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TYPICAL HIGH PERFORMANCE DISK DRIVE RECORDING CHANNEL 

REFER TO FIGURE A ON PAGE 2, AND FIGURE B ON PAGE 3. 

THE TYPICAL HIGH PERFORMANCE READ CHANNEL SHOWN EXTRACTS THE INFORMATION 
CONTAINED IN THE TIME-LOCATION OF THE READBACK PULSES' PEAKS, AND IS 
SIMILAR TO MANY OTHER DIGITAL MAGNETIC READ CHANNELS IN TERMS OF SIGNAL 
PROCESSING PATHS. THE READBACK-VOLTAGE SIGNAL SENSED FROM THE HEAD 
PASSES THROUGH AMPLIFICATION IN THE THE HEAD/(ARM)-IC PREAMP (SEE FIG. 
B, #1, ICout), AND ON TO OTHER ANALOG AMPLIFICATION INCLUDING AGC, 
THROUGH THE LINEAR-PHASE (USUALLY) NOISE FILTER. THE OUTPUT OF THE 
NOISE FILTER (SEE FIG. B, #2, LPFout), IS PASSED THROUGH TWO SPECIALIZED 
EQUALIZERS, ONE IN THE PATH TO THE THRESHOLD-GATED SIGNAL-PEAK 
QUALIFIER, AND THE OTHER EQUALIZER IN THE PATH TO THE WIDEBAND DIF­
FERENTATOR. IN ORDER TO EXCHANGE READ-BACK "PEAKS" INTO "ZERO-CROSSINGS" 
(BECAUSE ELECTRONIC CIRCUITS CAN TIME-DECIPHER "ZERO-SIGNAL CROSSINGS" 
BETTER THAN "PEAK-SIGNALS"), DIFFERENTIATION WITH RESPECT TO TIME IS 
GENERALLY EMPLOYED (SEE FIG. B, #3, DFout). IN ADDITION, AN AMPLITUDE­
THRESHOLD- QUALIFING "GATING" SIGNAL IS USED TO "UNQUALIFY" ANY FALSE 
ZERO-CROSSINGS (THE MAJORITY OF WHICH ARE CAUSED BY DIFFERENTIATOR 
CIRCUITRY IIDROOP") FROM READ SIGNAL DETECTION. 

THE THREASHOLD-GATED TGout "ANDED" WITH THE HIGHLY-AMPLIFIED DFout ZERO­
CROSSING PULSES YIELDS DETECTED RAW-READ DATA PULSES (SEE FIG. B, #5, 
RRDout), WHOSE AVERAGE TIME LOCATIONS OR "PHASE" ARE USED TO SYNCHRONIZE 
THE VFO CLOCKING SYSTEM. THE VFO CLOCKING SYSTEM ACTS AS AN ELECTRONIC 
"FLY-WHEELII THAT "OPENS AND CLOSES 11 DATA-CLOCKING WINDOWS (SEE FIG. B, 
#6, Wout) AS SMALL AS 20.83 nanoseconds-WIDE IN TODAY'S HIGHEST 
PERFORMANCE DRIVE FAMILIES THAT EMPLOY 2,7 RLL CODES. THE VFO CLOCKING 
SYSTEM ALLOWS ULTRA-HIGH-SPEED, REAL-TIME, ELECTRONIC CIRCUIT DECISIONS 
TO BE MADE REGARDING THE EXISTANCE OR NOT OF DETECTED TRANSITIONS WITHIN 
THE WINDOW TIMES. ANY RRDout PULSE THAT IS COINCIDENT WITH THE IIWINDOW" 
SIGNAL THAT CORRISPONDS TO THE RECORDING CODE'S "DATA CELL", BECOMES A 
VFO-STANDARDIZED, SEPARATED DATA PULSE (SEE FIG. B, #7, SDout). 

THE VFO ALSO PROVIDES A SEPARATED DATA-ORIENTED CLOCKING SIGNAL THAT IS 
AVAILABLE TO THE DISK DRIVE'S CONTROLLER (CONTROL UNIT) FOR SUCH CONT­
ROLLER FUNCTIONS AS DE-SERIALIZING THE READBACK DATA. SEE FIG. B, #8, 
CLKout. 

THE DIFFERENTIATOR CIRCUIT'S ANALOG OUTPUT SIGNAL'S (DFout's) SHAPE, AS 
A FUNCTION OF TIME, CAN-BE CONSIDERED THE TRANSLATING "MECHANISM" FOR 
THE GENERATION OF (AND ALSO CALCULATION OF) BIT-SHIFT DUE TO ANY AND ALL 
ALGEBRAICLY-ADDED-AMPLITUDE, UNWANTED SIGNALS. THE ULTIMATE TIME­
LOCATION OF THE DETECTED RAW-READ DATA PULSE OR DETECTED MAGNETIC TRAN­
SITION (OR IIDETECTED BITII) OCCURS AT THE ZERO-CROSSING OF THE DFout 
SIGNAL. ANY "UNWANTED" ADDITIONAL SIGNAL WILL CAUSE A TIME-SHIFT OF THE 
ACTUAL ZERO-CROSSING POINT, IN ONE POLARITY OR THE OTHER, RESULTING IN 
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WRITE CURRENT >----~ 

WRITE DATA -> f\FIG. B, .1 = ICout FIG. B, .2 = LPFOU:J 

~
HEAD' with: N, L, i ~ 
C, etc.] >; HEAD- I I AMPS I 'NOISE' r 

J >; ARM I >; AGC 1-->; FILTER 1--> 
i r Pr· , R/W AMP I , 6( 'I , 

, "CHIP" I >; ETC. 1-->; (LPF) 1-->-, 

=~=~============]~DISK' with Mr, Hc, t, etc. 
==================== 

I 
I 
I 
I 

~-------------------------<--------------------------------------------~ 
~--------------~-----<----------------------------------------------~ 

,- ----. - --1 

"GATING" BI -DIRECTIONAL I .f' FIG. B, ." = TGout 
o >; EQUALIZER >-1 "THRESHOLD-GATED" I i 

I 1 1 PEAK QUALIFIER 
0--1 >; >; (GATE GENERATOR) 
1 I 

DETECTED 
RAW-READ 
DATA 

liGATE DETECTOR or "PEAK QUALIFIER" PATH 
I 1 FIG. B, .3 = DFout 
1 1 
1 1 "PEAK" DIFFER-
1 '--->; EQUAL- 1-->-1 ENTIATOR >-1 
I 1 IZER 1 I 
L...-___ >-I (EQ.) 1-->; d ( ) /dt >-t 

PEAK DETECTOR PATH 

BI-DIRECTIONAL 
ZERO-CROSSING 

PULSE 
GENERATOR 

'--->-! HIGH­
SPEED 

1---->; " AND" 
CIR­
CUIT 

L..._ 

r-------< < ---~ 

1 SEPARATED 
I~FIG. B, .5 = RRDout 'ULTRA-HIGH SPEED. DATA 
o >-1 "AND" CIRCUIT I FIG. B, 

-. 1 i FIG. B, .6 = Wout~ 1 6( 1.1 = SDout) 
RECORDING-CODE >-! PULSE STRETCHER I > 

r->-I "DATA-CELL" or 
I I "WINDOW" GEN. 
I 

CLOCKING SIGNALS 
~---------------------------------------------> 

FIG. B, .8 = CLKout~ 
~--------------~-----------<--------------------------------

PHASE' SAMPLE 6( HOLD I FEEDBACK 1 
'--->-1 DISCRIM- I I CIRCUIT, 6( , I COMPEN- , 

VOLTAGE­
CONTROLLED I 

OSCILLATOR -0 'INATOR 1-->-1 INTEGRATOR . 1-->; SATOR 1-->; 
r-->; {time-to- I I (current-to- I I 'I 
I I current) I I voltage) I' (lead/lag) I I (VCO) 
I 
I 
L--_____________ < I PROGRAMMABLE (DYNAMIC) COUNTER I 

CODE PATTERN LOOK AHEAD 1 r<----
TO DETERMINE "n" >-1 (DIVIDE VCO FREQUENCY BY lin") I 

nYPon, npLLn, npLon, or PHASE-LOCKED DATA SEPARATOR CLOCKING SYSTEM 

!'IGURa A. ~YPICAL HIGH-PERFORMANCE DISK DRIVE RECORDING CHANNEL 
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READBACK TRANSITIONS for 2, 7, RLL 
CODE ->0 0 1 0 0 0 0 0 0 ° l ° 0 1 0 0 a a ° 0 0 1 0 0 

#1 ICout 

INDIVIDUAL I 
ISOLATEDAi', 
PULSES /~4 \: "-

#3 DFout 
"SOLID" 

#2 LPFou 
"DASHED"' 

#3 DFout 
"SOLID" 

-, 
" \. 

'-

.... 

"-

o 0 1 000 0 0 
I 

/' 

#4 TGout r. ~~ T ~I' ~ r-t--1 ~~,-' ----
: i I : ~' 

#5 RRDout-~ ~ i .,: ~ . 
f-, !,--, ,--, ,--, ,--,;,--, r-"ji ,--, ,--, ,--, r1, 1'"""1: 1'"""1 r:-'l 1'"""1 ~.-, 

#6 lIout I ' .',: ~ ~ ~ "-'-' ~ : ~ ~ ~ ~ II ~ ~ L......J I ~ L-.J '--

n n In n .n In 
#7 SDout !, , , I' , , , . II , ,-I ----

I , I I 

caDEou t Of 0 : 1 0 0 0 0 a 0 0 I 1 0 ° \ 1 0 0 0 0 0 0 ° \ 1 0 0 \1 0 ° i 1 0 0 0 0 
nnnnnnnnnnn~nnnnnnn~nn~nnhn~~~­

#8 CLKou t w w w w w w w w w w W W LJ LJ LJ LJ LJ W LJ LJ LJ LJ LJ LJ LJ W W LJ ......, ...... 

FIRGURE B. READBACK SIGNALS AT VARIOUS STAGES WITHIN READ CHANNEL. 
{All intrinsic circuit delays have been eliminated for 
clairity. For 24 Mbit/sec = 3 Mbyte/sec, one "Wout" 
cell (~ complete cycle of "Wout") = 20.833 nanosecond.} 
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LORENTZIAN (PwSO=6SnS) RESPONSE Frank J. Sardella 3/4/1988 14:07:58 
Left: -1S0nS, Right: 1S0nS, Top: 100, Bottom: -100, Time Step:200pS 

>< '" ' • •• , ••. G'"' _. _.. •• • •• ,_.. ._.. - --:. • 1 , l .. '0 0 '2 ' .... ', ....... ·'11········· ·'11········· ·'0······· 
". • ·n ....... \ .................. : ................... . , . 

· i 'i ••••.•••• '0' •••••••• "0' . 

II' :n .n: ......... 0......................... J' , , 
~' ••••••• I • • • • • • • • • • • • • • • • • • • • • • ... • .... ,~ • • • •••••••••• 0, ••••• , .......................... . · , , , , 
~9 ......•........... : ........... · ... 1. .... ....... " ... : ....................... : ....... . · , , . 
51 • "" • ••••••••••••••••••• , • • • • • • • • •• •• I. • • • • • • • •••••••• ~ •••• , •••••••• , •••••••••••••••••••• . , , . . , , .. . ., ,. 
• ••••••••••• , • • • • • • • • • • • • • • •• •• ," • • • • • • • • • • •••••••••• '..of •••••• , ••• ,. ••••••••••• !' •••••• , 

r 

'D ................... '. . . . .. . .... r~ ••••••••••• • .••••••••• _ ~" •••••••• ~ ••••••••••• : •••••••• '. ~ , ~ 

10 • •• '~. • 
• ••••••• ~ •••••••••• I • •• ......... ,........... • ••••••••• I , ........ " ••••••••••••••• , •••••••• . ~ 6 ~. ... ""-T - '" ~ 0), , .. __ ~. 

• • • • • • • • • • •• • •••••••• t •• • ••••• I ••• : ............. ',:.:...:..:: •••••• --.-... 
::: ... : .. : ......... : ............. , ....... ·1 ~ 
: ....... : ........... tII ... I'.. .. ., I 
:1 .•.................. ' ............... . 

:'0 ...... : ........... : ........... : ........... I.' .......... : .. " .................... : ....... . 
:5.0 ••••••••••••••••••••••••••••.. ' ••....•••..• . ....... . '.J .. ............................. . 

·&0 • · ................... , ........... ~ .......... . 
:7.0 •••••• ' •••.••••••••••••••.••••. .' •.•.•...••• • oil' • I • I •• • 1 • ••••••••••••••• I •• I ••••••••• I •••• . . 

:.0 .................. : ...................... . 

-'0' . • • • • • • • • : ••• I • ~ ••••••••• I ••••••• , ••••••••• I • 

TGout IS 
TRUE WHEN 
LPFout IS 
± 35 % OF 
ITS PEAK 
VALUE. 

Wout IS 
20.8nsec 

NORMALIZED LPFout (T50 changes from 55 to 65 nsec in LPF) and RESULTING D~Ol 

Analysis by Frank J. Sardella. Common Block Zero at: OHz; Pole at: 1000MHz; 
The gain is currently set to -146.089db. Ttlis has Odb at 3.333MHz. 

FIGURE C:. NORMALIZED LPFout & DFout. with TGout & Wout TIMI­
BOUNDARIES MARKED for ISOLATED READBACK PULSE. 

A STUDY OF THE CHARACTERISTICS OF THE VARIOUS READ CHANNEL SIGNALS OF 
FIGURE B, WHEN THE HEAD SHOWN IN FIGURE A READS A SINGLE RECORDED 
TRANSITION (AN ISOLATED READBACK PULSE) QUICKLY REVEALS A GREAT DEAL. 
REFER TO FIGURE C. FIGURE C ALLOWS US TO OBSERVE THE SLOPE OF THE 
DIFFERENTIATED (AND EQUALIZED) NOISE FILTER OUTPUT. THE ZERO CROSSING 
OF DFout IS INTENDED TO CORRISPOND EXACTLY TO THE TIME OF OCCURANCE OF 
THE PEAK OUTPUT OF LPFout. IDEALLY, THE PEAK OUTPUT OF LPFout COR­
RISPONDS TO THE SPATIAL CENTER OF THE MAGNETIC TRANSITION RECORDED IN 
THE DISK MEDIUM. (AT LEAST WITHIN THE TOLERANCES OF THE PARAMETERS OF 
THE MANY ENGINEERING DICIPLINES AND PHENOMENA ASSOCIATED WITH DIGITAL 
MAGNETIC RECORDING!) 
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LORENTZIAN (Pw50=65nS) RESPONSE Frank J. Sordello 3/4/1988 14:13:12 
Left: -25nS, Right: 25nS, Top: 100, Bottom: -100, Time Step:200pS 

· • . ." .:;:-'" ~=- .•.••. G- _. _. ·-:--.:·; .. ·oi.:: .... -: l' - -_. . l . t 
• . 1 ,..tr- . 5 . ...... JI . 5 0 ······'S·· ·.....,..0······ ·'11······· ........ ,q ..•.. ·~'ir~.t.····· 'II······· 'II······· . , .... - . n· .' .... -~_. . 

~~ ...... : ..... ~_IC-:. . . . . . . . . . . . . . . . . . . . . . . . .. . ................ : ....... ~ ~'! ........... : •••••••. 
· ,,,.aI'. . . - ..'. --.. ~" . 

71 _r"- . '. .'. .. .... .. .....•.................. , ..... , ................................................ ;--~ .... . ....... . '. .. ..,.-.. 
~ ~ 

. ! ...... ~ ........ : ... , .... ~ ... ,. ..:........ .., ..... : ........ ~ ........ : ........ : ....... . 

" ••••••• , •••••••• : •••••••• , ••••••• \ ......... t ••••••••••••••••• , ••••••••••••••••• , •••••••• . " " ............... : ................. :.- ..... . · ....... ~ ................. ~ ................ . 
~I ....... : ........ - ........ ' ............ . 

n ...... ; ........ : ....... : \ c.:w •• ~ .... ; ....... . . ... 

. . · ............................................. . 

~o ................ ~ ...... . • ........ Ii ............................................ . 

I 

·so 
............... , ............... : ........... , •••••••• : ...... 0 0 •• • 0 •• 0 0: •••••••• ~ •••••••• 00 ......... ~ •••••••• 

·zo . . . . 
......... It ................. , 0 ••••••• , •••••••• 

:3.0 .•• , .• \ •......••........ ' .........•........ • •••• 1IiII. ••••••••••• to ••••••••••••••••• '. •••••••• 

:~o ............... : ........... , . , ... : , ...... . . . 
• • • • • • • , ••• I •••••••••••• 0 •••••••••••••• 

:',' ............... " ....... , ........ , ' .. , . , ... . • •••••• , " lI.., ••• , ••••••••••• ~ ••• , ••••••• , ••••• · , . . 
-50 • . • • • . • • , ••••.••• ~ ••••.•.• , •••••••• ! ••...... ........ : ... \.., ............. : ................. . 
:7.0 •.•••• _ ••••.•.• .' ••••..•.•... , ..•• .' .•.••.• , , ••••• , • .' ' ••• , ''1. ••• , •••••• .' •••••••• - ••••• , •• 

:~o ...... .' ...... , .......... .' .. , ............. . 
-10. . 
••••••••••••••••• , ••••••••••• I I •••• " •••••••• 

Wout IS 
TRUE FOR 
20.8 nsec, 
AND IS 
CENTERED BY 
THE VFO 
TO THE AVE. 
TIME OCCUR­
ANCE OF THE 
DFout ZERO­
CROSSINGS . 

NORMALIZED LPFout (T50 changes from 55 to 65 nsec in LPF) and RESULTING Dfo 
Analysis by Frank J. Sordello. Common Block Zero at: OHz; Pole at: 1000MH~: 

The gain is currently set to -146.089db. This has Odb at 3.333MHz. 

PIGURE D: EXPANDED TIME-SCALE. BORMALIZED LPPout & DPout. with 
Nout TIME-BOUBDARY MARXBD for ISOLATED READBACE PULSES. 

FIGURE D SHOWS THE SLOPE OF DFout TO BE APPROXIMATELY TEN PERCENT PER 
NANOSECOND IN THE REGION OF "ZERO-CROSSING". ANY UNWANTED SIGNAL, AD­
DITIONAL TO THE DESIRED INFORMATION-BEARING PORTION OF DFout, SUCH AS 
MEDIUM NOISE, WILL EITHER ADD OR SUBTRACT DIRECTLY TO OR FROM THE 
DESIRED PORTION OF DFout AND CAUSE THE ACTUAL TIME OF THE COMPOSITE 
"ZERO-CROSSING" TO OCCUR LATE OR EARLY RESPECTIVELY! FOR EXAMPLE, IF 
THE MEDIA NOISE HAS A SIGNAL COMPONENT THAT IS INSTANTANEOUSLY + 20% OF 
THE DESIRED INFORMATION-CARRYING DFout, THE COMPOSITE DFout SIGNAL WILL 
BE "LIFTED" BY 20%, AND IF THAT NOISE SIGNAL COMPONENT OCCURS NEAR THE 
TIME OF THE "ZERO-CROSSING", THE COMPOSITE DFout SIGNAL WILL CROSS ZERO 
VOLTS APPROXIMATELY 2 NANOSECONDS LATER THAN SHOWN. 

F. 3. SORDELLO 1988 PAGE 5 
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% AMPLITUDE OF UNWANTED ADDITIVE SIGNAL 
BIT SHIFT =-------------------------------------------------- = nsec 

SLOPE OFDFout SIGNAL NEAR "ZERO-CROSSING" POINT 

IT IS AS SIMPLE AS THAT! AMY t1HWAHTED SIGHAL THAT -LIFTS- OR -LOWERS" 
THE DESIRED RECORDED INFORMATION BEARING DFout SIGHAL WILL CAUSB THE 
-ZERO-CROSS lNG- OF THE COMPOSITE DFout SIGNAL ro BB SHIFTED IN rIME FROM 
THE IDEAL -ZERO-CROSSING n TIME. THE TIME WIDTH OF THE DATA TRANSITION­
CLOCKING WINDOW, Wout, DETERMINES THE TOTAL AMOUNT OF "LIFTING" OR 
"LOWERING" THAT CAN BE TOLERATED BEFORE THE COMPOSITE DFout SIGNAL HAS 
ITS "ZERO-CROSSING" SHIFTED IN TIME BEYOND A PARTICULAR TRANSITION OR 
"BIT" CELL. FIGURE D SHOWS THAT THE 24 MEGABIT/SECOND RECORDING SYSTEM 
DESCRIBED CAN TOLERATE COMPOSITE DFout "ZERO-CROSSING" TIME-SHIFTS ("BIT 
SHIFTS") UP TO ± (20.8 nsec)/2 = ± 10.4 nsec BEFORE OCCURRING OUTSIDE OF 
THE TIME BOUNDARIES OF Wout. FIGURE D ALSO SHOWS THAT THE + 10.4 nsec 
BIT SHIFT WILL BE CAUSED BY THE ADDITION OF UNWANTED SIGNALS EQUAL TO 
APPROXIMATELY ± 80 % OF THE BASE-TO-PEAK VALUE OF THE INFORMATION 
BEARING DFout SIGNAL. 

THE ABOVE NUMBERS ARE ASSOCIATED WITH A SINGLE ISOLATED READBACK 
TRANSITION. THE AMPLITUDE OF THE BASE-TO-PEAK VALUE OF DFout CONTROLS 
THE ABSOLUTE AMOUNT OF "BIT SHIFT" THAT OCCURS FOR A GIVEN AMOUNT OF 
UNWANTED ADDITIVE SIGNAL. WHEN PORTIONS OF ISOLATED DFout PULSES 
COMBINE DUE TO THEIR PROXIMITY, THE BASE-TO-PEAK VALUE OF THE NET 
RESULTING DFout SIGNAL MAY INCREASE BY AS MUCH AS 50%, YIELDING LESS 
"BIT SHIFT" FOR A GIVEN AMOUNT OF UNWANTED ADDITIVE SIGNAL. SEE FIGURE: 
B, ON PAGE 3, AND ESTIMATE THE POSITIVE PORTIONS OF THE DFout SIGNAL 
CORRESPONDING TO THE SECOND, THIRD, FOURTH, AND FIFTH TRANSITIONS; AND 
THE NEGATIVE PORTIONS OF THE FIFTH AND SIXTH TRANSITIONS. THEN, COMPARE 

-. THE ESTIMATED PORTIONS STATED ABOVE WITH THE NEGATIVE PORTIONS OF THE 
DFouT SIGNAL CORRESPONDING TO THE FIRST, SECOND, THIRD, AND FOURTH 
TRANSITIONS, AS WELL AS THE POSITIVE PORTIONS OF THE FIRST AND SIXTH 
TRANSITIONS. 

THERE ARE OTHER WAYS THAT THE "ZERO CROSSING" CAN OCCUR SHIFTED. MOST 
PROMINENT IS BY WRITING THE ZERO MAGNETIZATION POINT IN THE MEDIUM IN AN 
UNWANTED, SHIFTED LOCATION. HEAD/MEDIUM COMBINATIONS WITH POOR OVERWRITE 
CAPABILITIES, COMBINED WITH FINITE WRITE CURRENT AND/OR HEAD GENERATED 
WRITE FLUX RISETIMES AND PREVIOUS RECORDED HISTORY IN THE MEDIUM MAY 
CAUSE TWO OR THREE NANOSECONDS BIT SHIFT. 

THE MAJOR CAUSES OF DIGITAL MAGNETIC RECORDING CHANNEL BIT-SHIFT ARE 
THE FOLLOWING: 

1. NOISE INDUCED BIT-SHIFT (NIB) . 

2. PATTERN INDUCED BIT-SHIFT (PIB). 

3. OVERWRITE INDUCED BIT-SHIFT (OWIB). 

F. J. SORDELLO 1988 PAGE 6 



#'" 

.r 
~ 

4. ASYMMETRY INDUCED BIT-SHIFT (ASIB). 

5. SYSTEM NOISE INDUCED BIT-SHIFT (SNIB). 

6. MINOR MEDIA DEFECTS THAT PASS DEFECT SCANNING TESTING BE­
CAUSE THE MINOR DEFECTS ARE WITHIN SPECIFICATIONS. (MMD) 

7. ADJACENT TRACK INDUCED BIT-SHIFT (ATIB). 

NIB IS CAUSED BY MEDIA, HEAD, AND ELECTRONIC CIRCUIT NOISE SOURCES. THE 
INSTANTANEOUS AMPLITUDE OF THIS NOISE IS COMMONLY ASSUMED TO BE 
DEPENDENT UPON THE NOISE SOURCE'S RMS VALUE, MAGNIFIED BY THE SIGMAS 
ASSOCIATED WITH THE PROBABILITIES OF GAUSSIAN DISTRIBUTION OF CHANCE. 
IF THE NOISE IS ASSUMED TO BE GAUSSIAN, IT LENDS ITSELF TO THE FOLLOWING 
PROBABILITIES: 

RMS VALUE = SIGMA 

SIZE OF NOISE "SPIKE" IN 
TERMS OF NOISE RMS VALUE 

o 
1 
2 
3 
4 
5 
6 
6.47 =- 6.5 
7 
8 

PROBABILITY OF OCCURRENCE 
OF THAT NOISE "SPIKE" 

1/1 
1/3.2 
1/21.74 
1/370.4 
1/15,625 
1/1,724,137.9 
1/500,000,000 
1/10,000,000,000 
1/400,000,000,000 
1/80,000,000,000,000,000 

FIGURE D SHOWS THAT IF THE 24 MEGABIT/SECOND EXAMPLE SYSTEM HAD SNR 
EQUAL TO 26db (BASE-TQ-PEAK SIGNAL DIVIDED BY RMS NOISE) AT THE OUTPUT 
OF THE DIFFEREMTIATOR , THE COMPOSITE "ZERO CROSSING" WOULD SHIFT IN 
·TIME WITH AN RMS JITTER EQUAL TO: 

26db = 20:1; THE RMS NOISE IS 5% OF THE BASE-TO-PEAK DFout. 

HENCE, THE "ZERO-CROSSING" WILL SHIFT: (5%)/(10%/nsec) = 0.5 nsec.(RMS) 

* NORMALLY, SNR IS SPECIFIED AT THE HEAD'S OUTPUT OR THE HEAD'S IC 
PREAMP'S OUTPUT. IN ORDER TO OBTAIN THE SNR AT THE DIFFERENTIATOR'S 
OUTPUT, THE RMS NOISE OR THE SPECIFIED NOISE SPECTRA CHARACTERISTICS ARE 
OBTAINED FROM THE SPECIFIED SNR TEST CONDITIONS, THEN POWER SPECTRA 

L MODIFIED BY THE INVOLVED READ CHANNEL BLOCKS SUCH AS AGC AMPLIFIER, 
( NOISE FILTER, "PEAK" EQUALIZER, AND, OF COURSE, THE DIFFERENTIATOR. THE 

RMS NOISE PRESENT AT THE OUTPUT OF THE DIFFERENTIATOR OBTAINED 
CAN BE USED EITHER TO CALCULATE SNR OR DIRECTLY TO PREDICT NIB. 

