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Experimental Evaluation of HDD’s Non-Contact Start/Stop Motion

Using Shape Memory Alloy Actuator

S.C.Lim, J. S. Park, S. B. Choi and Y. P. Park

ABSTRACT

In this work, we propose a new type of HDD suspension featuring shape memory ally (SMA)
actuator in order to prevent the contact between the slider and disk. The principal design parameters
are obtained from the modal analysis using finite element analysis, and then the dynamic model is
established to formulate the control scheme for Non-Contact Start/Stop mode drive. Subsequently, a
robust H_ control algorithm is designed by integrating experimentally-obtained SMA actuator

dynamics to the proposed suspension system. The controller is empirically realized and control results
for different load/unload profiles are presented in time domain. In addition, the contact signal between

the slider and disk is measured by the electrical resistance method.
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Fig. 2 Mode shapes of the proposed suspension for free unloaded case
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Table.1 Natural frequencies of the suspension
for free unloaded case

Natural Frequency (Hz)

Mode Without SMA | With SMA
1" bending 182.68 190.78
2" bending 2,535.2 2,533.5
I* torsion 2,744.9 2,745.2
Sway 6,374.9 6,375.3
3" bending 6,557.2 6,554.9
2™ torsion 8,172.5 8,172.6

Load Beam NP Slider Spindle Motor
Fig 3. Photograph of the proposed HDD suspension

Azolg AT u tetolBy YEF LUL &
F83l7)0] =83 HYoltl. FEM sl A48
HGA ¢ sMA ZA571Y EA4AE 71& 47 24
Z Fz39® sMA AE719 gL 2 {9
=29 FAFEE 0.076mm EMX, YFH AFo| g
2 BdES AWESY pm WY distd 28
45 E A EE AR HAY. Fig3 & 24
AZE qagBo) NE =eo)Bo FFso gl
t ARRlolt.

FEM 34 Z3=2E 7123 AAUTE
&% F, =aolre LUL Al A Azl &
2L 1o ekl M aHAdo] thEted Figds <
2ol 1 AFEE 2= AE Zde AN A
g & 2Ry IHE Jquyx, &F o4
A, agla vRdFd 97 sAdn fagd=E
wANozrRyg g e 53 YANE 4&
g Qlth

N lg(-lg) Jog | ..
Meqyl+|:M—cg—Tc§—— Izgj|ye+ceq(y1_ye)
o ey
+keq(yl—ye)=—l'L+Fe
2
l J
714, !

C k
Ceq =l_£=2¢eq\/Meqkeq ’ ke =72’_

Fig. 4 Dynamic modeling of the proposed HGA

A MM, kS o' 474 RE W EM A%
3 gt BER E3AFE vebdY M, & SMA
g7l g8 TAHE BAEH, , & Tt
dg Aotk fA o2 RE, sMA ZF7] o T
Ae RHEE 2FFoEN &dolr9 ¥
v A & Aok Y AF 3 sMA &5
oA FAHE BHE tig 53 54L& AR
? RdzRE A¥g Fao FEAGD Figs ©
APE F3td ozl Aol YA BHE Ao]9
BAE JEr Zolth ad oz RE, FFr)e &
A ZAEE IFHE AF &) AFHe=
7t A ol thed Ze ALY T2
qg F Ak
M,_max[l—exp(-t/rs)] for 0<t<y
M, =M, max Jor ty <t <ty 2)
M, maxlexp(-t/2)] forty <t <13

AZIA M, xS FE717F RN £ e F
o ZRER, 5, 1, e A7 AR 4 2 A
Al9]l Al A}4(time constant)E UERQICH A ¢hE
SMAZE 7= 48 HdH9 A7t 28t heating
Bt RHEE 2YAL 5 Utk wWepA 2
T BEAE(M,)Y BEE zEtd 949 dFS

B ol

1.0 ~—Moment ho5
===~ Currrent Input
08r 0.4
b b

Moment (Nmm)
s o
-~ [}
Current(A)

o
N

=4
o

Time (sec)

