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Mechatronics of Electrostatic Microactuators for
Computer Disk Drive Dual-Stage Servo Systems

Yunfeng Li, Student Member, IEEEBNd Roberto HorowitzMember, IEEE

Abstract—A decoupled control design structure and discrete slider, and it either rotates or translates the slider relative to
time pole placement design method are proposed for MEMS-based the suspension. The actuated slider approach achieves a truly
dual-stage servo control design in magnetic disk drives. Dual-stage collocated second stage actuation of the read/write head, by-
track following controllers are designed using a decoupled . . L . '
three-step design process: the voice coil motor (VCM) loop design, p_assmg norlllnear friction, bias forces, and all E-block, suspen-
the microactuator (MA) inner loop design, and the MA outer loop ~ Sion, and gimbal structural resonance modes. Usually, a MEMS
design. Both MIMO (when the MA relative position sensing is MA has a single flexure resonance mode in the 1-2-kHz fre-
available) and SIMO (when the MA relative position sensing is quency range and has no other appreciable structural resonance
not available) designs are considered. The effect of MA resonance modes up the 40-kHz frequency range [1], [3]. Thus, the MEMS

mode variations on the stability and performance of the controllers MA actuated slider dual-st h id tential
are analyzed. Self-tuning control and online identification of the actuated slider dual-stage approach may provide a potentia

MA model are developed to compensate for the variations in the high-performance and low-cost solution to achieving extremely

MA’s resonance mode. high track density, since the MEMS MA can be batch-fabricated
Index Terms—Dual stage, hard disk drive, servo control. a_nd micro-assembled with the head and the gimbal of suspen-
sion.
The resonance frequency of the MEMS MA's lightly damped
|. INTRODUCTION flexure resonance mode is relatively low and close to the open

T IS predicted that future areal storage density increased®op gain crossover frequency of the servo system. Furthermore,

magnetic disk drive will be achieved mainly through an indue to lithographic misalignment and variations present in the
crease in track density. For a predicted bit aspect ratio of 4eltching processes, the actual resonance frequency of the MA
an areal density of 100 GbArtranslates to a linear bit densitycan vary by as much as15% from its designed nominal value.
of 672k bits per inch (BPI), and a radial track density of 168Khus, the controller robustness to the uncertainty in the MA's
tracks per inch (TPI), which in turn implies a track pitch of 15@esonance frequency must be considered for MEMS-based dual-
nm. In order to achieve an ultimate tenfold increase in TPI, dtage servo control design. Another difference between PZT
will be necessary to develop high-bandwidth, robust track-fodctuated suspension and the MEMS-based dual-stage system
lowing servo systems. Dual-stage actuation has been propogeghe availability of the sensor that can measure the displace-
as ameans of attaining the necessary servo bandwidth to achi@wt of the read/write head, relative to the suspension. In most
the required runout and disturbances rejections.  pzT actuated suspensions, relative position sensing is gener-

Two dual-stage actuation approaches for magnetic disk drivgg, ot available and the dual-stage controller must be single-
are currently b_elng considered py t_he magnetic recording put—multi-output (SIMO), while, for most MEMS MAs, ca-
dustry. In the first approach, which is generally referred 10 a3 qitive or piezoresistive sensing can be used to measure the

the actuated suspension, mini-actuators (usually made of piegpes rejative position [2], and the dual-stage controller can po-
electric materials such as PZT) are used to flex the SUSPERtially be multi-input-multi-output (MIMO)
sion around a pivot, producing relative motion of the read/write Several controller design methods have been proposed for

head along the radial direction. However, most actuated susp, T actuated suspension dual-stage systems [4]{7]. Controller
sions have multiple structural resonance modes in the 4-12-kHz b g€ sy }

