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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). 1IN ADDITION, AN AMPLITUDE-
THRESHOLD~ QUALIFING "GATING" SIGNAL IS USED TO "UNQUALIFY" ANY FALSE
ZERO-CROSSINGS (THE MAJORITY OF WHICH ARE CAUSED BY DIFFERENTIATOR
CIRCUITRY "DROOP") 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-WHEEL" THAT "OPENS AND CLOSES" 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 "WINDOW"
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 "DETECTED BIT") 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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NORMALIZED LPFout (T50 changes from 55 to 65 nsec in LPF) and RESULTING
by Frank J.

The gain is currently set to —-146.088db.

Analysis

FIGURE C:.

Sordello.

Common Block Zero at: 0OHz;

This has 0db at 3.

Pole at:
333MHz.

Sordello 3/4/1988 14:07:58
Top: 100, Bottom: =100, Time Step:200pS

TGout IS

TRUE WHEN
LPFout IS
+ 35 ¥ OF
ITS PEAK

VALUE.

Wout IS
20.8nsec

DF o
1000MHz

NORMALIZED LPFout & DFout, with TGout & Wout TIME-

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

OF DFout

THE PEAK

4 RISPONDS
- THE DISK
THE MANY
MAGNETIC

FIGURE C.

FIGURE C ALLOWS US TO OBSERVE THE SLOPE OF THE

DIFFERENTIATED (AND EQUALIZED) NOISE FILTER OUTPUT. THE ZERO CROSSING

IS INTENDED TO CORRISPOND EXACTLY TO THE TIME OF OCCURANCE OF
IDEALLY, THE PEAK OUTPUT OF LPFout COR-
TO THE SPATIAL CENTER OF THE MAGNETIC TRANSITION RECORDED IN

OUTPUT OF LPFout.

MEDIUM.

(AT LEAST WITHIN THE TOLERANCES OF THE PARAMETERS OF

ENGINEERING DICIPLINES AND PHENOMENA ASSOCIATED WITH DIGITAL

RECORDING!)
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- LORENTZIAN (Pw50=65nS) RESPONSE Frank J. Sordello 3/4/1988 14:13:22
Left: -25nS, Right: 25nS, Top: 100, Bottom: —-100, Time Step:200pS
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TO THE AVE.
TIME OCCUR-
ANCE OF THE
DFout ZERO-
CROSSINGS.

NORMALIZED LPFout (750 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 -146.0839db. This has 0db at 3.333MHz.

FIGURE D: EXPANDED TIME-SCALE, NORMALIZED LPFout & DFout, with
Wout TIME-BOUNDARY MARKED for ISOLATED READBACK 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.
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% AMPLITUDE OF UNWANTED ADDITIVE SIGNAL -
BIT SHIFT =" —=————mmmm e e e = nsec

SLOPE OF DFout SIGNAL NEAR "ZERO-CROSSING" POINT

IT IS AS SIMPLE AS THAT! ANY UNWANTED SIGNAL THAT "LIFTS" OR "LOWERS"
THE DESIRED RECORDED INFORMATION BEARING DFout SIGNAL WILL CAUSE THE
"ZERO-CROSSING" OF THE COMPOSITE DFout SIGNAL TO BE SHIFTED IN TIME FROM
THE IDEAL "ZERO-CROSSING" 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).
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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" 1IN PROBABILITY OF OCCURRENCE
TERMS OF NOISE RMS VALUE OF THAT NOISE "SPIKE"
0 1/1
1 1/3.2
2 1/21.74
3 1/370.4
4 1/15,625
5 1/1,724,137.9
6 1/500,000,000
6.47 =~ 6.5 1/10,000,000,000
7 1/400,000,000,000
8

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 DIFFERENTIATOR , 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
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.
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IF THE NOISE IS GAUSSIAN, AND SUCH PROBABILITIES HOLD, EVERY 10x10
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

F. J. SORDELLO 1988 PAGE 8



4

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%)/(10%/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. THE VALUE OF Hx ALSO COMMENCES
TO EXPONENTIALLY CHANGE FROM A POSITIVE VALUE IN OERSTEADS (A
FIELD INTENSITY THAT HAS BEEN "COERCING" THE PREVIOUSLY MAG-

F. J. SORDELLO 1988 PAGE 9



CASE II.

NETIZED MEDIUM TO RE-MAGNETIZE FROM NEGATIVELY WRITTEN TO
POSITIVELY WRITTEN) TO A NEGATIVE VALUE IN OERSTEADS.

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:

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

"AT WHAT TIME DURING THE HEAD'S WRITE CURRENT RISETIME DOES

THE MEDIUM IN CASE II START BEING RE-MAGNETIZED?"