F. J. SORDELLO 1988 PAGE 7 
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IF THE NOISE IS GAUSSIAN, AND SUCH PROBABILITIES HOLD, EVERY lOx 
10 

EVENTS (TRANSITIONS, ON THE AVERAGE), THE INSTANTANEOUS VALUE OF NOISE 
WILL "SPIKE" TO APPROXIMATELY 6.5 TIMES THE RMS VALUE OF NOISE. WHEN 
THIS OCCURS, THE INSTANTANEOUS SNR OF THE ABOVE EXAMPLE SYSTEM CAN BE 
CONSIDERED TO FALL TO: 

(20/6.5) 1; THE INSTANTANEOUS NOISE "SPIKE" IS 32.5% OF DFout! 

HENCE, THE "ZERO-CROSSING" WILL SHIFT: (32.5%)/(10%/nsec) = 3.25 nsec. 

OR, ONE CAN READ THE BIT-SHIFT DIRECTLY FROM THE DFout PLOT OF FIGURE 
D, AUTOMATICALLY TAKING INTO ACCOUNT THE CURVING SHAPE OF DFout VERSUS 
TIME. A POSITIVE NOISE "SPIKE" EQUAL TO 32.5% OF THE BASE-TO-PEAK VALUE 
OF DFout WILL "LIFT" THE DFout SIGNAL BY 32.5% CAUSING THE "ZERO­
CROSSING" TO BE LATE BY APPROXIMATELY 3.3 nsec. 

PIB IS CAUSED BY THE NON-ZERO AMPLITUDE OF THE "TAILS" OF THE DFout 
SIGNAL OF OTHER TRANSITIONS, ADJACENT TO THE SPECIFIC READBACK 
TRANSITION UNDER DETECTION, ALGEBRAICALLY ADDING TO THE IDEAL ZERO­
CROSSING OF THE DFout SIGNAL BEING DETECTED. FIGURE C SHOWS THAT IF ONE 
NEIGHBORING TRANSITION IS AT THE CLOSEST PROXIMITY THAT THE 2, 7, RLL 
CODE ALLOWS, (62.5 NANOSECONDS AWAY IN THE EXAMPLE SYSTEM), IN EITHER 
DIRECTION, THEN A TAIL OF THAT NEIGHBORING TRANSITION WILL ADD AP­
PROXIMATELY 24% TO THE DFout SIGNAL CAUSING THE COMPOSITE DFout "ZERO­
CROSSING" TO BE SHIFTED BY: 

(24%)/(10%/nsec) = 2.4 nSEC. 

THE PHYSICS OF OVERWRITING CAUSES BIT-SHIFT (OWIB) IN TWO COMPONENTS: 

1. BY INCOMPLETE ERASURE LEAVING UNWANTED RESIDUAL SIGNALS FROM 
PREVIOUSLY RECORDED DATA, AND, 

2. BY WRITING THE NEWLY MAGNETIZED TRANSITION IN A SPATIAL 
LOCATION ALONG THE MEDIUM'S RECORDED TRACK PATH THAT COR­
RESPONDS TO A PLACE THAT IS EITHER EARLIER OR LATER THAN 
THE PLACE THAT WRITE CURRENT TRANSITION TIME AND MEDIUM 
ROTATIONAL SPEED CALCULATIONS PREDICT. THIS CAUSES BIT­
SHIFT THAT IS PERMANENTLY LOCKED IN THE TIME LOCATION OF 
THE TRANSITION IN THE MEDIA DURING WRITING. 

THE FIRST COMPONENT OF OWIB CAN BE CALCULATED CONSERVATIVELY BY ASSUMING 
THAT THE WORST CASE RESIDUAL SIGNAL "LEFT-OVER" FROM A PREVIOUS 

/ RECORDING IS THE BIT-SHIFTING UNWANTED SIGNAL THAT APPEARS AT THE OUTPUT 
OF THE DIFFERENTIATOR. THE BIT SHIFT CAUSED BY THE UNWANTED RESIDUAL'S 
AMPLITUDE CAN BE FOUND IN THE SAME MANNER THAT NIB WAS DETERMINED. 
MAGNIFICATION BY SIGMA DOES NOT APPLY, HOWEVER, BECAUSE THE RESIDUAL 
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SIGNALS ALWAYS APPEAR AT THE SAME TIME (SAME RECORD LOCATION) AND ARE 
ALWAYS THE SAME AMPLITUDE. HENCE IF THE OVERWRITE SPECIFICATION WERE 
ONLY DUE TO RESIDUAL SIGNALS, THEN 24db OF "OVERWRITE" (MEASURED AT THE 
OUTPUT OF THE DIFFERENTIATOR) WOULD ASSERT THAT THE UNWANTED RESIDUAL 
SIGNAL IS APPROXIMATELY 8% OF THE OF THE DESIRED READBACK SIGNAL. THE 
BIT SHIFT CAUSED BY THE UNWANTED RESIDUAL SIGNALS WOULD BE: 

(8%)/(lO%/nsec) = 0.8 nsec. 

THE SECOND COMPONENT OF OWIB IS THE LARGER OF THE TWO, AND IS CAUSED BY 
THE HEAD'S MAGNETIC FIELD INTENSITY'S CAPABILITY TO RE-MAGNETIZE 
PREVIOUSLY WRITTEN DATA IN A TIMELY MANNER. THE FACTORS INVOLVED ARE: 

HEAD EFFICIENCY 
GAP SIZE 
FLYING HEIGHT 
MEDIA THICKNESS 
MEDIA COERCIVITY 
WRITE CURRENT RISE TIME 
GAP'S MAGNETIC FLUX RISE TIME (EDDY CURRENT-CAUSED DELAYS) 
MAGNETIC STATE OF MEDIA TO BE WRITTEN (HISTORY) 

LET US IGNORE HEAD CORE AND EDDY-CURRENT LOSSES, AND ASSUME THAT THE 
ONLY PARAMETER THAT CAUSES THE FIELD INTENSITY IN THE GAP (Hg) TO BE 
TIME DEPENDENT IS WRITE CURRENT RISETIME. THEN, IN THE SIMPLEST MODEL, 
THE MAGNETICALLY COERCING FIELD INTENSITY AT THE MID-POINT IN THE MEDIUM 
(Hx) MUST AT LEAST EQUAL HALF THE VALUE OF THE COERCIVITY (Hc) OF THE 
MEDIUM, IN THE POLARITY OPPOSITE TO THE PREVIOUSLY RECORDED MAGNETIC 
STATE IN ORDER TO MAGNETICALLY "SWITCH". (HALF THE VALUE OF Hc IS USED 
ARBITRARILY BECAUSE THE SWITCH-INDUCING FIELD IS DISTRIBUTED SPATIALLY 
ALONG THE MEDIUM'S THICKNESS (t) AND IN ADDITION, THERE IS A CON­
TRIBUTION HELPING TO START THE SWITCHING DUE TO SELF-DEMAGNETIZATION 
FIELDS.) 

IF THE RISETIME OF Iwrite IS ZERO, THEN THE TRANSITION POINT ALONG 
THE RECORDED TRACK IS PROPERLY, AND EXACTLY IN THE CORRECT LOCATION. 
IF THE RISETIME OF Iwrite IS NON-ZERO, THEN THE RECORDED TRANSITION" 
UNDERGOES A "POSITION-SHIFT" ALONG THE DIRECTION OF THE RECORDED 
TRACK, HENCE A TIME-SHIFT OCCURS. 

CASE I. THE MEDIUM WAS PREVIOUSLY MAGNETIZED BY A NEGATIVE Iwrite. 
THE HEAD HAS BEEN RE-MAGNETIZING (OVERWRITING) THE MEDIUM 
WITH NEW INFORMATION CONSISTING OF POSITIVE Iwrite. AT A 
SPECIFIC POINT IN TIME, THE WRITE DRIVER RECEIVES A TRANSI-· 
TION COMMAND TO REVERSE THE POLARITY OF Iwrite TO NEGATIVE 
Iwrite. Iwrite COMMENCES TO EXPONENTIALLY CHANGE FROM POSITIVE 
Iwrite TOWARDS NEGATIVE Iwrite. ~HE VALUE OF Hx ALSO COMMENCES 
TO EXPONENTIALLY CHANGE FROM A POSITIVE VALUE IN OERSTEADS (A 
FIELD INTENSITY THAT HAS BEEN "COERCING" THE PREVIOUSLY MAG-
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NETIZED MEDIUM TO RE-MAGNETIZE FROM NEGATIVELY WRITTEN TO 
POSITIVELY WRITTEN) TO A NEGATIVE VALUE IN OERSTEADS. 

CASE II. THE MEDIUM WAS PREVIOUSLY MAGNETIZED BY A POSITIVE Iwrite. 
THE HEAD HAS BEEN ATTEMPTING TO RE-MAGNETIZE (OVERWRITE) 
THE MEDIUM WITH NEW INFORMATION CONSISTING ALSO OF POSITIVE 
Iwrite, WHICH MERELY DRIVES THE MEDIUM TOWARDS THE MAGNETIC 
STATE THAT IT IS ALREADY AT, SO ESSENTIALLY NO "RE-MAGNETIZA­
TION" ACTUALLY OCCURS. AT A SPECIFIC POINT IN TIME, THE 
WRITE DRIVER RECEIVES A TRANSITION COMMAND TO REVERSE THE 
POLARITY OF Iwrite TO NEGATIVE Iwrite. Iwrite COMMENCES TO 
EXPONENTIALLY CHANGE FROM POSITIVE Iwrite TO NEGATIVE Iwrite. 
THE VALUE OF Hx ALSO COMMENCES TO EXPONENTIALLY CHANGE FROM A 
POSITIVE VALUE IN OERSTEADS (A FIELD INTENSITY THAT WAS NOT 
REALLY REQUIRED TO MAGNETIZE THE ALREADY POSITIVELY MAGNETIZ­
ED MEDIUM), TO A NEGATIVE VALUE IN OERSTEADS TO COMMENCE RE­
MAGNETIZING THE MEDIUM. 

THREE QUANTITATIVE ENGINEERING QUESTIONS NEED TO BE ASKED AND ANSWERED: 

1. "AT WHAT TIME DURING THE HEAD'S WRITE CURRENT RISETIME DOES 
THE MEDIUM IN CASE I STOP BEING RE-MAGNETIZED?" 

2. "AT WHAT TIME DURING THE HEAD'S WRITE CURRENT RISETIME DOES 
THE MEDIUM IN CASE II START BEING RE-MAGNETIZED?" 

3 . "ARE TIMES IN QUESTION FOR CASES I AND II THE SAME?" 

IT CAN BE SHOWN BY CALCULATIONS THAT TIME LOCATION OF THE NEWLY RECORDED 
TRANSITION WILL OCCUR EARLIER IN CASE I THAN IN CASE II. 

A SUITABLE TESTING PROCEDURE TO OBSERVE THE SECOND COMPONENT OF OWIB I~; 
TO DC ERASE THE MEDIUM WITH A SPECIFIC POLARITY HEAD CURRENT, WRITE THE 
LOWEST FREQUENCY, THEN MEASURE THE "PULSE PAIRING", FROM TRANSITION TO 
TRANSITION. FROM 1 TO 3 NANOSECONDS OF "PULSE PAIRING" (DIFFERENCES IN 
CASE I AND CASE II TIMES) CAN USULLLY BE OBSERVED. 

ASIB IS CAUSED DIRECTLY IN TIME BY ASYMMETRY IN THE WRITING CIRCUITS AND 
IN ANY OF THE "DIGITAL" WRITE AND/OR READBACK TRANSITION DETECTION LOGIC 
CIRCUITS. (THE BI-DIRECTIONAL ZERO-CROSSING PULSE GENERATOR THAT 
RECEIVES DFout FROM THE DIFFERENTIATOR IN FIGURE A, IS AN EXAMPLE OF 
SUCH.) IN ADDITION, THE ADDED-AMPLITUDE AT THE DFout'S "ZERO-CROSSING" 
POINT OF "NEW" UNWANTED SIGNAL COMPONENTS GENERATED BY ANY SECOND AND/OR 
EVEN HARMONIC DISTORTION IN THE HEAD AND/OR ANALOG READING CIRCUITS ALSO 
CONTRIBUTES TO ASIB. 
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SNIB IS CAUSED BY THE INSTANTANEOUS AMPLITUDE OF "SYSTEM NOISE" SIGNALS 
FROM OTHER PHYSICALLY ADJACENT CIRCUITS THAT SHARE THE SAME CIRCUIT 
BOARDS, POWER SUPPLIES, BACK PANELS, ETC. THE UNWANTED SIGNALS MAY EN­
TER THROUGH THE HEAD, OR READ CHANNEL CIRCUIT TRACES BY CAPACITIVE, OR 
INDUCTIVE OR RF COUPLING MECHANISMS (SOMETIMES ALL THREE SIMULTANEOUS­
LY). THE BIT SHIFT CAUSED BY THE UNWANTED SYSTEM NOISE'S AMPLITUDE CAN 
BE FOUND IN THE SAME MANNER THAT NIB WAS DETERMINED. MAGNIFICATION BY 
SIGMA DOES NOT APPLY, HOWEVER, BECAUSE THE "SYSTEM NOISE" SIGNALS TEND 
TO BE SYNCHRONIZED TO SOME OTHER DRIVE FUNCTION (SUCH AS PLO CLOCK, OR 
SERVO AND/OR SPINDLE POWER AMPLIFIERS). ALTHOUGH THE OPERATION AND 
HENCE THE SYSTEM NOISE OF THE CAUSING DRIVE FUNCTIONS MAY BE INDEPEND­
ENT, THE MAXIMUM AMPLITUDE TO BE GENERATED IS USUALLY QUICKLY OBSERVED. 

BIT-SHIFT THAT IS CAUSED BY MINOR MEDIA DEFECTS THAT PASS DEFECT 
SCANNING AND TESTING BY BEING WITHIN SPECIFICATIONS, CAN BE CONSIDERED 
SIMILAR TO THE COMBINATION OF NIB AND SNIB. LIKE NIB THERE ARE MILLIONS 
OF MINOR DEFECT NOISE AMPLITUDES AND SHAPES THAT MAY APPEAR RANDOMLY 
AROUND THE MEDIUM'S TRACK. AND, LIKE SNIB THE NOISE AMPLITUDES AND 
OCCURRENCES ARE SYNCHRONIZED (TO THE TRACK). THE BIT-SHIFT CAUSED BY 
ANY SINGLE MINOR MEDIA DEFECT WHOSE CHARACTERISTICS ARE DEFINED CAN BE 
CALCULATED BY USING THE DFout OF FIGURE D. THE NUMBER OF DIFFERENT MINOR 
DEFECTS THAT ARE POSSIBLE TEND TO FORCE BIT-SHIFT ANALYSIS TO BE LIMITED 

~ TO THE EFFECTS OF POSSIBLE AMPLITUDE VARIATIONS IN THE READBACK SIGNAL, 
THAT ARE AT THE SCANNING REJECTION THRESHOLDS. AS EXPECTED, ANY 
REDUCTION IN THE AMPLITUDE OF THE DFout SIGNAL (AS CAN BE CAUSED BY A 
MINOR DEFECT'S PARTIAL "DROP-OUT", TYPICALLY <70%) WILL REDUCE THE 
ABSOLUTE VALUE OF THE SLOPE AND INCREASE THE AMOUNT OF BIT-SHIFT FOR A 
GIVEN AMOUNT OF UNWANTED ADDITIVE SIGNAL THAT CAUSE NIB, PIB, AND ETC. 

-ATIB IS CAUSED BY THE INSTANTANEOUS AMPLITUDE OF CROSS-TALK DUE TO THE 
HEAD PICKING-UP SIGNALS FROM THE ADJACENT TRACK DUE TO HEAD FRINGING 
AND/OR HEAD-TO-TRACK MISALIGNMENT. WHEN ATIB IS PRIMARILY DUE TO HEAD­
TO-TRACK MISALIGNMENT, THE BIT-SHIFT GENERATED IS COMPOUNDED. NOT ONLY 
IS AN UNWANTED SIGNAL ADDING TO THE DESIRED DFout SIGNAL CAUSING 
"LIFTING" OR "LOWERING" OF THE COMPOSITE DFout SIGNAL, BUT THE AMPLITUDE 
OF THE DESIRED DFout SIGNAL IS SIMULTANEOUSLY DECREASING. THIS ALLOWS 
MORE BIT-SHIFT TO OCCUR FOR A GIVEN AMOUNT OF ANY UNWANTED ADDITIVE 
SIGNAL. IF THE HEAD WERE TO BE MIS-POSITIONED SUCH THAT THE DESIRED DATA 
TRACK READBACK AMPLITUDE WAS REDUCED BY 25%, WHILE THE ADJACENT TRACK 
WAS UNDESIRABLY BEING SENSED AT A 15% LEVEL, THE BIT-SHIFT FOR THE 
EXAMPLE SYSTEM WOULD BE: 

(15%)/{[(10%)*(.75)]}/{nsec) = 2nsec 

BECAUSE THE DFout SLOPE HAS DECREASED TO 7.5 % PER NANOSECOND BY THE 25~ 
REDUCTION IN DESIRED TRACK READBACK SIGNAL, ANY OF THE ADDITIVE­
AMPLITUDE CAUSES OF BIT-SHIFT SUCH AS NIB AND SNIB, WILL GENERATE A 

/ THIRD MORE BIT-SHIFT FOR A GIVEN AMOUNT OF NOISE. 

THE OVERALL RAW-READ DATA ERROR RATE FOR THE 24 MEGABIT/SEC EXAMPLE 
SYSTEM CAN BE NOW ESTIMATED: 
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BIT-SHIFT 
ON TRACK 

(8 ANY TIME 8 xl010 
(6.5*sigma) 

NIB 0.71 3.25 

PIB 2.4 

OWIB I 0.8 

OWIB II 1 -> 3 

ASIB 0.5 -> 2 

SNIB 

ATIB 

ERROR 
RATE 

MARGIN 

0.1 -> ? 

-0 

5.51 

1010 

4.91 

2.4 

0.8 

1 -> 3 

0.5 -> 2 

0.1 -> ? 

-0 

8.05 

1010 

2.37 

BIT-SHIFT 
OFF TRACK 

(DFout slope divided by 0165) 
(@ ANY TIME @ x10 

(6.5*sigma) 
NIB 0.95 4.33 

PIB 2.4 

OWIB I 0.8 

OWIB II 1 -> 3 

ASIB 0.5 -> 2 

SNIB 

ATIB 

ERROR 
RATE 

MARGIN 

0.13 -> ? 

1.5 

7.28 

1010 

3.14 

2.4 

0.8 

1 -> 3 

0.5 -> 2 

0.13 -> ? 

1.5 

10.66 

109 

o 

BIT-SHIrT 
ON TRACK and DURING MINOR DEFECT 
(DFout slope divided by 0 16) 
8 ANY TIME @ xl0 ) 

(6.5*sigma) 
1.01 4.64 

3.43 3.43 

0.8 0.8 

1 -> 3 1 -> 3 

0.5 -> 2 0.5 -> 2 

0.14 -> ? 0.14 -> ? 

-0 -0 

6.88 9.71 

1010 1010 

3.54 0.71 

BIT-SHIFT 
OFF TRACK and DURING MINOR DEFECT 
(DFout slope divided by 0 16*0.75) 

@ ANY TIME @ xlO ) 
(6.5*sigma) 

1.35 6.19 

3.43 3.43 

0.8 0.8 

1 -> 3 1 -> 3 

0.5 -> 2 0.5 -> 2 

0.19 -> ? 0.19 -> ? 

2.14 2.14 

9.41 14.25 

1010 10 

1.01 O. 
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HIGH PERFORMANCE HEAD POSITIONING SERVO SYSTEM (HPHPSS) BLOCK DIAGRAM 

SERVO 
HEAD 

,- -----. 
AGC 

AGC reference >1 DETECTOR 1< 'C "amplitude" of 
voltage demodulated 

1 
analog servo I 

"carrier" signal .---i servo position 
signal 

...----> I IC WB 1 1 AGC 1--0 > 1 DE-
I .---> I AMP 1-> 1 FILT 1-> 1 AMP 1 I I MOD 1->-0 
CCCO I SYNC « PLO 

1..--> I GENERATOR I-->-----l 

d·~k servo 1S in-phase and quadrature analog 
position signal, " s inewavish""\ 

~-----------------------------<--------------------------~----------------~ 

0-->1 FINE-MODE ANALOG SWITCH SERVO STABILITY NOTCH 
1 "on just past" DIFF = 1 !--> t FILTERS « COMP. !-->, FILTER '->-, 
1 

1 

I 
1 

fine servo error'~ 
~----------------------<--------------------------------------------~----~ 
1 

1 (+) ~-----

'---> I SUMMING I I PRE- I POWER 
,...---> I AMP f-> 1 DRIVER f-> I AMP f---> I 
I (+) 
1 

VCM 1=====\ 
ACTUATORI=====/ ~ 

actuator motion out 
~----------------------<----------------------------------------------~~--, 

coarse servo error f 

r .-- - -----~ --1 ~--

o >1 ELECTRONIC (-) I ANALOG COARSE-MODE 
I TACHOMETER > I SUMMING 1-> 1 ANALOG SWITCH f->_J 
1 1'---> 1 JUNCTION 1 I "off just past" 1 
I T I (+) 1 DIFF = 1 I 
I 1..--<--, I 
I I <-, 
"'--> I CYLINDER PULSE 1----0 I 

1 GENERATOR I I 
1 

.---<------------------------~ 
I decrement by cylinder crossing 

coarse analog./" 
position signal 

I -----, 
'->1 DIFFERENCE "BANG-BANG" D-to-A DIRECTION I 

COUNTER f-> I FUNCTION PROM f-> I CONVERTER f->! /POLARITY f->--

~ • , 
->------' SET NUMBER OF CYLINDERS TO SEEK 

->-SET DIRECTION OF SEEK >----------------~ 
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HPHPSS DESCRIPTION: 

Refer to figure E on page 13. A two-terminal, single or multi-layered 
voice-coil actuator (VCM) is electrically driven by a linear, class B, 
or switching, class D, T-bridge (push-pull) power amplifier requiring 
two actuator power supply voltages, or H-bridge, needing only one 
actuator power supply. 

The servo error signal is medium-level analog, and is gated to the 
SUMMING AMP and on to the power amplifier PRE-DRIVER through either the 
FINE-MODE ANALOG SWITCH or the COARSE-MODE ANALOG SWITCH. Current mode 
operation of the POWER AMP is accomplished through sensing voltage 
across a resistor «0.5 ohm) placed in series with the motor's coil (not 
shown), and subtracting this signal (negative feedback) from the total 
servo error signal at the output of the SUMMING AMP. By utilizing 
current mode operation, the effects of motor inductance can be ignored, 
for small servo-error signal levels, as 1s the case in fine mode when 
track-following a track/cylinder. Hence the actuator transfer function 
appears second order. When large servo-error signals exist, such as the 
case during coarse mode, any practical power amplifier saturates and the 
operation becomes voltage mode. During power amplifier saturation times, 
the effects of motor coil inductance become significant and adversely 
affect the access time to the order of five to ten percent . 

The fine mode servo loop obtains position information by demodulating 
amplified and wideband-filtered servo head output voltage that the SERVO 
HEAD generates when sensing magnetic field patterns written on the servo 

-, surface of the SERVO DISK by a "servo wri tertI during manufacture of thE' 
HDA . HPHPSS utilize di-pulse-like multiple servo patterns to produce 
both IN-PHASE and QUADRATURE sinewave-like analog position signals out 
of the demodulator. If the IN-PHASE position signal has its zero value 
at the centerline of a given data cylinder as measured by the SERVO HEAD 
and associated electronics mentioned above, then the quadrature position 
signal is used to more accurately determine the entering of the linear 
zone of the addressed cylinder near the end of a multiple cylinder seek. 
Switching from coarse-mode to fine-mode after the previous peak of the 
IN-PHASE position signal assures the smoothest (and usually the fastest) 
servo settling time. The output of the DE-MOD consists of position 
signals that are sinewave-like ("SINEWAVISH") with zero values at 
spatial distances that correspond to cylinder centerline distances along 
the radius of the disk. Having both in-phase and quadrature position 
signals helps the ELECTRONIC TACHOMETER circuit to generate fairly­
linear (undistorted) velocity signals (by differentiating smaller 
segments of the more straight-line portion of each "SINEWAVISH" position 
signal), in addition to extracting all- important, direction 
information. 

1 HDA: Abbreviation for "Head-Disk-Assembly". 
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The analog position signals are also processed by the CYLINDER PULSE 
GENERATOR to generate cylinder crossing, "digital pulses" that are used 
by the coarse-mode system. During the coarse-mode part of a multiple 
cylinder seek, the total servo error signal consists of the ELECTRONIC 
TACHOMETER output signal subtracted from the output of the 
DIRECTION/POLARITY controlled D-to-A CONVERTER whose input digital 
values are the output of a "look-up" function-generating prom, the 
'BANG-BANG' FUNCTION PROM. The input to the PROM is the output of the 
DIFFERENCE COUNTER, whose instantaneous digital value is the difference 
between the desired cylinder seek length at the beginning of the seek, 
and the number of cylinders crossed during the seek as decremented by 
cylinder crossing pulses as they occur. The PROM performs "squareroot­
like" operations on the difference counter's value as required per 
"optimal-switching", or ll Bang-Bang" servo theory. 

Most HPPSS employ microprocessors to attend to various chores such as 
monitoring safety circuits such as "PLO locked", for proper servo 
pattern demodulation, guardband detection to assure the "home position" 
during initialization and recovery from a fault, emergency retraction 
detection to assure actuator retreat to the recording heads' landing 
zone on the disks after loss of power source(s) or normal servo­
controlled action. Microprocessors can also make the HPHPSS more 
"intelligent" and perform "self adaptive" control and optimization 
adjustments as a function of its operating conditions. 