. o . designs for MEMS-based dual-stage servo systems have been
frequency range, which may limit the bandwidth of t.he Se.r\./roe orted in [8] and [9]. In [8], a SIMO controller was designed
system. The second.approach to dual-stage aptua'uon UtIIIﬁsic'ngaparalleldesigntechnique. However, the robustness of the
micro-electromechanical systems (MEMS) and is generally re- 2 . )
. . °_servo system to variations in the microactuator resonance mode
ferred to as the actuated slider approach [1], [2]. In this ap-

proach, an electrostatic or electromagnetic MEMS fabricated- notaddressed. '.” [, rObl.JStSIMO a_”d M”JH.QO optimal
controllers were designed usipgsynthesis. In this paper, we

microactuator (MA) is sandwiched between the gimbal and t?)?esent a decoupled discrete time pole placement design method

which can be used for both SIMO and MIMO controller designs.
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TABLE |
IBM’ s ELECTROSTATIC MA PARAMETERS
Res. Freq. | Damping | Stroke Acc. Max.
Wi Coeff. (,,, | limit | Gain Ap | Voltage
1.5 kHz 0.015 +1 pum 2G/V +40 V
+15%

the combined MA pico-slider assembly was designed to have
a nominal in-plane rotational flexural resonance frequency of
1.5 kHz. Variations in the etching process and lithographic mis-
alignments cause-15% variations in the MA's resonance fre-
qguency from its designed nominal value. Besides this single
Fig. 1. IBM'’s electrostatic MA mounted on an integrated lead suspensitLlrghtl_y damped resonance r_nOde’ the MA does not have other ap-
(Courtesy of L.-S. Fan.). preciable structural dynamics up to the 40-kHz frequency range.
Thus, its dynamics can be adequately described by a simple

identification scheme for compensating variations in the MA®ass-spring-damper second-order transfer function [1], [3]
resonance frequency. Ay

The paper is organized as follows. A MEMS-based dual-stage Gu(s) = (1)
actuator model is briefly introduced in Section Il. In Section I,
the decoupled controller design structure and discrete time senfable | provides values for the parameters in (1) as well as
sitivity transfer function design process are presented. The miher important parameters of the IBM MA model, on which
bustness of the designs is analyzed in Section IV ughagal- the designs in this paper are based.
ysis. In Section V, MA inner-loop self-tuning control and online A rotational MA design was selected, in order to counteract
identification of the MA model parameters for compensating thbee hundreds of7 in plane acceleration that is exerted to the
MA's resonance mode variations are discussed. Conclusions pi-slider’s center of mass by the voice coil motor (VCM)
provided in Section VI. during a seek operation. The pico-slider is mounted on the MA

in a way that its center of mass coincides with the actuator’s
Il. DUAL-STAGE MODEL WITH A MEMS MA axis of in-plane rotation. Considering VCM as a rigid bady,

equations of motion of the dual-stage system are

s2 + 2Cpowmos + wio

Fan and co-workers at the IBM Almaden Research Centtg'le .. )
(ARC) have developed an innovative etching and electro- Jy by =ty — Iy 2)
plating multilayer technology for fabricating high-aspect-ratio JaiOar + BaOns + Knbpr =700 — Ty 3)
MEMS devices [1]. This fabrication process can be implgyhere
mented at IBM’s existing head manufacturing facilities, which
annually produce hundreds of millions of thin-film heads. Jo = Jv + Iy + Mpl? (4)

The process includes high-aspect-ratio transformer-coupled ) ) )

plasma (TCP) reactive-ion etching (RIE), which achieves 3d-/v and.Jy; are, respectively, the moment of inertia of the
20:1 height-to-width aspect ratio on 40-mm-thick polymers/CM and the MA, M, is the mass of the MAj is the distance
The etched polymers are in turn used as molds to fabricaggtween the mass center of the MA and the pivot of the VCM,
through a metal electroplating process, high-aspect-ratio inff IS the angular position of the VCM,, is the angular po-
(a nickel-iron-based alloy) micro-structures. Area-efficierfition of the MA relative to the VCMyy is the torque input
electrostatic rotational MAs have been successfully designi&ithe VCM, 7y is the torque produced by the M4, is the
and fabricated using this process. Fig. 1 shows a photograptf/8f"Ping coefficient of the MA, and’, is the stiffness of the
such a device mounted on an integrated lead suspension. MA. Given the fact that the inertia of the MEMS MA is very