"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 IS
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 USUALLY 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 MINOK
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 BIT-SRIFT
ON TRACK ON TRACK and DURING MINOR DEFECT
' 10 (DFout slope divided by 013)
(@ ANY TIME @ x10 @ ANY TIME @ x10 )
(6.5*sigma) (6.5*sigma)
NIB 0.71 3.25 1.01 4.64
PIB 2.4 2.4 3.43 3.43
OWIB I 0.8 0.8 0.8 0.8
OWIB II 1 -> 3 1 -> 3 1 ->3 1 ->3
ASIB 0.5 =-> 2 0.5 -> 2 0.5 => 2 0.5 -> 2
SNIB 0.1 =-> 72 0.1 -> 7 0.14 -> 7 0.14 -> 7
ATIB “0 ~0 “0 “0
5.51 8.05 6.88 9.71
ERROR _
RATE 1010 1029 1010 1010
MARGIN 4.91 2.37 3.54 0.71
BIT-SHIFT BIT-SHIFT
OFF TRACK OFF TRACK and DURING MINOR DEFECT

(DFout slope divided by 0135) (DFout slope divided by 016*0.75)
)

(@ ANY TIME @ x10 @ ANY TIME @ x10
(6.5*sigma) (6.5*sigma)
NIB 0.95 4.33 1.35 6.19
PIB 2.4 2.4 3.43 3.43
OWIB I 0.8 0.8 0.8 0.8
OWIB IT 1 -> 3 1 -> 3 1 -> 3 1 -> 3
ASIB 0.5 -> 2 0.5 -> 2 0.5 —-> 2 0.5 -> 2
SNIB 0.13 -> 2 0.13 -> ? 0.19 -> 2 0.19 -> 2
ATIB 1.5 1.5 2.14 2.14
| 7.28 10.66 9.41 14.25
gﬁggn 1010 10° 1010 10
MARGIN  3.14 0 1.01 0.
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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 is 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 servec
;‘surface of the SERVO DISK by a "servo writer" 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 gquadrature 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" 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'" or
"sawtooth-1like" 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
"QUADRATURE 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" 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 = " " " " " 8, 10, 26, 28.
"TWO/FOUR" = TF = " " " " " 14, 16, 26, 28.
"TWO/THREE" = TT = " " " " " 14, 16, 20, 22.
"ONE/THREE" = OT = " " " " " 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 of
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 "Tracks" and "Cylinders" are
interchangeable for this analysis: "Cylinders" referring to a plurality
of "Tracks" 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" 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 sum of the servo- head sensed di-
pulse zero-to-positive-peak amplitudes of servo tracks "TWO/FOUR" and
"TWO/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 ("1'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 "1'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 "sloppy" 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
"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.
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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 "ELECTRONIC TACHOMETER"

The 14,000 volt/inch, spacially-sloped output of the position
transduction system appears as an FM 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.
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FIGURE F. SERVO POSITION INFORMATION DEMODULATION CIRCUIT
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FIGURE H 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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! 003 007 011 015
+10v +

TIME

-t - - - —

005 009 013 017

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.)

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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NOMINAL SPECIFICATIONS:
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] [
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FIGURE J. ELECTRONIC TACHOMETER SUBSYSTEM

KT = 10X10 _*KP = 0.1400 volt/(inch/sec.) @ KP = 14000 volt/inch;
) = + 14 volt --> 4+ 100 inch/sec.

RANGE: Eo(m8x
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COMPONENTS OF MISREGISTRATIOﬁ 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.

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

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

F. J. SORDELLO 1988 PAGE 25



COMPONENTS OF MISREGISTRATION OF THE DATA READ WITH RRESPEET
TO THE SERVO HEAD'S POSITION.

1. DUE 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
x AFTER HITTING CRASH-STOP

F. J. SORDELLO 1988 PAGE 26
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MEASUREMENT OF SOLID ?RIC’I’ION PARAMETERS OF BALL BEARINGS

P. R. Dahl

The Aerospace Corporation
El Segundo, California

I. INTRODUCTION'

A schematic of an electric 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 TI-_‘. 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,
The

second form is commonly called Coulomb friction

is so familiar it needs no description here.

" "

or ''stiction, ' and is referred to in this paper as
Solid Friction or SF. A solid {friction model (SFM)
that aptly describes this type of rolling friction
was devised recently [1, 2, 3]. It has the appear-
ance shown in Figure 3 and will be described later
The third form is a hysteretic
drag torque produced by the permanent magnets and
iron in the motor. According to B. G. King [4, 5],
it is convenient to think of this as a friction torque.
It can be modeled in much the same way as bearing
solid friction torque, independent of the electromag-
netic impressed torque, as long as the permanent

magnets are not demagnetized significantly by the

motor windings when current is applied.

The motor angular rate éM 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
This rate is then

integrated to get the angular deflection through the

with respect to the output shaft.