QUADRATURE POSITION TRANSDUCTION 

In the past, HPHPSS used linear potentiometers, magnetic differential 
transformers, Inductosyns®, and optical gratings with light emitting 
solid state semiconductors to generate the classical "sinewavish ll or 
"sawtooth-like" track position-indicating signals, with zero position 
error signal level corresponding to the center of the data track and/or 
cylinder to be read or written on. Today nearly all utilize the 
specially recorded "servo surface" band of one of the surfaces of 
disk(s) in the spindle's stack. Figure E on page 13 shows a servo-head 
sensing the special indelible servo pattern on the servo disk. The servo 
pattern is written at the factory, and is intended to never to be erased 
DELIBERATELY by any function or action initiated by the disk product­
using customer. The sensed electrical signals correspond to magnetized 
medium polarity reversals or transitions that are shown in cross-hatched 
patterns in figure F on page 18. As the head senses each magnetic 
transition, the electrical output voltage is a single pulse, either 
positive or negative in electrical polarity, depending on the magnetic 
polarity change (north to south, or south to north) of the transition. 
Figure F shows the recorded servo patterns and the corresponding sensed 
output signals of the head for one "servo-byte" of the pattern for 
IIQUADRATURE DI-PULSE" that is commonly used by today's HPHPSS. The 
pattern includes two sets of synchronizing di-pulses ("sync-bits") 
located in time by phase-locked oscillator clocking signals (PLO) to be 
"cell ll 0 and "cell" 3 of 32 total "cells" (0 to 31) in each servo byte. 
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Several thousands of servo bytes are recorded around the total 
circumference of the disk. 

The PLO is synchronized to the disk by these first synchronizing sets, 
with transitions occurring at the beginning of "cells" 0, 1, 3, and 4. 
After these synchronizing sets, a total of four, different, repeating, 
radial position information-bearing recorded-"cell" patterns are shown: 

"ONE/THREE" = OT = TRANSITIONS AT BEGINNING OF "CELLS" 8, 10, 20, 22. 

"ONE/FOUR" = OF = II " " " II 8, 10, 26, 28. 

IITWO/FOUR II = TF = " II " II II 14, 16, 26, 28. 

"TWO/THREE II = TT = II II II 1\ II 14, 16, 20, 22. 

1I0NE/THREE" = OT = II II " II II 8, 10, 20, 22. 

The individual servo tracks are recorded at the track density that the 
disk product will use for customer data tracks (here = 1400 TPI) at the 
factory by an expensive, instrument-quality, servo writer. The servo­
head in the disk drive product has TWICE the core width of the data 
head such that it reads TWO servo tracks simultaneously! The servo head, 
being twice the recorded servo pattern's track width, assures smoother 
and more continuous increases and decreases of the sensed amplitude ()f 
di-pulses as the servo head moves across the disk's radius. Servo 
pattern di-pulses are amplified and linear-phase, low-pass filtered to 
maximize' signal-to-noise ratio while maintaining di-pulse waveform 
fidelity. The demodulator can be nothing more than a set of four (or 
eight) gated diode, peak-rectifying, sample-and-hold (S&H) circuits, 
with controlled held-voltage sag, that obtain and store the di-pulse 
amplitudes read by the servo head. For the pattern of figure F, a 
minimum of four S&H circuits are needed, one to be gated-on by timed 
signals from the synchronized PLO for each dipulse time location within 
the servo byte. Careful study of the complex servo surface patterns and 
associated electrical signals of figure F yields the method of 
generation of the IN-PHASE, and QUADRATURE servo transduction signals 
for locating data track/cylinder centerlines. 

Refer once again to figure F. Assume that the servo head is centered 
along data cylinder 002. (The terms IITracks" and "Cylinders ll are 
interchangeable for this analysis: IICylinders" referring to a plurality 
of IITracks" due to a plurality of disks and hence data-surfaces at a 
servo position null.) At the top of figure F is shown two of the four 
demodulating gates logically generated by the syncbit-pattern-locked PLO 
system. Gate "TWO's ll turns-on the diode demodulator (see figure G on 
page 20) that S&H's the radial position-sensitive readback amplitude of 
di-pulses written at the beginning of PLO count 14. The demodulated 
servo-head position signal, 
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consisting of the S&H'ed algebraic sua of the servo- head sensed di­
pulse zero-to-positive-peak amplitudes of servo tracks "TWO/FOUR" and 
IITWO/THREE", is shown as "2's" varying radially at the right-hand side 
in figure F. Note its maximum value occurs at the centerline of data 
cylinder 002. 

At the same radial location, the demodulating circuit that is gated by 
gate "THREE's" will S&H'ed a signal value that is half of the possible 
peak value, since the servo-head senses a dipulse contribution from only 
servo pattern track "TWO/THREE" at that time. The S&H'ed output of the 
demodulator controlled by gate "FOUR's" (not shown) will also be half of 
the maximum possible amplitude value since the servo-head senses only 
the contribution from servo track "TWO/FOUR" at gate "FOUR's" time (not 
shown). Following the same analysis, the output of the demodulator 
controlled by gate "ONE's" (not shown) is zero volts at the stated 
servo-head radial position. 

Hence the four demodulator outputs ("l's", "3's', "2's", and "4's") vary 
as a function of servo-surface disk-radius as shown at the right-hand 
side in figure F. 

Refer to figure H on page 21. The IN-PHASE servo position signal is 
formed by demodulated signals "3's" minus "4's". The QUADRATURE servo 
position signal is formed by demodulated signals "l's" minus "2's". The 
reason for the above algebraic combinations is due to the fact that each 
demodulated di-pulse signal or any magnetically recorded, read-back and 
demodulated signal tends to have sharper "pointed" maximum values and 
quite IIsloppy" or "rounded" near-zero voltage values. When "locking-on" 
to cylinder 002, the Fine Mode servo uses IN-PHASE position signal by 
which a positive voltage causes VCM current to force the VCM towards a 
lower-numbered cylinder (001) direction, and negative IN-PHASE voltage 
causing VCM current to force the VCM towards cylinder 003. In order to 
lock-on to cylinder 001, inverted QUADRATURE position is selected. For 
cylinder 002, IN-PHASE is selected. For cylinder 003, QUARDRATURE is 
selected. And, for cylinders 000, or 004, inverted IN-PHASE is selected. 

The servo-pattern magnetic flux as a function of radial position that 
the servo-head senses and the sum of the demodulated di-pulse amplitudes 
at any radius is a constant. (Ideally, it should be constant, but the 
II sawtooth's rounding especially near zero signal values causes some 
inconsistencies.) An AGC circuit utilizes this fairly constant feature 
to facilitate amplitude, and hence position gain calibration, such that 
the overall transduction gain (in volts/inch) is constant. (A magnetic­
ally recorded digital signal is amplitude-dependent upon a number of 
parameters, including relative velocity between the reading-head and 
disk surface.) The end result is the classical saw-tooth-like position 
signals as a function of disk radius shown in figure F. 

F. J. SORDELLO 1988 PAGE 17 
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See figure G on page 20. The AGC AMP shown receives an AGC "ERROR" 
voltage that is generated from the AGC CONTROL FEEDBACK voltage that is 
50 % of the demodulated "4's" voltage, and 50 % of the demodulated "3's" 
voltage due to the "Thevinin divider" summimg circuit formed by Ra and 
Rb. The AGC's "servo-loop's" reference voltage is designed to be a 
magnitude of 5 volts, therefore the average value of the sum of the 
demodulated di-pulses will be 5 volts, and since they are nearly a 
sawtooth, they should have a peak value of 10 volts. 

For a track density of 1400 TPI, the position transduction gain, KP, 
is calculated as follows: 

Recall that the IN-PHASE demodulator peak output signal is equal to 
20 volts peak-to-peak, "sawtoothing" over twice the servo pattern 
trackwidth. See figure H on page 21. 

1/1400 TPI = 0.0007143 inches/ data track 

20 volts 
~ --------------------- = 14,000 volts/inch = KP 
..... 

/ 

(2)*(0.0007143 inches) 

VELOCITY TRANSDUCTION BY IIELECTRONIC TACHOMETER" 

The 14,000 volt/inch, spacially-sloped output of the position 
transduction system appears as an PM modulated sawtooth waveform when 
the actuator seeks across the radius of the disk. By time-differentiat­
ing this output signal, one obtains an amplitude-modulated waveform as 
shown in figure I on page 22. The envelope contains amplitude 
proportional to velocity. FET analog switches that are gated by analog 
comparator circuits making decisions regarding the instantaneous values 
of the four demodulated di-pulse-amplitude signals select the 
appropriate polarity of time-differentiated position voltage, away from 
any transient shift times, (the vertical edges) in orderly sequence. The 
same polarity selecting analog comparators select the appropriate 
position transduction signal , IN-PHASE, inverted IN-PHASE, QUADRATURE, 
and inverted QUADRATURE. Refer once again to the timing chart on figure 
H on page 21, and the electronic tachometer subsystem shown in figure J 
on page 23. 

F. J. SORDELLO 1988 PAGE 19 
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0-------, 
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HEAD 
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, 
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I (as shown I 
I above) I 
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FIGURE F. SERVO POSITION INFORMATION DEMODULATION CIRCUIT 
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1.'_ INVERTED, IN-PHASE ~ P 

/+~v + A + .* + ~ + 
~ , 
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~ """ I 

,,' ~/I 
lOv + ¥ 
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+ 
" /~ w/ i , 

.l-)' +- ~ 

.,-
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I 
I 

IN,..PHASE = P INVERTED QU~RATURE - Q 

P>Q 

- -- --- ----. 
P>Q 

(P>Q) * (P>Q) I SELECT Q r----

i 
(P>Q)*(P>Q) , 

~----------------------------~ISELECT P --------------

(P>Q)*(P>Q) r·· 

SELECT Q 

.-----~~-------"l 

(P>Q) * (P>Q)----' L 

SELECT P 

+5V}, + ',+ ~ ~ """, + ~,+ ,-+--
~:".. .... .. - 'I .. ,-~ -~.-r-- -~-.-, I _ .-----;'" 

".. + "+- + , +~ + + "':>j- +, -+-
,,' ." ~ 

-5v 

CYLINDER 005 

FIGURE H 

004 003 002 001 000 -001 

POSITION TRANSDUCER "IN-PHASE", "INVERTED IN-PHASE", 
"QUADRATURE", AND "INVERTED QUADRATURE" SIGNALS VERSES 
RADIAL DISK POSITION OR CYLINDER LOCATION; LINEAR 
REGION SELECTION LOGIC AND CYLINDER COUNTING IN COARSE 
MODE; AND, SELECTED LINEAR REGION FOR FINE MODE. 
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+10v 
IN-PHASE 

003 007 011 015 

" , I I '1'1' I , ~ > 
002 

I 
I 
I 

-lOv + 
I 005 

TIME 

009 013 017 

The above signal is present at the input to the differentiator circuit 
as shown in figure J on page 23. (See Ein(s) = IN-PHASE.) 

..... -L. + 
-----

+ 
d() 

dt -~----

~ I I I II I I I ~ > 
TIME 

+ + + 

The above signal is present at the source of the FET analog switch as 
shown in figure J on page 23. 

FIGURE I. POSITION TRANSDUCER "IN-PHASE" OUTPUT AND TIME­
DIFFERENTIATION OF SAME FOR 16 CYLINDER SEEK FROM 
CYLINDER 002 TO CYLINDER 018. (NUMBERS ARE CYLINDERS) 
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SELECT P 
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PHASE ~ l-/\I\I\ 

1/\1\1\ 
10K 

+15v +15v 
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\ I \ I \---.----1 
10K 

Rf=10K 
\1\1\ 

THE FET TURNS ON WHEN THE 
PNP BI-POLAR TRANSISTOR IS 
TURNED OFF, WHICH OCCURS 
WHEN THE 7406 NON-INVERTING, 
OPEN-COLLECTOR, BUFFER'S IN­
PUT PIN "GOES HIGH" TO +5v. 

Eo(s) Rf1*(S*Ci*Rf) 
-------- = -------------------
Ein(s) 

Rsi=10K 
/\/\/\ 

Rsi*(S*Ci*Ri + 1) 

SELECT Q 

>1 
FET ANALOG ~ Rsi=10K 

+ 
Rfi=10K 

0 SWITCH /\/\/\ /\/\/\ 

Jov C5V 
CIRCUIT 

• 
DIFFERENTIATOR! 

QUADRATUREo--> CIRCUIT I-

SELECT p. FET ANALOG 
o > SWITCH J [5V CIRCUIT 

Ov ./ ------------. 
IDIFFERENTIATORI ( 

INVERTED o--->~ CIRCUIT rJ 
IN-PHASE 

SELECT Q 
0,----

J [5 
Ov 

INVERTED 0----> 
QUADRATURE 

I 

FET ANALOG 
> SWITCH 

v CIRCUIT 

~1It 

tDIFFERENTIATOR 
~ CIRCUIT I--

Rsi=10k 
/\/\/\ 

si=10K 
/\/\/\ 

B+ 
~K 

./ , -0 

Eo(s) = 
TACHOMETER 

OUTPUT 

THE FET ANALOG SWITCB 
CIRCUIT CAN BE IM­
PLEMENTED WITH ONE 
MM74HC4016 QUAD ANALOG 
SWITCH. (THE +15v 
POWER SUPPLY MUST BE 
CHANGED TO +12v FOR 
THE MM74HC4016) 

FIGURE J. ELECTRONIC TACHOMETER SUBSYSTEM 

NOMINAL SPECIFICATIONS: 
KT = 10X10_ 6 *KP = 0.1400 volt/(inch/sec.) @ KP = 14000 volt/inch; 
RANGE: Eo(max) = ± 14 volt --> ± 100 inch/sec. 
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COMPONENTS OF MISREGISTRATION OF THE SERVO HEAD WITH RESPECT 
TO THE SERVO PATTERN'S DATA-CYLINDER (TRACK) CENTERLINE. 

1. DUE TO POSITION TRANSDUCTION AND ELECTRONICS: 

a. SERVO WRITER: 

* VIBRATIONS DURING WRITING 

* PATTERN-WRITING HEAD'S AIRBEARING FLIGHT INSABILITIES. 

b. SERVO-SURFACE MEDIUM: 

* DEFECT CERTIFICATION 

* CERTIFICATION-PASSED MINOR DEFECTS 

* SIGNAL TO NOISE RATIO (SNR) 

* MODULATION 

* "STRESS ERASURE" DUE TO MOMENTARY HDI (KISSES FROM HEAD) 

c. SERVO HEAD 

* GAP IRREGULARITIES ALONG CORE WIDTH CENTERLINE 

* MAGNETIC PARTICLE(S) CONTAMINATING GAP 

* AIR BEARING FLIGHT INSTABILITIES VERSUS RADIUS 

d. "SYSTEM NOISE" ENTERING SERVO CHANNEL 

* COUPLING FROM WRITING DATA HEAD 

* COUPLING FROM SPINDLE MOTOR/VCM POWER AMPS, ELECTRONICS 

e. DEMODULATOR OFFSET(S) 

* DIODE OFFSETS 

* AMPLIFIERS EVEN HARMONIC DISTORTIONS 

* POSITION COMPONENT SUMMIMG TOLERANCES 
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COMPONENTS OF MISREGISTRATION OF THE SERVO HEAD WITH RESPECT 
TO THE SERVO PATTERN'S DATA-CYLINDER (TRACK) CENTERLINE. 

1. DUE TO POSITION TRANSDUCTION AND ELECTRONICS (CONTINUED): 

f. DC CHANNEL OFFSET(S) 

* DC CHANNEL OP-AMP(S), COMPONENTS, BALANCE ADJUSTMENT(S) 

g. SERVO ELECTRONICS PARASITIC OSCILLATIONS 

* POWER AMP POWER TRANSISTORS 

2. DUE TO EXTERNAL (UNWANTED) FORCES « MOTIONS: 

a. EXTERNAL VIBRATIONS & SHOCK 

b. DISK SPINDLE RUNOUT 

c. BASEPLATE "PUMPING" OR RINGING 

* SEEK REPETITION PATTERNS AND RATES 

d. MECHANICAL RESONANCES 

* ACTIVATED BY SEEKING, FANS, SPINDLE MOTOR, EXTERNAL 

e. CARRIAGE FRICTION 

f. DISK AIRFLOW PATTERNS 

* "WIND" DRAG VERSUS RADIUS IN THE RADIAL DIRECTION 

g. BASEPLATE-TO-CARRIAGE ELECTRICAL CONNECTIONS (DRAG) 

h. DRIVE SPATIAL ORIENTATION (UPHILL, DOWNHILL) 

i. SERVO "FEEDBACK" PARASITIC OSCILLATIONS 
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COMPONENTS OF MISREGISTRATION or THI DATA HIlD WIt" fti§~i~' 
TO THE SERVO HEAD'S POSITION. 

1. DOE TO THERMAL GRADIENTS: 

a. HDA AIR FLOW PATTERNS 

b. ONE HEAD ARM HAS UNFAVORABLE PROXIMITY TO SOURCES OF HEAT 

* SPINDLE BEARING(S) 

* SPINDLE MOTOR 

* ACTUATOR 

* ELECTRONICS CIRCUIT BOARDS 

* HEAD ARM MOUNTED ICs 

c. INITIAL START-UP/WARM-UP HEAT FLOW/TEMPERATURE PATTERNS 

2. DUE TO EXTERNAL (UNWANTED) FORCES & MOTIONS. 

a. CARRIAGE RAIL(S)/BEARING(S) IMPERFECTIONS 

b. MECHANICAL RESONANCES (VIBRATORY DIFFERENCES SERVO/DATA) 

c. DISK SPINDLE TILT 

d. BASEPLATE DEFORMATION 

* AT ASSEMBLY 

* OVER TEMPERATURE RANGES 

e. SERVO-HEAD TO DATA-HEAD ALIGNMENT SHIFT 

* AFTER HITTING CRASH-STOP 
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MEASUREMENT OF SOLID FRICTION PARAMETERS OF BALL BEARINCS 

P. R. Dahl 

The Aerospace Corporation 
El Segundo, California 

1. INTRODU CTION 

A schematic of an ele ctric motor gearbox and 

inertia load is shown in Figure 1. The system 

block diagram can be depicted as in Figure 2 

where the electrically generated torque T E drives 

the motor inertia which, in turn, applies torque 

through the gearbox to the load inertia. The motor 

electromechanical characteristics such as back 

EMF and torque constant are not shown in this dia­

gram. Three forms of friction are present: vis­

cous friction, solid friction. and magnetic hyster­

esis "friction." The first form, viscous friction, 

is so familiar it needs no description here. The 

second form is commonly called Coulomb friction 

or "stiction," and is referred to in this paper as 

Solid Friction or SF. A solid friction model (SFM) 

that aptly describes this t'. .. pe of rolling friction 

was devised recently [1. 2. 3]. It has the appear­

ance shown in Figure 3 and will be described later 

drive-type gear and .haft .tiffness and .olid fric­

tion characteristic without backlash is shown in 

Figure 4. The case of backlash with hy.teretic 

friction is more difficult to simulate, but some 

succes s has been attained by omitting the linear 

spring and using the friction slope model sketched 

in Figure 5. This gives the characteristic 

sketched in Figure 6 where the nominal stiffness 

is t1 and the backlash region has a soft stiffness of 

t1 O. 

To obtain experimental data on the static 

stiifnes s and solid friction hysteresis of the gear­

box as shown in Figures 4 and 6, the angle mea­

surements should be taken on the output shaft of 

the gearbox with the input shaft locked. 

Completing the description of Figure 2, the 

swn of the linear stiHness torque and the gear 

solid friction torque less the load viscous and 

solid friction is what drives the load inertia. It 
'in this discussion. The third form is a hysteretic is frequently found that the gear hysteretic friction 

provides a very significant amount of damping to 

the system. 

drag torq~e produced by the permanent magnets and 

iron in the motor. According to B. C. King [4, 5J, 

it is convenient to think of this as a friction torque. 

It can be modeled in much the same way as bearing 

solie friction torque, independent of the electromag­

neiIc impressed torque, as long as the permanent 

magnets are not demagnetized significantly by the 

motor windings when current is applied. . 
The motor angular rate \i is input to the gear-

box, as is the load angular rate reflected through 

the gears, to obtain the relative rate with respect 

to the gearbox input. This relative rate is ampli­

fied by the gear ratio to obtain the relative rate 

with respect to the output shaft. This rate is then 

integrated to get the angular deflection through the 

gearbox and output shaft. Most of the torque ap-

_plied to the load is that transmitted through the box 

and shaft linear stiffness K. In parallel with the 

gear shaft stiffness is another solid friction model 

that takes into account the hystereSis friction of the 

~earbox. Torque is also applied to the load through 

,his friction. The shape of a typical harmonic 

Solid friction as well as magnetic "friction" 

is seen to enter the system in very significant ways. 

We shall show how each of these friction sources 

can be modeled using three friction model param­

eters (for each SFM). II a friction source or 

sources cannot be modeled accurately by a single 

SFM, multiple SFMs added in parallel can be used. 

In the following di.cussion, as an example, it is 

shown how ball bearing friction parameter. are 

experimentally obtained. Test methods .imilar to 

those discussed here can be used to determine 

parameter values for the other solid friction 

sources. Raw and reduced test data for bearings 

are shown. 

n. SOLID FRICTION MODEL PARAMETERS 

The mathematical model of solid friction is 

based on deriving the friction torque T(S, t) or 

force F(x, t) from the time derivative of the fric­

tion that is a function of x, the angular or linear 
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Figure 3. Solid Friction Behavior. 
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Figure 4. Gear-Shaft Sti£Iness with Hysteresis (as Measured 
at Output ShaIt). 
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Figure 5. Friction Slope Model for Gear-Shaft 
Stiffness, Hysteresis, and Backlash. 
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Figure 6. Gear-Shaft Stiffness with Hysteresis 
and Backlash. 



'" 
rela.tive displacement between syste.:n elements, 

and time t. 

dF(x, t) = dF(x) . dx (1) 
dt dx dt 

Then, integrating Eq. (1) -..vith respect to time t 

F(x, t) = f d~x) : dt (2) 

The derivative of friction force -..vith respect to 

deflection dF Idx is referred to as the friction 

slope function. It was found empirically [2} to be 

generally expressible as 

dF I F Ii dX = (] 1 - Fe sgn x . 5 

where 

sgn x = sgn (~;) = :t 1 for :t. velocities, 
respecnvely 

(] rest stiffness pararrJeter 

F c 
Coulomb friction level 
pararrJeter 

SFM e>'"ponent parameter 

( 3) 

"'-
5 stabilizing factor, such as 

:sgn (1 - Ic sgn x): for 

simulation work. Ii i = I, 
then 5 = 1 works. 

The slope functions are defined for F IF be­
e 

tween =1 and. alt:~ou(Ch it is not theoretically pos-

sible for: F: to exceed F , use oj a stabilizing 
, 'c -

factor S is required in some simulations to protect 

against instability that might occur as a result of 

factors such as computational roundoH. 

The friction slope functions appear as shown 

in Figure 7 {or various values of i for positive 

velocity x> O. The curves for negative velocity 

x < 0 are sym.metric -..vith the cur .... es shown about 

the vertical a.. .. ds F IF : O. 
c 

Integration of Eq. (3) gives the general fric­

tion force-deflection function. In this paper, con­

sideration is given to the cases where the SFM ex­

ponent parameter is set equal to 1.0 and 2.0 

because the bearing friction data presented show 

that this para.."Tleter lies in this range and because 

#' ,there is an acvantage in simulation and analysis 

using integer exponents. The case of i = 3/2 ap­

proximates the best fit for the bearing data. 

S3 

Integrating Eq. (3) -..vith respect to x with 

sgn :it = +1 and using the initial condition F(x) = 
o at x = 0, we get 

where 

~ = 1-[1- (1-i)x:r/(1-i) 

x 
c 

F c 
:-

a 

(4) 

(5) 

is the characteristic displacement or knee o{ the 

force-deflection curve. Note that if i < 1, Eq. (4) 

is valid for x/xc < (1/(1 - i)l and F/Fc = 1 for 

x Ix > (1 / (1 - i»). c , 

For i = 1: 

F ( -XIX) 
Fe: l-e c (6) 

For i = 3/2: 

F ( )-2 
Fe = 1 - 1 + 2~c (7) 

For i = 2: 

F x 
F = X"+'X (8) 

c c 

The knee parameter Xc can be regarded as an SFM 

parameter derivable from Eq. (5) if F c and a are 

determined. In any case, two of the three param­

eters in Eq. (5) need to be found from experimen­

tal data. 

The shapes of the force-deflection functions 

given above for positive velocity x> 0 are evident 

in Figure 8. When the motion h reversed, :it < 0 

and the same shape curves are retraced in the 

negative direction. The SFM parameters are to 

be determined for the ball bearings from data that 

have the appearance o{ the curves in Figure 8. 

III. TEST METHOD 

Basically, two test methods are available for 

use in determining the solid friction parameters: 

static force-displacement or torque-angular de­

flection'tests, and second-order oscUlation decay 

tests. In both methods, the phenomenon to be ob­

served in the test is hysteresis. In the first 

method, the hysteresis loop is measured directly. 

In the second method, it h indirectly determined 
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. power amplifier was also an Inland unit. A Baldwin 

IS-bit incremental encoder was mounted on the 

motor and coupled directly to the motor drive 

shaIt. An in-house designed and built digital-to­

analog (D/A) converter processed the encoder out\. 

put signal, and its output was fed to a difference 

amplifier with compensation circuitry. The 12-bit 

D/A converter defined the range and quantization 

bit rer.olution values available for the drive servo 

z.s shown in Table I. The ± 11. 25 deg range with 

the O. Oll-deg quantization bit resolution was used 

for this test. The drive servo position hysteresis 

for small excursions was less than about 0.001 deg. 

The bandwidth of the drive servo was about 10 Hz, 

and the short term noise level was of the same or­

der of magnitude as the position hysteresis, i. e" 

0.00 I de!!. The out?ut of the drive seryo was used 

to crive the x-a.xis of an x-y recorder, and the 

torque meter output was used to drive the y-axis. 

The duplex bearing pair tested was a Barden 

I04H, Class 5, with a bore diameter of 20 mm, 

a ball diameter of 0.25 in., and race width of 

12 mm. The bearings had been used in a Bendix 

Corporation test fIxture and lndicated Signifi­

cant torque noise as shown by the torque waviness 

imposed on the hysteresis loop in Figure 10. In­

spection of the bearings confirmed the suspicion of 

worn balls and races, so a new set was obtained. 

Test runs were made on the new bearings for pre­

loads of 6, 12, 18, 24, 30, and 36 lb. Figure 11 

is a typical hysteresis trace obtained with the new 

bearings for the same preload of 24 lb used for 

Figure 10. 

IV. DATA ANALYSIS 

For purposes of analyzing the hysteresis data, 

it is advantageous to define 

and 

f = F - F c 

x' = x - x( -F c) 

(9) 

(10) 

[or x> 0 (or [ = F - F for x < 0). Either the in-c 
creasing or decreasing hali of the hysteresis loop 

or both can be analyzed. The increasing half in 

Figure 11 is shown with the f and x' axes labeled 

in graph paper units where the x' = 0 axis passes 

through the rate reversal point. In terms of these 

56 

variables and assuming that f = ZF c at the rate re­

versal point when x' = 0 and that x < 0, Eqa. (3), 

(4), (6), and (S) can be written ,respectively. aa 

For i l! 0: 

( )
i 

df Fc f 
ax' = Xc F c 

_f _ _ [21 _ ix' ]1/1 - i 
F - - (1 - i) -

c x c 

For i = 1: 

For i = Z: 

f 
-x' Ix 

r= Ze 
c 

c 

F C _ x '+1/2 
T - Xc 

( 11) 

( 12) 

(13) 

(14) 

Equation (12) can be used in data analysis 

parameter estimation programs, but it is nonlinear 

and is not readily put into a linear form by simple 

changes of variable s. 