A pico-slider is attached on top of the MA. Electrical contactgMall compared to that of the VCM/x;/Jv) = 1.1¢ — 7 for
between the slider and MA are made using laser reflow. TH2e model used in this paper, we can neglect the coupling term
electrostatic MA is assembled on to the gimbal of an integratda/?» in (2) and assume that motion of the MA has no effect
lead suspension and rotates the pico-slider about its centePBfthe motion of the VCM. Equation(3) can be rewritten as

mass, using an area-efficient layout of electrostatically actuated T30 + B + KpiOyr = 7y )]
comb-fingers. where

Since the pico-slider flies on top of the disk on an air bearing, N I v I
the MA must support a gram of out-of-plane loading, with min- T =Jm <1 - f) o T T TM T Ji mv. (6

imum out-of-plane deflection. Thus, the MA's flexures must beqyation (6) shows that the motion of the MA can be decou-

very stiff in the out-of-plane direction while compliant in thepjeq from the VCM by feedingy- to the MA with a proper
in-plane radial direction in order to have enough dc gain. A
400:1 out-of-plane/in-plane stiffness ratio was achieved by the Through this paper, we will refer to the combined VCM, E-block, and sus-

. . . .. . ension assembly as VCM. The assumption that the VCM is a rigid body in
20:1 height-width flexure aspect ratio in the fabrication proceggs section is to simplify the dynamics analysis. In the subsequent section, it

described above. Because of out-of-plane deflection constrairtsudes the resonance modes of the E-block and suspension.
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Fig. 2. Dual-stage block diagram.

gain. As a consequence, for controller design purposes, the dé&l-3. Dual-stage control design block diagram.
stage system can be approximated by the block diagram shownr
in Fig. 2, whereGGy and GGy, are, respectively, the VCM and
MA transfer functions (TF)g p is the absolute position of the
read/write head, and, is the absolute position of the tip of the

VPES N PES

suspension). Thus;p is the summation of:,, and the position s s

of the MA relative to the suspension, which will be referred to ' v N M '

in this paper agiPES, and is defined as < Sr >
zp = T, + RPES. (7) Fig. 4. The sensitivity block diagram.

The controller design in this paper is based on this dual-stage

model. For implementation, the actual control torque to the MA In the block diagram showr_l in Fig. 3, there are three com-
is given by pensators that need to be designed: the VCM loop compensator

Ky, the MA PES loop compensatorK,,, and the MA
RPES minor loop compensatoK grr/Krs. Krr/Krs is
used to damp the MA's flexure resonance mode and place the
closed-loop poles of the MARPES loop at an appropriate
wherery, andry- are generated from the designed controller.|gcation. The damped MA closed-loop transfer functiép,

Capacitive sensing can be used in MEMS electrostatic MAfown in the lower-middle dashed box, is defined as
to measure théd?PES [2]. However, this requires additional Gy

sensing electronics and wires to and from the head gimbal as- Gr = Krs+ GuKRrr (10)
sembly (HGA), which may result in an unacceptable increaggile the total dual-stage open loop TF franto zp, Gr, is

in the fabrication and assembly costs. Thus, whether or not i§igen by

RPES will be_used in MEMS dual-st_age servo systems is still Gr =Ky Gy + KyGr+ Ky GrKy Gy 11)

an open question. In this paper, we will classify dual-stage track- _ o . . o
following controllers into two categories, according to the avail- The bIOCk diagram n F_'g' 3 s equivalent to the sen5|t|V|ty_
ability of the RPES: those utilizing theRPES will be called 2/0SK diagram shown in Fig. 4, and the total closed-loop sensi-
multi-input-multi-output (MIMO) controllers, while those nottViy TF from = to PES is the product of the VCM and MA

utilizing the RPES will be called single-input-multi-output '00P Sensitivity TFs, respectivel- andSa;:

