 02AD 2594 
11 11.240 2.80 89.9 9,02 6A6C 6A76 116.4 0274 2542 
12 11.931 2.89 85.0 9.71 729 6A70 108.9 0246 2502 
13 12.583 2.97 80.8 0.37 7A43 6A70 102.6 0221 2470 
14 13.204 3.06 77.2 10.99 7FFF 6A70 97.2 0201 2444 
5 13.796 3.13 740 1.58 7FFF 6A70 92.5 01E6 2422 
6 13.365 3.21 71.2 2.15 7FFF 6A70 88.3 01CE .2404 
17 14.911 3.28 68.7 12.69 7FFF 6A70 84.7 01BA 2388 
18 14.438 3.35 66.4 13.22 7FFF 6A70 814 01A7 2375 
19 15.948 3.41 64.3 13.73 7FFF 6A70 78.5 01.97 2363 
20 16.442 3.48 62.5 4.23 7FFF 6A70 75.8 0189 2352 
21 16,922 3.54 60.7 4.7 7FFF 6A70 73.4 017B 2343 
22 7.388 3.60 59.2 15.7 7FFF 6A70 71.2 06F 2335 
23 17.842 3.66 57.7 15.63 7FFF 6A70 69.2 0164 2327 
24, 18.285 3.72 56.3 16.07 7FFF 6A70 67.3 0SA .2321 
25 18.718 3.77 55.0 16.50 7FFF 6A70 65.5 O150 .2314 
26 19,140 3.83 53.9 16.92 7FFF 6A70 63.9 0.48 2309 
27 19.554 3.88 52.7 17.34 7FFF 6A70 62.4 0140 2304 
28 19.959 3.94 51.7 17.74 7FFF 6A70 61.0 0.138 2299 
29 20.356 3.99 50.7 18.14 7FFF 6A70 59.7 013 2295 
30 20,745. 4.04 49.8 18.53 7FFF 6A70 58.4 012A 229 
31 21.127 4.09 48.9 18.91 7FFF 6A70 57.2 0.24 2287 
32. 21.502 4.14 48.0 19.29 7FFF 6A70 56.1 01E .2283 
33 2.87. 4.18 47.3 19.65 7FFF 6A70 55.1 0119 .2280 
34 22.234 4.23 46.5 2002 7FFF 6A70 54. 0113 2277 
35 22.591 4.28 45.8 20.37 7FFF 6A70 53.1 OOE 2274 
36 22,942 4.32 45.1 20.73 7FFF 6A70 52.2 00A 2272 
37 23.59 437 44.4 2.07 7FFF 6A70 51.3 005 2269 
38 23.630. 441 43.8 2.41 7FFF 6A70 50.5 001 2267 
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1. A high velocity seek apparatus comprising; 
timer means for determining a TTIME time per track 

of a disk drive head crossing tracks during a high 
velocity seek; 

counter means for determining the number of tracks 
to destination; 

means responsive to the number for indexing a 
lookup table to determine a DTIME desired time 
per track value; 

means for determining a TERR difference between 
TTIME and DTIME; 

means responsive to the number for adjusting a gain 
variable HVGAIN according to the formula 
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HVGAIN = number"HVGAIN1-HVGAIN2 

where HVGAIN1 and HVGAIN2 are constants; 
means for determining a HVERR scaled error value 
according to the formula 