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
gearbox. Torque is also applied to the load through

Jhis friction. The shape of a typical harmonic

drive-type gear and shaft stiffness and solid fric-
tion characteristic without backlash is shown in
Figure 4. The case of backlash with hysteretic
friction is more difficult to simulate, but some
success 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 0 and the backlash region has a soft stiffness of
o _

To obtain experimental data on the static
sti{fness 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
sum of the linear stiffness torque and the gear
solid friction torque less the load viscous and
solid friction is what drives the load inertia. It
is frequently found that the gear hysteretic friction
provides a very significant amount of damping to
the system.

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).
sources cannot be modeled accurately by a single
SFM, multiple SFMs added in parallel can be used.
In the following discussion, as an example, it is

If a friction source or

shown how ball bearing friction parameters are '
experimentally obtained. Test methods similar 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.

1. SOLID FRICTION MODEL PARAMETERS

The mathematical model of solid friction is
based on deriving the friction torque T(§ 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 5. Friction Slope Model for Gear-Shaft
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Figure 6. Gear-Shaft Stiffness with Hysteresis
and Backlash.



relative displacement between system elements,

and time t.

dF(x,t) _dF(x)  dx .
dt - Tax at (1)

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

dF(x) dx

Fix,t) = dx  dt

dt (2)

The derivative of friction force with respect to
deflection dF /dx is referred to as the friction

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

generally expressible as

dF !

dx t-

sgn x

F
[

=0

where

*1 for % velocities,

sgn x = sgn(é‘i) =
dt respectively

rest stiffness parameter

Coulomb {riction level
parameter

SFM exponent parameter

stabilizing factor, such as
‘sgn (1 L
l Fc
simulation work.
then S = | works.

sgn x): for
I¥i=1,

The slope functions are defined for F/Fc be-
tween =1 and, althouch it is not theoretically pos-
sible for | F!: to exceced FC, use of a stabilizing
factor S is required in some simulations to protect
against instability that might occur as a result of

factors such as computational roundoff.

The friction slope functions appear as shown
in Figure 7 for various values of i for positive
velocity x> 0.

x<0 are symmetric with the curves shown about

The curves for negative velocity

the vertical axis F/Fc =0.

Integration of Eq. (3) gives the general fric-
tion force-deflection function. In this pape'r, 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 parameter lies in this range and because
there is an acvantage in simulation and analysis
3/2 ap-
proximates the best fit for the bearing data.

using integer exponents. The case of i =

.5 (3)

53

Integrating Eq. (3) with respect to x with
sgn X = +1 and using the initial condition F(x) =
0atx =0, we get

1/(1 - i)
?I'lu-[:-(x-i)f‘—] (4)
C C
where
F_ |
=5 (5)

is the characteristic displacement or knee of the
Note that if i< 1, Eq. (4)
is valid for x/xc < (1/(1 - i)) and F/Fc = 1 for
x/xc> (1((1 - i)).

force-deflection curve.

Fori=1:

F ( -X/xc)
=—=z{1-e (6)
Fe
Fori=3/2:
-2
%:x-(u—z-;-:—) N
c c
Fori= 2:
F X
F_ “xtx (8)
c c

The knee parameter x_ can be regarded as an SFM
parameter derivable from Eq. (5) if Fc and o 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 is reversed, x <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 of the curves in Figure 8.

1I. 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 oscillation decay
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 is indirectly determined

tests.
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-power amplifier was also an Inland unit.
18-bit incremental encoder was mounted on the
motor and coupled directly to the motor drive
shaft.

analog (D/A) converter processed the encoder out-

An in-house designed and built digital-to-

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 resolution values available for the drive servo
zs shown in Table 1. The £11.25 deg range with
the 0.011-deg quantization bit resolution was used
for this test. The drive servo position hysteresis
for small excursions was less than about 0.001deg.
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.,
0.001 deg.

to ¢rive the x-axis of an x-y recorder, and the

The output of the drive servo was used

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

The duplex bearing pair tested was a Barden
104H, 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 indicated 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 1lb.

" is a typical hysteresis trace obtained with the new

Figure 11

bearings for the same preload of 24 1b used for

Figure 10.

IV. DATA ANALYSIS

For purposes of analyzing the hysteresis data,

it is advantageous to define

f:FC-F (9)

and

x'=x - x(-Fc) (10)

forx>0(or f=F - F_ for x < 0). Either the in-
creasing or decreasing half 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

A Baldwin

‘tangular graph paper.

variables and assuming that f = Z}S‘c at the rate re-
versal point when x’ = 0 and that x <0, Egs. (3),
(4), (6), and (8) can be written,respectively, as

Fori20:

(11)
c
. 1/1 - i
f - 1 -1 __' 2
F--[z ‘“'"x] (12)
c c
Fori=1:
’
f _ -x/xc
F——Ze (13)
c
Fori=2:
Feox iy (14)
f " x

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 variables.