.
TM = Ty + %T v 8)
b

1
SIMO) controllers. S = =SS 12
(SIMO) r= g =SSy (12)
where
I1l. D ECOUPLEDTRACK-FOLLOWING CONTROLLER DESIGN 1 1
The block diagram for a MIMO decoupling control design Sv = 1+ KyvGy' Sar = 1+ KyGr' (13)

proposed in this paper is shown in Fig. 3. Thus, the dual-tage servo control design can be decoupled
The part enclosed in the dashed box on the upper-right corirgo two independent designs: the VCM loop, whose error re-
of Fig. 3 is the open loop system described in Fig. @&presents jection loop sensitivity TF is given by in (13), and the MA
the track runoutP E'S is position error signal of the head rela{oop, whose error rejection loop sensitivity TF is given$y
tive to the data track center (i.2ES = r—zp), while RPES  in (13).
is the position error signal of the head relative to the tip of the o
suspension (i.eRPES = zp — x.). A. VCM Closed-Loop Sensitivifss
The decoupling control approach, originally introduced by The VCM loop compensatdky- is designed to attain a de-
[10], utilizes theP ES andRP E 'S to generate the position errorsired VCM closed loop sensitivitgy-. Its bandwidth is gen-
of the suspension tip relative to the data track center, which walfally limited by the E-block and suspension resonance modes.

be labeled a¥ PES The design of this compensator can be accomplished using con-
VPES = PES + RPES = r — z, 9 vgntional SISO freque_ncy sh_aping tgchniques and vv_iII not be
o _ discussed here in detail. For illustration purposes, a sixth-order
and this signal is fed to the VCM loop compensator. model of the VCM, which includes torsional and sway vibration

2In [10], theRP ES was not assumed to be available and was estimated wi’E_HOde_S of the ;uspe_nsion at2.4 and 5 kHz, respectively, was uti-
an open loop observer gain. lized in our simulation study and a fourth-order compensator
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Fig. 5. VCM loop sensitivitySy magnitude bode plot. Fig. 6. MA loop sensitivityS magnitude Bode plot.

Ky ruqning ata 20-kHz sampling rate was designed to have @b .5 minor loop polynomialsk gs(g—1) andKrr(g~t) are
approximated bandwidth efyc = 500 Hz. The gain Bode plot pq, first-order. The resulting closed-loop transfer functié

of the resulting sensitivity Ty~ is shown in Fig. 5. is given by
B. MA Closed-Loop Sensitivityy, G — g 'B,(¢7Y) 22)
The MA loop controller is designed to increase the overall f Ar(g™)

closed-loop sensitivity attenuation. This design process is €X-) MA Outer Loop Controller Design by Pole Place-
plained in deta_lled in Section I_II-C, after we review the pol&,ont- consider now the design of the MA outer loop
placement design method applied to the MEMS MA. compensatotky, (¢ 1) = Kuyr(e!)/Kus(g ) and as-
1) MARP ES Minor Loop Controller Design by Pole Place- g e that thet PES closed-loop transfer functioi» is given
ment: The zeroth-orQer-ho!d discrete time transfer function chy (22). The resuling MA closed-loop sensitivity transfer
the MA model given in (1) is P, function S, which was defined in (13), is given by
q o\qd

Gulagl) = 1y Ar(eHKns(ah)
m(@) Ao(q™) Sula™) = Am(g™t)

wheriq—l is a one-step delay operator a#}(¢~*) and \yhere the MA outer loop closed-loop polynomidhy (¢~

A,(q™") are, respectively, the MA open loop zero and polgyst be chosen by the designer. The MA outer loop compen-

