284

HAH - XSt - AIASESS =24 M9 2 Ml 4= 2003. 4

nYE ClA3 E2lojEe MEES J|E2X B L12|F

A New Correction Algorithm of Servo Track Writing Error
in High-Density Disk Drives
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(Chang-Ik Kang and Chang-Hwan Kim)

Abstract : The servo tracks of disk drives are constructed at the time of manufacture with the equipment of servo track writer.
Because of the imperfection of servo track writer, disk vibrations and head fluctuations during servo track writing process, the
constructed servo tracks might deviate from perfect circles and take eccentric shapes. The servo track writing error should be
corrected because it might cause interference with adjacent tracks and irrecoverable operation error of disk drives. The servo track
writing error is repeated every disk rotation and so is periodic time function. In this paper, we propose a new correction algorithm of

servo track writing error based on iterative learning approach. Our correction algorithm can learn iteratively the servo track writing

error as accurately as is desired. Furthermore, our algorithm is robust to system model errors, is computationally simple, and has fast
convergence rate. In order to demonstrate the generality and practical use of our work, we present the convergence analysis of our

correction algorithm and some simulation results.

Keywords : disk drive, servo track writing error, iterative learning, correction algorithm
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Fig. 1. Configuration of mechanical system of disk drive,
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iterative learning approach.
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Fig. 6. Digital realization of correction algorithm of servo
track writing error.
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Table 1. The data of disk drive used for simulation.

Capacity 60 GB/Platter | K, 21063 A-rad/sec®
Disk speed 5,400 RPM T, 51.44 psec

Servo

T
sectors/track 216 d 25 psec
Track density | 75,000 TP Track | 5
ckdensity | 75, width =7 pm
7V 3 *E‘ZM 7}77F‘v’— 2o)A3S 95te] VCM Ao

L
i)
Lo
ol
™
.0
o
_La
_\
0

d ZE7] (Power Amplifien)2] E4E4,
Ao 2|d A7 -’:?Zé ’S% T AAH 8BS SR ‘?f’é
A

=g Dl*i & TJl~r7} 90 Hz °|22 XREZ 7|5 04}
AFE 90 Hz o A7t g F3b JRET 7A€
. AR Bshs MRED Y|S0 T 24
R 5 s} o)Fe] Fal ARES 2 "ot He 1
o] 4 16 ol oJstd A Fo] FIMEFE (#o]7] o
5 KK, °l 37HETH) £ =M Aldd HrE 7
o2k B4 dag]Fell dste] BAE 4 gl HRES 7
S84 Hax FAR(N )= ST ok & =7 5
H

AGANE AoihY ZL HT tiaa seolu aeiAe
A€ El AF%EIL Q1= 1 kHz 2 AAstmA ) o] AL
20219 FulpE 10 129} o]

Xéﬂl 1 4 T4 16 oz RE] Fg 4 u). whepA
HE noAdoii= AREY 720219 Filg ARLS 10
1z3} ofolala Z}AEIETE 28 E 4 16 2 ARRslY
Ao7)8) ol5-8 wEu 5 1z o]ake] A—]_H;Q_E_aq 20
2 g BA 7hsstA "ok

(eelx  sHvEE 4=1 , y=01 , N=10 ,
o, =2790 (radsec) .2 AAsto] WHESIE o]5 9 (20)9]
AeREE Alo7] o)=L Thea} Zo] AAsIh

A=04, K =417, K, =0.0668 (27a)

mlo
k3
Y

olgA Alo)7] o5& AAEH AoAUld FHo] FX k1
Kz 7} Be eRkel AXE Falod a1y 4 gtk 22w
s F33719) FHEL 0.3490+ /0.1188 0.9589
Hix)5}7] fJste] 34 o]5& ofulle} Zo] ML)

