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ABSTRACT

We propose a novel adaptive feed forward controller (AFC) design method for rejecting the effect of micro actuator
resonance in the design of dual-stage actuator servo systems for disk drives. Microactuator’s resonance is one of
important issues in dual-stage actuator servo, which varies up to 10 % per product and even during operation. We
derive an adaptive algorithm for the proposed AFC design, which turns out to be identical to the delayed-x LMS
algorithm which is a special form of the filtered-x LMS algorithm. In the algorithm, coefficients of the AFC are adapted
by the residuals of constrained structure defined in such a way that the coefficients become time invariant. Contrary to
the conventional AFC, it considers the phase delay of closed-loop transfer function at resonance frequency for system
stability. We also apply an adaptive algorithm with frequency tracking capability. The frequency tracking algorithm is
induced by the orthogonality of AFC coefficients. Computer simulations are carried out to demonstrate effect of the

proposed AFCs.
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Fig. 2 Modeling of Dual stage Actuator
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Fig. 3 Frequency response of piezoelectric microactuator
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Fig. 6 Structure of MISO dual stage actuator servo system

=W A7) Lee Tl 9fsl] AlA Y £ At H 8
(LTR:Loop Transfer Recovery) Mol o] AlA

Heichi) e
LB
X “q)pTX‘I)p +¢,,TXFP(R2 +FPTXFPylr‘pTX¢p -R=0.
K‘"’ K(vm 1
K :[Kmv K., ]‘ (Rz +r,,TXI‘p)— r, X, (3-3)
of 7} 4] BlthZHA (off-diagonal) ©] 5& Fgo] Hom g
Aol dstE 98 A8k

o5& tE9 ol4t Riccatit] 9

K =blockdiag(K ., . K ,,, ). (3-4)
g B& 7] (estimator) 7} T} 23} 22 o,

R(k) = X(k) + L, {y(k) - C, x(k)) (3-5)

x(k +1)=® ,5(k) + T ,uk) (3-6)

#57] oI5 Lt o5l o4t Riccati®l o] 82 5E
T &t
Y-0,7¥0, +0,7rcT(,2 +C,vC, J ' C, v, -V =0
A7 vid v, HE a1, 37
L =vc' W2 +c,ve, (3-8)
£3 LTR =W HAl A @579 Fu4 EA4o)
EE 2 A9 HES &qhs)
323 =X H=E Ao

Haa SetolBe Ed Wyl polAWA My

Fidr d9E ¥ol7l 9# volojaz FEIE
A5 Aq2e FAH7 2A4sidr ulolaz

FE712] Hug = (6 kHZ )2 AP A 2"
olgtoll o) vlo]a R TEXY MK Fag oo
A= dvd, o8 {5y £33 gy Ay
vlola g2 FE7] Hio] grv} glojdh azs
2 Y7 Hodty old 2 W42 v go] vix:
A2 B4 wgo] dgslr] olale ¥ tay
el 271 Hj ol A YA A uf$ ojgPln
gl A ghth B =AM oA FE #o} Al AE o]
Nk vl wae] g2 HE gy x9c Ao
Wi Alad"olt O & = Qs B2 Fage 3
g Ajetgioh,

MAE A= XY= Aozl A A

uto] 38 FHv]9] Alo] BH 0zjef o FA
e A A" oz Jeha, o) & 4ot &
W oga gol FU g2 EAS 5 Q)

d(t) = Dsin{wot +@,) (39
= wo sin{y?) + w| cos(wgt)
AN wy, wp & FEol AFeln, @, £ vlojaE

T&719 Aol Zelo) XA 4L if AFFol)
ojge HZEL Ao v §4E 7H A Fo g
AAE 5 At A AANVEE w2 T o,

u g (k) = wo (k) sin(kwoT, ) + w, (k) cos(kaweT,)  (3-10)

-1598-



A71M T2 BEF Ao, wy(k) Fw k), k=1.2...
£ 22k BH e FYo Aol 71E H& %‘8
AF (LMS) B0l @ £F U= (Fig. 7)o A& 4
ST 20 (7]

wo(k + 1) = wy (k) + 2ne(k) sin(kw,T,) ,

wy (k +1) = wy (k) + 2ne(k) cos(kw,T, ) .
4714 nE A 2R F7]E HZH wmE F9
24594 A34 e ARY A o] WYL =g