The quantities df/dx’, {/F and Fc/f on the
left side of their respective equation can be con-
sidered as dependent variables and the variables
{ and x’ on the right side as independent variables.
The graph of Eq. (11) plotted as df/dx’ versus { 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 1/f versus x’ for Eq. (14) on rec-
Thus, the least-squares {it
linear regression method can be applied to the {,

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 straight lines
(Eq. [14]), exponential curves (Eq. [13]), logarithmic
curves, and power curves (Eq. [11]). Because of its
convenience and simplicity, the HP 67 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
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Figure 9.

Bearing Static Torque-Deflection Test Setup.

Table 1. Drive Servo Range and Resolution.

Quantization Bit

Range (deg) Resolution (deg) Scale Factor (V/deg)
*0.703 0.00069 14,222
+2.814 0.0027 3.555
*11.25 0.0110 0.8888
*+45.0 0.044 0.2222
+180.0 0.05555

0.176
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Figure 11. New Bearing Hysteresis Loop.
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HP 67 "Standard Pac.' Some simple preprocessing
of the data to calculate df /dx and 1/f was necessary
before it could be used in the standard curve-fitting
program. The program effectively outputs the
parameters i and X for Eq. (11) and X for

Eqs. (13) and (14). The parameter F. 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. RESULTS AND CONCLUSIONS

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 en-

velope of the old bearing asymptotic wave peaks

the near asymptotic wavy torque level.

was only 5 to 157 higher than the average value.
Thus, it appears from this data that the wear pro-
cess increases noise torque but decreases running

The
friction of the new bearings at the high preload of

friction in the mid to high preload range.

36 1b appeared at first to be an outlying data point.
However, the old bearing data show the same

characteristic of suddenly increasing at 36 1b pre-
load.

load by the manufacturer.

A 40-1b preload is considered a heavy pre-

Results of the curve-fitting data analysis are
The

characteristic angular displacement x_ was found

presented in Table II for the new bearings.

from the plots by drawing the tangent or the rest
slope o = 1-"‘:/xc to the curves at F = 0, and is des-
ignated with the heading x, = FC /o. The curve fit
program was used to find the parameters i and Xe
from the power fit for Eq. (11) as well as the
parameter x. 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 rz, which indicates goodness of {it, and the
friction range where the {its are good, ILIM <

< ZFc' The curve fits deviate from the experi-

mental curves for f values below fLIM'

It seemed important for each curve {it to have
approximately the correct value of rest slope o,

and so the data for { < { were deleted because

LIM
the value of X determined from the fit deviated

excessively from the rest slope value if that data

were included. Thus, even though the i = 1 and

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
With this in mind, it is observed that:
values of x. for the power fit curves are about 15%

rest slope.

below the graphical X i = 1 fit curves have values
for x, slightly higher than the graphical values,
and the i = 2 fit curves have values for x_ that are
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 = { fit curves give good results over
about 85% of the range of friction change from -Fc
to +Fc. They also give a good {it for the rest

slope.

It is important to observe that the value of X,
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 II. Bearing Pair SFM Parameters.
i Estimated iz iz2
(power [it)3 (exponential fit) (linear fit)
. Graph Fit Fit Fit
Running Rest
Pr;load Friction Stiffness . 2 R ‘G:c;d for ‘G:old for ‘G>oold for
P F. o - i Xc r LIM xc r? LIM | xc r2 LIM
(hr) (in-o0z) (in-oz /deg) (deg) (deg) (in-o0z) (deg) (in-o02) (deg) (in-oz)
6 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
12 0.91 3.1 0.29 1.66 | 0.23 0.98 0.08 0.31 0.99 0.20° 0.17 | 0.97 0.27
18 1.34 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 1.50 4.8 0.31 1.64 | 0.26 0.98 0.18 0.30 0.99 "0.54 0.21 | 0.96 0.54
30 1.78 5.9 0.30 1.44 | 0.23 0.98 0.08 0.31 0.99 0.26 0.21 [ 0.97 0.80
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

il

ve * 1.54 * 0.15 (1 sigma)

Note: 22.5 deg imposed triangular waveform at 20-sec period. Amplitude was approximately 10 x..
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TOPICS TO BE COVERED

TMR

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

oTcC

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.
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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 WHICH
TYPE OF SERVO IS USED.

TRANSIENT RESPONSE TMR:

THIS IS THE TOLERANCE WHICH 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
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MECHANICAL TMR FACTORS - ACTUATOR:

OPERATING SHOCK TMR:

TYPICAL OPERATING SHOCK SPECIFICATIONS ARE 5-10g
HALF-SINE WITH llms 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 11lms SHOCK PULSE CONTAINS ILOW 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 0.5g 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.