Fig. 5 Dynamic Characteristics of the SMA actuator

-1124-



g RAES G863 28 14 48 2UR B4
@+ gl
rs%+M,:ki-i(t) t M, >0
- 3
T M, = : M, <0

0
A7NM kB ST,

influence coefficient) o]t},

it) o QAT (input

Ax ZAg7lol dig v $AAE)T smMaA F
%5717} A& Eo] Q= HGA o g =) A4
(HEFEH AA Aol g Auf PR o}
Z3} Zo] FojA

Meqyl+{ £ 23 Cg]ye+ “ Vi
1 T
Ml (I-15)~J g |.. -
+!: £ Iz;g = Jye +Ceq(y1 _ye) (4)

. ke
{:k +_}(yl ye)+Tq(yl ye) Meq ll(t)

AZIN b=k /(1-M,) o1™, oA HF u@) o o
g 23 og3 2ok

u@t)=u(t) and t=rv, for u(t)>0 s

u(t)=0 and v=1, for u(t)<0 )
E-block ol QI7}s& 74 WYy, of dig &etol
oo By y o AYE 49 A, HolAM M-
54 mdzye fEd A0 434 @0 e
Agdold Aust 3 HARRLT ol A

4 ¥4 2d9 Bg4s 439

SMA

Actuator on

Slider Rising

Desired
Height?

YES

Disk |
Motion

NO

Start Position Control | ?’Ctis":;jf
Action for Desired Y
Loading Profile
Steady
State End Loading
Speed SMA
Actuator
Off
Read/Write
Function

(a) loading process

Steady State

3. Alol7] 44

Fig. 6 & Atd A=) 93] Non-CSS =&}

olHE TdE357] A% Ao &L YElY Aoz
4, Fig. 6(a)= =2tolB A5 Al SMA &5 7|7 &
H¥E5 A1 A5 o] Non-Contact Start Z.&}olH
€ FA4ste AL HAFY. A& 9% =z
oy TH AIE xﬂOME HURA W, 9 xA0]7]
< &gtoldy W9 y, & yid HYEoZRE
dA FolZ YAANY. olu Loty aF
AAe 28F I A TA=HE gazo %]

=
71 3%0“ g3} Eolti7t 23 ¥V
Ad4ddd. 2ozt 27 A
E%?‘f}‘ﬂ i"ﬂ%% AL AAsta, 433
E‘:’a"}"q Fwq F7I%e] A
2.7 load profile & F%3hHA

cl*a fdes Aaded grMolgel 2lshal
AR @ $aHEolE AAA Hel, olF sMA &E
ol QARRE AvHY cooln FA Ax

Fig. 6(b)% o] £2}o]r] unloading, ©l23 #H X,
Z2}olt] landing, 282 YHHF 2pcto] ¢ s}
Non-Contact Stop Zgto]H 7} F&E R}, o] 9} o)
Non-CSS EZzlo|HE FAsed oA, LuL
pofile & Setelt/H 2 58 WAL £ A=
Zad MA W gy w5 AFoa= &
LJFO]E{.J 21]0}51 ANz"o UL A% B4S 9a
of thg3} & L/UL profile & A A AT
y= ﬁ{l + cos(zr—tj} : harmonic profile
2 At )

t 1 t
=l ——+—sin| 27— |} : cycloidal profile
Y { At 27!1( At]} yeloidal proft

Disk :

Drive Off I

< SMA
Actuator on

ry

i speed 4
Start P051t10n antrol Activated
RN S— Action for Desired by SMA
i Decrease | Unloading Profile Yy
PR, A I End Unloading Process l
LS e SMA
X Actuator Off
Slider
Landing