& 1A 97 g A2"FE 44 Al

6}71 dt}[sl

3-11)

ak)

-——
Fig. 7 Conventional active feedforward control
&4
v
wlc L
¥
Uf/(k) * d
roA e PRSI +y Vm
~Re b elh +
Vn + |+ Yy

Fig. 8 Proposed active feedforward control

128t7] ¥ 3 Fig.
oldl W ol ANx® &L

A2ee B g HE 2nF
83} Zol At u,
Ampd,

YK =T@u g (k) + r(k) = y,(0))+ Q2)d(k) . (3-12)
A7 T = HFZ 503, Q) & = &Folth

3 23 celolBel 9 AEQ PES & Fo|7)
Ael B 58 e gol Ao @k
J=ek)=(PES). (3-13)
o 7] A} PES e (k)
e, (k)=r=-T(2)r-T(D)uy k)~ Q(z)(d+yv)
=¢g(k). (3-14)

T T @y oMol AA Yo HEZ g0}
Zoid, PESE Felol AT wek), wmk) o T2
HFAE F Ak T(e/") =A™ & Ty k) E

T(2)u g (k) = Awy (k - n)sin(ke, T, — D) (3-15)
+Aw, (k — n)cos(kw, T, — P)
d714 o Al2® 4 Adoln, nd Py o AT
gtolth PESE thAl A elahd,

eky=r-T(r-Q{d+y,) (3-16)
—Awg (k = n)sin(kw, T, — ®) + Aw, (k ~ n) cos(kw, T, — D)

EAYSsE #4238 e Y9 Fed Agrs 24

g€ Fod AFzE oisd gy ge wE

Aoz 3 F A

ae (k)

wik+1D)=w; (k) - na (k)

de(k)

ow; (k)
(i=0,1) (3-17)

A9 F Azt w7k 3 AeholA AERoRE F
wik —®/wp) =w; (k) olZre 7FA[7.9] otalA thg-<]
IMS H2 48 4L 4 v}

wo (k + 1) = wy (k) + 2ne(k) Asin(kwo T, — D)
wilk +1) = w (k) + 2ne(k) A cos(kw, T, ~ ®)
9 ¢uFL HEI delayedx LMS LnPEFEH
T4, o A¢ ABE 2% ZV] nyg AVE
Long[4], Morgan, Snyder[5]7} 738} 2 t}.

st= g3 sololBo dig Agd FHEXHE
Aol A A Fig. 10,12,132 Fig. 9, 1134 ¥ 25t
FRlol o @ oL AR oR AAFE RAFED

Q@ Fo 33

E3 g @ FuLE g1 Qokes A
ol AAsNe s et dxnt HAZe Al RA
AEZEe) zbol, 4 e Foz A3 AET FHTE
27] gt g7y 3] "HE 71E AFC B 9@
Fulgrol wizkalch o sjde] YL @ £ E
F2 &= Aolth Na 5[6]2 Fed AlFd AuAdE
olgsled &7+ FH4E Fa @ FLE
FA5A Fao AF wyk), wk) T 2R B
o] 2.2 M & Hilbert 8ol 1 t} &3 Zo]l H8 & 5 o}

w; (k) - 2ne(k) ——

(3-18)

z(k) = wo (k) + jwy (k) . (3-19)
Feol AlFrt A3 HE TS A ehe
@(k) = tan ™ (w, (k) / wy (k). (3-20)

A ATAM €3 FR5E 44 9 Fose g%
9@ 73459 Apolo] 1 Tk 3 2k,

dp _d _ _
w(k):d_‘lf:d—ktan 1 (wy (k) wo (K)). (3-21)

AA L 6.1 kHzU W 6.0 kHzZ AZF 739
e &7 Fo A7 o F Foe 3 L& Fig. 149}
o} o Fa¢ 24 £ g 23 ded ode
Fejol A9 vlRE AdoA ARG Aoz FF
M A7} s FEoIY adAE B8 Fig.
16, 189} Al 2} go] 2tzt Flof Ao gL Foi
FH g 3A %& A (Fig 15, 1N H]Ea}oq Aber gk
B AANFE AT T+ U