The quantities dfldx', !IF , and F If on the c c 
left side of their respective equation can be con-

sidered as dependent variables and the variables 

f and x' on the right side as independent variables . 

The graph of Eq. (11) plotted as di/dx' versus f on 

the log-log graph paper is linear as is the plot of 

f versus x' for Eq. (13) on semi-log graph paper 

and the plot of llf versus x' for Eq. (14) on rec-

-tangular graph paper. Thus, the least- squares fit 

linear regression method can be applied to the f, 

x' data pairs for pOints on the hysteresis curves. 

Computer programs are available on large and 

small computers to analyze data by this method. 

Other computer programs can be used that fit non­

linear functions such as Eq. (12) to a set of data, 

but these programs generally are available only on 

large computers. The programmable Hewlett­

Packard hand-held calculators can be utilized to 

perform the linear regression analysis, ,and the 

HP 67 and HP 97 units have curve-fitting program 

cards that can be used to fit data to Itraight lines 

(Eq. [14]), exponential curves (Eq. [13]), logarithmic 

curves, and power curves (Eq. [11]). Becauee of its 

convenience and Simplicity, the HP67 curve-fitting 

program was used in analyzing the bearing test 

data. A description of the program is given in the 
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BEARING TEST FIXTURE 
I A~ ______________ ~ 

I--:::::l=:b.-'--' 

PRElOAD ADJUST NUT 

BASE 

Figure 9. Bearing Static Torque-Deflection Test Setup • 

Table 1. Drive Servo Range and Resolution. 

Quantization Bit 

INLAND 
TORQUE 
MOTOR 

Range (de g) Resolution (deg) Seale Factor (V /deg) 

:to. 703 0.00069 14.222 

±2.81 0.00Z7 3.555 

:t11.Z5 0.0110 0.8888 

±4S.0 0.044 O.ZZZZ 

±180.0 0.176 0.05555 

BALDWIN 
18-bit 

ENCODER 
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Figure 10. Old Bearing Hysteresis Loop. 
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HP 67 "Standard Pac." Some simple preprocessing were included. Thus, even though the i = 1 and 

of the data to calculate di Idx and l/f was neces sary 

before it could be used in the standard curve-fitting 

program. The" program effectively outputs the 

parameters i and Xc for Eq. (11) and Xc for 

Eqs. (13) and (14). The parameter F c is initially 

estimated by inspection of the hysteresis curve 

and is specified by the location of the f = 0 and 

x' = 0 axes on the x-y test data plots. 

V. REStTL TS A!\:D C07'lCLUSIONS 

Test data for the "running" or Coulomb fric­

tion were readily obtained by visually estimating 

the horizontal asymptotes. Results are shown in 

Figure 12. Both old and new bearing running fric­

tion levels were effectively taken as the average of 

the near asymptotic wavy torque leveL The en­

velope of the old bearing asymptotic wave peaks 

was only 5 to 15<;'0 higher than the average value. 

Thus, it appears from this data that the wear pro­

cess increases noise torque but decreases running 

friction in the mid to high preload range. The 

friction of the new bearings at the high preload of 

36 lb appeared at first to be an outlying data point. 

However, the old bearing data show t..~e same 

. characteristic of suddenly increasing at 36 Ib pre­

load. A 40-lb preload is considered a heavy pre­

load by the manufacturer. 

Results of the curve-fitting data analysis are 

_pz::esented in Table II for the new bearings. The 

characteristic angular displacer.1ent Xc was iound 

from the plots by drawing the tangent or the rest 

slope a = F c/xc to the curves at F = 0, and is des­

ignated with the heading X = F 10. The curve fit c c 
program was used to find the parameters i and Xc 

from the power fit for Eq. (11) as well as the 

parameter Xc from the exponential fit for Eq. (13) 

and from the linear fit for Eq. (14). Results are 

listed in the table with the coefficient of determi­

nation r2, which indicates goodness of iit, and the 

friction range where the fits are good, fLIM < 

f < 2F c' The curve fits deviate from the experi­

mental curves for f value s below i LIM . 

It seemed important for each curve fit to have 

approximately the correct value of rest slope 0, 

and so the data for f < fLIM were deleted because 

the value of x determined from the fit deviated 
c 

excessively from the rest slope value if that data 

i = 2 fits have better coefficients of determination 

than the power curve fit, they will not fit the data 

over as wide a range and still have the correct 

rest slope. With this in mind, it i. observed that: 

values of x for the power fit curves are about 151'l'0 
c 

below the graphical x , i = 1 fit curves have values c 
for Xc slightly higher than the graphical values, 

and .the i = 2 fit curves have values for x that are , c 
about 50% below the graphical values. 

It is concluded, as a result of this testing, that 

the i = 2 fit curves are not as accurate as the i = 
and i'" 1. 5 fit curves. A useful observation is 

that the i = 1 fit curves give good results over 

about 850/0 of the range of friction change from 

to +F c' They also give a good fit for the rest 

slope. 

-F c 

It is important to observe that the value of x 
c 

is approximately constant and independent of 

preload. 

Another important conclusion that can be 

drawn from these data is that the SFM exponent 

parameter i is approximately constant and has an 

average value of about 1.5. 
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Table 11. Bearing Pair SFM Parameters. 

i E.timu~d i = I i = 2 
(pOW~T fit)a (exponential !it) (linear lit) 

Running Rest Graph Fit Fit Fit 
Preload F Good {or Cood for Cood for 

Fp 
FricDon StiIfne .. x :...£ r2 ! > fLIM !> !LIM f> [LIM Fc a c a i Xc Xc r2 Xc: r2 

(hr) hn-o%) (in-o% Ideg) (deg) (deg) (in-o%) (dee) (in-Oz.) (dee) Un-oz) 

I> 0.30 1.3 0.23 1.44 0.20 0.89 0.06 0.26 0.99 0.03 0.13 0.95 0.06 I 

12 0.91 3. I 0.29 I. 66 0.23 0.98 0.08 0.31 0.99 0.20 0.17 0.97 0.27 

18 I. 34 4.6 0.29 1.71 0.25 0.97 0.18 0.30 0.99 0.34 0.18 0.99 0.21 

24 I. SO 4.8 0.31 I. 64 0.26 0.98 0.18 0.30 0.99 '0.54 0.21 0.96 0.54 I 

I 

30 I. 78 5.9 0.30 1.44 0.23 0.98 0.08 0.31 0.99 0.26 0.21 0.97 O.BO 
I 

36 3.26 12.5 0.26 1.36 0.21 0.97 0.08 0.28 0.99 0.79 0.15 0.96 0.79 

a 
i ave. 1.54 t 0.15 (I .Igma) 

~: t2.5 dee impoled triangular waveform at 20-sec: period. Amplitude waa approximately 10 "c' 
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TOPICS TO BE COVERED 

DEFINITION OF WRITE-TO-WRITE (W/W) AND WRITE-TO-READ (W/R) TMR 

TMR FLOWCHART 

TMR CATALOG 

SIMPLE CLOSED-FORM EXAMPLE 

MONTE-CARLO EXAMPLE 

OTC FLOWCHART 

OFF-TRACK CONDITIONS 

747 CURVES 

747 CURVES - ERROR RATE EFFECTS 

747 CURVES - HEAD WIDTH EFFECTS 

COMBINING TMR AND OTC 

HEAD WIDTH EFFECTS 

ERROR RATE AND TMR SURFACES 

AVERAGE ERROR RATE CALCULATION UNDER OFF-TRACK CONDITIONS 

TMR FACTORS 

MRH 3-7-88 
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WHY TMR AND OTC ? 

TMR / OTC PROVIDES A METHODOLOGY FOR: 

1) ENSURING COMPATIBILITY BETWEEN SERVO/MECHANICAL 

AND READ/WRITE SYSTEMS 

2) SETTING DESIGN GOALS AND TOLERANCE LIMITS FOR 

CRITICAL AREAS OF THE DRIVE: 

MECHANICAL 

SERVO 

R/W 

SERVOWRITER 

3) CHOOSING OPTIMUM HEAD WIDTH 

4) PREDICTING ERROR RATE UNDER OFF-TRACK CONDITIONS 

AND, TMR/OTC PROVIDES A METHOD OF VISUALIZING AND COMMUNICATING 

DESIGN TRADEOFFS BETWEEN SERVO, MECHANICAL, AND R/W GROUPS. 

MRH 3-7-88 
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TMR FACTORS 

SERVOWRITER TMR FACTORS: (PROVIDES W/W TOLERANCES ONLY) 

DISK MODULATION TMR: 

DISK MODULATION IS AN AC ERROR IN THE POSITION OF SERVO 
TRACKS CAUSED BY NON-UNIFORM MAGNETIZATION OF THE DISK. 
IT CAN BE MEASURED BY MOVING THE SERVOWRITER HEAD TO THE 
AVERAGE SERVO NULL POSITION BETWEEN ADJACENT SERVO TRACKS 
AND PASSING THE RESULTING PES THROUGH A FILTER WHICH 
SIMULATES THE CLOSED-LOOP RESPONSE OF THE DRIVE SERVO 
SYSTEM. THE ERROR DISTRIBUTION CAN BE PLOTTED FOR AN 
INDIVIDUAL TRACK OR TWO ADJACENT NULL POSITIONS CAN BE 
RECORDED AND SUBTRACTED, KEEPING RELATIVE CIRCUMFERENTIAL 
POSITIONS INTACT, TO GIVE THE W/W TOLERANCE FOR THE TWO 
TRACKS DIRECTLY. 

THIS TOLERANCE WILL BECOME MORE IMPORTANT AS TRACK 
DENSITIES APPROACH THE 1500 TO 2000 TPI RANGE, AND 
CORRECTION ALGORITHMS MAY HAVE TO BE BUILT INTO 
SERVOWRITERS TO LIMIT THE MAGNITUDE OF THE ERRORS. 

DC TRACK SPACING TMR: 

FOR OPEN-LOOP STEPPER MOTOR SYSTEMS, THIS TOLERANCE IS 
DEFINED BY THE STEPPER MOTOR STEP ERROR. FOR CLOSED-LOOP 
SYSTEMS WITH SERVO SURFACES, THE TOLERANCE IS DEFINED BY 
THE DC SPACING ACCURACY OF THE SERVOWRITER. 

HEAD SETTLING TMR: 

HEAD SETTLING TMR IS VIBRATION OF THE SERVOWRITER 
ACTUATOR/HEAD FOLLOWING A MOVE TO WRITE A NEW TRACK. 

SPINDLE NRRO TMR: 

NON-REPEATABLE RUNOUT (NRRO) OF THE SPINDLE MOTOR WILL 
CONTRIBUTE AN AC ERROR TO EACH WRITTEN TRACK. ACTUAL 
NRRO ON WELL DESIGNED SPINDLES CAN BE IN THE 10-20 

. MICROINCH P-P RANGE, HOWEVER, SPINDLES WITH RESONANCES 
CLOSE TO THE BALL BEARING DEFECT FORCING FREQUENCIES CAN 
EASILY REACH 30-100 MICROINCHES P-P. THE TREND TOWARD 
FIXED-SHAFT SPINDLES, CLAMPED ON BOTH ENDS, IS REDUCING 
THE AMOUNT OF NRRO COMPARED TO THAT SEEN ON CANTILEVERED 
SPINDLES. 

17 
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SERVO SYSTEM TMR FACTORS: 
-------------------------
TYPE OF SERVO USED: 

THE TYPE OF SERVO SYSTEM USED, IF ANY, IS THE PRIMARY 
FACTOR TO BE TAKEN INTO ACCOUNT IN ANY TMR STUDY. 
DEPENDING ON THE TYPE OF SYSTEM USED, SOME TOLERANCES MAY 
BE COMPLETELY ELIMINATED, OTHERS MAY BE INCREASED OVER 
THE NO-SERVO CASE, AND OTHERS MAY EXIST NO MATTER walCH 
TYPE OF SERVO IS USED. 

TRANSIENT RESPONSE TMR: 

THIS IS THE TOLERANCE walCH DESCRIBES THE SETTLING 
CHARACTERISTICS OF THE SERVO SYSTEM. THOUGH THE AVERAGE 
LATENCY IS 8.33ms, SOME READING AND WRITING CAN OCCUR 
IMMEDIATELY AFTER SEEK COMPLETE IS SET, AND THE 
OVER/UNDERSHOOT SETTLING CHARACTERISTICS OF THE SERVO 
NEED TO BE TAKEN INTO ACCOUNT. 

WRITE/SERVO COUPLING TMR: 

ANY SERVO SYSTEM IN WHICH SIMULTANEOUS READING OF SERVO 
INFORMATION AND WRITING OF DATA OCCURS IS SUBJECT TO 
COUPLING OF WRITE NOISE INTO THE SERVO, CREATING 
POSITIONING ERROR • 

DC STIFFNESS/BIAS FORCES: 

THE SERVO SYSTEM SHOULD HAVE ENOUGH DC STIFFNESS TO 
MINIMIZE THE EFFECTS OF DRIVE ORIENTATION, CABLE BIAS 
FORCES, AND OTHER BIAS FORCES. THE FACT THAT ALL 
BALL-BEARING SUPPORTED MECHANICAL STRUCTURES DO NOT ACT 
AS RIGID BODIES BUT ACT AS MASS-SPRING- HYSTERETIC DAMPER 
SYSTEMS WITH LOW RESONANT FREQUENCIES REQUIRES ADDITIONAL 
COMPENSATION TO RE-ESTABLISH DC GAIN. 

SERVO ELECTRICAL EFFECTS TMR: 

VOLTAGE TOLERANCES, COMPONENT TOLERANCES, VCM FORCE 
CONSTANT VARIATIONS, AND OTHER FACTORS WHICH CAN CHANGE 
SERVO TRACK FOLLOWING OR SETTLING CHARACTERISTICS SHOULD 
BE INCLUDED AS APPROPRIATE. 

18 



MECHANICAL TMR FACTORS - ACTUATOR: 
----------------------------------~ 

.~ OPERATING SHOCK TMR: 

~ 

"-

/' 

TYPICAL OPERATING SHOCK SPECIFICATIONS ARE 5-10q 
HALF-SINE WITH 11ms PULSE WIDTH. BOTH BECAUSE SMALL 
DRIVES ARE USED IN MOVEABLE SYSTEMS AND BECAUSE THEIR 
SMALL SIZE MAKES THEM EASY TO TEST, DRIVE USERS ARE 
REQUIRING GOOD SHOCK AND VIBRATION PERFORMANCE. 

SINCE THE 11ms SHOCK PULSE CONTAINS LOW FREQUENCY ENERGY 
RELATIVE TO THE TYPICAL LOWEST NATURAL FREQUENCY OF THE 
ACTUATOR SYSTEM, THE RESPONSE OF THE ACTUATOR IS DEFINED 
BY THE STATIC STIFFNESS. FOR A LINEAR ACTUATOR, THE 
PRIMARY STIFFNESS IS THAT OF THE BEARING/GUIDE ROD 
SYSTEM. "CANTILEVER" TYPE SYSTEMS WITH THE BEARING 
SYSTEM AT THE BOTTOM OF THE CARRIAGE AND THE CARRIAGE 
CENTER OF MASS ABOVE THE SUPPORT SYSTEM WILL HAVE GREATER 
SHOCK MOVEMENTS THAN ACTUATORS WITH BEARINGS AT TOP AND 
BOTTOM. ALSO, THE BEARING PRELOAD SHOULD BE SUCH THAT 
THE CARRIAGE IS NEVER UNLOADED DURING OPERATING SHOCK. 
FOR A ROTARY ACTUATOR, THE BEARING/SHAFT STIFFNESS AS 
WELL AS BALANCE ABOUT THE PIVOT CONTRIBUTE TO MOTION. AS 
ROTARY ACTUATORS MOVE TOWARD BEING CONSTRAINED AT THE TOP 
AND BOTTOM OF THE SHAFT, DRASTICALLY REDUCING SHAFT 
BENDING, BALANCE ABOUT THE PIVOT BECOMES THE PRIMARY 
OFFTRACK INFLUENCE. 

HIGH-BANDWIDTH CONTINUOUS SERVO SYSTEMS CAN REDUCE THE 
ERROR CONSIDERABLY AT THE SERVO HEAD, BUT IF THE MOTION 
INCLUDES A TILT, SOME OF THE DATA HEADS CAN BE IN ERROR 
EVEN IF THE THE SERVO HAS NONE. 

ROTARY ACTUATOR SYSTEMS WHICH HAVE BASE ROTATION 
OCCURRING DURING SHOCK CAN HAVE OFF TRACK ERROR AS THE 
BASE ROTATES EVEN IF THE ACTUATOR IS PERFECTLY BALANCED. 
THIS BASE ROTATION IS CAUSED BY THE SHOCK MOUNT AND FRAME 
STIFFNESS RELATIVE TO THE CENTER OF MASS OF THE SYSTEM. 

OPERATING VIBRATION TMR: 

TYPICAL OPERATING VIBRATION SPECIFICATIONS ARE 0.5q P-P 
FROM 5-500 Hz. THIS VIBRATION LEVEL IS LOW ENOUGH THAT 
THE PRIMARY CONCERN IS NOT STATIC STIFFNESS BUT THE 
EXISTENCE OF ANY RESONANCES WHICH CAN BE EXCITED AND 
THEREBY INCREASE THE MOTION. STEPPER MOTOR SYSTEMS 
TYPICALLY HAVE A RIGID-BODY MODE IN THE 200-300 Hz RANGE 
WHICH CAN BE EXCITED. MOTION AT SHOCK-MOUNT RESONANT 
FREQUENCIES ESSENTIALLY INCREASE THE ACCELERATION LEVELS 
SEEN BY THE ACTUATOR. ROTARY ACTUATOR SYSTEMS CAN HAVE 
ERRORS CAUSED BY BASE ROTATION DURING OPERATING VIBRATION 
AS DESCRIBED ABOVE UNDER OPERATING SHOCK TMR. 

19 
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BEARING TMR FACTORS: 

BALL BEARING SUPPORT STRUCTURES FOR THE ACTUATOR CAN 
CONTRIBUTE TO ERROR, WITH THE EFFECT BEING MUCH LARGER 
FOR LINEAR ACTUATORS THAN FOR ROTARY. LINEAR ACTUATOR 
BEARINGS HAVE SEVERAL EFFECTS TO BE CONSIDERED: OUTER 
RING RUNOUT, BALL-DROP (THE RAISING AND LOWERING OF THE 
SHAFT AS THE BALL COMPLEMENT ROTATES), OUTER RING 
BENDING, AND NON- REPEATABLE EFFECTS IF THE BEARING IS 
NOT ALIGNED WELL AND ROLLS AND SLIDES INSTEAD OF ROLLING 
ONLY. EACH BEARING IN A LINEAR ACTUATOR SYSTEM SHOULD BE 
CONSIDERED INDIVIDUALLY FOR ITS CONTRIBUTION TO TMR, 
RESULTING IN A TMR TOLERANCE FOR EACH BEARING. BECAUSE 
BEARING ERRORS IN LINEAR ACTUATORS CREATE TILT EFFECTS, 
THE TMR ERROR WILL INCREASE AS THE DISTANCE FROM THE 
BEARING SUPPORT STRUCTURE TO THE HEAD INCREASES OR AS THE 
DISTANCE FROM THE SERVO HEAD TO THE DATA HEADS INCREASE. 

ROTARY ACTUATOR BEARINGS CONTRIBUTE VERY LITTLE TO TMR AS 
THE ONLY TOLERANCE WHICH OCCURS (IF ALL RINGS ARE 
CONSTRAINED FROM PRECESSING) IS THAT CAUSED BY BALL 
DIAMETER TOLERANCES AS THE BALL COMPLEMENT PRECESSES. 
IF, HOWEVER, A RING IS FREE TO PRECESS, THEN THE RUNOUT 
OF THAT RING CAN CONTRIBUTE TO TILT OF THE ACTUATOR. 

BEARING/RAIL WEAR TMR: 

SHOULD BEARING MIS-ALIGNMENT RESULT IN WEAR OF THE 
BEARING/ RAIL INTERFACE, THE EFFECT SHOULD BE INCLUDED IN 
THE TMR. 

BIAS FORCE TMR EFFECTS: 

ANY BIAS FORCES WHICH CAN VARY WITH TIME AT A GIVEN TRACK 
POSITION CAN CREATE OFF-TRACK AT THAT POSITION AND SHOULD 
BE CONSIDERED. FLEX-CABLE BIAS FORCES WHICH CAN CHANGE 
WITH TEMPERATURE IS ONE EXAMPLE. 

20 
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TUNED SEEK SETTLING TMR: 

"TUNED SEEK" REFERS TO A WORST CASE EXCITATION OF THE 
STRUCTURE BY CHOOSING COMBINATIONS OF SEEK LENGTH AND 
DELAY BETWEEN SEEKS' TO EXCITE THE STRUCTURE. THE MOTION 
OCCURRING UNDER THIS WORST CASE EXCITATION CAN BE 
COMPARED WITH THE MOTION OCCURRING UNDER A RANDOM 
EXCITATION AND THE APPROPRIATE VALUE USED IN THE TMR 
STUDY. . 

BOTH ACTUATOR RESONANCES AND SUSPENSION RESONANCES CAN 
CONTRIBUTE TO TUNED SEEK SETTLING TMR. TYPICALLY ONLY 
RESONANCES IN THE FREQUENCY RANGE UNDER 1KHz ARE 
IMPORTANT BECAUSE OF THEIR LOW STIFFNESS AND RESULTING 
HIGHER AMPLITUDE OF MOTION. HOWEVER, WITH ROTARY 
ACTUATORS USING THE 3370 SUSPENSION IN THE "SIDEWINDER" 
ORIENTATION, SIGNIFICANT MOTION OF THE HEAD MAY OCCUR, 
REQUIRING A DAMPING TREATMENT TO BE APPLIED. 

MECHANICAL TMR FACTORS - SPINDLE: 

NRRO TMR: 

NON-REPEATABLE RUNOUT (NRRO) AS DISCUSSED EARLIER UNDER 
THE SERVOWRITER SECTION AFFECTS THE AC POSITION OF THE 
SERVO HEAD, AND HENCE W/W TMR. NRRO OF THE SPINDLE 
DURING READING AND WRITING OF DATA WILL CONTRIBUTE TO W/R 
ERROR. DEPENDING UPON THE BANDWIDTH AND TYPE OF SERVO 
USED, IF ANY, THE ERROR CREATED BY NRRO CAN BE INCREASED 
BY THE CLOSED-LOOP GAIN EFFECT OF THE SERVO SYSTEM. 
TYPICAL CLOSED-LOOP SERVO SYSTEMS HAVE CLOSED-LOOP 
TRANSFER FUNCTION PEAKING IN THE 200-600Hz RANGE, WHICH 
IS THE SAME FREQUENCY RANGE THAT MOST BEARING DEFECT 
CAUSED NRRO OCCURS. 

OPERATING SHOCK TMR: 

AS FOR THE ACTUATOR, SPINDLE DEFLECTION UNDER OPERATING 
SHOCK IS DEFINED BY THE STATIC STIFFNESS CHARACTERISTICS 
OF THE SPINDLE. DEPENDING ON THE SPINDLE DESIGN, ERRORS 
CAUSED BY OPERATING SHOCK CAN BE VIRTUALLY ZERO TO OVER 
100 MICROINCHES FIXED SHAFT MOTORS WITH BOTH ENDS 
CONSTRAINED AND WITH THE BEARINGS SYMMETRICALLY LOCATED 
AXIALLY RELATIVE TO THE ROTATING MASS CENTER OF GRAVITY 
HAVE LOWER OFF-TRACK THAN CANTILEVERED DESIGNS UNDER 
SHOCK. 

21 
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OPERATING VIBRATION TMR: 

SPINDLES WILL HAVE "ROCKING" OR COMBINED "LATERAL" AND 
"ROCKING" MODES BETWEEN ROUGHLY 200 AND 500 Hz FOR 
CANTILEVERED SPINDLES AND ROUGHLY BETWEEN 400 AND 1000 Hz 
FOR FIXED-SHAFT DESIGNS WITH BOTH ENOS CONSTRAINED. IF 
THE ROCKING MODE EXISTS IN THE 5-500 Hz RANGE, THE MODE 
CAN BE EXCITED BY THE EXTERNAL VIBRATION INPUT. 

TUNED SEEK TMR: 

VOICE COIL MOTOR (VCM) REACTION FORCE CAN ACT AS A 
FORCING FUNCTION, EXCITING SPINDLE RESONANCES. BECAUSE 
THE SPINDLE RESONANCE WILL BE ASYNCHRONOUS WITH THE 
SPINDLE ROTATION, THE VIBRATION WILL APPEAR AS ADDITIONAL 
NRRO TO THE SERVO SYSTEM. 

THERMAL TRACK SHIFT (TTS) TMR FACTORS: 

22 

THERMAL TRACK SHIFT IS THE ERROR CAUSED BY CHANGES IN TEMPERATURE, 
EITHER INTERNALLY OR EXTERNALLY GENERATED. ALL COMPONENTS OF THE 
DRIVE MUST BE CONSIDERED AS POTENTIAL SOURCES OF TTS: ACTUATOR, 
SPINDLE, BASE, COVER, ETC. TTS MEASUREMENT SHOULD BE CONSIDERED 
EARLY IN THE DEVELOPMENT PROGRAM AND A MEANS OF MEASURING ERRORS 
AT EVERY HEAD POSITION PROVIDED. TTS WILL VARY CONSIDERABLY FROM 
DRIVE TO DRIVE, NECESSITATING TESTING ON A MINIMUM OF 10-20 DRIVES 
TO DEFINE THE RANGE TO BE EXPECTED. 

SELF HEATING TTS TMR: 

THE SELF HEATING TTS TOLERANCE OCCURS AS THE DRIVE HEATS 
ITSELF UP AFTER BEING POWERED UP FROM AN INITIAL UNIFORM 
TEMPERATURE STATE. TTS OCCURS DUE TO TWO INFLUENCES, 
TEMPERATURE GRADIENTS AND DIFFERENTIAL THERMAL EXPANSION. 
AS THE DRIVE HEATS ITSELF UP DUE TO THE DISKS SPINNING, 
THE SPINDLE MOTOR HEATING, THE ACTUATOR HEATING, AND THE 
PCB HEATING, TEMPERATURE GRADIENTS ARE CREATED. THESE 
GRADIENTS CAUSE NON-UNIFORM EXPANSIONS THROUGHOUT THE 
STRUCTURE. THE GRADIENTS ARE HIGHEST IMMEDIATELY AFTER 
STARTUP AND DECREASE AS CONDUCTION AND CONVECTION TEND TO 
FORCE THE DRIVE TO A MORE UNIFORM TEMPERATURE. 