(14) (23)

polynomials satorK(¢71) = Kyr(g™)/Kus(g™t) can be designed by
Bo(qg 1) =b,(14 2z 1Y), (15) solving the following Diophantine equation:
Aa™h) =1+ a1q™" +a2q7?, (16)  Aum(g™) = Ar(g™")Kus(a™") + ¢ Bolg ) Emr(g™).
ay = — 2p, cos(wao T), az = p2 17) (24)

As in Section 11I-B1, it is convenient to define the second-
order polynomial4,; (g~1) in terms of the equivalent contin-
uous time natural frequenayy; and damping ratia ;¢ -

_DPo (o + (00 /wao) sin(wy,T) cos(wyoT))
1 — p,(cos(waoT) + (0, /wao ) sin(wy,T))

~O

- (18) WMC > WMR and normaIIyCMc > 1.
oo =CMOWMO, Po=¢ °° (19)  For¢umr = Cue = 1, the low-frequency attenuation 6%,
wao =wpo\/1 = (o (20) s given by

2 2

whereT is the controller sampling time andy;o and {0 Ac = <1_ﬂ> 142, — 2, <M) (25)
are, respectively, the MA's natural frequency and damping ratio, 1—-pmc Zo +DPMR
given by Table I. where z, is the open loop MA zero given by (18),

Consider now the? PES minor loop feedback system en-p,, . = ¢~«uuT g\ = ¢«ucT andT is the sam-
closed by the dashed box in the lower part of Fig. 3 and the §ling time. Notice thatimy .0 As = (wyr/wamce)?. Thus,
sulting MA closed-loop TRZr (¢~ ') defined by (10). Its poles the ratio(wy; r /wasc)? can be used to roughly determine the
can be placed by solving the following Diophantine equatigicreased attenuation provided by the MA.

[11]:

Ar(q™) = Ao(q ) Krs(q") + ¢ ' Bo(q ") Krr(g™).
(21)

The closed-loop polynomialig(g~—!) in (21) is chosen by the
designer and its roots are the damped MA poles. Itis conveniént
to define the second-order polynomidk(g—*) in an analo-
gous manner to the open loop polynomit)(g~!) in (16), in

terms of the equivalent continuous time natural frequengy;

and damping ratidy, g, (i.e., substitutes ;o and{yro, respec-

tively, by wys g andys g in (17)—(20)).

The gain Bode plot of the sensitivity TFj; is shown in
Fig. 6, for the case wheny;c = 2.4 kHz, wyrg = 300 MHz,
Cvr = Cve = 1, and a 20-kHz sampling rate.

Dual-Stage Closed-Loop Sensitivity

The MIMO dual-stage servo system depicted in Fig. 3 can
be designed by a three-step design process, which is based on

(12)-(25), and is schematically illustrated by Fig. 7.
First, the VCM compensatoKy- is designed to attain a
desired VCM closed-loop sensitivityy . In a typical design,

wpr IS a design parameter which will be specified later othe VCM bandwidthuy ¢ in Fig. 7 is limited by the existence

and normally¢y;r > 1. WhenAgr(g~!) is second order, the of E-block and suspension resonance modes to be between
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One can subsequently be adjusted so that the desired attenuation and
phase margin requirements of the overall dual-stage system are
met. Decreasing ;g increases the low-frequency attenuation

of Sy. However, this generally reduces the phase margin of the
overall open loop transfer functigir in (11).

0db feedemeaee e

D. SIMO Track-Following Controller Design

The design procedure describe above can also be applied to
SIMO control architectures, where th&P E S is not available,
by incorporating an open loop observer to estimateiiir S,
as shown in Fig. 8. In this case, the open loop obsefgras
defined in (22), generates tHeP ES estimate signaRPES.
[ Opr Oye Oppe By (21), the combined action of the open loop obseWer
and theRPES minor loop compensatdk s/ K gr iS equiva-
lent to the notch filter/{y; n, which is defined by

|
I
|
|
|
|
|
|
|
-+
|
|
|
|
|
|
|
|
1 §

I .~ TR N ¥

Fig. 7. lllustration of dual-stage sensitivis- design.