138

tza celojne EdWEsL Fopfd w2t
A nFgsy A FAE MR BE & WY

-1599-



Az YHoez, 71E9d VeM FEIIUGoZE
AL ol dlEde] & WPeT vlojagE FEUE
AFE R ol b Al My A|2wlo] BastAl Rt shA| gl
vlola 2 FE719 e e g Qg AJ A 2o
o8] olojaE FF7Y ME FuF AL AgdHI
At

B =5dAdE olgtA +F Mo Az digh
tjx) g uhalol 28 HE e £ Ao UHE
ﬂl‘&d“‘v} Ay ¢ ve TY= qug & 7|E
LMS & Fol AI*E“ EAdE ndsted GHAHE
Folxa AMATE TEsH e, 1 e} delayed-x
LMS ¢12]5 3§ Ao}

T3 AA Ao g AEHY Fol, 2H Ye Fo
os) AHggd g (FI) FIHFE €] A B
3sle] Felo AlFe RaAg ol&e zt &1y

Fhsz o@ Fre FHa9.

5. a1 EH

[1} S.-H. Lee, Y.-H. Kim, and S.-E. Baek, “Modeling and
Conitrol of a Dual-Stage Actuator for Hard Disk Drive Servo
Systems,” Proc. of American Control Conference, 2000,

[2] D. Hernandez, S. S. Park, and R. Horowitz, ‘“Dual-Stage
Track Following Servo Design for Hard Disk Drive,” Proc.
of American Control Conference, 1999.

[3]1 S. Koganezawa, Y. Uematsu, and T. Yamada, “Dual-
Stage Actuator System for Magnetic Disk Drives Using a

Shear Mode PZT Microactuator,” IEEE Trans. on
Magnetics, Vol. 35, No. 2, March 1999.

[4] G. Long, F. Ling, and J. G. Proakis, “The LMS
Algorithm with Delayed Coefficient Adaptation,” IEEE

Trans. on A., S., S., Vol. 37, pp. 1397-1405, 1989.

[S] D. Snyder and C. H. Hansen, “The Influence of
Transducer Transfer Function Acoustic Time Delay on ...,”
Journal of Sound and Vibration, Vol. 141, pp. 409-, 1991.

[6] H.-S. Na and Y. Park, “An Adaptive Feedforward
Controller for Rejection of Periodic Disturbances,” Journal
of Sound and Vibration Vol.201(4), pp. 427-435, 1997.

[71 B. Widrow, and S. D. Sterns, “Adaptive Signal
Processing,” Prentice-Hall, 1985.

[8] S.-H. Lee, S.-H. Chu, and C.C. Chung, “Discrete Time
H2/LTR Design and Analysis of Disk Drive Actuator
Tracking Servo System,” IEEE Trans. of Control System
Technology, 2000.

[9] S. J. Elliott and P. A. Nelson, “Multichannel Active
Sound Control Using Adaptive Filtering,” IEEE international
Conf. on acoustics, speech, and signal processing, 1988.

RS

i £
¥, £,
o one2 LI om L} oo om2 K oo 0000 aoos ooon oo 002
Flg 9 PES (wnthout AFC) Fig. 10 PES (with AFC)
Aatrwcy ‘n-—.. ' Fisteranicn 4 Pusporee
[ §
} i
o oo oo aos 0008 o0t Qo2 0] ooz 0.004 0ok 2008 00y D02
Lol tpoc)

Fig. 11 Response (without AFC) Fig. 12 Response (with AFC)

Fren Traching

ome ot oot

3

Qo2

Fig. 13 Fourier coefficients
by AFC

Fig. 14 Time History of
Frequency tracking

F e commcrerts

B

o oew G0 oim  oem §5r e @ Gom oo  bom o  om  sow
) L]
o as
T o e ——————
H H
as a3
S e oam 6o o sow o gen 0%«  bew ome  od

Fig. 15 Fourier coefficients
without frequency tracking

Fedorance & Paaponds.

om2
o}

Fig. 16 Fourier coefficients
with frequency tracking

Famarce & Fuacorse

i
50.

ooz Oood  oooa

Fig. 17 Response without
frequency tracking

Gow oo ooz

-1600-

—
(] Gom | O0se  o0e | acom 00 ooz

Fig. 18 Response with
frequency tracking