IN ADDITION TO THE GRADIENT EFFECT, THE MIS-MATCH OF 
COEFFICIENTS OF THERMAL EXPANSION IN VARIOUS COMPONENTS 
OF THE DRIVE CREATES ADDITIONAL ERROR AS THE DRIVE WARMS 
ITSELF UP. TTS ERROR SHOULD BE MONITORED DURING THE 
ENTIRE WARM-UP PERIOD, AS TYPICALLY TTS WILL BE HIGHEST 
DURING THE FIRST 5 MINUTES AND THEN LATER AS THE DRIVE 
REACHES ITS EQUILIBRIUM TEMPERATURE DISTRIBUTION. THE 
TTS DURING THE FIRST 5 MINUTES IS CAUSED BY RAPID HEATING 
OF THE DISKS RELATIVE TO THE SUSPENSIONS AND OTHER 
COMPONENTS IN THE DRIVE. 
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AMBIENT CHANGE TTS TMR: 

AMBIENT CHANGE TTS TMR OCCURS AS A RESULT OF CHANGES IN 
AMBIENT TEMPERATURE WHICH OCCUR AFTER THE DRIVE HAS SELF 
HEATED AND REACHED AN EQUILIBRIUM STATE. TYPICAL MAXIMUM 
SPECIFIED RATE OF CHANGE OF AMBIENT TEMPERATURE IS 10 
DEGREES C PER HOUR, A CHANGE WHICH IS SLOW ENOUGH TO NOT 
SIGNIFICANTLY CHANGE THE EQUILIBRIUM TEMPERATURE 
GRADIENTS THROUGHOUT THE DRIVE. AS A RESULT, THE ERRORS 
WHICH OCCUR DURING AMBIENT CHANGE ARE DRIVEN NOT BY 
CHANGING TEMPERATURE GRADIENTS BUT BY DIFFERENTIAL 
THERMAL EXPANSION CAUSED BY MIS-MATCHES OF COEFFICIENTS 
OF THERMAL EXPANSION IN VARIOUS COMPONENTS OF THE DRIVE. 

WORST-CASE AMBIENT SWING TTS OCCURS UNDER CONDITIONS OF 
WRITING COLD AND READING HOT, OR VICE VERSA. 

10/00 TTS TMR: 

THIS ERROR IS CAUSED BY DIFFERENCES IN TEMPERATURE 
GRADIENTS WHICH OCCUR WITH ACTUATOR POSITION. IF THE 
ACTUATOR IS POSITIONED AT THE 10 FOR A LONG PERIOD OF 
TIME AND THEN SEEKED TO THE 00, THE INITIAL RELATIVE 
POSITIONS OF THE HEADS AND DISKS WILL BE DIFFERENT FROM 
THAT REACHED WHEN THE SYSTEM HAS REACHED ITS EQUILIBRIUM 
TEMPERATURE STATE AT THE 00. 

STEPPER MOTOR SYSTEMS USING BAND TYPE DRIVES WILL 
TYPICALLY HAVE AN ERROR ASSOCIATED WITH BAND EXPANSION 
DIFFERENCES AT 10 AND OD POSITIONS, NECESSITATING SOME 
SORT OF THERMAL COMPENSATION LINK IN THE SYSTEM. 

SEEKING/TRACK FOLLOWING TTS TMR: 

THE EQUILIBRIUM TEMPERATURE STATE WHEN TRACK FOLLOWING IS 
DIFFERENT FROM THAT WHICH OCCURS WHEN RAPIDLY SEEKING. 
THE DIFFERENT TEMPERATURE AND TEMPERATURE GRADIENTS CAN 
CONTRIBUTE A TTS ERROR. 

PERMANENT SHIFT TTS TMR: 

PERMANENT SHIFT TTS IS THE ERROR CREATED BY PERMANENT 
. CHANGES IN POSITION OF COMPONENTS CAUSED BY THERMALLY 

CYCLING THE DRIVE. SHIFTING OF ARMS RELATIVE TO 
CARRIAGE, SUSPENSIONS RELATIVE TO ARMS, DISKS RELATIVE TO 
THE ORIGINAL AXIS OF ROTATION, SPINDLE MOTOR RELATIVE TO 
BASE, AND WARPING OF THE BASE/COVER ASSEMBLY ARE COMMON, 
ESPECIALLY FOLLOWING SHIPPING TEMPERATURE LIMIT EXPOSURE. 

23 
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MECHANICAL - MISCELLANEOUS TMR EFFECTS: 
---------------------------------------
MOUNTING DISTORTION / ORIENTATION TMR: 

IF THE SHOCK MOUNT SYSTEM WHICH ISOLATES THE HDA FROM 
FRAME DISTORTION IS TOO STIFF OR NON-EXISTENT, 
DISTORTIONS IN THE FRAME CAUSED BY MOUNTING IN THE 
CUSTOMERS BOX MAY BE TRANSFERRED TO THE HDA, CREATING OFF 
TRACK ERROR. 

DRIVES WITH RELATIVELY FLEXIBLE SPINDLE AND/OR ACTUATOR 
SYSTEMS CAN HAVE SMALL ERRORS DEPENDING UPON THE 
DIRECTION OF ORIENTATION OF THE DRIVE AND THE RESULTING 
GRAVITY EFFECTS. 

NON-OPERATING SHOCK TMR: 

NON-OPERATING SHOCK, TYPICALLY SPECIFIED IN THE 40-75g 
RANGE, CAN CREATE ERRORS DUE TO PERMANENT SHIFT OF 
COMPONENTS OR DUE TO INCREASES IN NRRO DUE TO SPINDLE 
BEARING DAMAGE. 

24 
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Position Sensing: Heads, Media, Servo Patterns 

* Isolated Pulses 

* Oi-bits and Linear Superposition 

* Side-writing 

* Side-reading 

* Isolated Track Profiles 

* Quadrature Servo Patterns 
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EFFective Track Width 

E T W = P 2 W + G + 2 S In 

where P2W = geometrical read width 

P2W + C = written track width 

2Sffi = electrical broadeninSJ 
....... 

arising from dipulse interval 
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Regression Analvsis Linear model: Y = 2+bX 

Dependent variable: THEOry 

F' ,31- amet et- Estimate 
Standc>rd 

En-ol-

I 

50 

T 
VetlU2 

I ntet-cept 
Slope 

(). 68733S' 
0.97301<7' 

0.305424 
0.014538 

2.25044 
66.9294 

Analysis of Variance 

Gw~ ~~{&& 
f2.. ~ {2..\ ~ (t»R. 

Independent variable 

PI-ob. 
Le'.el 

0.042373 
<) 

Source 
Model 
Error 

Sum of Squares 
1312.5432 
3.809108 

Of Mean Square F-Ratio Prob. Le 

Total (Cori~.) 1316.3523 

Correlation Coefficient = 0.998552 
Stnd. Error of Est. = 0.541302 

1 1312.5432 4479.5432 .00 
13 .293008 
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R-squared = 99.71 percent 
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Quadrature Servo Head Design Guides 

* P2W ~ 2.00/TPI for mlnImum rounding 

* Thin Film Servo Heads: PIW not critical 

* PI and P2 chosen for optimum dipulse signal 

* Overwr i te: not cr i t i ca 1 
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PLlfY3V/~?//////Y/~ 

* Resolution: not critical 
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Track Profiles for Different Written 
Track Widths (Servo Head = 25 microns) 

.................... . .. 

, .......... :. . . . . .. 1':-- . . . . . .:.. '-" S I G':l 
· :/:\ ....... :.- SlG2 
'. . . . . . . . . . : /. '. J 30 ... ,,: " . S· I G' 

. . . / .'. '( .. "/ : ... ,:,,_ z.~A."" : 

'. . /' . · .............. I .' . ." · . ..' . \ · /' .. " . . · . ". \ ..... . 
: . . . . . . /....,: .. . .. . .... 

. . . . :- . / ... . " . . ..... \ · /' : ..... '. : 

1. 2 

:- . . . . .... :/ .. : . ,...... . ..... 
· I ...... . , . o [: / ... ' ... , ..... '" \ .... 
;: ~.'. : .. " ...... : 

- 5 0 · ..:...:.;....... ~. I I ..... ;.~7:. I • J 
I I 

1 

0.8 

0.6 

o. 4 

o. 2 

-25 o 25 50 

HQClcI PO!:; j Lion (ern) ex lE-4) 

<? ""»1 uJ ~ 
~~ (2.l1F (.i)1(f> 

-/tf-

t ~ 



Idl 

OOSZ OOZZ OOBl OOgt OOEt ooot R -----T-- 1 ' , 1 ' , 1 ' , 11 •..••. ' ..•.•.• '.' .•.••. : •••••• : .•••. ". DC! 
· ... ~ 

· .. . . . .. · . . .. .. .. 
.. . . .. .. .. 

: . . : . . . . .. . ' .... : •..••• : DE 

~ 

0'- N .: 

£' 
1 .-

. . ...................... 

. . . 
I 

.. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. 
I I ., I: 

Idl SA AZd Jo lOrd 

\ 



...J 
UJ 
~ 
;z 
q: 
::t 

U 
l() 

·N 
UJ-

0 ':>V) 

> o -cz: 0" +-
at .-.1 :z q: 0\ 

UJ q: U1 U 0 

l/) 3 V) ... 0 z w 
V)q:V1Vl 
0\1 0 <3' 

W t-J~ 

:I: ~wz~ 

t-
. G' (( 0 
~(nv>~ 



-
"""'-

..". 

..... 

" 

P,qT<T I 
/I) THE TT2/tcK. FOLLOW 1"'6 C01JTEO LL'E}2 

THE 'P'£IMA£Y OB~e.C.TIVE OF "'THe T~I4CII- FOLLOWltlft:, 
\ 

CoNTROLLE1< IS TO tf1,fJIAlTA-IAI TNt: :€El!.012t>/l/G HeAD~ 
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r wou,- D ~/t!.E To 1E'KIf;f1/AJc IN soME. WHJ4.' fitof!!.e. 
!JNAL...YTICAL 1JETAIL THE COAJT£OL- SPSTc"" THAT ])oES THIS 
:roB. :IT IS ']>ESCIZ-IBED 'BY THE FoLLO W ING '"B~oe,t:. !>otG£AM .. 

OIJUE. THe.. 'j2.Ec-og.D, N<O H e,q.D IS L-OC.ATED rJT THE. 

C!r:;.IVTER. OF Tlfe 1)Esl12EO Ti!.J4(!J::.. (BY T~c A-ce..,ess ~oN71ltJLLER 
TO "BE. 'J)£SC.~/SEt> J..ATE~)) TIfE£.£ A-reE TWO I'1I1-'So~ 
S'ou72~e.S () F 'PIS TUg Pn9NC, E THAT (!.Av:5S A'//S -Pos JTt(JN 

e.R £01<.: 71ZAcJ;!. 70 S/ TION EX CI T,q IIOAJ /1-AJD;z:.o R (! E. 

-o/STO'fl.. "B~NCE~. 

T,!!AC;:' 'POSITION EXCITATioN (!oIJS/S-r-s tJF : 

1. 1!.E:PEAT,4BLE ANO NOAJ-E£.PEATIIBLE SPIAlJ)LE. BEAl?llJG £uA}duT 

2.. ':DIS k:. (!.EN TE.!! INC:. E.e. J!..C/C! UN !!£/ftIOV ABLe BuT A-L so NO N-{lfEf1!fO VAtl..E 

"1>1 Sic'- -p /i!!.t V E'S ) 

S. STATIc.. AND DC! AI A/ttJ(!_ '1>151< 1>eFLEc.rlONS 

1. SEf:,vo W12I'TE£ IJ-N'C> P1e.DI/f c.AuSE-D £Ee.o~l)ING T~,q.~t:.. 

'POSIT/ON NON - CoAl CEN7£, c, T'r' l!1Z.fZ. 0 i!-
s: ELECTeo -MECflAN/~J4.l.. HeiSE. /AJ TilE 'POSIT/ON T/2.J!l.NSPUC.E'K.. 

M eCMA-1J1 CAL 'D/STD£ BA JJ c.e.. FOR..ee.. so U~~ES INCLUDE.! 
i. "D/SI'. kIte. FLO(JJ WINDfHoE.. ON "'~E CI41?£.II4(DE. STte.uerU1!E.. 

2. FLEX f.1R.C.UIT B'E"'lHN€> Fo12..C!E "8/145 

S. elt'fC.1!.IIH:i,E 'BS-I+~ IN to C( F~' eTION" AN 0 7>£.£ LOA-D 

1. HO&T (;N CLOSU£E /t10TION) VtBIC.A-T/ON I AN't> SffOt!.J;:.... 

5. G~~V lTV (IN J...JNEA~ AN'/) ON'B,t:i'-!9NC.E.C> 720//1£ ys) 
". l!.ETtz.J4C!.T /tNt> PH/Z.it. /'1ECH-A-NISMS 

7. ACTUATOR. MA~NlErJe.. B/J?S 



" t ~ t ~ 

X (TRACK POSITION) 
TI< '=:~.C'T"TION) 

) c 

c 1~ISTfJ"'Atlr£\ 
f D \... FcJflees ) 

,,-, .. --

?£: <3(5) 
~ t 1'1)5111' 

Kp ~F 
.., tfdt SJt SSM -- -

Ev IA Fit X XH 

'N 

(;SITION ~ 
7(l./UIS DUCEIl. 

(CO"'''ENS~''£ ) 
. c4AMPL'F1~~ 

(A C TV ... Tl>l~ ) (MECHRN IChL ) 
sYSTEM 

T{ZllaK. FOLLDW IAl(;' SEeVO 



- Cfffl£ACTE£ I tAT/ON OF TTZI1NS 'Ff;I? FUAlC-T/ONS FOR TilE 
"' CY=/XE.O») BLOC~S OF THE TRACI<. FoLLOWING SYSTEM 

i) ThE. -POSITION 7J!I9NS1>uC.EER. USE-D I AJ "DISk. DRI V E;S <!.l4tJ 
IfAUE S'EVr:.RPtL 1:>1 FF fER. ENT 1J11 pu:. fl1e.N rATIONS s(j~N 
A'S AN ~PTI(!AL. EAJC.o DEt!) 1'0 iEAJnOMETE/? LV 1>1. fJlA6NETIC!-

/ ) 
tEAlCOPfER) /..JtSE.«. IAlIE!=-E~OME.r-eR.J ETC.) "Bur 13'1 F,,;::' 
Tiff! MO&T U5E.D IN VOLuME. P~ODUC.TION HI(OH-

-PENSI TY "DISK l>R/VES IS TH-E. SERVO HEll-I:> -1'te£/ZEttJe.J>E 

SEI!.VO 1>l SK suR.. FACE - 7>E.MoDULltfro1!. EL.-IE l!.-T/i!..ON / (!'s 
CbM B/NA-TtOAJ. !HeR-/E 1f!!.E. MI!}NV /<!./A//)S tJF ~ODING 
A-ND SEVE!Z-IJL TfPIES t!JF tJEMoPULl4rlDN lISE-D1 Bur 
,4i. L ~ t=. s V '-TIN A- PIE C. E W J:5 IE LI N 1EA-£') A r LE A-s-r 
NOM IN ,4LLY T£/~NGVL,qR. VOLT A-(DE, VEf!.SUS -Pos IT lOW 

5IfDNItL. POI?- TIfE ~FF r,e/ic/c! 7)/ST/lNeES EXPECTED 
TO --SE EN(!,OUNTER.E.D IN T£A.CI< FOLL.OW ING) II t!I9-N Be:. 
CH4RA-CTE£.1 cEO As II- CONsTANT )I<PJ VOLTS 'PE..T<. 

~ M ETe1? OR.. E" ~) = K.p -'* Ex (t). 
'-

,r'-

-

2)Ae,iUIJTOTZ. MOTDtzs US E.D IN 7:>/SJ:;:.. L>12.IVES HrlVE 
'PEf2-MJtJNENT Ml1roAJE..T 'FIELDS /tNt:> THEI'!< Fof2C.E- CUR£~A.JT 
7!..E.LITTIoN HAS THE. Fo'£M: fj ... -g4.i*"I,q(t) WftlCRE ~ 
I SlifE 1'111 ~ N E. T I (!, FLU X 'DENS I T'r' IN THE. WOEkI}.J (:, A-I £. 
CD/FP VAl TESLFJ);"£' Is THE ACTI VE LEN to TI-J t!)/= (!lJ 1<t! E.IJT 

t..oJ..J"'PUc..roR Wi+lc..~ IS MU,UA-LLY ~R.TH-OtDoNAL 10 ~ ANf) 

THE J>1f!E~r/OI.J t!JF MDnDA) (/1./ M£.T/E.(i!S), A-NI:> Jj,(t.) IS 

TH E C. U (!../l.E NT IN il+E... Moro;!. (IAi A-/t1'PF£££S).:;:A./ 19- (6002) 

j)eS/~N, Ttf E 1>;eoDUc.r "B4.l IS A- tUJN;ST,lJ-NT . 

1~[)E..'Pe.N'])A",r OF ?OS/nON) TIME, ANI> TEMPE.eATUe£ 
(y:.VF-N IF- i1+E JN1>1 VI DUAL (!()Ml'o~ENTS 1412.£ NOT) 

il n 
/t-ND IS ()S U J4 LL Y l! J4 L LE D /::::.F I Til-IE ~/Zt!..e. t!..o IJ STJfIJT) 

W,TH UNITS OF NEWTOA)S peR. A-JlfPE£E. 
7H/~ /S pOT T#-E- ONLY 'RELJ4TIOAI 70 ""'BE COAlSt[)l=ee.D 

IN MOT1)R.. 6)PE-eAnOAJ H-aw~VlE.I2.. lUonoA} OF T"II£. M{)T7!)R.. 
CCAl1>u c.. TO £S /AI TH E MIJ.G NE TI ~ FI ELP 1'E01>lJ(! .. ES A 
,ef2..fttJ}.J/lL VOLTJt-<QE "P20pore..nDNA-L TO VELOC-ITV 

(FA ~ DA 'f l S l-A w) V E Ct) =- -g ~ 1~ X~) =- I< E. ~ X (t;) W ITtf 



-
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., 
I 

'-../ 

/' 

-

UNlTS OF VOL.TS '"PE.R METER... P'=£. SEl!...oN]). No/£. THl4T 

THE 71?O"P0f2iIOA./A-L/,y 'FA~r-of:.. B*.1.. IS tHE. SI'I-ME I/-S 
-r-fl.AT Fo£,. TH-E 'F-{J£~E EQUA-T10AJj THIJS KE =-K/= 
A/{)MIER 1~Ift.LY )f-S WELL if--S IAI FO~PAJI1EJ/iIlL VA/ITS WHEJJ 
Sr (cc/I1ICS ME.TR.IC)') IS t/SE1>. 

WfrE.N 1I=STA-BLlSI+IAJ~ TlfE (!A.J!Z£r:.lJr IN TH-E ACrvA-"toR, 
Irs Et-EC-,!2-/CA-l /ft1P~t>A-}J(!E 1: /tN'D L ftlUST ALSO -SE 
~S/'DEI? ED IN A-1>D/TION /0 V£,. THus UJM f>Lf!!TE. 

72E.L/J-TION:S 'FOe. 71fE TE£MIUAL. VOL.,A-GE. Vi (!V R./2EA1r ) . 

-:rl'f J A-N7> FO~ ~ (!)/=- T1f-E. Aeru JI t-o lZ ~JJ 'BE-
$"ul11M.A RI teD A-~ ~ J 

S VrIt) :KF~ X(t)+ 1<*.z;~) +L ~ Ck [X,.(tj] 
L ~ tt) - 14= 'I:~ (t;) . 

'Si#u //+£ UJIL 7<-ESI S TANC!..E 12 IS 7E=tf1 PE/<.AruefE 
SeNSITIVE A-ND V,4RIES FROM l>urY a..Y't!-LE.. i>EPr=N[)ANT 
5EL-F ttEA-TIN6 A-S WELL ¥ ITMBIENT f;.FFEC!IS/ /fND 

ritE IN"[)ueTJ'rNC!...£ L /A/~RE.4S'ES Til t=- Of!..DEIZ. OF THe 
'SYSrEM/ THE A-c-r()A-TtJ/2 IS /JLjltasr A'-WA-'c'S 't>1Z-1V/EN 

13'1' A- t;Z-4JJS C!.()AJDUC-TA-NcE:. /fMPLI PIEK: 9ft1 WH-<1SE 
(JUT poT W'R7<.E.Ni XA IS /AJ1)EPeN'PAA/T of oorpur 
\jOL-rAGE VI WITH-IN A l-A-~G.E t!.oM1'L.I14A/C-e:. 72AN~E 

0) ft)fZ. PU12.P~SES ()F COIJT1!.()L 'DES/GIJ THE.. MEC.HAAJ lcAL ST1!.{J~rveE.) 
/NCL.UDINfD THE HE,4/)S) CA'E21176c) IICTV,q77Jf2AEI'1ItTUIZE/ E7t!...1 

Is CO~SI1)IEI?E.D /} R./(;,IO "BODY OF- /1I1SS M COAl STR,q./)J ED TO 

f1()Ve. ONLY IN THE IIC.C.ESS ec012t>lfJA-TE DIJ!ECT/ON X. 
I 

:IN SI VA/ITS THE ~ELATloWSHIP "'ie.TWE£~ A-C.TUATOR FoR~£ 
AND H-EI4D YELOc.. fry IS IH-EN a,/V E!.f.J ""BY: 

..-L [1. IN M ErEll./ seCOND 

X~) = M S~~) tit WtT1t M IN i<ILO 6 IZ-A MS 

FJt- IN NE.WTONS 

~ NOkJ TllffT ALL- THE OTHeR ~LO~ J4.JZ.E. "DEFiNE:]) I T1+e:. MoST 
A'PP~'PUATE CONTRo,- ST/ZATEtt;;y A-N't> THOS THE.. 'F(;AlCTlo}JS 

,0 ~ e.. 1>LAC.ED IAI 7lf£ C(!)'Jl'eN SIT-TOR 'BLtJCiC- t!.J4N"BE c..HO:5EII 
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/' 

-

tEFE££IN (;. ,0 TI+E "'SLOe." "/~I2A M I ~F T1fElZE /5.!9NY STEADY 

STATE l>/ST{)12BA-NcE FoRce fbI IT MUST "'EE ~FF-SE.r "BY AN 
eQ lJA-L AJJD OP'POSITE A-c...r()l4ro~ FORCE ~. SAlC.E IT IS 

1>ESII2Et> TI+A-T 'Ev 'Be. :c E1?O AAID TirE 1'(J~/TlON 7li!J9IVS'DUCE!< 

ANI) jf(!'TUltr01i! f\1()TD£ ARE ONLY PflO-PO~rIOJJA-L t;~/NS.l Ir 
/s TlilE-eE-A:>/<..£ Alet!l!!ssA-£.Y TH,ffT rll~ t!LJM PeA/S~nJR C!()urJ4-1 N 
AT i...E.ItIST /IN /AI TE~fZJ:J TtJ/C. 

IN Ote.DI£R THAT T/fE. (J.()IJVI/!:-Nr 6RA-Pfl-IMl... HE-mobS ()F BolJE 

AND AlY~U/sr MIJY 'BE ClSED I~ TIfE CDMPEAlS4TOI!!. DeSIGN) tr 
IS AlEc.e. SSh-IZ.V TO m/tt-E.. 711-£ u.PUCE. T,€AAls/=()~s OF- TJfE 

T/ZItAlSFE..I<. R/AlC!/rLOAJ ~ WU-IC!.H IS EA S/LY l>ONE... '2 Y 
T<..E. c.A- LL I We:, 71f19-r :{ LCO~TAN '[l =- ~OAJ:S rJ4.N'T) ';;( DIit: fu.jJ" s R§) 
A-ND ~[Jf~)diJ -~ F(~. T/lVs THE L.I4-P(J}U ~Fa1!l'1 ~'j. 
TilE. Fof? WA-I2D L£>OP /1ZA-AlSFE.i€ FUlVcrlOAl ,A-s SO FI"JI<:. 
7)/!!!TE-f2-It1.INE-D COAlS/sIS tJF: 

Kp ~ t ~~) 9M '* KF *7% *i-
Wl+F-ee_~(s) IS TH-E RE.MAINP~'R of TII-E t!.OMPENSA-IOR 

"BU)~ aFTe..R A-(!.~OUNr/Alb Foli!. 77fE. IIVTE",et:)ToI?J "lET 10 

"Be.. 1> e..iE./C M 11.J ED /r}./D TIfF- OTlfE-li! ~M Po AI EN rs ,4-fC.E .+g 

F-4R.Ll E(l. 1>E..S <!t2-I 8 ED. 
FoIL TH-E. SYSTEM TO "BE. (!.LOSED LooP sr,q.'8L..E WI rH AN 

A-~u=.PTRB'-E. 71ZJ9NS/E-NT 1!ESPoNSE, /J PItJlfSE PJAI?t;,IN t:!J F 

AT I...EASr -r-So 10 SSe AND t2>AtN MJ9£ti>IN t::JF t,ro /CJ dh IS 

NI!CESSflR.¥. S(NCe -rHE2e Aee 17+£E.E. /IVTe..a f!A.TlONS IN TIfE 

i.J:JOP I ,TS IJ)IAJ FRe(lJuSAl~Y 72SS]>O}JSE STA1?TS our A-T A­
LAlla, E ~I+IA/ ,+ND -2700 -PJf-IISE. ~o T IT /5 /)fE:5I!!.E.t:J 7'1I-Ar 
NeAl!. OAllr¥ (ClflN TilE 'PflIISE. ::SHOULD 'Be. -I'2Se ro -/35° /fS 
SHoWN IN THe Sk£TCI+ES (!)F TIlE- 7So/)£ AND NY~{)lsr ']JIJM~AMS. 
IF 11fE 1.J/tIlry ~/NN F;!'E~UENC.'r' /s s~r A-T -Fe / Til-EN 
M!l+lt£VtUc:' Tlfls :5I1I1PE '2e~O/eES 711-£ CC,*,PENSITT()R. ~~) 
70 "P£OVIOE TWO c-c1?-OES A-T A-1300, se~ /4-Nt> ~ 
AND A 'POLE. IfT"'f"iV ~ to . 