(b) unloading process

Fig. 6 Control principles for the Non-CSS drive system

-1125-



A7l k& Foldy Ho @Yold, ar =
LAUL o] A& Aol

B d7o)HE 2F LUL 22394 B3 &
golrle WY F3 % 93t McFarlane3} Glover
o o3 Atd FZFA7|YUASDP) H, 7S
e F29 *&71‘%% H,oAo71s 144 =
AR ZASE A FX Ao ula A
ERo Bgsls 7R354 AT 4 g By
ojt}. M Wz, ¥4 ZWE(nominal plant) GE

73 B #2948 A (normalized left coprime factor)
9 de 2 Yepio
G=M"'N
blz,
= 1 — )
s +[—+2w,, 52 +’:w,, +26,, —"-jls+ .
TS rS r:
T, 42042844 5 (coprime factor perturbation)&
1HE H4F (perturbed plant) G, & 2(8)3}

% [av.An]E sMaZ
ez o‘l""}g} BAFNE AT T
= T4 923 W A 2AHE T
Tl AT SMAZFIIY Daite] o A
o WMEE TS, Ay, sVy 28E
itk oA, 1y = HY AR AHK
(maximum stability margin}& 9]v|$tt}. Fig. 72 &
AEZWUE G HTZWE G, o diE BolA =
A (singular value plot) < YEMY AOZH, FHE
WE} HFEIEI} ME b Solx F4& 7}

prai

Ae ¢ 4 Ak A (e BAZAE ool
ARZ SolA7} BARAN PHAES AFHS

Gy =M3'Ny =(M +A,,) (N +Ay)

bl(r, + Az,)

wE AR Fig72RE Fe Fulg e
Z 0|52 JIAY ¥ FX JAEL ZAH 9
o AL AT + YT Aoy, A
o719 a¢E 13ty oy e 1A d5E
A A 54
2-10°

T 54200 ©

NEEgrE W TAZAE Gt AP B3

£ W E(shaped plant) GW ol tist A <HA3} A
o7 K,7F FHEWE GE ¢AE dgd o

(o]
A=3
A st 2AFLAHE [Ay.Ay] E TE
2(8)%] A2Ee A8t Az
K ~
[ Iw](z_csx)w;‘ <y (10)

webr] FA3 TAE Gy(=6w) 9 HAxAFer
A4 HAHZE A HAS y,, © McFarlane%}
Glover7t A|tgh th&o] #AE {3l whEH
QA glol BE 4 AT

K ol |
n [ 1”](1-GSK)“A?§‘“ ={ l-lle»’”s“H} = Vi

inf

(an
A7l Ny o} My = 3338 ZAE9 A7z
#HaF24E Yehdd. %21] Aej7] 2A A
YT Ymn BT T 2 FE AR 2 A7
MEe y=2.659 #&& AHEEISITh B4 SJAES
FIZ o]50 gt oA HEE Fig7l WEh
Aok 2N & § Axol I o5 P
EWEZ & 4AFE ¢ 7 Jdon o= 4FF

¢

3

s+ l:—l—— +2(w, + Aw”)j,sz + [(w,, + Aa),,)2 +2,,
T, + A1

150 i
F i{ = Nominal Piant
- 100 - ==~ Perturbed Plant
g " [ R Shaped Piant (GW)
§ i~ loop Gain (GK)
s 0 = |
3 >
5 B
‘a B At
£ -100 1
£
-150 o
-200
10 10 100 10 10

Frequency(rad/sec)

Fig. 7 Singular value plots of the proposed
control system

®
o, +Aw, . (@, +Aw,)?
T, + AT T, + AT

—— Sensitibitv fucntion

60 (1+GKy"
o ] i Complimentary sensitibility
40r function (GK(1+GKY"}
o 20t o -
2 J .
3 . - B )
(] - B N
5 20l : - %
g 0 . N
40 EER 3
S -60fF g I
g) B B FERN
& % A4 \
100 | i N
: .
120 =
107 10° 10’ 10° 10° 10* 10°