[,=09, I,=9029, I, =0.3233 (27b)
AR 1022323} (900 Hz) 299 24

ANSGES. ARED 7180 210] ANZL
A3} 13 g)RRE HREd 7|2ox

=
=)
>

in
o
0z
o
o
mr

SA M9 A M4z 2A03. 4

A7) ukB gl 2ol ulgh gastel taa 3 S A
ZF (¢F 30 msec) ©] ApH 283 €3S golg 4= gt
aElm a3 79 HARelE dakg Ao wx 28-S ¢
= A Y sy AEEY N15eA

e
&2 ox o
=2
o
=
o
m
»

=
2350 s Vel agog g By
slod PES Nw} 3741 FAEEE 4 F
PES 3% TS Fakr g GolA syt f1ste] PES 4l
3E 2¥EY —E—ﬁf& Aajoltt. olgjgh ~HEZ A S
3] 4000 EQIE olal FEo] WE (DFT) AR5 A
5 BlAE fEt] oat Felo] Wz AFE 12 ZFEs)
_'Li,_gs]-oil:} o] :L“"/]_.i—rﬂ ARex’ 7|12 o=} BA ekm

T2 ARSHE A PES Ad5g 2 Wl o IAE F
[e}Ee} 6‘}7” [e33 /‘\ oh;‘l. j_a]_]_ ;la] 8(0)‘—‘ —5]]1:_9] )\T
vebd ado 22X HARSHA e S ARE
b ool sl=e] $x)7) 02& FA=HA] il
& & F Utk o] A% A Exe] dolH
WAete] =efolH o) A @L 27 oH5t o

B M RED 71£°XP% BasE A5 6
ol uet s=o] EEHo] o2 FHETS
= ek 20 ZLET} (1.8 kHz), 403775} (3.6 kiz), 60 L=
J} (54 kHz) -39 Ty A= 747} 3% 9, I3 10,
a9 11ef] AAHAL of THERFE MRED 7|Fox)
o] Fagrt Fobds BA daEe Advo) e
& ¢ QT I ol MREH 71E 04 e] Fat ol
A Aozl dAE (1 kHzyg Hold5F Alo] Al~de vhg
o] =¥AiL A= AEEY 71523 F4 AMEEE PES
257 AR 7] wEolct.

SRR MEED 7]Fexe] a7t 7 12 (630
Hz) % A9 MEEY 7|24 wa dugge] A4S 2
AR o] A5 MEER 7IE90 A8 FI4 (630 Hz)7t
A7) G E (1 kHz) bl A HEE By dugFel 9
g A% e 7IdE ¢ gla BoAld Axe O™ 129
AAEAY 18 12@FFE v f&%Ol YT F7
A7F AL gadhA] e-E & = Ak T8z I 12(00)
9} ()E5E] PES A5 o] UlUlu% & § it ol
BodE Ad= XNEEZ 7|53 7o Had (16)9
A7) o5 e zpo] A}l 2 AXEL- dFF)

O
-
)

o
on
o
=2,
=

_i

. I8 8=

x 1o

oﬂ

s _I

A

o R
d do

to
e
O

T
)
24

>

_|.?L' TS 2

m\>
o

o
HEA )

,Q,JFI‘?_,I'N Mo 18 2 30 o
I ¢
24
v

rsi'

%

o o 2
8 % 3

Messurement Noise (Track)
& &

3

S o

0 0.0051 00102 0.0153 0.0204 00255
Time (sec)

T 7. RAE A ALEE WA e A5
Fig. 7. White noise signal used for simulation.



Joumal of Control, Automation, and Systems Engineering, Vol. 9, No. 4, April, 2003 291

0.3

02 ] ‘l'dﬂ:!vﬁc‘?uo_n

- Servo Track Writing Error

03
3 0.0051 0.0002 0.0153 90204 00255
Time (sec)
@ ARE sl%este) 2495
0.6

Without Compensation
— With Compensation
I e

FES (Track)
>

0 0.0051 0.0102 4.0153 0.0204 0.0255

Time (sec)

(b)PES A%

0.6
Without Compensation

— With Compensation
04 . mpnsanon,

Head Fluctuation { [tack)

0 0.0051 0.0102 0.0153 0.0204 0.0255

Time (sec)

© A=el 92 E

- Without Compensation
— With Compensation

144 1.92
Frequency (KHz)

(@PES Aze] Fup 2uEy

119 8 10X F3 (900 Hz)e] MHEED 7]Z 9%k 75 24

aaEe] .