Tire CH-Olu:. of UNI,"! tDlflN -P,U:'QUEAlC-Y +0 MOST No~ 'BE 
MADE.. /fN 1M P~fl.TRNT OONSI DEte.4TIDN 15 THE I1EUl-It-A/IC!ItL 
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COMPENSATD~ D£s/~1J ON THE. BODE PLOT 

SOL.Ii>:. ONC'OMPENSI97"El:> 

'PASHeP =- C.OI11PENSPtr£p 

• W = V!.,....K-~-_ j-o-K-~ 

., -..... 
..J-

PHASE 
(0) 1 

- 0 0 

_ '0 0 

-----..... f w:' ~~ Cc:. 
...... 

... - - 1'10° ........ - - - -Iv ..... ..... 

.L 
w= '2FC!F ~ 

.... / / J .............. -, 
" ~w - -- f ) C Cw ~ f. I ' '~l'" " -('r!++ £'e c. 0 -., Rc (~~T , '" ., ., 

RF (!F 

Rc. Cc. 

1<1: 

Q 0"" p eNSIT TOR. 

, 
, 

, - z. , , , , , 

CF 

()NCOM PENS/HE C 

I NiE '- tA ro Il.. 

_ 2 7() 0 

_'3,o° 
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-- MODES OF VIB~~1'10N I'" TItE CJ4-R£JPr(gE ,f-NO "RE.t012.D/Nb IfE.AO 

"- SUSr>f=.NS/ON snu<!T()RE. AT f/16H (O(l. NOT ~o NIE,H!) 
flZeQUENClcS TH14-T /f1Ze. DE..PA-RTUR.ES THE 'R/~/D "BODY MODEL 
A-SStJMED ;:ali!. ST{2uc!TtI~E.. THEY 'P.eo'Duc.e 1!ESPOA/St=- p~ 

/tND 1'HI'tSE.. sH-IFTS IA.JTII~ OPF-N woP 71!A-AIS Fel(? F(/If/~T'OA/ 

Its SHO()J AJ OAJ TIfE- NYQUIST 2J/~6!ZAM . ~E(!I4-USE cr: rlllES£ 

... 
~ 

,. 

-

-pe.STA'BU-( ~,tJG E.Fre(!TS 19 7.RAc:rIC. /fLLY ,fC#/~UA-BU: VALUE 

Fa!!. 'I>ISK. ])I?-IVES IS ';"50 H~) 1AJH-/~H /2EQUll!!tES Z!-E/C.O£S 

AT 2"(,,, Ife J4-IJ b 130 H~ AND A- poi..-IE- A-T 15'0 He. A- P(//I1IE~/(!1I L 
fE,VAL.fJAi/o}) tJF- 71ft=. (Jp1fE..N .LooP Tl!AKSFE2. R/NenoN G(s.) 
FOe /lfESE VP,-UI!3S IAlPIC!ATES 7MT: 

G~)= '3 7T +10c. (:%.11 ~ Uo + I) (2.-:»/30 +/) 

S3 (Z;.,..'SbO + I) 

IT fffl-S A- 7>H~SF-. l'1~rDIN t:JF 550 /lII/LJ AT 6olfa-";' J'/,lJGM/ rUPE 

OF /,,25/-1800 • ItI(lS TIfE /J1/t~A//TCllJ£ t)r:- TIfE tlL.OSE.;C> 

.,LoO? T/2,t}AlSFeK:. 7='OA/cnOAl T(S) =/~tsJ /5 /,(J~SS~ 
W/+E-N 1!3-I/ALl.IATElJ AT 6CJ#~ / AND 7J.Ie /I1;;6A/ITVZJt: t)f=- ritE 

el!£a£. VOLTA6E Ev~) IS -,o,ss-LE-0 r:o,e. A-U lA/PoT ~F 
I LE-0 ofl. IJN l£eeoR.. aF 6,5% c:JF T/fe Tte4~t< P/.sP,A-CEMEA/T 

w!+F-AJ FOLLOW/A)" 6()f/c 5/,(/(180/1)19'- ;evA/OUT. 

THE T!i?Ji-NsIENr J!.IE'SP()NSE. t)P WE T2J4CK. ~LLtJUJIN6 UJN712f)L 

S'IS rEM TO 77C~tK. "PaSITI()/IJ EKt./T.cJntJN IS ~LSO IJ11PO£TANT) 

SINtE. THIE rTlACt<.. A~~.e..sS S.YSTEM ~ON~I..LEif!. M/ft{ AlOT 'BE. 
pc/C.Fcc.r AND I....E.A(JE. A- 1?ESIDdAL "POSITION E7<I2Oe. AT TJlE. 

END CJF.4 SEEI<' jJ1DTIOA./. W/fEAl 711£ T1?AC/L Fol...LaWIAlG 

~ONTeOLL.£R. Is 7ff.EN ENAfJLeD AT THE ENt> CJF TI+E. see::k:.) 
IT ..:;e-es A STeP ~F- T1ZAc!~ -P/SPt...AC-e..A1eJlT IA/P(JT, SIAlt!E 

Til-IS TRACK... FtJt.Lo lU IAI C. eo IV TTZ.C LL €1Z I S A J../N EIJ f So Y STEM ITS 

?ES'?OAlSE.. CAAJ -:BE (JALCVLAT£[) WITH TlfE IAlVE£Se 4PCA~E.. 
lIZ/tAl s 10 ~ JI1 fi'" 71 c> IJ ~ 

'f-i -I 
Xft~) = .( [~(.4Att~ ~ T(s5J := ~ 0- JJtT(s5] . 
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1>£OEtfBt.,l' . OF MOf<..E. 1}JTE.1!ESr THAN THE MALYT/(!, TIME. 
RJ)JCTJOAJ XHCt) HoWE.vE.R. IS ITS 61!A7>H- IrND THIs IS :SHOWN 

ON Tl+E NE't..T 7>A'E W~E TirE INPUT WM A UNIT SiE~ 
/tNt> TltE. e01J,(Z.o L.LER... CDEFFI ~/~N rs HA VE TN E 

VI+L.Ue-S eJ4L.c.ULA-T E..t> f'REVICO S LV. 
AI tJ 71 eE 7ffA. T W /+1 '-IE!. TH E. 'EESf7:'OA./SE Is W ~L'- "])1fM P EJ:>, 

'"'BECAUSE THE.. SysTEM IS OF FOtJ,erH ~/f!.DeRJ 77fE 'PeAk. 
C'JtlE/'LsHoaT /5 A80{)F 29% ANO ;SE7rLJA//i. '///11£ n:> S% 
IS A"BlJur 2.3ms EVEN 7HOlI~H 711£. t!JPEN ~OP bA,/I,y 

(;./J/N "Blf-N 7:> W I'DTH IS 450 H--e AN/) -PH/'rS'E MA£GIAI IS 5S It>. 

THe ,?OSITltMI ;PF-SPO/VSE 70 7>/S7V'RBAJ./CE 1=<J£(!/!!"s I1CTINb 

UpON 7lfE (!A~~//t~£ IS I/JIP~1ZT;l}-vr 70 ~)./S/PE.£ 73E:t!.J4-tIsE", 

ES'PeC/~L.LY IN .:5MAl..l- 7>/SK. vIZ/VIES, 7fJ£££ A/l-E- M,tgA/Y' 150;Ji. 

EX7Ete.NAL ANC> /A/TEt2I11}1l.. -P1.57UI2 B~AlC.ES) FOR. EXAMPLE 
H OS T S Y STEM -,::::teAM £ S}I 0 ~Jt:: ,IJ-A.J l> V I E £A \10 IJ A IV b I AJ T ER- I.J A '­
FLEX ~fltU1T "BE/V'PIAl6 A-Np All!. RoVJ 6/}~S 'Fazu;..s, 

THE. TIZJ'1NSF!31? rUNCTlOAI OF HEFlD ])/SPLf:1tE MEIJT AS A FUNc-no/J 

CF 'lJ/STuRBfJNCE FoRC-E- INPlJI FoR. THE E,x'&}I'1PLc. TJ?JIC;::' FOLLOWI1J6 

~OAJTIl.OL SYSTEM IS: --L 
'f..., I\1S'L. 
-=: .... -L 
F't) I+Kp" '~S.)~M*~VMS1. 

AND des) IS T~E CO/'#1PENSATOR DETE.RMJNED P~€"IOUSLI(. 

--L-
'/..101 Ms1-

- ::: " /' lJ; ) (5 + 1\ •• Fe If "371*/0 l~ +1 2.n./30 U 
z II 1'1.1.. 

, ANO BY FIfc..TOTaIWl:. THI:. 

C.IHH!!ACTIERlsr/e. EQURT/OA): 
SS(~S~ + I) 

2fT ~/$'hO 

I v..H 5'3 (2":/5.0 + I ) 
- :: (S 1\ (( '$. y- ~ 'It ~ ~ 2. ) (S ) 
Ff> 2TTW-2S.~ +~ 2."*315')t-~:rT~iI5S+1 2n~~2.Bi-J 

¥ Ms'2... 

Tf+1! '"BODE pLor FoR THE.. PORTIOA) of THIS T/Z.fUJsFETZ. FUNc..T/ON 

'R.EPR.ESEAJ'TJNG THE CLOSen '-OoP ,;!..IICK. FOLLOW ''''6 SYSrEM\ 

MOP/F/CATION OF THE. OPE-A) L.OOP FR..E.E JN~R.TIIIL "BODY 
RESPONSE OF THE SYSTEM : ks .... ) IS SHOW~ OIJ T#E NE~r Prt COe. 
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NOT/~E Til-AT \N~/I-e THE COItJTJeDL. .sYSTEM MIH:~.ES THE. A'PPA-flGA/T 

f'1ItSS fV/tlC/f t...JII12~Ete /JT L..OIAJ FJ!!E(J()~N(!'IGS) 3E.T'NE£1J 2"13 !fNt> 

15"0 II~ THE ,4PI'~I!6#r MFtS& I~ :sMA UER) IN I-~'T Ai ABOU, -5-1() He 

II IS ~8% SI"JALt..£R. TN"~ rHE N~EO FOil- Ii PASSIve. ISOJ..ATI(!HJ 

S,(STcM serWEEN THe. 'D/sl< 1>121 ve HeAl> -DISK.. AS5£M SLY ANt> 

iHI! ItIOUNTIN6 F2RfrJE TlH9r CAN IfTTENtJATE eXTERNIIL SNd~1< 

AAID VIBf2.~TI()JJ COM PON SNTS IN THIS FleEt; lJE.Nt!.1( f2.A NfD E IS 

VER.V EVIDEN,. 

-s) THE T12ACI( AceeSS tOWT1G()LLE~ 
7HE 0'811?CT/VE at=- THE ltC'cess CL)AlT~O'- SYS7EM IS 10 

fl,fov E TH- E AC.itlATOR.. 7=/ZO/VI THE. JIJITII4f... TIlIiCK -pasl TION 

'f..c: ,0 THE FINIIL 7IZACK-?OSliIOrJ XF IN MIA/IMlI!1 TIME. 

AAID WITH NO 12E-SIDUAL SE.TTLiNt;;. (/CI4NS/EAt, (I,@. WliH 
XF-= XF =0). SIMPLE ~EASONIN" SHOWS THAT A NEt..Ess19R'I 
~AJ'P'TIO~ FOR- tHE CONTROl.. STRRil:fDY TO BE MINIMUM 

liME. AfVP THus TIME OPIIMAL /S THAT IT 'BE AN 
/ ..- eX712EMIIL e..tJAJTE?OL WHICH APPLIES tHE MAKIUM 
'- AVAIL./t-BLE '"Poweg SUPPLY VOL.T~E TO THE )JQ,ufJ,oR 

TI4~OU6HOUT THE MOTION TIME. IFA sMIfLLE/! VOL,A6£ 

welt!E TO "BE ~PP'-IEP TI+EAI TlfE IAI~I2E.ME#TA l.. lIME 10 
MOVE e OUL-O CtJNTIIJUE To BE. ~EOUC!ED 'BY INCeE:/4 S IAIG 

THE APPLIED VOL.,,q.tC.E (}AlTIL TilE MAXIMUM VOCr-A(gE IS 

lJ5ED. THClS /f1J"" TIME O'P7IMAL (!..()A/TlloL I'1vsr A~o BE 
AN EX.T2E:MAL COI.!,£.OL BUT AJOT ALL E)( rIZEMI4'- ~l\Il-edL..S 
A-IZE OPTIM A L.. WITH ~xrIZEMIJL (U)WTflOL. TH-c ONI..Y CJlf(Jlt!E TO WE 

MM>E. 'B'I' TItE COAlreoLI-E{2 IS THE POINTS AT WHI4H TO REV£.(G.8£ 

TUE APP('IEC> VOL..rAc&E 'F1!.01fA. /rC(!E/..,E/zATE 70 'i>EC!ELEfZ.A'7"E.. 

-POLI4/z'IT'(. 
» 

_ IT CIt/J BE SHOWAJ TIIAT FOR. AN NTH 01!DE./i!. ~vs rEM THE 
TIME OPTIM~L. e.oAlT1!.OL #irS ,4T MOST N-I P6LAftTY 12FvEI?- SIJQ. 

THUS TI+E SIM P{"EST (lOAJTfOL ~IfSE WILL. "BE ro~ It SEC()AlD 

O(2.0e.12. SYSTEM WHIaH 'j!E.QU/f!ES OA/t..Y N-'-2-1=/ P(Jl..I41!ITY 
~cve(l.SAL.. THE A(!TvI4T()/i! AND flfecHANI(!'I4L SYS""E~ PEsua8E.D 

.r 11.1 THE PI?.£EVUJtlS PAfl.T F<J{Z.. T/!..If~K. FOLLOWIIJG IS &EC-OAID 

- O(2.DER. IP. Ac.ru!tIOR C.OIL. 11.Jf)()erANCc IS AlEGLECrGD.I Bur 



.,.. fDENr;.£AlEo BAC,t v 01..,14. be IS STI(.L II.ICL() DED. rTS OPE~J4'rtoAJ 
.... C~N BE ])ESCR.I BE!> BY A ST~,E ~P~CE" WHf(!./-I IS 11 PHASE 

PL~A./E (Allrlt COO~CINA'ES OF- VELO c..,TY ANt:> 7>osrr-loN,) 
A S SH 0 w tv "B E L.O W . 

OP£!2ATION AS VIEweD ON TJ.lE 'PflltSE PLANE 

• 
Xf 

~!CEL!e,qTe. 

~ 

"-
ACCELERATE TiA'lECToeY ... 

TlAlE'7 . 
x~ 

'f..i.. 0 )C.s '/.F x -

r 



"-...... 

~ 

"-

< 

/HE S/m PLEST WA Y TD "DEFINe TItE PO'-A~'I T'I oR. 
SW ITCH 'POINT XS IS IN TEeMS Or Ir.s P()SITIDN 

COO'Rt>INATE) ~S-XF) SINC.e. IN TIIJlr ~ItSE OIVLY II PdSlnON 

IF!.ANsr>UCEE.Fi! WHICH IS AL12EAJ)Y fJ£ESENT F41l- TRI/t!1(.. 
F-OL.LDWINb C.()1J~DL WILL 'BE ~EQUI(i!E.O. THE 
A-DDIT/oNI4L.. HA-fZ..D WARE NEEDED FOR. COA/,eOLLE.R. 
IMP'-EMeNTA"/loN ~OAJS/Srs ()F 11 L{)()/C:. uP TABI-E FdIC. 
TilE F{/Alc"TI()N Xs::: f(XF-XlJ J II COMPII(l.~ ,OF.!) AND A-
--;>OWE/Z. 1>121 VEl< ,HAr OPEIZA-rES As /IN ZDel9 L 'RELA'r'. 
rT IS sHOWN 7J£L()W. 

....... 

'" 
F 

Tin1E OPTIMIt L CONTeOLLE'i< FOR II SE.eD", D 

012DER) COJJSTANT CO E FF/C/ EIJT S'z'STE M 

SA MPLER 
(XF-X,) ~ TRBLE '1..5 -- (~F-):l ) ~5) 

+ ~- +Vs • -
.~ ACT UATO R .. • 

+ - -'is • 

POS'TIO N -
TRANS t>\JC.ER 

X 



-
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~ 

"'-

/" 

TttE SYSTEM C/FFEREtJTIAL EQUI+TIOIJ FOR THIS CASE. 

~i= e.XTI2EMltl CONTRoL) NEG.LIGiBLE.. INDUC.TANtE-) 

ft- N D N () FI2I C. T / ':) N ~ 2. ME C. H It-N I C 14 L 3 I ~. s FO R c. E. DE f2 (V £: S 

Fl2o(V! : 

J 
, , --­ \ M X = I 

2. F ~ k T I 
3. I = 1::'J~K~ j 

'JJHE£E: F= FOeCE IN NEWTONS 

M= MAS'S /f'J KILOGRAMS 

2. V .• K . + ~ 

· · )( + M R ';( = - MR \j"5 [: J 

'f... = l;IS?LA C.='/1EIJT IN M E7E"e~ 

VS= N=T SUPPL'r VOLT~6E 
N EI)JiO /' 

k: ACTUATol2 :=-ACTOR.. 

".1'2. K VS 
~!JD BY DEFIIJING ~= kz.. It-ND It = 
THE. S Y S i = M E QUA T ION B E CO M E S : 

. • I· 
"V ' - v - +A - -,,-r- ,.c '" - - ~~ J 

SOLV1N(. FOfZ. ,.qCCELERftT2 WliH Tt+: + S/~N FOR.. 'l..i.~'l--Z'jS 

. 
CY-5-Y-i)~ -LXs-A 7:~k CI-fF) [,,] 

s 0 L Y J N G:, F-O g 'D E eEL. E. R Ii T E. WIT H T I-' ~ - ~, b tJ Fe R '1-$ <... X <.. 'IF ' . 

• 

0t F -'1.5) "- 1: 1,. - A "(1-~ (I + jf) [tJ 
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.... S I /v1 U LT 1+ fJ E 0 USE Q Un T IoN s r 3 ] AND [41 ARE. 

<r 

'-

/' 

Tf2..£tN S Er) DENTFt L "-BE C. A US E CF THE. A() FU(Jc..TION ~uT 
• J 

It A V E 0 tV l Y TWO U N k.. 0 VJ ,.J S J 'i. SAN 'D ;x.s .s 0 71f E 't MAl 2 E-

N U fll E 'Z i C. ALL 'T' S 0 L VEt TC 0 B ~ ,4 IN TH- ETA- S L E. D F 

VALuf.=S (Xf-X()I (Xs) " 

A 'SETTeR U}J DE:< ST4NDIf'.JG, DF THE l..E.L;:;r/OrJSHIP OF 

TH E T{2,l J EC.To:( ~s TO AC.' up.. Tt;.<.. p,ttgA-''''' E.TER "5 I'S. 

OBTAIN~D -:r.F THE.. pOWEi2 SERIES EX?AtJ SIO~ OF 

TH E ),f",() I S () 5 E 0. 

~ (;- -:e) ::: z: -Yz:z: 1.. +~ ~?J - Yt 24 - - - - -/~f ~ + I 

TH= EO UAT/ONS ["3] AND [.q] e E"C'or-1E : 

.-:1. '4 • C'" 

+ (Y-; + 'f s +- X ~ 
~A2.1. 4ft,;r- z 5ft,[3---

(, • 2-l!$ -Y.i) : _'is 

('1'F- 'I- s ') ~ i'i 
-3 .4. . .:-

I '1.-:. 'I-~ +~; 
- l 'fl%.."( - 4f.Ft~1-L 5A(,(1.. - - -

T I~ :: '? 12. 0 Due T ft 't I t-J F U I) D Ir M E }j i A L. UN} T 5 I ~ \j~ 
(TH e FO VJ 1: fa S () P P I.. I.( L, M I r IN" V e. L 0 c.. ( r Y)) A-N D I F A-'[ ';;:.. '> X 
iffEIJ ONL Y Tt+E F( eST TE/ZMS J4£..E OF SlCoNIFIC.,A-NC E 

It N DIN Tft (!. /..1 M I r : 

'<-. y... 
'I. =- 2ft 07<.. 

• ~ (I " 

'/... = 2A ) X THE SGUA£E ~ooT ~1EcnH 
J 
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Tiff! 'SW ITCH "'POINT TA"BLE.. FoR EXTREM J1 L.. 

CON T'K 0 LIS UN I Q (J E. r:j ~ E 11 C H S c. TO;:; So Y S T' E: M 

F,4Z hM E TE< S • :I.N 'PeA C TIC. E.) 7A,'E.ITM ETER TCJLEeA NC€S 

foND VItRIPrTloNS ~~E. LARGE.. (ESPECIALLY K AJ.JC 1<)) 
1>UR. E e..';( ,{(EM,Ii L CO N TR. OL !)Q ES NOT ~ IVE. S!=-T/~ FA~ TOe.' 

A~~\VAL ACc..U1<AC.l')/tND C~O~E.'t:) LOO? DECELE!2Are. 

COIJ,;z.OL WITH- A VELOCITY 77lANS!)Uc.~e IS OS-ED. 

x,. --""! 
T1Z.A T ~eTolV 

;'IIS/.&O vi' .••• ,." 

eee~e 

l 'i.veR 4'tOR AI'IP. A~Tv"ToR 

I VUDclry I 
/Z.4IJS ~e. .. 

iPOSITION ~ 
I 

II;;~ NSi)UC!R 

C,o:.e.~ ~oop DeC~UJ!!A'tE T"£)!:rl!aOeV ~~NT.e(),-

... 

~LcSl!~ L 0 07> 

~TRoL 'T'2AJ ~e7'Or.y 

" \ E X,7 ~~"''''1. 
"~ T.eA71!!"To2'1' , 

"­ , 

it 

• 
-Xs. 

---~~----------------~----- . t~F I 
~i. Js 

opeRATION AS ",eWED ON THE. PHlise PLII-NE 

x 

x~ 
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THUS FITR TH-E hSSUM?T/OIJ tftiS BEEN MPtCE TH/tT 

TI+E I1CTuP.-TOR IN'DIJCTANCE. IS NEGLltO/8L..E A-ND (!,¥tN 

-'Be. ::tbNoRE.:D. T~ 1>£AC!TIC.E. INliUc:rANCE HIfS ~/'NIF/CAN 
I 

E FF-E C. T ON Ttf c ,ZAN SI ENT 'REsPONSE.. J I!SPE (! Ilf 1..1.. Y IN 

FASi ACC.ESSTIME. SYSTE.MS. WITH iN'DUC.TA-NCE INCLUDEi 

-sur 'F-21c..T(O~J ANT> ME.CffA-N/CAL "BIAS FQec.E I(;/VO£E.D 

rifE 'SYSTEM 1>rFFE:.R.ENTIAL EQuItT{O~ J>E.~/VES FR-01-l1~ 

.1.. Mi, F 2. F= k:r: '3. L :~ + E! +/< X -1vs 

• ••. R'. k2..· 
'A +T X -1- M L 'f.. 

+ K 
- M L "I.:;; • • 

L M?. KVs 
LE.T: 1f=1e) Kl.=-c) MR :A T;tcf.}: 

I'- , I' I. , 
X ' - v' v -.;-- A -r- k A "7 Le "( A - - rre, 

AN E~AMPlE -PHI4~E "PLANE:. T~,4JECIO«.Y FQR.,4 SYSTEM 

",,[iff I+-IJD WITHoUT /JJDucTA-NC.E.. {S SHOWN BELOW, 

" 

, 

t., 

... ... .. ... 

ZJ" 0 ~ c.w.L SVllTeH 
(,(jell It -I" ru~~~ 12 y 

... ... ... 
... 

p 4 
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/ 

NOTc 7HflT NOW WITH A THlteD ~1ZDER SYSiEM TilE PIII1SE 
PI-fiNE IS NO I-ON6ER ,4 STATE SPACE SINCE. THIIT WOVI-D 

"REG;U I ~E TH£E.E ST,1TE VIt£/~"BLE COO 'f!'P I Ah4T'E'S . TflII5 
tHE sw IT~H (! U rz UES A-RE 'REJ!lLL V rvvo 7J1I'1ENSION/IL 
"P/Zo-SecTION:3 t!>F TilE ACTUAL TIfREE 7JIMEAlSIONIIL 
sU(z'FACES WHICH WOUL.D BE "P1!OH-/81T/VEL-Y COMPLEX 
AND EX PENSI VE -,-0 IMPLEM EN, IN A- 1>JS/<" p~( VE. ,1s J4 
'f<.ESUL.,) OVER. TH E VEAgS THE 'P)f!IlCTIO"L (!'ON TIC 0 LLE/C 
l>ESCg''BE'D BI( THE 'FOLLOW/We:, "BLOc~ 'D'AG~~fI1 HAs 
EVOLVED MosTLY BY EMPE~/C.AL ])ES/fON P,eOCF:EDU£ES 

AND HitS ""BECOME TfjE smAlDA£D C.OA/!=/G UI2IJ,/()N /)~E D 
IN HIGH PEI2FORM~NCE '])/S/c:" DRIVES, 

"80,# A S()J IT<!H IN6 ~ () 'R v E /T-N D It FO LL 0 WING f!.uf!. tiE. 
,42E NEEDED SO iHAT VOLTA6E" !2EVERSAL- CAN oC!c.vR.. 
Ell£. L'r' ENOU E H "BE 'FOe E ENCOU NiT;R!IN6 7/iE "FdLLo W1N6 

IRA~ECTO£.'t' tHAT -,-1fE.RE WILL BE )JO OVERSHoOT PAST 
IT AND YET S,lL L NE".41!. '- r' EX-I.e-lEMA L (lOAf TR.O L Fa 'I<. 
TIME DPTIM,q LITY. Foe.. MINIMIZINc;;, ~sr ~NLY A­
t''ST~,1 c.. l) TI2J4::r ECio/2 '( USED 1>uelNG c..LO'5Ef) LOOP 

'DEC E L£ 12FlIE IS IMPLE.MENteD WITH GOo P P~EC'S/O Al. 

THE SWITCHING Tf.?14-:rr=ciOR..V A/EEOt=.D ONLY' Dug/Alb 
OPEN LOOP ACCE'-.Ef2A,E LS c.OA/S'Ii!Uc..rED BY 

( I II 
SUBTI2~C-TI1.JG::. AN ANTIC!.IPAiE FUNCTIOAJ/ WHlt!H 
IAlCl.-UDES 13f)TH ST~T'(! AND l)'1Iv'I1Mlt WIVI POAlEIVT's,; 

FRolVt THE STATIc.. T12A\fEC.TORY, THlE CONFIG Ufi!!9TION 

OF THE ANTI(!IPAIEF()AI~rloAl IS HlwHLY PEPEJ./OIfIVT 
U PO N HOW M () C If THE TH 1(2 () (!) '!2 DEle s Y S IE M WITH­
IAll){JCTANCE. '"P/FFEI2S FROM S/E"C!OND "RDEF:2 Bt=.III1VlO!< 
WHt:.N VfEWED IN PH4'SE pLI1AJ£ (200RD/N/J.'£S. 