Fig. 8 Frequency domain indicator

-1126-



o

1 FZ FAEIE olFolHES vl FigsZ
| FX Al2®o] 7% 3 (sensitivity function)2}

Bz =84 (complementary sensitivity function)E

H

vehdict ZA=dFRE AFAGSE dIoM e
Ao o)=L, 1Fd GANAE 0489 A7E U
elogn oo I FdEFS HAI AF F
ASS € F Utk =} BRx FEFF HEY
Ae AFoy g E 0dB &, 2T FHo|
e B o5& sHFe2H wolZzo 9§ F3
< 23 NEE Y F Ak y o AAFerFH
HAZAG Aolrle K=wKk_ Z Yehdt B AF
oA dolx HZAT Aolr] K+ &3 2
K=

(12)
524¢710s* +1.91€125° + 6.11el4s” + 2.18e8s + 6.92¢20

57 +3.93e5s* + 7.32e8s> +1.09¢125% +1.03¢l 55 +1.68el 7

Fig.9v #g"E A AdHdo] Fad =alo]H e
Non-CSS 28 °f5& A TAEH 2= ¥
2y A= #@olA MA(laser sensor)oll 2|3t
EAH ] oo BURT &olde] a7 W
Aol T FH AolE A Ao ¥dHLE m, A
ozl o3l AAET, Ao Aol YHEL AF
SE71 olstd SMAZE 7)o A7 Y, ojuf ®
9 AES Aol AFE A/D D DA HETY 9
&to] 4,600Hz9] MEY £=3 AH®vh X3
L/UL A &&o|re} tj~39] "5%-?-3 S
7] 93t electncal resistance circuit & A3tk
o] W &8 N3z Ry u}i Z o)y
= et R "% %5?*‘2 4% F e FAo]
AP Z | circuit e ZHE FAEH AEE &itol

e

v tdxg FE8 A HAAEHE dgHEN, &2
olti9l ringing T35 AdEolvt HE(dimple
point)} 2= Hl AfojolA] Als = wpFo] ogh
Ao HARE Efé}ﬁ}zl gormz aRFor &
olt/t]2a FEHFE AT F ok

Fig.103} 11 7—}7—1’ harmomc 2 cycloidal profile
of gk AtE MM fAFA Aol A
BE veldtg fa3 ZHozRE &tolr9
Hu 74 Fole &¥E HA ¥ tza9
Asd 37 557 & g & &atojr g
d23d 5 WAT & UAES 100wm 2 A
Ak A% AxEyy Zze a7 LUL

profileo] ™3l -8 $X F7 aloj7} o]Fo]
AT FA¥ £ g EF =goln FF A,
23 3" £57) 5400pmo] LE@8EA &g

o]t]9] loading HAo] FEHYOH, =atoly A
A Al unloading Ao 93] &elolgzt A3
EdoRYY $8% 2o& 7 W tA39 3

Aol Baste A% BT + Ao
2 dFoA e A" FE3
z

o
Ul
L)
>
oX
2
=
o
X
2

g A 748 73%, 2
A7l ojg} Fig12% cycloidal
profiled] it t]jx= Az AA AFefoAo 9
A A4 Ao} Az Aol Y AE vehd A
olty, APAF dxz9 A {FFol wAGL]
Ao fike A 24 Aol 45S wadn. 17

DC Power Supply
................................................ ‘ Voltmeter
7 — Current Amp. |« D/A
Electrical Laser Sensor
Resistance — Signal AD Microprocessor
Circuit i | Controller v (Controller)
Oscilloscope

Power Supply e— D/A

Fig. 9 Schematic diagram of the experimental setup for Non-CSS drive

-1127-



-+~ Desired D-m

120, — Achal - A ual
'g 100] —RPM —~RPM 5600
g 1oopmmme,
= 80
é &0) 5400
g
§ 20 5200
8 W/ﬁ

0.2
g
a 0.0

29 30 31 32 33 3400 10 102 10.3 104 105
Time{sec) Time(sec}
(a) loading process  (b) unloading process