,

A

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.
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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.
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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 ENDS 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:

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.

ID/OD TTS TMR:

THIS ERROR IS CAUSED BY DIFFERENCES IN TEMPERATURE
GRADIENTS WHICH OCCUR WITH ACTUATOR POSITION. IF THE
ACTUATOR IS POSITIONED AT THE ID FOR A LONG PERIOD OF
TIME AND THEN SEEKED TO THE OD, 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 OD.

STEPPER MOTOR SYSTEMS USING BAND TYPE DRIVES WILL
TYPICALLY HAVE AN ERROR ASSOCIATED WITH BAND EXPANSION
DIFFERENCES AT ID 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.



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.
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Position Sensing: Heads, Media, Servo Patterns
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Superpositinon of Isolated Pulses
(X 1E-8) (Wi-Bit Interval = 200 nsec)

500 |
250 |
B
© 0
250 |
=500 b
Time (second) (X 1E~9)
Y/
3k2(8¢

- 3= LEAD- £ITE corP.



d29) 2\ ¥ ~Qyay

93)3/ A
ﬂﬁfwmQ}
(6-31 ¥) (puU0oBds) Buwl |

1
-
1T0A

1 00¢S

SU O] = [pAdJB3U] a1g-1). (9-3T XD
Ng pojv[os] 40 uorqisodasadng

‘/ ‘v 4 \



1

Overurite vs Write-induced Shift
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EFfective Track Width

ETW = P2W + G + 25/m
where PZW = geometrical read width
PZ2W + C = written track width

2SAT = electrical broodening

,ﬁsr arising from dipulse interval
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Servo Track Profiles
(Di-pulse intervals =1, 5 microns)
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Regression Analvesisz - Linear model: Y = a+b¥
Dependent variable: THEDORY Independent variable
Standard T Frob.
Faramster Estimate Eriror Value Level
Intercept Q0.637TI% 0.205424 2.25044 L0427
Slope 0.972019 Q.014578 b&.92F4 . ]
Analysis of Variance
Source Sum of Squarecs Df Mean Square F-Ratio Frob. Le
Model 1312.5432 1 1212.5432 4479.5432 .00
Error 2.802108 13 . 2937008
Total (Corr.? 1316.3822 14

0.298582

541302

Correlation Coefficient =
Stnd. Error of Est. = 0.

R-squared = 99.71 percent
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Quadrature Servo Head Design Guides

* P2W = 2, 00/TPI for minimum rounding

* Thin Film Servo Heads: PIW not critical

* Pl and P2 chosen for optimum dipulse signal

¥ Overwrite: not critical
P 2\ —>

1 __I;;’—__\Z///////////}[_ﬁ. )

NN TR

* Resolution: not critical f -— PLW —>
Reno- R COeP

IS~ 38



Track Profiles for Different Written
Track Widths (Servo Head = 25 microns)
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- Part 1

ﬂ> THE TRACK FoLLowiINé CONTROLLER

THE PRIMARY OBTIECTIVE OF THE TRACK FoLLow NG
CONTROLLER /S 70 MABINTAN THE RECORDING HEADS
LOCATION PELRECISELY ABOVE THE DESIRED RBECORDING
TRACK ON THE Disk. IRNY OF THE EFFECTS THAT
CRUSE DEVIRT(ONS FROM Thl/s DES/RED POSIT(ON/ING
RELAT(ONSHIP HAVE BEEN PREV/sustY DiscussED. Now
L WOoULD LKE 70 EXAMINE /N SOME WHRT /MORE
ANALYTicAL DETAIL THE CONTROL SYSTEM THAT DOES THIS
ToB. T+ /s PESCrRIBED BY THE FollLow (NG BLOCK DIBGRAM .

ONCE THE RECORDING HEAD IS LOCATED AT THE
CENTER oF THE DESIRED TEAcK (BY THE ACeLESS CONTRILLER
TO BE DESCRIBED LATER ), THERE ARE TWwo /MATOR
SOURCES OF DISTURBANCE THAT CHUSE MI/ISPOSIT(ON
ERROR 2 TEACE POSITION EXCITATI(ON AND FORCE
DISTURBANCES,

- - JeACK POSITION EXCITATI/ON CONSISTS OF .
1. REPEATABLE AND NON-BEPERTABLE SF/NDLE BEAEING BUNOUT
2. Disk CENTER/NG EBEOR (In REMOVABLE BUT ALSO NON-REMOUVAEBLE
Disk PRIVES )
3.STATIC AND DYNAMie Disk DEFLECTIONS
4 sEpvo WRITER AND MEDIA CAUSED RECORDING TRALK
POSITION NON- CONCENTRICITY ERROR
5, ELECTRO-MECHANIeAL NOISE IN THE POSITION TRANSDUCER