", , 
f ~ t ~ 

D~S/f[D "ELO~,rY.. 

x XF .j. I' " ") 

'STI/T/r TI?IIJf"CTllKY _~_---l E£l?o/2 I ... , 

GENE£IJ7tJR.. ' -):' . -'( n I1MP. 
lit- r{J1l T(J R 1-1 --..--

,I II 

AN1"~1 PIJTE U 
FlJNCTIOAJ 

(!OAJs-r.~ 

..-"... 
W ENE1?/l TO};!, L--__ .-. __ 

c;, 
COYsr. ---J bE TEer 

~ SWIT(!U "POINt 

"P~recr 

VELoclr'l 
reAN~ j)tJe.El? 

T1!..n:rECToev CONTROL Fo~ 3 RD OJ2"DEF? S YS TEM 

~ 



.... 

" 
" '-

" 

3~hVJ.~f1dlYl 

HllfV\ 3/lanj) tlt>.J./l\1g 

3JNb'.J..i)"(JN/ ON ..lOa W;J.LSA s --' 
31(/6'$ '(]O.;l /I;;JO..L\)i:1£.tliJ..J. ;;J;I<lllO aNZ 

" 
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THl! FOL.L.0WIN. SCNI!!1ATIt.. IS /IN e.XflMPt..E /PJPi..E!1ENT,.,rION tJF 

AN IfNiICIP;;TE. Ftll{C.TION rOil USE ro6Er"'E~ WITH If C()NrINGlDVS 

S7AilC. FtJi.LOWING ]':feA::TEC.TORY t,;eNE.~"ToR. • 

7,.., OPERFiilONJ 71fE SWITc.H IS CLOSED AT riflE STA~r (JF Jl10iloN. 

TtfE FIXE!) CON:STANT VOLTA"c INPI/7 S(l"'jtI~J) Wlrl/ A- FRl;cT/cN 

CF THe ,4teAsU/2ED VeLOc.ITV 11,q~E UP TilE .I'IA~Nlr(JpE 13 Y 
WHICH TIfE. FieST ::>WITC.H CVR.VE 1$ Tl2lihSLIITE.D VERilC/H.LY 

7>owNWI4£D FRoM THe FOL.LOW C.uRVe CN THE 'PHASE pl..l9Ne. THe. 
Vo L..i !It;,E. llep JZESEIy' rlAlG THI.5 VIfLtJ E. IS FoI2CE..!) 10 ,4?P.e:.A-~ 

O~ C}1PJ9ClTO£ C '"By TilE J..OllJ OuTPuT Ift1Pl!PfT}lCe. ~F! III-E. 

PIlZST OPE,€/1-TIONIH .. A-MPJ..If!IE~. WIfE.N THE ~CCEL E.!el1iION 

PtfftSE of 11 orU)/J Nil S UACJl.E.O Tlfl!!. ""IAlr OF IAJT£~SECT'ON 
WITH TilE rlJ:ST ;SWITC.H c.uTi?VE) /9 .coNi~OL S/GN,-9,- F-.eoM 

THE. S WI 'CM ?OIN1 -PE.TECiOR dPENS' .71fE :SUJII~11 AN /) ,I1-E 

Tt:.ANS1-.I9-TION VOL..iAGaE ?RESeNT DN ilt-E CA-"PI1CITCR DEC.AYS 

70 :te.~o AT AN EY.POAJi?NiiAL nP1E. 12J}TE. 1>'E.TE£l1llvE. D 
"6'r' TIME C.ONSTANt. 7?,:C. THIs 77fttE CLJ}JSTITNT IS <:!.H-aSSN 

-ro Mlt-TCfI- Tlfe. TIME l<.E S p~AJ.::sE OF TH5 Acr()RroR 
C,v'R.1aENT IN t!HAN~/N" F~oM vs;~e ,0 -"si.:e (WHlll+ IS 

'£E. I-I4T E D 'PlZ!,+t 11 £IL Y 70 '2"'c:) A-N l> THus C.1'.E.A re s THe TRt9NSlrlO).l 

1!.ECt.loN of J>H.lJSE J)1...ziA.J/E TM:TECTOR.'( I...VINCo -aE7WEEN TH-E 

Fi~ST SW/iC/iPJ., CIJ";:.VE AND IH-E FOLLOWING C.o;;:'UE. 

A ~oot> TI2,q'"SECTO'£'? FIT FOR AN ACrVA-TOR HA-YI/UG S/f<Jr<TE/. 

TCJ2N IItDfJCrAAlCE CO/llPENS,qTI(),v /'fItV ReQU/2E TWO /1h1E. 

c.oAl S T !1-}.j; s A-N~/oR A NO}.) '-I NEAR ~/C~AI<. pC/NT /N rHE. 
FeI!!!D'BI1C.K. 1M pe 'l>1IA1CE 7<F. rp Ft!EJ>FOf(!.WA2.P CUTC.£SNT 

Co AJ TR..o '- 15 U ~ eDit s W , L L. "B s. 1> esc ~ I BED LA-,s.t?.1 IT N 1:> ,.s liME 72ES'PONSE IS ALSO fJtAT~IIEO 70 THl9-r ()F 7HE.. 

ACTUAToR- c~R.12. E.N 0 712It'JEC.T"RY ~E-NE£,qToR. ..4C.C!VlaACyt I~ 

ft1vCH J...ess CP-!TI(!Al- liND 77/J1e aPi/MAl.. i'~,eFo21'1I!tNCE 

EI1:SIt:£R TO o'BrAIN IN THE ,,e,t;NSlrION REfOlONS -SE-iW£E 

THE FIR S T :s WI Te. H A AJ t> "FO L.1-. 0 \AI I /rN'l> FIlOM TH E. ~ECc N 

SW1TC.ti 70 FINA~ 7>()SITIOA/ IIV -rtt-E 7>HASS -PLANE. 
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fONsrllNT 

VELO~/TY ~ 

f , 

( \ 
f 0 LL 0 W T ~ II 'S E C TO Ii! '( 

GJ:NE.RRToR WIT 1/ .-1-------' 
INTI! R Po LAT,oN 

RF 

1 
LOGIC 5/~NIII... 

OPENS AT 

~WITtH pOINr 

""DETECT 

; ~ 

l>'E5/~E'P 

VELOCITY 

i=:XflMPlE IMPLEMENTfiTION OF ANTICIPATE. 
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A /C-£ y FA~TOrc. FOR. (DOOD PEfi?~1i!.MIJA/CE OF- TilE /I~~E~ 
COAlTeOt-LER IS S (J FF-I CI E.N; fDJfJIN IN TII£ E:.~£De /J/lfPLlI=!ER. 
SO THAT TilE 1)IFFIlEfi!.IENCE -a~;WEE.N tll.E ])ES/~E]) 
Tt€A'JECrORf/ tlE'LOC,ITY ItNP iHE /9Cr(lAL MElIsv12E'D 
VELOC/r-y /s }t:!.EPT SM~LL, W I Til TNE TfP/~/iL /'If~~fll/l./l~~L. 

eSSONIlNCt:.s PRIESENT IAI rliE IfcrOJ4T()e ANIJ (JARRI.-I1Gc) 

1I0WEIIE12., TlflE. MAX/M()M (DAlAI ,NAT t!AN BE. VsE P 
W/rrtour CA(JS/A/(f., ,IVSTIIt"BIl-/TY IS OFTE.N TDO ,-OIAl. 
CtJMPt=N'&Ar(O~ FILT/=.{2..s (HAT /'1lfOHf ,IJ'-I..OVV II/~H-EI! (i,/1IN 

WITl10ClT /A!sTI4BILlrY ~I4N a,eNz=e/tt...LY )..JOT 731:2 USIE'D 
SINCE TH-E '( 'RAIS~ Tll-E OF?DI=f2 ~F "'NfE SYSTEM AND 
CAUSE St=/TLIN6 Te~NS/ENTS UpaN A~£IVIJL J9.T T1fE. 
""Pt=STIIJA7tOi.l 'RIJCt:.. 

~W1=VER. IT sHOULD BE NOIEP iltA-T THE 1i~""(/AIO'12. 
CUe.~ENr W~/Cft l~ FO'ervtED "BY AMPLIFYING THE EJ?J!.()f<.. 
S/6NAL /S NO; UN K..A/OWN ) "Bu, /s J4 W~LL "DE'F-/NED 
FUNC.TION () F TIME THA-r w".s ell L C()L-,lqiED /A./ 
t>(ETIEfZ./v1INING THE bESl6N OF THE Tl214'S'Ec.:ro£.Y, THlIS 

IF 71Ie 7CE"QUIf2E.O ACTUA(OR.. W'F:!~ENr WA-VEF6~1I1 WEllE 
S'fNTltESfi3-ED AND ::5{)/J1/11ED J)112EcrL'r' INTO (ffE.. 

ACTUATOR po WEe A-MPLI PIER mEN mE '€12~R. 
/lMPLIFIER. WOlJLD tJNt...'( NEED /0 FUICAIISH- THE 
'Dt=V//1-r/ON:3> "BE,WEEN THE 'Pe=St6N NOMIMIIL Q(j~E'NT 
ANI) 711E ACTUAL f2EQ()I!2ED C-OR~EAlT 7:>uE. TO s't'srEM 
PA-12.A- ME,Ef2 VIJRt A II DAIS I 

/HIs IS iH1= CONCEPT e>F Fe~O FOR. WAlta ~NIR~L 
A-ND IT CAN siroNI FI CAA/fl....'1 12E-D(.ICE TII-E HA6NITtlOE 
OF- Till: e12~R WlnI(J(Jr 1!.EQUlf!IN6 tll~N t=RR.Of<. 
A-MPL..IFIER GAIAl TH-fII-; C!..,4(Jse-s ~T/f'BI'-ir'l 'PRo 'BLEMS'. 
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- As ItN ;;;X/ift1PL£ OF WHI1T TrilS I}PPROI9CH (!AN ACCOM PLISH , ) 
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ASSUME 77ft: "b1F-':E.EENCE aETWf:EJJ THE "Ci"IJLLY~.EQUI/Z.ED 

S/6NI9'- AN'!> 7lfF r,EEDroRWI1/ZD SI6A1tiL. IS %10%; THEN 

TH~ E.I?,€OR. S/6N/i L WILL NE€.t) 5C1'Pp~'r' a,vL.Y ""Yo Dr THE 

IiCTtI~TO fa C.U~2E..NT ~A-iH ER -rNA),} 1001Q WI7H"IIT ~EE."/)f!ot.WI1/UJ 

~J) Tile £e}f,4IA/IN~ T.I!.A:JEC'02'1 TIl.I'IC/t::.IN" E.l!.zaR. WILL BE.. 
~eDucet> -py 1?oUGJHL.'I 11- FACiOI< OF- 10 F£();t1 77illJi 
'PU.St;..NT IN TilE SI9/1? E :s ySiEM WITH ()(/T F£cD Fof W~ FZ..D. 

THE. 1>e:sIGN OF 771t ;=~E[)FO!!.WA~D ru#~rl()AlAL 'B'-c)c~ 
~LLO WS ']>/'szeCil.. Y F;:OIVt 7/rE 71"'£ EQOATIO NS ,coli?. 
cu Z£ E NT AM/:) VE.LD CITy 7)UZINt; 1>ECELee.,.,TE (FO R. 

THE S'r'S-rEM I~NoR.ING IN'P(/CTANc.e) t;,ILlEN PICEVIOf/St..y. 
. -e 

--r; M ()< 5 A) -~ 
..J.. (:t:.) = - ~ 't' + e.-r-

X(t): (Xs-r'CA)e7f -?-A 

M· AM I (. ) ... I~):. -K't XE:t) - T -=- -R; k X~) +Vs 

THl/'S TilE rUDFOewlJ.£.D CCIE/ZENT ~/6NI1L IS J"u~T TtfE 

SUM of A- GAIN PAC'OR. TIMES VELO(!IT'I I'1ND A- cOIJS~fv'T 
J 

,4S WAS SHOWN ON THE 'PRE-VIOIl':> BLO~K. D/J7Gf2AMS 

, 
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PI1RT ]I c) to IV SID 'E-R. It T I DN S WHEN SA /l1 P LfE.. D 'J) A ~ 
A-12.£ U5E.D 

IN THE COAl VE£NnOJ.lAL I'fl/LTI -DIS/< ZJ£IVE ~OAlrIG t/~i701J 
J 

'B'f FAA! TI+E ~OM IN ANT Fl1c.:rote. L/~I TIA/(i, i1fE Ac.HIE V IfBt..E 

7llllCX f)EN:5ITY 105 TJ.IE. 1>I/IIeNS/OJJAL STAB II..ITY tJr TilE 

MeCH AAI/t:!AL sr,eu C!. TV£. 12. frJAIA/rAIN/AI" TilE SIE~ C/O H~""'D 
IJ L/~N lEO ON Til £ sere.. v 0 Sl/1!.FA(UE 7)(JES NOT ASSU'2.E 71-JAT 

F-AeH- OF i1f.E. 1),q.~ H~I4DS IS ALlfONEO WITH ITS P,qi/lf 

,f2./H!K.. • Til IE TOTAL /J1IS POS/Tio/J l!!E£IUJte- t1J4A1 BE -a (2.0~!S-N ou-r 

IAITO TR £. SUIJ1 OF- A FEW B.eoAD l!.4re: Go (C?t eS t!>F ~MPOAlE"lVrs 

WliH T>/STIAI(!.T (!I.Ij:J~AC.TIE.R. IsrlC~ ~ 
.i (I )} 

, STAT(C- 1E1!.IU>£. 71+AT 1:S lAID E-PeAJ 7)/9 AIT "F- U 'DI A LAN D 

IJAID CI!!t!.uM FER. EAI//I9L HeAO ;l....Ot!.ATloJ.} ANt> (!HJqAl6E.S ONLY 

V E ~ Y SLO W l-Y; E-x.. ,q /VI P L E- s A ~ f:E. U IV E ~ U 14 L iH E R M 14 L 

f!3;.'I..'PA#JSJONS FR-OM -r1+E-f2.JYt4L GRADIENrs AAlO ~I!.EE.P ,4-, 

'BOLiED TO/Nrs L>uE. TO i1+E.f!-MItL c..'t~LI1./6 o(C!... ME~HANlc..A-L 

s f.I 0 e...l<". 
~ (. /1 
~. ST41/~ e-I!.~/C. THAT IS /Ail)EPENlJl'7A1T ()f' (!/!2WMFCLEtml-

L..vt!4T10AJ BUT VA-elt:=:S WITH 1Z.I1DIIIL Le;CI'tT(oAJ j A- Tr'P/~A-L 

~AUSE /s C!..11 ~(2.IA-~r=. BEA-12IN<:b 'P,€!E- C!ES'SloN. 

3.1)YNAMIC, ERf2-of<. IfHtT V!t{i!.lfES 1fT ()R. flftJ,et: SLOWLY 

7}lE 1>ISK. sPINDLE "R-OiJil,/o/J 1C-ArE ; rifE USU'lL (!4(/SE. IS 

S'P/~D'-E SeA1Z.IJJC:. ~EPl:!It"jA BL.E J4N() NON- /2EPEJ4r A-BLE 
"E,.UN 0 UT. 

<f: V't'NAMIe. /E..f2R.OI< 7lf/lT COJ./TAINS eoM7>oNEAJ,S AT 

;l1~HER. FREQUEA/t!IES 71441.1 THE 7:>/Sj(:. 720Tl4i/O AJ ; U'3f..JI'1-L 

$ouv<-~£S .4£E. V/B(Z.A-TION OF THE 7)/ZllJE.. ~T!!C/(.ruR.E Alv%l< 
H-Osr <;VST1:1l1 7 HEA-D FLUTTER, S(JSPENS/OAJ VtSgATLON J 

H-lfDHER. H-A/c"MONI~ of S'P/NPLE 8E41!../NG IIIIPERFE<!.TIOAIS Er-c: 
,/ 

S/N(!'~ i/-fESE EFFe<!TS Milt( 'BE J>1!=FEf!ENT ~N EA<!Ad 
1)~TA itEJ4.D J TI-ft=IR. C!.o1!f!.{Ef!TIOAi ,£E6(u(/2ES fltEA-ZlI£E..I"1ENT 

OF TlfE OFF-TIZAc..K- pOSlnoM f!JF EIff!..H ])AT4 IfEAO W ITtf 

f2.sSPF-c.r TO Irs 1?-Ec..of2-0I#J~ r-~/H!..K. THEI!.FOR..£ SoME llfeANS 
OF MOLTI'PLE.'t.IAlG 7!>ETWEEN THE 7>14-TI4 /ZECLJR-DIAJfO A-ND 

/ pOS(TION f'vtUtSO{2IIJG 'FUAlC.TIOAIS OF THE HMO AND POSSIBLY 

lIS Cl*-A-AIAlS-L (3,LE.c.r~#Jle..~ Mv~'"BE. A-ceDl\1p,-,SI4ED 0 
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MIJLTI'PLE~OJ" eAN""BE 1M 'PLEftf EIVTED WITH TElnI~R...: Jl..) 
5PltTIII-L 'PIV'~/ON} '8) ':~E~UEAI~Y 'DIVIS/OIJJO~ c...) TlfIIlE­
D/VIS/ON P1ET1+0DS. 

,4) SPATIIH_ 1>1 V I ~/olJ IAI VOLVES 7f./E.. USE OF- AN /k)Dn-IONJ4. L.. 

PARJ4LLe.L /t1EA-SU/i!E-r.1EAlT ellA-liNE-I- /A.I ~SE pfU)~/"",rY 
1b THE. '£EGULA~ r.Ec.oeD/N~ /fCANS OUC.E~ cAN E'lfA-I"fP£..£ 

Ifv7PL£MENTArlofJ USES A-N Opnc.M.. 71ZANs'DCleER. PtO(JNTeO 

ON TI-I-E SLIPE.I<. ItN!) 1!.E.401A/G (!L)NC.E.NIIZIf. LIl,f.lT AN 1:> 

"'DA(l.l<- -SANDS ()A/ Tf.I.E 1>AT14 1>/SK. 7H~(J'H SIfEP4I!.ArE. 
(;LEt!T1U>NI(!S. THIESF- ftleTlfoDS A-te.E. FeAS/gl...E BOT 6ENEflA.LLy 

'!!f!OA!o};1ICHl,L'r IMP(l.IU!rltAL. AlJD 70 MV /LAJO(J)LE.P~£ I+AVE 
Nor "BEEN U5EP IN MA-SS 7>ll.o'DuUEf> Pe.Ot>UC!..TS. 

B) f!f!e~U~NC.'1 ])!V/SIOIJ UTILI ~E:5 II- 1!EaAfZ DIN6 /t1E.O(IJM /HAT IS 

i1+1C)t:..f:-£ iUltN T1+~r rc sQu IIlEO F-Of:. !>~rA. 12E<!O f!..f) IN' AL.OAlE. AN 0 A 
f2EtOrc..D"J~ CoOE TI-IAT '/2ESEevES J4- ~I/ND OF- FJee~(jE"'c.IES "BELOW 

TIfOS6 V$/iS D Fo!!! 7)ATJ4 Qfi;(!O «..DI N {; Fo/2 ?~E-1?ECO£DED R;SITI 0 IJ 

I AI PofZ.PlA-T1 o~ S//HIL..IH! TO THAT {/ SEt> o}./ 11 REdJUt../I/? sER vo 
so/2Fllce. F/!-EQOENC.Y 1JIVI soA) r/LTEteS S£PAf2AIE po SITtoN 

ANO e»S>70()ff..f? "PI1TA 5/61JIlLS IN TilE (2EC.()/2PI1J6 eHAA/hE(.. 'TO 

'PeR..Mrr "j?lEAD11J6 OF 1'asrrlt:J1\/ WHIl-E. BOT/f 1?--lEl4ptAlGJ ,4ND 

WR-ITI N& 1J/iTA 
C) 7,M E ']JIUtS/OAJ TIMe. Sf./IJf2-ES A S/N&,L!E f!.!Et!.afZ..DINCc 

C.}-I4tNNF-L "$E..TWEE.N POSI/loAl IAJF<J~fl1AT{OAJ I'IND ~OS/ot'1Ef2. 

J)nT~ /iT JZArGS 12~NGI/VG FIZ(JM )1 W~LE 7te'4t!.K. IJ-T A 
Fz:;'IJ PLAC!.tE.S 01./ iHE. PJSl'.. TO A 'FEW PEJet!.EIVT O!=EVEteY 
~c.1<. IN ftA/tNY S';tO/J1ENT~ LO(!JqrED 8E.TWEEN IHE l>ATIl 
SE-t!TO ~S. 

T,ME. J>llJ/5/01J AN!) F!ZE~ue..IJ(!Y DIVIS/DN METffODS AgE 

$t!/fEMATJCI4LY SHOIA/N ON T/fE FOLLOWING FIGO(ZE.. THeiR. 

fJ,PPLI elt-B /1...1 TY TO TNe FO{J(2.. P£E V I 0 VSLY .LIS TE.D FE R /2.012 

C 1/7 E G () (2 IE S Ps. P EIJ tJ ~ "P}?/ M A- ((. U .. Y uPo AJ TJ.I E ~IfA}'/ AI E L t!A-PJ4.t!/ rY 
'l>E'JDrE.D ,0 7>O~'Tll>AJ IlfI!A~UREttlENT. THE FO{JR Ete.£ol2.. 

C4TE,OIZIES /J£E IN ASt!.E:.N~JNG ~IZDIE.R. ",r::. BIJIJDWIDTH 

1ZEQUI£EfvfENT • 



~ 
- d[(!-INTERPRETER 
, 

..-

...... 

,. 

CO~lPETITI\ "E 

FLEXIBLE DISK DRIVES 

Brier Technology fields a first: 
a 20M-byte, 3 1/2-inch flexible drive 
Mike Seither, Senior Editor 

San Jose start-up Brier Technology 
Inc. hopes to tum a few heads at the 
CO~DEX/Fall show in Las Vegas 
next month when it introduces a 
:!O~-b~ teo 31/2-inch flexible disk 
dri\e. That's more than double the 
storage of the newest breed of high­
capacity 51.'4-inch flexible disk drives. 

With an average access time of 35 
msec. Brier's BT 3020 high-capacity 
product also riyals the performance of 
comparable-size Winchester disks 
and offers a remo\'able media to boot. 
ThiS IS something that is attractive to 
OE~1s and system integrators work­
ing in the engineering. scientific and 
military segments. where work­
stations are shared and the best way 
to protect one's data is to remove it. 

Brier's first product uses a proprie­
tary system that embeds continuous 
servo information into the magnetic 
oxide coating of a standard 31/~-inch 
high-density disk. The company 
claims that it has been able to divide 
the disk's oxide media into two logi­
cal layers. Servo information in the 
deeper layer. recorded at a very low 
freqency, is used to keep the read! 
write head on track. The upper layer 
is dedicated solely to user data and is 
written at a much higher frequency 
than the servo information. 

By comparison, most vendors seIl­
ing 51/.-inch disk drives in the range of 
4M bytes to 1 OM b~les embed servo 
information directly on the data sur­
face. As a result. up to half the total 
data area is given up to servo. 

Thanks to this buried-servo system. 

Brier has been able to overcome the 
biggest technical hurdle-track densi­
ty. The BT 3020 has 777 tracks per 
inch, compared with the 96 tpi on a 
regular SI/.-inch disk. By increasing 
the bit density and using advanced 

Embedded servos (ieft) typically 
use part of the data surface to the 
entire depth of the oXide media (0 

store read/wflte·head tracking infor­
mation. 8ner honzontally diVides the 
oXide Into two logical layers (ngnt) . 
Prerecorded. continuous servo mfor­
matlon IS wntten at a low freouency 
onto the lower. Data IS wntten over 
the entire upper layer at al'Jlgn fre­
quency 8ners drtve elec~.'onJcs 
sends data one way and nead trac/(­
mg informaCIon another. 

1 .... =<0 011 ..,..LEA VEIl '''VO 

HOW BRIER PACKS .& 8T 3020 DISK 

'~--. 

t:::I OA TA Ai£A 

• SERVOAREA 

Mltul.Ulran ~"'e'Tf!' • .iI~ /1"'\ __ ... __ ."1'11"'" 

...... TOPVlEW _ 

...... SIEV£W_ 

OXIDE 

t.t'Yl.'A Sl.8ST'RA TE 

IRI£R"S IlAGNETlCALL Y BURIED SERVO 

!SRVO 

.!IIOC.II'ICE. BRER n;~oay NC. 
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CATcG,OteV i 5T4rlC" E!!I!-01!.S tAN BE (!O/ZeEf!.rED 13'1 
I+LLO CATIAIG. ONL Y ON e. ,eACK. PEe ])I+T4 SUR!.F~(!.E TO 

'POS/T"lOf..) A-NIJ ~EIIDHJ6 Ii O}.)L'I JNF~E.QUENTLY} SrO/ZIJ.J6 

THE ME.Ast)~E./rAE.NI 12-ESULT A-NO THEAI ()S/NG Ir A-S A-N 

()FFS E.T lO1!./ZEcrio/v 10 'THe. SERVO S()£!=I1C.E I)An4- FoR.. 
T}.H}T HEAD OhilL THE NeXT TI~E. TilE.. POSI TION IHFa~J1A71olJ 
77l#tCJ<. 's -;:EAD.) Mf1IJY SEt!OAlPS OR. MIA/()TES ~ATER. , TI-IIS 

or- t..ouesc IS rHe S,PJPLEST, LOW ~()ST IftfPJ...e/tfENTA-nOA/, 

"I, CAN ()SE VEe 'I SLOW A-ND INEXPENSIVE I'IEAS(jREJI1EIVT" 

#4lfD(JJAt.e . 

(!~Tet;oeY 2 £1!A!OIZ-S Aee:.. IN 6ENEeltt P/F"Fe£EJ.Jf AAlI) 
CH-AAlGING ON EIIE R-Y TI!A(!K. ""9UT NOT tHAN<DING ftJ2.0aND 

THE. C.le..C.UM FI£I?.ENCE. . THEY /'lilt( 'BE eo f2.eE.~T5D 75Y 
!:iOR..Et> OFFSET VAL-UES 1'~OVIPE[) Fo~ EIU!.H #EAO AT 

EIICN T£.IlCK.. LO(!I4TION, W#/(UI AIZE. aBTA/N£D B'-/ A CJA/CE... 