400-700 Hz. Subsequently, the MA compensators are designed Kun(a—1) = 1 1— GnK _ Ao(q_l) 26

to attain the additional attenuatior,, provided by the MA un(a™) KRS( K rr) Ar(q™1) (26)

closed-loop sensitivitysy;. As discussed in Section 11I-B, this PRI . .

is accomplished by a two-step process. First, the miBiFE .S wherer(_ql .) s the nqmmal MA open Io_op pole polynomial,

X ; andAg(¢~*) is the desired pole polynomial 6f .

loop compensatord{ rr/ K rs, are designed in order to damp L ) )

the MA resonance mode and place the pole§gf at a desired Ideally, if A,(q—) = A"(q. ), the notch f||t_er cancels the
MA open loop poles and assigns the poles defined gyg—!).

location. This involves the solution of the Diophantine (24). o ) i
. . . owever, the stability of the system is very sensitive to the un-
Since the poles affr become zeros &, this is equivalent to o .
certainty in the lightly damped MA resonance frequengyo.

placing the first comer frequenay r of Sy in Fig. 7. Finally, -\ "o 40 o oethe notch filtel ,; ;v More robust to the vari-
the PES loop compensatoK,, is designed to determine the_,. . o i .
ations inwys o, a “wider” notch filter can be used by setting a

overall bandwidthu ;- of the MA loop closed-loop sensitivity larger damping ratio for (¢-1). However, this will degrade

Sy This can also be achieved by pole placement or other . .
. . the performance of system, as shown in the step response in the
loop-shaping techniques.

w is limited by the PES samoling frequency. which is next section. A better method for compensating the variations in
Mc y piing Treq Y. tt%? MA resonance frequency is to identify the MA poles online

assumed to be 20 kHz in this paper, and the controller COMPUELY then generate the controller using the identified model. In

tional _tlme_delay, which was e§tlmated to be 1/3 the COntrOII%rection V-B, we introduce an online identification method that
sampling time. In [13], guidelines were developed for deter:

mining the allowable servo bandwidth based on the availab ecs not require th&P£5' sensing.
sampling time and the computational delay time and suggeséa
bandwidthw ;¢ of approximately 2.5 kHz for the above men-—"
tioned sample rate and time delay. In this section, we show simulation results of the proposed
The total dual-stage sensitiviy; is schematically shown in MIMO and SIMO designs, when thBE'S sampling frequency

the bottom part of Fig. 7. For a given PES sampling rate ail20 kHz. Fig. 9 shows the gain Bode plot of the closed-loop
time delay, and thus the bandwidth,, the additional atten- sensitivity TF from track runout to P£S, for both the MIMO
uation As provided by the MA loop will be determined by theand SIMO designs. The design parameters used in the simula-
selection of theRPES lower corner frequency s g. Since se- tions werauvy ¢ =500 HZ,warr =300 HZ,(pr = 1, wye =
lectingwys g to be larger than the VCM loop bandwidthy~ 3000 Hz, and.;; = 1. In the case of the MIMO desigiy

Design and Simulation Results
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Fig. 9. Sy andSr magnitude Bode plot.
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Fig. 10. Step response of MIMO design.

is fourth order, bothi(,; and Krs/Krg are first order. The and SIMO designs. The SIMO controller response has a larger
gain crossover frequency (GCF), gain margin (GM), and phaseershoot and exhibits more residual vibrations than the MIMO

margin (PM) of open loop TF from to x, are, respectively, controller response. This is due to the fact that the MA's reso-

2337 Hz, 9.1 dB, and2.3°. In the case of the SIMO design, thenance poles are not being exactly canceled by the notch filter
combined VCM loop compensator is fifth order, and the conk,, in (26), in order to guarantee the stability robustness of

bined MA loop compensator is fourth order. When the dampirtge designed controller to MA resonance frequency variations.