Fig. 8. Performance of correction algorithm in case of servo track

writing error with 10X frequency.

03

01

 ~ Servo Track Writing Error

— Identification Error

-0.1

Identification Error {Track)

i

Gpiiirrgtitisgy

0.0051 00102 00153 0.0204 0.0255

Time {sec)

(@ MBEH 712 FHo

PES (Track)
EY

0.6

Without Compensation

0.0051 Goto2 0.0153 0.0204 10255
Time {sec)
(b)PES 1%

Head Fluctuation (Track)

Without Compensation

— With Compensation

0.0051 4.0102 0.0153 0.0204 0.0255

Time (scc)

©) d=9 YA &

0.8

046

PES

@2

Without Compensation

— With Compensation

0.00

189,

Fig. 9.

048 996 144 241

Frequency (KHz)
(d)PES A &9| Fuf ~AET
20X F3 (18 kHz) ol HRED 71503 3§ 1A
duEEe] As.
Performance of correction algorithm in case of servo track
writing error with 20X frequency.



292

PES (Track)

PES

Tim; {sec)
@ ABEY 71207}

0.0255

#4907t

Frequency (KHz)

(O)PES 259] FalF AvEY
810, 40X FIF 36 kHz)) ARED NE0a 4% B

A daege ds.

Fig. 10. Performance of correction algorithm in case of servo track

writing error with 40X frequency.

Identification Error (Track)

PES (Track)

PES

M - XkEet - AIAEISSE =2X H 9 2 M 45 2008 4

Time (sec)

(b)PES 2%

ccccccccc (KHz)

(@ PES 2139 Fo¢ 2dEY

2% 1. 60X FIF (54 kHz)9l MREH NZ03 BS B

g daelEe] 4%

Fig. 11. Performance of correction algorithm in case of servo track

writing error with 60X frequency.



Joumal of Control, Automation, and Systems Engineering, Vol. 9, No. 4, April, 2003 293

Identification Error (Track)

Servo Track Writing Error
— tdentification Error

0.005] 0.0102 0.0153 0.0204 10258

Time (sec)

(o) ARES = ege] FHo}

-0.1

PES (Track}

-0.2

-0.3

-0.4

-0.5

- Without Compensation

{4 === Witlh Compensation
57 SR W N

0.6

0.0051 0.0102 0.0153 0.0204 0.0255

Time (sec)

(b)PES 2135

04

02

Head Fluctuation {Track)
o

-0.2

04

Without Compensation
. = With Compensation

0.0051 0.0102 0.0153 0.0204 0.0255
Time {sec}
© d=9] A 2%

0.8

*6

PES

[

02

-~ Without Compensation
— With Compensation

1% 12, 7X F3HF (630 Hz)2) AR EY 7] &

144 192 241
Frequency (KHz)

(HPES 4139 Fa ~HERY
o2 A9 HA
dE|Ee s

Fig. 12. Performance of correction algorithm in case of servo track

writing error with 7X frequency.

e 222 Efoln Wl oj]
2} CDROM, 47| T =afolu 5 7)e} dlole) 4%
Ao AREZ 93 BEE AANE Adpdow Agd

55
<7 19 29>
(13),(14). 150yl <134
b, = (1= A)g, = A%, (A1)

of 43t gt el 3t P2 VE TheBAE Aok

i

ool = Q=D |g] + LR -220- D (%, 4,), A

U MREZ 71504 57t T-F718401 N 2 (N >1)
oldel ;i ke JHEE  deldl AP AR
Bo2RY X, 94 T-F71F5ol N 2} olde] nzs}
AETE 7S ¢ F o me s34

g, ALY REE o F UKol 5 g EH TR
kg iR, w4 o

%, = vk A go] Tl F4 19 + ok

€0 L
_ jnwt jnw,t — jnew,t A3
- Z an,ke - Z{an K€ +aﬂ1,ke } ( )
n=—c0 n=N
3 3 Ad
= _ Jnwd Jjne,t — jiw,t
X = Z cn,k e = Z {cn,ke + cﬂnke } ( )
n=—x n=N

wat (15)9) HEAAY o)2oBNH ¢, I g, , Aololi
hge) WA} g,

p o~ KK)-jnoKK,) (AS)
" K ) -(n0,) }+ j(no,K K,)