1ER.. REVOLUTION TIMe 1)IV/soN S/t-MPLE.. (j/Z A- VE~V LOW 

"B~Nt>W I t>T ~ FR.€:.. ~u E tVC- V 'DI VIS1 oN aHA- NN E:L, 

~ATE (bof!..V '3 EI!.£oeS A-£E 1>'t'NAMJt! ... foND 1?EQOIR!-£ 

CoNTIIJV6US,1lEJCJL 77/Jfe CoteR-fEeTION" NOT TU5T,4 STO~tD 
oF-I=-SE r 1ZeFER-tENc-t£D /0 TilE .:sE!!(/o SOf<-FA-C.E. r/-t/s 

C" fef(!£ C-T 10 IV CA-/J 'BE .4(!~O f&1 PUSH /!!£D W I Tit A- T//I1E DJ 1/1 SIt) A.J 

S,,/srEM HAVOJG 8 TO 30 s;;tMPt...eS ?~ ~ElloLur/())./ o,e. 

It FilE Q U EN c.. V V{ V, 'S, 0 N sYS rEM WITH SEVE RI1 L KILO f./t:R.Tr 

,?OS I TI 0(11 t!..H4NNEL 'BfJN() W I1JTU , 

tl4'£fDOfC!'T' L( EfCfUJlZ-S I+ee.. DYNAM.IC. AND 12t=Qule~ Ft/LL 

"BAN I> IN I I>rij ']>0:51 TI ON IN (0 S Y S TIE fttS E QUI V A L EN T IN PEI!FOR.M 14A/~t. 

,0 Pr U)A/TIAiOOUS SEIZVo S()TZ.FA~ SYSTEM) THus EUMINII7"IAIG 

mE: NEE.D FOil- IT, THIS IS qUITE z=.ASIL't' !;>ONc WitH­

F(lEC(UENCV '7>/V/SON sys TE.J\1S !lAVI1J6 WELL OPilM I ~£P 

S E: F If IZ A- rio NFl LT Ef!- S 'B OT / A.J TI fl1 E ~ I v I S ION S <; s r EJI1 sIr IS 

V E.~y -PI 1=-1=-/ CULT TO A t!.HIElIE. SAMPLE ~A ie'S OF 30 TO 80 oR-

1'102.E 'PE/2.. '1-EVOLVTIO!J AI!.E.. AI€'ED~D TOGET#ER. WI/If /f1(JL..TI­

PhASE ?()SI770N ENC.()P IAI~ AND VfE.£.!f FA-ST AAI" fJ:OP/+/STIC/f,EI) 

APA-PTlvl; S/~NAL. 'P£o(!E"SSIA.l6. THIs TYPE of Pl!lvE /S 

Tt=<!fiAlIt!A("'L'r' Fe/fS/~LE BOT NoT E(!ONO/'t1/U'rf..f..Y VIJ48LIi... AT 

THIS liMe) E'Kf!.ePT PCJ{2. LAIf.J'OE f11ftllJRi!AM£ ()/L PEI!.-IIAPS 

o pr/e.A '- R-E c.J)~ PING It pp L/ ~A TlOAlS • 
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SINC£. TI-IEee I~ ,4 '-OT OF CU(C../c'eNi IAlTER.IE.ST IN :sfl'U'lLL 

1:>12IVf;:S USING "NLC( 71fl1E DIClI'SION 11()J..TIPLEXINtO /A.lTIIE 

Fof2,.fII1 of : '"POSIT"ION INroRtJ1ATloN "BETWEEN 1>IITA S'E(!fO/2.S.; A 
(De/vF-/2.~L 7>()RPOSE /1,C(l.OPl!-of!E.SSOR WITH lCJ/L.TIN I1rn"D 
COAlVEf< Tt=I2.,1 /l1(C£O eooDED )lfDI TI4-L. Flt..TE'lZ. o eOAJT12ol..Lci2) I1ND 

NO CtJNTI!UClOUS POSITION /AJFO,€MI4Tlo!J Sao/2f!.f!;. / WE SHALL 

eXAMIA)c If.;:::GIN /A1Po1!TANT CLJNSIOEilA ;loAfS Fo/Z. Tfil$ TYPE 
OF Sr'ST.eM. 

SmALL 1:>~/ye:s ()F TillS TYPE GE.NEteAt..Lr' HAVE SPINDL.£ 

'ROTATIO~ ~r£s Of 3'00 RPM /fArO) 7>E.Pt=.N])/NG OPON "BI T 

1>EN Sf/~ :2+ 70 1-8 S~cTf;)'~S OF 512 l>AT)J 'BY TES pLUS He!4DER. 
AND PO~'TION INFO£1-tA,IDN PER 12E.VOLUTloN. AN t=x/iMPLe 
P"SfT/OA) eN~oDIN" Sl.(STEM ()See> IN A J)/ZICIE. ~p. i1flS Trp£ 

/5 SHoWN ON THE K;UOWING PAfJ5S. 7:T CAN P120VIDE 

4DE.QUAT£ POSITION /NFo!2MATIDIJ FC>!! "BOiH Ac.(!{Zss ftND 

T/2.AC.~ FO'-LO W IN<O, 
rAl A-f)PITtON TO 711e ?(JSfno,v 7i!.ANS. ,]>(}C,ER. SAMPLe RillE) 

!fOfJJEUER./ TflE COMP(}T4rION/1L SPEED liND OOTP()T SAMPLE: 

'/2Are ffl1UE VERI.( S(6NIFtCIfNt ffFF-£C!TS ON THE PERA~,I1AM£ 

OF P£I VES of Tlfls Tf'PE. 7'Ht= SPIUt)(,c ~OTI4T/OA/ P,et=QUEA/C-V 

IS USUALLY 60/f~ ~/VINc:' A Sll-MfJL£ /2IJrE (JF /'5"ro 3 .. 0,k.. 

sAmpLeS 'PER :sECOIJD. CUt-SSfC!.lI-L. SAMPLE /)AT14 TH£cf<-'1 
ASSUMeS T/I~ T t=1i cH #eWL'I I'IC(!(VI/Z£/J /AiPf/ T /NFORNI1T//)N 
SAMP'-E IS I~ME.[)IATELY USE.D TO OU,P()T It NE.W (ONTf!.OL 

VALU E I 'SUC.H A SYSTEM CAN YIeLD AC!.t!...EPTA-BLE TIlIlNSIENT 

12fES'PONSE WITH AN OPEN t-~oP (.IAllrtf (CAIN-BANDWIDTH OF 

/{o TO Vt-z.. aF THE SAIV/Pt..E lCf:iTE I /low I3VER THIS /$ Noi 
~EPRr;seAJ1RTIVe. OF THE I/SuAL. ~{)W eaST IMPLEMENT~onQN 
WIH~f2E THe~E IS !+N APP££(!/ABLt:. TIMe Pet-Ill( 8fTwEE f..J 

TH-E. IAIPOT S~MP'-E /fNO TilE ouTPUT TO !It-LOW FDIl ANA t...OC:. 

To 7;{6rTJf/L CON VEeSloAJ J ~O(l1PuTATla/J DF TilE NEE w aOTP(JT; 
ANfJ '/){fJJliAL TO RNIU .. Ob (!t)MVEf?s/OIJ. WITH 1>tE'S£NT GENE~L 
PUte..POSE /lIos MI(!R..oP£o C!.~sS"R~ THIS 77/11£ IS AT LE,lfsr 
50,)lSF(! AAlI) OFTEN M()C.1-4 ~OIV6E..1i!.. THI:> TIME Pt:.LI1V IS 

ve 12.1( PET 121 fVl ~ N T 14 L. TO P 1: J2 Fo R. MI4 N c. E. A s ell IV BE'S E i= IV 
F/20~ THE FOLLO W /WG 7/111£ RESPaNS£ ~()I2IJES FQR II 
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r BURST TIMING 
'- A BURST B BURST 

1.067_ a.a,a La,. 
- 7.47" 

4.67,. .a .a .a .4 1.33,. - 7.47,. 1.3¥ 

T c • T C 1 ) 7 :5 7 3 
T C 1 T C • I , 2 , 2 
T C 1 1 T C • 1 t··P 

BURST 5 1 IQST 5 1 PREAWfl.E PR£AWElL 
258 «J T C 1 • «J T C S • S'mC 4 • S'1NC 4 • 4 

C~ 26.£ T T H • T T S • , 
l.7~z 3 U :5 l.75WHz 3 11 :5 

..., T T H 1 T T S 
1 ~ 2 11 2 - 2 11 2 N 

c: 
T T ~ T T ~ CII: H S ..... c: c: u 1 9 1 I ~ 1 9 1 ~ f5 c 
T T H TTS~::n • ! • .... ! '!'::n~1..... CI'I _ I...-

o - ~ « 0.. CII: 
~ 0-_ ~ 0-_ ~ 

I i ~ ira I ~! ira 
"- ~ .... 

i~ ii;( 
~ 1 .... 

c 
:s ~ .... 
~ '" 

is 5l: cCII: 
~ ~i 

~ ~i ~ ::z::! 

!; o ~ .... 
zu 
~b( 

T7 16 T5 T4 S;: ~!a 
TJ T2 n T8 ~"" :liZ ;l~ 
C3 C2 C1 CII 
nl ns T9 T8 

1 S II 54 SECTa:t ~T ON. y 

OR 
8 1 1 1 tVa BURST ON. y 

Hf$:S H /S2 H/'Sl H/SI 
1 1 1 1 

SEC~ 

BlJtST CXXI E\O 
It S H 

" H S 
C H S 

/ 
0 S H 

I 



'fr ~ONTIN ()OUS S/.6#I'It.. PRO CESS/II€" 7l2A~K. FOLLOW/JIG SYtSrEM 

'- W trli (JPEN LOa Poll/IT>' fEI1IAJ BR/1/[)WI DTff ()P 450 H ~, THE 

A-DDEP Z>~£...4YS UJ/2f2.(:SPOND TO Q.lf.;4.,JYz) I9N'D 1 TIMES THE 

'PE(210D OF A ~AMPt..E2 TIIAT IS IITI"'~ tI/6IfE~ RATE. THAN 

THE UNITY lOA/Ai ~I?E~UEN<!..V. 

A-NOTftEe. -PeR.'FoRMAN~E LIMITATION O(!~UR.S IN THE 
Ac.~r;.ss C.Oft.JTf!-OL. A-LGo1!/T"HM lIolCMIJ LL ~ IMPLEMENTED IN 

Tl{ [3S £ SYS TE/t1S. IJs WAs SeEN EAI?.LI£R / /I TIME. tEf1C/(!/ENT 

CONTRoL STIJIITEGY ,IICf![EL£12IlTES /=0" ABouT tM'-p rHE 
TIM E oR.. P/sTA NeE ANO ])et!EL.EIZA-TES paR TIfE l!EPJIJ{JJIMG 

I1I1LF. AN A-V£/zllrD E ;t(O(JE TIMe OF /5 /JfN.~/SeCON/)S AR 1'1 
J INCH S7£o/(:.t: AcrvA702. 12EQ u tRES /lBCJOT 15"rb 
II ce. ELl: IZ-A If ON 1211 TE WITH- AAl 1E:.K TREMIIL I TIME OPTImAL 
C.ONT/20LLEf!!. (YtOVINro ONE ~I1CK. AT /500 T~IIC1'-S PER 

IA/CH REq O/{2£S 11t!.~Et-EMr£ liND P£C!E"L..ERIITE 77/J1€S OF 

%~ 1ZEfJOL.UT/ON 11-1 /5 G. THE. FaLLoWING rA'Bt-E TABoLArrs 
THE S()J(T<!1-I11J6 POINT Fo~ OTHEI2 t:..€A.Jo'/f jl(OllE$ Fa!:. 

. ~ SUCH A Sr'STeM : 
..... 

'" 

AC~E'SS I..t:N6TH AT /500 TP£ 

I 
2 
3 
-4 

SfIJIT~H TlA/c If. r a«JO f2PM 

f+a rzeu. 
f31- " 
Yze tI 

%1 II 

IF THE sYs T£fIA. HAS Tlfe Usult,- '32.. SEC!TO£S F~ 12.EVO'-UT(OA) 

ANO ONE OOTAJT SI9MPt..E "PER. /NP()T 'SIfMI'LI= IT /s /lfP/I#'Nr 
THAT TilE 77111£ QUIINiI 2-AnON OF THt: O()TP()T I S Fill! fa 0 

COAR.SE TO HAvE I1N'rWHEIZ~ 1/£111<. TIME OP17MIIL lCE'SPONSE'. 
Tltt=. t=.FFE(!TIVE SOLUTION TO THIS PR.O'BLEII1 IS A /i{()LTI-

1'-ItT£. SAM f>L(NG SYSTE M WH{~W OUTPVTS /IT 11 fJlVfL# 

1/ {6 fI E r<. AN O/ot<.. (J Ii et It B LE slI MPL.E 1211 TE /Is t!()111/ PII R£ D TO 
THE. INPuT. tT [S Al,...~O VfE!!-C/ VSEPV(.. 'FaR /fJfP/ZOVIAlC::> 71Z19t!K. 
FO'-LOWIN~ A(!(!()Il/1af/ S""~TEMS WITH A SMALL ,4fJ100AJf OF 

STICk/AlG Fe/clIDA.) /JNI) £~LATllJELI( J-OfIJ IhPOT /AlFOfZ./f1A"aAJ 
SAfYl7>LIAJ6 72ATES. THE Q{)I(!KEST WilY TO ~o~et:(!r,!N tJFF 

T!2I1C/!... pas/T/olJ t=~R.o/2 IiPPt../ES ACt.t=LE./ZI'1TE TflEN 
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'bECELE/211 TE ()()TP(}TS I SIMI L-AI!. To A-N A~~~SS ~N?elJ ('LEe. 

f/oWEtlER. WH EN THE Z>/STI1N~ To I'I/(JIIE ARE 'SMIILL A-ND 

TilE t)fliPvT 'SliM P,-E /NTEIZ VAI-S ARt: LON6, TIft! HPPLIED 
MI2C!ES -aEC<l~E lIel2.f' S/11/JLL /fND ~AA/,vOT (JVE/2. ~1I1E. 

Ut£fllif6£ BEARIN6 ST/e~/N6 FI2I~T1tJN CAVS/A/6 If L../,+t,T 
~yc!t...E /IN£) PooR. A~~U~Il~V. II Vile/A 'BL..'E ()UTPur SIIMPLE 
'/!.f+TE CPlN At...LoW I-A-f26£f2 Fo~e£S PO£. SHo12.r-EI2. IIIH£S 
AND 'PR.OVIDE. IMP/ZOVED A(!C.U~A(!Y OVE(2 WI4AT t:!/fN BE 
1:>oNE '/E(fEN WITH CONTIA/(J(J(JS LIAlEAI!. SY:STEMS HAVING 

1f16f1~e 'EAAlDW/])TIIS. 

POSIr/oN 

FO£c.E. 

-----1 
I , , 

I , , , 
I 
I t _____ _ 

TIme. 

/ TI/JI£. 

IT IS A P20 (QRIi M M IN~ (!1I19 LLENGE. 70 IMPL..£I'1ENT ,4 /I1()LTI-

12ATE SIIMPLJNb S,YS7EM WITH M/~R.O~ODE 11.1 A GENE~AL. 
'PUrz.POSE M/~£o P/2o~EsS01? 1I0IAJEVER. THflS. IT /S SELDoM 

VS~E> AT 7>RESEAfT. 

/1l1tH HtGH£12 'PEeFO/2MIJNCE S/6NAL P20(!ESSIAIG /k7IiGRATED 
C.{{(.CUITS THAN CPENEeAL P()RPOS£ j/,f/~Ro PIUJ4.t:S"s072S If££. 

Now ?>t=CoM ING AVAILABLE AT easrs 71IAT MII~£ TflE.IR US£. 

IN DISK.. 1)!2/tJE:5 F~"s/BLE. CXAMPl..£S INCLUDE ~ HIfLF-Ft-ItSH 

B BiT ~ CHANNEL A- TO D CONUE~IEI2S WITH AC.O)uIS IT/oN 
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TI/YIES OF- LESS THIIN 2,,11 SE(!OIVDS) 'S"E~/I'I(.. j)(JI!P()S£ /I11~ 
p~OC.r=SSEfS OPi/~/tED Fa/!. DI6ITAt.. S/6NIIL J>£.o t:!E"SSIAl6 (111fT 

HAVE /l1'H SPEt;() 3Z. 'BIT A~/TIIMeT/~ ~APIJBIl..lrIES ~U~H 

lis II /If()t.TI PL.Y /fN/). RPD IN 200 11 SE~ OMPS) I1ND SIN(il...E.. 

S,(PP(..Y, VOLTJ4rDE OUTPUT 12SIT Droll t.O.NVEJ!..TE2S WITH 

:SLEW ANO ;SET/lE. TIMES OF t..ESS T!I~AJ 2~ ~E~()"'bS. WHEN 

IMPLEMENTED WITH THesE )/61TI4L SI6NIIL. /D!20CESSIAIG 

COM PO NeN T"S I (!ONSTI'INT ~OIEFFI(!IENT cONT72oL IIlGORfiHI'tS 

HJf UE Alell~~'r' AS GoOD PEJ!FOflMIfAlCE A-S t!rJN nA/tlav.5 
()AJG)UANTI2EO IMPLE/I1cNTIfTIONS. Bvr IIJ A-1>f)/71tM.I ,A1(/etf 

""o{lE. 'Pawell 1=u,-,- AloNLINEl41Z A-NIJ IJ-D/tprIVE c"lVreo L 

ALC!>O 12ITH MS CAN "B£ ()SED Wl4lc II A££ (!'OMPLETEL't' 

IMP(lIH!.r/f!/tL. TO IMPLEmclJT ~y OTHEr< MeANS. AN ~XAMP'-E 
Is /I UEI-OC17-Y E-STIIf1~JO£ "Foe USE IN A- 77M£ C;P,11I11f L 
C0N Teo LLt= R. 

As wits ~{S~USSe:D [3l4et..../£12 1,4 nME OPT/MilL.. 

A C.tESS (!.ONT/2.0 l...L£f< 1C~Q(){e.£s VELO(!'lry As WELL itS 
70S'IIDN IAlFO!i!.NATIOIJ Fj20!l1 THE. 7>L~NT IJ-s. SHOWN 1,4..) 
'PA RT I.. 8ur (305T J SPl'JeE fiNO pr=eFOf2MI'111'Cf£ Issues PREI/EA/I 
THE OSEE- OF It VELOCITY nllN,s DU(!Ee IN DIS/<:. DRIVeS. 7i+E£FOR.£ 

FOIt. fttl1Ntr yJE"IIf2S VELOCitY E.sTIMJ4T()~S ,+s S/f(JWN tJA) 

THE NEXT PI}G~ ilA (JE.. BEEAJ USE.D. 

S/~Ce. THE !11I3CHAA//(!,AL. /JELOc.rrY IS NoT lJc.e~ss/&'-E Fo~ 
P/~f"cr MEASUR.EII1ENT WITH aUT A VEL.OCfry r£I1NS1JUc.Ee) 
THE el1S/LV tylE!1S(//i!(;D (!OfCIlENr X IS APPt..It=D TO ~N 
t=LECT/2()AlI~ tJlODEL. OF rifE AC!TVI1TO/2. WHfet{ SHOULD 

HI4 UE THE SliME '2ESPONSE F£oM (UJ/CI!.€NT 7V VeLOCITY' 

,4s THe. ~EI'f'- 'PHYS/CI4L SYSiJ:M. THE O(JTP(/r OF TIfE.. 
et...t=c.r/ZOAII ~ 14f-L.", IMP(...cJlllcNT£.D NO/)IEL IS /tN ESrlMI'I TE 

of T£uE UE{...OC(TV THAT e.l4N -as ()SE.() IN TilE ~N~ L 

SYSTEf1/1. 
TH e P£E 7>0101 /M /tNT sau~c.ES tJF eT<J2.0R.. IAI TilE $SnMl1lFD 

V~L.oc(r'( IH2..E TifE J-AC./(.. OF /<-NOW I...EP'E t>F- THE. 'BIllS 

FoI2C!.E Fe> /l-ND 'D.t', PI2IFT IN THE IAlTE~e~TlON, THt/":3 

TH E 1>, (! r A AI 0 /....0 W F /2 £: Q U FE IV C¥ IIV FO f!. ""14 TI 0 AJ I AJ TH E 

M.ODE.L OUTPUT IS IN IIC~UJ2-l'tf£ AAID M(/~T 8~ ~E.J'EC!.TSD 
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BY 1+ fli ~tI PASS 1=IL T 1£12. THIS !tfISSIA/6 J-ow ~,eEQ OlENCIt' DA rJl. 
ft1 If Y 'B E ~ E S TO ~ ED "b V Tit 1'1 A/6 Tile TI;fIE 1> E ~I V A n v € (J F 

TIfE MeIlSClR.E" 7>oSmoN s/6N~L I t3AND L'Mt/IA/6 Ir A-1 11/£ 
SA"1E F!!.E~UENC.V AS 7N-E /lI61f ]>A-Ss FI4.TE~ ~(JiOPF AND 

Sf/II1MIIIG THe TWO FI'-rEI!!!. O()TPoTS. 

It VEE-V USE. FflI- 'P20 P£l2ry OF TIII.5 ,ilfETHOJ) OF OBTAINJIIG 

VE£..OC-I''r' INFOfi!.MAiIOA) IS THE .ATTENOlliIDAJ or:- ,HE 

1>ffSTJ4B"-'2:IN6 INFLueNCE OF TilE il1EMA/fIICi1L I2£SOIf.lI/AI~~ 
THe ~OJ)t::L OUTP()T IS NOT UJAITAMII./A lED 'BV THe 
-eeSON~NCE AND ITS tOJ1ll'POAJEIJTS IN THE Il1C:-ASV£?ED 

7>OSIT/()N t:,IIN 1JE S/6NIi=tCI'fNiL'I Ar,EA/tI!4,El) B'I TIfE 
Lo W PlfSS -':/L77:e. THus Til- E S,ll 'BLE 13,tfN D tAl (X>iH OF- IN E 
Ace eSS cOAl/eo L .:sYSTEM {)$ING liN E'STIMA r£,D V~L-oc.lrt' 

CA N BE CON Sf D E (2 A- 'B l...¥ I-Af2.toc;z TH-A N IF ft VE"L.O CA r l' 
TR.~NSL>rJCEr<... WE.~E U5El>. 

THE IM.P{...EMEAiTl4iIDN OF VEl-oerry £snhllfToes W/nt 
to tV Vf3N liON /iL HffeD wife£: liAS SeVef214 L '-11111 Til ,10 NS: THE 
MOOEL 12fEQU(/2/ES THAT THE VALuE OF k.F AS WEl.L IfS 
F-p 'BE. "NOW N I AND Aac.CI/ZIIIa.-y OF I<t= IS £5 '7>Ec.t}1LL'r' 

1M PO (2iANT SIIl/C£ IT IS A /11ULrlPl-{CI4 rl()E J=MT~R.. F<;~ 

Til £ E NTI ~ C 'S P c C. T72 (J /fit OF TffE .At ~ f)eL. 0 (rr Pu r: NO r 
Tusr liN /41>PITIVC 1:>~c... 01=FSET Tlil9T IS 1'10/21: eltSILY 
~e~~c.Tr:D. ON RJRTON/+/E"(''f l poe. flfllA/Y '-ow ~S.T PIS,," 
]);UVE ACTVAJOf2.51 KF I~ Nor etJNS/1'twT BuT Ih ADPln4N 

TO IkIT/IIL 7OLE2ANCGS J IIAR-IE'S WITH TEMPEI2AIVI2E; 
MAGNITUDe AND 1)1(2E"(!TION OF u/22IF'N~ I'JA/D paSlnON IIV 

THE STJU>K.E. THUS A SIMPl-E /ltODE'L THI1T /}-SSU/l1ES ~F ro 
"BE A- FI 'X.£:D eON ~rllNI Atll" H II VIE 1-14f! ~ E IN Ht!t. utz.A ~y/ AN 0 

MAK..(IJf:> TliE ~aOEL HAVE THE t!IfI'A8IL'rt 70 T!!IfCk:. VI9RllfftdiVS 

IIv Kp ,A--{)PS c,OM PI-E xlrY THllr IS vr:~'1 E K PENSIVE TO IIIfP(.$MEA/T 

IA) CtJNTlAJ(JOU'S S'ISTEMS, !lOWEflE"1< I)./ITH A 1>owEI2.FUL Pl6177fL 

'S/6JJAI.. 7>,eo~,"sso£ IMPt£,I1EIJ7I1nOAl 0(::. TIlE. ,M.O{)Et.. J A .. pR-toe/ 

1)E"5/6N !LA/OWLr=l>Gc OF- KF UI1(lfA lION liS WELL AS of 

F.,p MAY 'BE INCOf2.PdR.~ rED AT NO flAI!.f){)./AI2E' ~STj /IN£) 

,40APTI/JE '-EARAIIAIb TECflNIQlIE'5 U51£0 TO Ti!.I9C/t:!.. arH-€R. 
VA(2.IA TID NS. 
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AN A DD/noIVRL ~ON:SEQUENCE OF THE tiS£. OF 7)f61TI'IL 

S/6NIlt... P£OeESS/A./b WHIUf Q{)/lNncES TIfE ;Ja;ruATO£ 

CWRIlE'NT IN --;SOfH IJ-MPu TVOE ,lJ1v't) nME IS TilE GEA/E~A11PI1 

OF lteo()ST/~ NOlSE. TilE F/2EQlJt=Nt!'1 ~1>t:(!T~{j1f1 OF T71E 
eNERGy CONTII/IVED IN TIfE STEP ClIllNtEES OF 111/16 NIWDE 
AT THE a()T P"f SAM Pt...c. INSTANTS, IS VEl< Y "B~OA p. 
WHIL.c /, I'1IJY BE .A-'BCV'E ,HE- "'8.4Nz>W/DTH OF SERVO 
12 Es'PONSE Ir STILL. C!IIN IE. ~e.(Tt= TltE /IIc~H-/JAlI(!Jfl. 

Sr2fJerol?lfL '}?ESOI../AIVCE.s IA!Cc...UP/N6 TlIOSE' IN DI/2EmOMl.J 

OT~t=R.. THIfN TIfE A-CLESS ~Or<!.DINIfIE. l>FSl6NEf.?-S /I1VST 

12EMEILfBEe 17Ht r T~I!!E tllfS 1SEEN cOooo 72IEIt-SON ~ R 
J, 

Cf4 t..L.I "'6 ,4c. TV A /0 P S (('VOl C E ~ if_ .MOIO f2. S IJ-N D f!.Aflc PO LL,Y 
CoNS/OS12.l1.16 AttJU5r/c- NOiSE. G>£NE.-RAJ/ON ~ 1\1 TI-lIS 

-4s lAJELL.. ~ OTHTEr<.. souRC£S, SINCE. S(JCH NOISe IS 

Vt=f2.'( OB3"'"E~T'ON ,4£?L.E IN "Pl=sk. TOP EQUIPMENT IN 
CLO S E -plU) XI M. {Til TO A-N OP EE?I4-rD e. 