9 10 
TABLE 1-continued 

VEL TIME TIME/T DVEL LOWVEL LOWTAB DTIME HITAB HVGAIN 
N (IPS) (MS) (US) (IPS) (HEX) (HEX) (US) (HEX) (AMPS/IPS) 
99 55.986 8.63 8.6 53.77 7FFF 6A70 19.8 0.063 2200 
200 56.129 8.65 18.5 53.91 7FFF 6A70 19.8 0063 2200 
201 56.271 8.66 18.5 54.05 7FFF 6A70 19.7 0.063 2200 
202 56.413 8.68 8.4 54.20 7FFF 6A70 19.7 0.063 2200 
203 56.555 8.70 18.4 54.34 7FFF 6A70 19.6 0062 2200 
204 56.696 8,72 18.4 54.48 7FFF 6A70 19.6 0062 2200 
205 56.837 8.74 18.3 54.62 7FFF 6A70 19.5 0062 2200 
206 56.978 8.76 18.3 54.73 7FFF 6A70 9.5 0062 2200 
207 57.118, 8.78 18.2 54.90 7FFF 6A70 19.4 006 .2200 
208 57.258 8.79 18.2 55.04 7FFF 6A70 19.4 0061 2200 
209 57.397 8.81 18.1 55.18 7FFF 6A70 19.3 0061 2200 
20 57.537 8.83 18.1 55.32 7FFF 6A70 19.3 0061 2200 
21 57.676 8.85 8.0 55.46 7FFF 6A70 19.2 0060 2200 
22 57.814 8.87 8.0 55.60 7FFF 6A70 19.2 0060 .2200 
23 57.952 8.88 18.0 55.74 7FFF 6A70 19.1 0060 .2200 
214 58.090 8.90 7.9 55.87 7FFF 6A70 19.1 0060 2199 
215 58.228 8.92 17.9 56.01 7FFF 6A70 19.0 005F 2199 
216 58.365 8.94 7.8 56.15 7FFF 6A70 19.0 005F 2199 
27 58.502 8.96 17.8 56.29 7FFF 6A70 18.9 005F 2199 
218 58.639 8.97 7.7 p 56.42 7FFF 6A70 18.9 005F 2199 
219 58.775 8.99 17.7 56.56 7FFF 6A70 18.8 005E 2199 
220 58.911 9.0 17.7 56.69 7FFF 6A70 18.8 005E 2199 
221 59.046 9.03 17.6 56.83 7FFF 6A70 18.7 005E 2199 
222 59.182 9.04 17.6 56.96 7FFF 6A70 18.7 OOSE 2199 
223 59.317 9.06 17.5 57.10 7FFF 6A70 18.6 005D 2199 
224 59,451 9.08 17.5 57.23 7FFF 6A70 18.6 005D 2199 
225 59.586 9.10 17.5 57.37 7FFF 6A70 18.6 005D 2199 
226 59.720 9.11 17.4 57.50 7FFF 6A70 18.5 005D 2199 
227 59.854 9.13 17.4 57.64 7FFF 6A70 18.5 005D 2.99 
228 59.987 9.15 17.4 57.77 7FFF 6A70 18.4 OOSC .299 
229 60.121 9.17 17.3 57.90 7FFF 6A70 18.4 005C 2199 
230 60,253 9.18 17.3 58.04. 7FFF 6A70 8.3 005C 2199 
231 60.386 9.20 17.2 58.17 7FFF 6A70 18.3 005C 2198 
232 60.518, 9.22 17.2 58.30 7FFF 6A70 18.3 005B 2198 
233 60.651 9.24 17.2 58.43 7FFF 6A70 18.2 005B 2198 
234 60,782 9.25 7.1 58.57 7FFF 6A70 18.2 005B 298 

. 235 60.914. 9.27 7.1 58.70 7FFF 6A70 18.1 005B .298 
236 61.045 9.29 17.1 58.83 7FFF 6A70 18.1 005B .298 
237 61.176 9.30 17.0 58.96 7FFF 6A70 18.0 00:58 21.98 
238 61.307 9,32 17.0 59.09 7FFF 6A70 18.0 005A 2198 
239 61.437 9.34 16.9 59.22 7FFF 6A70 18.0 005A 2198 
240 61.567 9.35 16.9 59.35 7FFF 6A70 7.9 005A 2198 
241 61.697 9.37 16.9 59.48 7FFF 6A70 7.9 005A .298 
242 61.826 9.39 16.8 59.61 7FFF 6A70 17.8 0059 2198 
243 61.956 9,41 16.8 59.74 7FFF 6A70 17.8 0059 2198 
244 62.085 9.42 16.8 59.87 7FFF 6A70 17.8 0059 .298 
245 62.213 9.44 16.7 60.00 7FFF 6A70 17.7 0059 2198 
246 62.342 9.46 16.7 60.13 7FFF 6A70 17.7 0059 2198 
247 62.470 9.47 16.7 60.25 7FFF 6A70 17.7 0059 2198 
248 62.598 9.49 16.6 6038 7FFF 6A70 17.6 0.058 2198 
249 62.726 9.51 16.6 60.51 7FFF 6A70 17.6 0.058 21.98 
250 62.853 9.52 16.6 60.64 7FFF 6A70 17.5 0.058 2197 
251 - 62.980 9.54 16.5 60.76 7FFF 6A70 17.5 0.058 2197 
252 63.07 9.56 16.5 60,89 7FFF 6A70 7.5 0.058 2197 
253 63.234 9.57 16.5 6.02 7FFF 6A70 17.4 0.057 2197 
254 63.360 9.59 16.4 61.14 7FFF 6A70 17.4 0057 2197 
255 63.486 9.60 16.4 61.27 7FFF 6A70 17.4 0057 2197 

I claim: HVERR- HVGAINTERR 

means for filtering HVERR to produce a CURNT1 
filtered value; 

means for converting CURNT1 into a current; and 
means for inputting the current into a coil mounted 
on the head carriage of a disk drive to produce 
deceleration of the head. 

2. The apparatus of claim 1 wherein said means for 
filtering comprises a variable bandwidth filter and fur 
ther including means for providing a narrower band 
width at high track numbers to destination and a wider 
bandwidth at lower track numbers to destination. 

3. The apparatus of claim 1 wherein said DTIME 
values are calculated from a desired velocity profile 
plus a time error value computed by dividing a desired 
deceleration current value by the HVGAIN value at 
each track and further divided by the forward current 
gain of said means for converting said CURNT1 value 
to a current. 
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