= bnan.k ’

Cu,k

g &, = Ag(real function) ] EE awk:a:k R
€k =Cos 7} et oriA HEA = FAELS
—N.; R



294

(complex conjugate)& WERATH °) A4A-E o]83H (A3)-
(A5)3} Pamseval®] F2|0ERE] vheo] WA AS

o]r,}

AA .

<)?k3 ¢k>r =T Z Cn,ka,:,k = TZ {Cn,ka;,k +C—n,katn.k}
n=—co n=N (A6)

=13 {o o[ +8 o, [ }
n=N

a n
= ZTi Re( b)) ]a"’,rlz
=N

nk

_p > 2 & 2 2
|xk|T = TZ |Cn,k’ = TZ |Cn.k' +|C7,,,k|
P pye
= Ti {lcn,k|2 + 2}: ZTi ]cn,kr
=N

n=N
= 2Ti :
n=N
ol e B0 Ayee nel
(%o b)), 2 45| (A8)

(A7)

*
Cnk

2
Dk I

b

(AS)yell €3l

_ (KK +(nw, ) K K, —(n,) (K,K,)
(KK )~ (ne,)*} +(nw, Y (K,K,)*
n=N,N+1,-

Re{b,) (A9)

2 _ (KK +(0) (KK
{ K K)-0w,) } 00, (KK @0
n=N,N+1-- R
(16 0<y<l, >0 Hell FEIA v N ol
tate] g BAE 4L 5 gk
—(no, YK K, + 1+ p)(no ) (KK,

n

< -(No,)’K K, +(Q1+u)(No,)' (K K,) -
(nz _ Nz)a)f(Na),)z (-7
41+ 1)
S (Vo KK, + 1+ m)(No,Y (K K,)

o] 4} (16023 el WA gk
1+ KK, = (10, P KK+ (14 )10, P (K K, )P
< (1 + IIJ)(KHK.\')2 - (Na)r)zKaKx + (l+ lu)(Na)r )2(KaKv )2

2_ 2 1-y? 4
<{A+pu)KK) -(Nw, ) KK, + T (Nw,)

_1-y 2 3 I+y
5(1+y){1<,,1<x s V) HK”KX *2(1+#)(Nwr)2}

<0
(Al1)
o] HoRRH TS F54S dg &+ glrh
~(K K+ (0, K K, - (0, (KK, )" (A12)
2 p{(K,K )"+ 0w, (K K,)*}
o} 213} (A9), (A10)°] 2]}
Re{bn} > ,u|b,,|2, Vn=N,N+1,-- (A13)
7} Aska o] A3} (A6)-(AT)) 23 A8yl = Erh
o] A, (16), (A2), (A8)°ll &3l Thg- F-5-2lo] At

Ot - NS5t - AIAEZS =2 M9 A W45 2008. 4

by < ol + A0+ 2mi-2nRf A9
o] 4zt A A Yol 4g 94 B 5 ok

0

A2u-+2m2) Y5 S;(|¢kli_l¢k+l|i) (A15)

©
o
£
dlo

k=0
= |¢Ol; <o
(16l Al A(2u—(1+2u)4)> 0 °1EE (Al15)E=
lim[E] = 0 (A16)
k—0

& ouigtal w4 pol digk 2ge] gadr)
A (Al6)e}t (A7)l 23
lim leus| = limlp,[ |a, [ =0, vn= N, N+1, - A1)
A71 FQsjol & He A7 BRE n> N o oisiA
lim,_, |a,, [} = 0% Svlskle dethe Helth 1 o
= (AIRFE & 5 A% lim, , |b, =0 °17] o
wolth. a¥d wiek MRED 71502} ot Yol fug
L 1zx3} o)dte] ¥ 7k 7bgahd
a,. =0, Vn=L+1,L+2, - (A18)
A @A & 5 slvk =3 (A10)2 Y E
|b, >0, Vn=N,N+1,-- L
olB® o] A} (Al17)el 2l
lim|a,, =0, Yn=NN+L--L (Al9)