—  MectanicaL DISTURBANCE FORCE SOURCES /NCLUDE S
DISK AIR FLOW W/NDARGE ON THE CAEBEIAGE STRUCTURE
FLEX CIRCUIT BENDING FORCE BIAS

CARRIAGE BEARING FeieT/on” AND PRELOAD

HosT ENCLOSURE MOTION, V(BRAT/ION , AND SHocK.
.eeavity (N LINEAR mup UNBHLHA/CED RPoTARYS )
RETRACT AND PARK MECHAN/SMS

ACTUATOR MAGNETIC BIAS

NE NI QNN
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CHARACTER I ZATION OF TRANSFER FUNCTIONS FOR THE
(E)XED” BLOCKS OF THE TRACK FOLLOWING SYSTEM

i) THE POSITION TEANSDUCER USED (N DISk DRIVES CAN
HAVE SEVERAL DIFFERENT /MPLEMENTATIONS SUCH
AS AN OPTICAL ENCoDEg 'PoTEA/TwMErEe LVDT MAGNETIC.
EIUCODER LASER /A/rEFEIaOMErER ETC, ‘BUT BV FAR
THE Mos‘r USED N VOLUME 'PEODUQTION Hil ot
PENSITY DISK. DRIVES IS THE SERUVO HEAD —PRERENRDE
SERVO DPISK SURFACE — DEMODULATOR ELECTRONCS
COMBINAT 0N, THERE ARE MANY KRINDS OF CODING
AND SEVERAL TYPES OF DEMODULATION USED, BUT
ALL RESULT /N A P/IECEWISE stme) AT LEAST
NOMINALLY TRIANGULAR VOLT AGE yYERSUS POSIT/ON
SIGNAL . FOorR THE oFF TRACK DISTANCES EXPECTED
70 BE ENCOUNTERED /N TERACK FolLoOW!NG, /T CHAN BE
CHARACTERIZED AS A CONSTANT KP) VOLTS PER.
METEE oR E, (@)= Kp* Ex @).

2>/%TUAT012 MoToRS USED /N DIsk DRIVES HAVE
PERMANENT MRONET F/ELDS AND THEIR FORCE- CURREMNT
RELATION AHRS THE FORM: fp="Brl*Ty¢) WHERE B

IS THE MBENETIC FLUX DENSITY IN THE WOEKING ALR
GAP v Teseh), L Is THE ACTIVE LENGTH OF CURRENT
CONDUCTOR wmw IS MUTUALLY 6RTHOGONAL To B AND
THE DIRECTION oF MoTioh (IN METERsS), AND T,&) is

THE CURRENT /N THE MOTOR (IN AMPERES). In A ©&00D
DESIEN, THE PRODUCT B¥*L /s A CONSTANT |
/ypsfpsuamm' OF PosiTioN , TIME , AND TEMPERAT URE
(EVEN |F THE |INDIVIDUAL 'COMPONENTS ARE rvoT)
AND IS (USUALLY CALLED Kg , THE FORCE cousrzmr
WITH ON|TS OF NEwToNs per AMPERE.

TH(s IS NOT THE ONLY RELHTION To BE CONSIDERED

IN MOoTOR ©PeeATIoN HoweveR, Moriow oF THE MoTOR
CONDUCTORS /N THE MABGNETIC FIELD PEODUCES A
TERMINAL VOLTAE PROPORTIONAL 7D VELOCITY
(FAEADAN'S an) VE®) =B2AL* x&) = Keg ¥ X&) wim#



UNITS OF VOLTS PER METER PER SECOND. Nore TuaT
THE PROPORTIONALITY FACTOR BxL 1S THE SAME AS
THAT ForR THE FORCE EQUATION; THUS Ke=Kre
NUMER (CRLLY AS WELL AS N FUHUDAMENTAL CHITS WHEN
ST (“Mks METRie") /s usED.

WHEN ESTABLISH/NG THE cwﬁzsur IN THE ACTUATOR,
ITS ELECTRICAL IMPEDANCE R AnD L MysT ALSO BE
CONSIDERED /N ADDITION To Ve . Thus eomPeere
RELATIONS FOB THE TEECMINVAL VOLTHGE \/7—- CURRENT
Th, AND FoRLE Fy OF THE ACTUATOR AN BE