Fig. 10 Control responses for the harmonic L/UL profiles

o B 882 80

Dispiacementium)

o

°

30 31 32 33
Time{sec}

Currant(A)
©
e

N
°

3429 30 31 32 33 34
Time{sec)

< disk rotating state> < disk stop state>

(a) loading process

RPM(cycle/min)

120 T Actual T Acuad
’5‘ 100 ~—RPM ——FRPM 5600
¥ w £
R P 5400 D%
g 40
i \ o
8 B

°

Current{A)
°

AT |

29 ELIEX 32 33
Time{sec)

3400 103 102 03

Time{sec)

(a) loading process (b) unloading process

Fig. 11 Control responses for the cycloidal L/UL profiles

<

§ 0.0

102 103
Time(sec)

104 10.510.0 10.1 102 103

Time{sec)

104 105

< disk rotating state> < disk stop state>

(b) unloading process

Fig. 12 Control responses of the system with/without uncertainty for the cycloidal L/UL profiles

Y Aol 48 gg vlasys o, dx=3 A
AeoA o g Ao d¥L a7 dde
AL & F Uk AL F7 F 9T €4
e AR E Ao, Atd Aojrj s
Agge B §5o #AflCl ¥ 87
profiled] Tt A= FH Aojrt teFE HAE
o}

Fig.13-2 harmonic profileo] tid v~ A9

Aol 2E W9 4AF7 A9 olujy £Eold

/23 % A3 E Yl Aotk BZHEHE
¢ 4 Yol Eolrst faAttd FEUET

Az5A gk £33 Fig.142 cycloidal profiledl

1

groor  [Tened| [} [ Desired

E & — Acua

5 €0

2 49

[ S - -

E 4

23

2

0

LR

k-3

8 000 002 0.04 006 0.08 0.1800 0.02 004 0.08 0.08 0.10
Time(sec) Timeisec)

(a) loading process  (b) unloading process

Fig. 13 Control responses and contact signals near the
disk surface for the harmonic L/UL profiles

3 AgaE 2L AHE Yehddd. 23,
Fig.139} 14258 2 dAFoA At A=A
o] 71&¢] E=gojBo] A § 50| Non-CSS Eho
BE FAFL ¢ + vk Figise 7€ A9
Mol g css=efolBo] e PO EFEH

AEd FENIE JeY. ZARERE ¢ F
Axo] Edtojr FF E AR Al F& &efo|ry/
tdAz 8ol 2R wepd BL 299
A7 BARAS Ao daEh

5.4 &

£ AFoAE Non-CSSHejo] =gl g 93}

.
E (=]
i =
gﬁo

3

i

& 2

8

§.9

000 002 004 008 008 010 000 002 ©CO4 006 006 01C
Time{sec) Time(sec)

(a) loading process (b) unloading process

Fig. 14 Control responses and contact signals near the
disk surface for the cycloidal L/UL profiles

-1128-



w

z

B2

2

L

3

000 05 1.0 15 200 1 2 3 4 5
Time(sec} Time(sec)
(a) disk start (b) disk stop
Fig. 15 Slider/disk contact signals of the conventional

CSS mode drive

o SMAZF7IE o] &% A= FHuy AxuHlH
& Attt FEME|A S Bt AM2uie 7]
2 5548 dotg ¥, 53 2d¥E 79
ot AAZ A" MaRHoZEE Ao ¢
ZF 0ol o3 LAEE EAE JAE F%
o, FF717} FEAR AA A"
WANE EEE JEE A8 Tl A W
7§<\J,9] B3 S dFsldnt. & F L/UL profileol
et &etold e AAFHAAE Hatd EFAHA
3134?& H, 11101713 AAERoH, Ao 45
AP oA ZsEHTE R Y 3] FA A of
electrical resistance WS E3ho] Zulojrig
Haad 8 4% g #Esaioh 249247 ¢
oltj/r] 239 FEAZZ AEHA $don of
ZYEH B A7 AgdE A 2mHde] Non-CSS
TEolH TS fd HdFHoE AHEgd ¢ IS
2 Isisich do g A" AsaXdn AA S
of &Lelol 9} vl Alol9] stictiond HAE &
Qe AZE Hejd Non-CSS Z@lo]Bo] t)ala]