O

w2} (A3)3 (A18){(A19) 12| T Parseval®] F2)ol| 2]
. 2 o 2 L& 2
£§?o| ¢k|T IZTII(I_EI;;V'“"'*I = ZT’{I—I'E,,ZJ:Ja"’kl (A20)

= 2TZL: %im,al7,klz =0
n=N T

7} Aska wekA el et S9o] SR ek QED.

H#nEH

(11 S. H. Shepherd, R.M. Ehrlich, J. V. Wiseman, R. T. Curran, and
W. R. Akin, "In-drive correction of servo pattern errors,” US
Patent 6,061,200, May 9, 2000.

[2] J. C.Momis, B.R. Pollock, and T. F. Ellis, "Compensation for
repeatable run-out error," US Patent 6,069,764, May 30, 2000.

[3] H. H. Ottesen, "Method and apparatus for real time filtering of a
position error signal for a disk drive servo system," US Patent
6,049,441, April 11, 2000.

[4] M. Sn-Jayantha, A. Sharma, H. Dang, and H. Suzuki, "
Repeatable runout free servo architecture in direct access storage
device,” US Patent 6,097,565, August 1, 2000.

[5]1 H.T Ho, T. Q. Doan, and B. A. Liikanen, "Efficient drive-level
estimation of written-in servo position error,” US Patent
6,115,203, September 5, 2000.

[6] H. T Ho, T. Q. Doan, and B. A. Liikanen, "Drive drive with
compensation values calculated using a non-causal impulse
response,” US Patent 6,292,324, September 18, 2001.

[71 S.H. Han, C. H. Kim, and L 1. Ha, "Iterative Identification of
State-Dependent Disturbance for High Precision Speed Control



Joumal of Control, Automation, and Systems Engineering, Vol. 9, No. 4, April, 2003 295

of Servo Motors," Journal of KIEE, vol. 9, no. 2, pp. 99-105,
1996.

[8]1 Y. H. Kim and L J. Ha, "A Learning Approach to Precision
Speed Control of Servomotors and Its Application to a VCR,"
IEEE Trans. Control Systems Technology, vol. 7, no. 4, pp. 466-
477, July 1999.

[9] L.-S. Fan, H. H. Ottesen, T. C. Reiley, and R. W. Wood (1995),
"Magnetic Recording Head Positioning at Very High Track

Z E 9
19673 3% 25948, 1989y Al&u)&
o AAASFEIF AL, 1991

1995 Agthetal Al Al5-& (&
supab). 19959 AR 2R
A2 ARG ATl 19903-7
A A tﬂﬁh‘ﬂ slASE e 2. HURoks vdY

Yol, REHA A28 Ao, Az A,

H%;ﬂﬂ—r zﬂo] ﬁ]i—usl—v]_(lﬁl/ﬂj\}_) .

Densities Using a Microactuator-Based Two-Stage Servo
System", [EEFE Trans. Industrial Electronics, vol. 42, no. 3, pp.
222-233, June 1995.

[10] G. F Franklin, J. D. Powell, and M. L. Workman, Digital
Control of Dynamic Systems, Addison-Wesley, 1990.

[11] 7o), 38, "Haal =efolne] FAE Ao,
Aoy AEsh Al2EE s =2 Al 8 @ Al 2 &, pp.
104-112, 2002.

?E
19654 1149 134, 19883 A&uligt
Az HAASFEZ(EFTAD. 19900d A
S AAASTIH(FEHAD.
19951 Agojstal Ao AIESF S F
SHbAL) 1995\ A3 ARE A7l
B Assdda AYddrd. 19994
~AA tddish FAFE T Zur. o HlA
Gl 2 ¢, @71717] Al ‘