SUMMARIZED AS
vr@) e X@+RL @) +L 3, [Tat]
= Ke*ZLy &) ~

SINCE THE coiL RESISTANCE R IS TEMPERATURE
SENSIT/VE AND VARIES FROM DUTY QY ELE TDEPENDANT
SELF HEATIN6 AS WELL AS AMBIENT EFFECTS, AND
THE [NDUCTANCE L /NCREASES THE ORDER OF THE
SYSTEM, THE ACTUATOR IS ALMIST ALWAYS DRIVEN
BY A T,zeus CONDUCT ANCE AHMPLIFIER (UM WHOSE
ouT PoT  QURRENT Ty (S (NDEPENDANT ‘of ouTPuT
VoLTAGE V- wWiTiN A LARGE CoMPLIANCE RANGE,

3> FoR PURPOSES OF CONTROL DESI6N THE MECHANICAL STRUCT VEE,
/INCLUDING THE HEADS, CARRIAGE , ACTUATOR AEPIATURE  ETC,
/s CONSIDEReD # /2/@/0 BODY oF MAss M CON.STRMNED TO
MOVE oONLY /N THE ACCESS COORPINATE DIRECTION X .
In ST ovniTs THE RELATIONSHIP BETWEEN AcToAToE Fopece
AND HEAD VELoOCITY |S THEN &/VEN BY:

X N METER/sEconp

)’(@)=’ML§FZ@)dt witt f M v Rico 6rAms
Fa IN NEWTONS

Now TwAT ALL THE oTHER Brocks ARE DEFINED, THE MoST
APPROPRIATE CONTROL STRATEGY AND THUS THE FONCT(ONS
TO BE PLACED JN THE COMPENSATOR BLOCK CAN BE CHOSEN



REFERRING To THE BLOCK DIAGRAM, IF THERE /S ANY STEADY
STATE DISTURBANCE FoRCE £, /T MUST BE OFFSET BY AN
EQUAL AND OPPOSITE ACTUMTOR FORCE R . Swee (r /s
DESIRED THAT L, BE ZERO AND THE Pas/7roN TRANS DUCER
AND ACTUARATOR MOTOR ARE ONLY PROPORTIONAL CAINS , IT
/S THECEFORE NECESSARY THAT THE COMPENSRTOR CoNTMN
AT LEAST AN /INTEGRATOR.

IN ORDER THAT THE CONVIENT GRAPHICAL METHODS OF BODE
AND /VYQUIST' MBY BE CUSED IN THE COMPENSATOR DESIGN,IT
IS NECESSARY 70 TAKE THE LAPLACE TRAUSFORMS OF THE
TRANSFER FUNCTION "BLockS  WHICH (S EASILY Donve BY
RECALLING Typr L [covstant] = CONSTANT L4 ¢u] s e
AND Xff?@)a’{] =5 FO. THUs THE LrpLAce TRANS FoRM o £
THE FORWARD LOOP TRANSFER FUNATION AS SO FAR '
DETERM/INVED CONSISTS OF.

Kp*=9®) I * K- *prs <

WHEEE A (s) (s THE REMAINDER oF TH#HE COMPENSATOR
BLock (AFTER ACCOUNT/HG FOR THE INTEERATOR) YET To
BE DETERMINED AND THE OTHER COMPONENTS ARE AS
EARLIER DESCRIBED.

For THE SYSTEM TO BE CLASED Lo0OP STRBLE WITH AN
ALLEPTRBLE TRANSIENT RESPONSE , f PHASE fIARGIN OF
AT LEAST F+S°To S5° AND GAIN MALGIN OF G1o /O db IS
NECESSARY . YNCE THERE ARE THREE [NTEQEEATIONS /N THE
LOOP , TS LOW FREQUENCLY RESPONSE STARTS 0UT AT A
LARGE GAIN AND —270° PHASE . BUT |T 1S DESIRED THAT
NERR ONITY GCAIN THE PHASE Skouep BE —25°70—/35° AS
SHOWN JN THE SKETCHES OF T#E Bope And NYQUiST DihéBAMS,
TE THE UMITY GAIN FREQUENCY IS SET AT o, THEN
AU (EVING THIS SHAPE PEQRU/IRES THE COMPENSATOR 3(8)
70 PROVIDE TWO ZEPoes AT ﬁBoor-g‘;%?—- AND %
anp A PoLE AT Yoo o

The CHOILE OF UMITY GAIN Prequency 1’30 MuST Now BE
MADE . AN IMPORTANT CONSIDERATION /s THE MECHANICAL



ComPENSATOR DESI6N oN T4 BODE ProT

SoLID = UNCOMPENSATED
DASHED = COMPENSATED
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MODES OF VIBRATION |N THE CARRIAGE AND RECORDING HEAD
SUSPENSION STRUCTURE AT H/éH# (oR NOT 30 HieH ,’)
FREQUENCIES THAT ARE DEPARTURES THE R/eiD BodY MoDec
ASSUMED FoR STRUCTVRE . THEY PRODUCE RESPONSE. PEAKS
AND PHASE SHFETS (N THE OPEN LooP TRANS FER Fua aTiON
AS SHOWN ON THE MNYQUIST D/ACEAM . BEQAUSE oF THESE
DESTABLULIZING ELFECTS A PECACTICALLY ACH/IEUABLE VALUE
Fog Disk DRIVES /S 450 Hz, WHICH REQUIRES ZEROES
AT 26 Kz awd /30 Hz AND A PoLE AT /S6O Ha. A MUMERICAL
EVALUATION OF THE OPEN LOOP TRANSFEL FunNerioN B()
FOR THESE VALUES (MD/CATES THAT -