O > m!o

A7E WAL Ao,
% 7]
B AP Al AddEn Gud
7171 AFaEe] Aol oate] o]fojzlon of
of ZAF =dYT

HOEH

(1) D. Cooper, “Near-Contact Recording Means Clean
Recording”, Data Storage, 1996, pp.66-69

(2) M. Suk, “Head-Disk Interface: Migration from
Contact-Start-Stop to Load/Unload”, Journal of
KSNVE, 1999, Vol.9, pp.643-651

(3) T. G. Jeong and D. B. Bogy, “Unloaded Slider
Vibration Excited by Air Flow Between Slider and
Rotating Disk”, IEEE Transactions on Magnetics,
1992, Vol.28, No.5, pp.2539-2541

(4) Q. H. Zeng and D. B. Bogy, “Slider Air Bearing

Load/Unload Applications”, I[EEE
1999, Vol35, No.2,

Designs  for
Transactions on Magnetics,
pp.746-751

(5) M. Hashimoto, H. Kajitani and N. Tagawa,
“Development of a New Sub-Sub Micron Flying
Ramp-Loading Head with Emphasis on Slider Roll
Control Capability, IEEE Transactions on Magnetics,
Vol.28, No.5, 1992, pp.2536-2538

(6) N.Tagawa and M. Hashimoto, “Self-Loading Slider
Dynamics for Non-Contact Start Stop Operation With
Negative Pressure Air-Lubricated Slider Bearing in
Magnetic Disk Storage”, ASME Journal of Tribology,
Vol. 111, 1989, pp.698-702

(7) H. Kajitani, M. Hashimoto and N. Tagawa,
“Dynamic Loading Criteria for 3-1/12Inch Inline HDD
Using  Multilayer  Piezoelectric = Load/Unload
Mechanism”, JEEE Transactions on Magnetics, 1991,
Vol.27, pp.5079-5081

®) A, W, 4AA, 452, AW, “SMA
5719 dAlE HDD &etolrd] 54 E A
o, FIAFIFETEE F4 U‘*Eﬂﬁl 2000,
pp.217-224

(9) S. B. Choi and C. C. Cheong, “Vibration Control of
a Flexible Beam Using SMA Actuators”, Journal of
Guidance, Control and Dynamics, 1996, Vol.19,
pp.1178-1180

(10)S. B. Choi and J. H. Hwang, “Structural Vibration
Control Using Shape Memory Actuators”, Journal of
Sound and Vibration, Vol.231, No.4, April 2000, pp.
1168-1174

(11)Q. H. Zeng and D. B. Bogy, “Effects of Certain
Design Parameters on Load/Unload Performance”,
IEEE Transactions on Magnetics, 2000, Vol.36, No.1,
pp.140-147

(12)P. G. Levi and F. E. Talke, “Effect of Ramp Profile
and Spindle Speed on Head-Disk Contact During
Rotary Load/Unload”, [EEE Transactions on
Magnetics, 1993, Vol.29, No.6, pp.3918-3920

(13)Q. H. Zeng, M. Chapin and D. B. Bogy, “Dynamics
of the Unload Process for Negative Pressure Sliders”,
[EEE Transactions on Magnetics, 1999, Vol.35, No.2,
pp.916-920

(14)D. C. McFarlane and K. Glover, “A Loop Shaping
Design Procedure Using H_, Synthesis”, /EEE

Transactions on Automatic Control, 1992, Vol.37,
No.6, pp.759-769

(15)T. G. Jeong and D. B. Bogy, “Measurement of
Slider-Disk Contacts During Dynamic Load-Unload”,
IEEE Transactions on Magnetics, 1991, Vol.27, No.6,
pp-5073-5075

-1129-