Gey- 270" (zvz +1) G *1)

s3 (zvEce + ’>

IT HAS A PHASE PMABGIN OF S5° gnD AT GOga A MAGKITUPE
OF /6.25 [-18°°, T#us T7HE MACN/7ODE OF THE CLOSED
LOOP TRANSFER Fonec7ioN 76 :,—f%{; /s Joes55/0°
WHEN EVALUVATED AT &OHz , AND THE MACN/TUDE OF THE
EREOR VOLTAGE E,€) 15 — 0655 /2° R AN /NP7 OF
1L9° OR AN ERELOR oF 6.5%% OF THE 7BACK DISPLACEMEAT
WHEN FOUOWING GOHZ S/wUSo/DAL RBUAN OUT,

THE TRANSIENT BESPONSE OF THE TRHCK FOLLDWING CONTROL
SYSTEM TO 7R POSITION EXC/TRTION /S ALSO IMPORTANT,
SINCE THE TRACK ACCESS IYSTEM CONTROLLER MAY NOT BE
PERFECT AND LEAUVE A TEESIDUAL PoSITION ERROR AT THE
END OF A SeEer mMorion . Wrenw 7#E TRACK Forcowriwe
CONTROLLER [S THEN ENABLED AT THE END OF THE SEEK,
/T SEES A STEP OF TRACE DISPLACEMENT NPUT, SINEE
TS TRACK FOLLOWING CONTROLLEER (S A ANJNEAR SYSTEM (TS
PESPONSE CAN BE CALCULATED WITH THE /NUERBSE ZLAPLACE
TRANS FORMAT/ION

%o @3 T2 u)aTes5] =3 LT



\

PROBABLY oF MORE [NTEREST THAN THE ANALYTIC TIME
FUNCTION Xu@) HOWEVER IS ITS GRAPH AND THIS IS SHOWN
ON THE NEXT PA6E WHERE THE INPUT WAS A UNIT STEP
AND THE CONTROLLER. COELF/CIENTS MHAVE THE
VALUES CALCULATED PREUVIOOSLY.

NoTiee 7#A7 wHiLe THE BESPowse /S WELL DAMPED,
BECAUSE THE SYSTEM /S OF Fover# ORDER, 7#E FEAK
OVER SHOOT /S ABoo7- 287 AND SE7reine 7/mE 70 S %
/S ABour Z2.3MS EVEN THOUGH THE OPEN LoO0P UNITY
GAIN BANDW IDTH IS 450 Ha AND PHASE MALeN /S S5°,

THE PoSIT/ON PESPONSE 70 DISTURBANCE FORCES ACTING
UPON THE CARR/IAGE IS [MPOBRTAAT 70 CONS/DER BECAUSE,
ESPECIALLY IN SMALL DISK DRIVES, THEEE ARE pIANY BOTH
EXTERNAL AND /NTERBNAL DISTUR BANCES, FOR EXAMPLE
HOST SYSTEM FRAME SHOCK AMD VIBRATION AND INTERNAL
FLEX QMRCUIT BENDING AND AR Ecow BIAS FOPLES.

THE TRANSFER FUNCTION oF HEARAD DISPLACE MENT AS A FUNCTION

OF DISTURBANCE FORCE /NPUT FOR THE EXAMPLE TRACK FoLLOWING
CONTROL SYSTEM 1S

Xy _Ing"

Fo [+pr_j_;_5_>gn*}<F¥-ﬁL§a.

AND 3(5> IS THE COMPENSATOR DETERMINED PEEVYIOoUSLY.

I
. Xu _ Ms*

—

* o FD ‘;'

S +1)(_z__5__7;o+0 9 AND BY FACTORINE THE
27Xz ny CHARACTERISTIC EQUATION'

(211' *15‘60+ ' )

S
Xy 53 (:uras/sao + I) ¥ =
= - s +] < :o2¢.962 362 +1 *'l) MsS
® (2:1*25.4 (zn*3!5 zms»s 17*929

The BobE PLOT FoR THE PORTION OF THIS TRANSFER FUNCT/ON
REPRESENTING THE CLOSED LOOP TRACK FOLLOW NG SYSTEM<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>