ratio offlo(q—l) was set to be 10 times larger than the MA TF, Notice that the settling time of the step response is rela-
the GCF, GM, and PM of open loop TF fromto z,, are, re- tively long. A decoupled dual-stage feedforward control can

spectively, 2432 Hz, 8.7 dB, arid.7°. Figs. 10 and 11 respec-be used to reduce the overshoot and settling time for track
tively show the 1xm time-domain step responses of the MIMGseeking [12].
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Fig. 11. Step response of SIMO design.

IV. ROBUST STABILITY ANALYSIS USING

The robustness of the decoupled MIMO and SIMO designs
presented in Section Il can be analyzed using gkanalysis
[14]. pu, the structured singular value, is a measure of how
big a perturbation to a system must be in order to make the K
closed-loop system unstable. For the case of MEMS-based “'

A 4

dual-stage servo systems, we are particularly concerned with
the robustness of the closed-loop system to variations in the
resonance frequency (or equivalently the stiffness) of the MA,

unmodeled high-frequency structural resonance modes of g 12. u-synthesis design block diagram.
VCM actuator, and variations in the dc gain of the VCM. In

the » robust stability analysis framework, model uncertaintieé peaky value of fspio = 0.49 for the SIMO design. Thus,
are represented using linear fractional transformations (LTfghh designs can maintain stability for the structured uncertain-
Fig. 12 shows the block diagram that was used to descrifigs jescribed above and the MIMO design has better stability
structured uncertainties in our system. Three model uncegy stness than the SIMO design, as expected.
taintiesé, &>, andéz are considered in Fig. 12; represents  of these three structured uncertainties, it is the variations in
the additive uncertainty used to describe the VCM unmodelgeh pa's stiffness which appear to have the most significant
resonance dynamics afitl;y is the frequency-shaped weightgetrimental effect on the performance of both the MIMO and
for 61. An uncertainty with the size of the amplitude of theg;no designs, even when the closed-loop system remains
biggest resonance peak of the VCM model was usedifor staple. For the MIMO design, variations in the stiffness of
62 is the parameter uncertainty that represents VCM loop gaffe MA's flexures produce variations in its dc gain. These dc
variations.s is the parameter uncertainty that represents Mégin variations have a large effect on the gain of the open loop
stiffness variations. We assume that both the VCM dc gain afieinsfer function?;-, which is dominated at low frequencies by
the MA resonance frequency can changett0% from their the last term of (11). For the SIMO design, the lightly damped
respective nominal values. MA resonance mode can be excited if there is a significant
Fig. 13 shows the resulting robust stabilityplots. It shows mismatch between the actual MA resonance frequency and its
a peaky value of Symuo = 0.18 for the MIMO design and nominal value.
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Fig. 13. Stabilityu plot.

VPES

*v that will be presented is based on the pole placement design and
requires measurement of the MA's relative position error signal
RPES.

. Consider the MA open loop transfer function in (14). Since

O-—p»  the MA's resonance mode is lightly damped, the zera (15)

and (18) remains fairly invariant with-15% variations in the

resonance frequeneay,;» and, moreoverz, ~ 1. Thus, it is

possible to factor out the “known” terifi 4 z,¢ 1) from the

Diophantine equation (21).

The resulting minor-loopRPES closed-loop dynamics is

given by
Fig. 14. Self-tuning control of the MA. _ _ —
Aclg Hy(k) = bo(1 + 20q71)
—1 . —1 .
V. COMPENSATION OF THEV ARIATIONS IN THE MA'S x [Krs(a Dunr(k) + Krr(a )y(F)]
RESONANCE MODE (27)

Two adaptive schemes are developed for compensating Y¥aereu & is the control input to the MA ang denotes the po-
variations in the MA's resonance mode. The first one utilizesifion of the MArelative tothe VCM, i.ey = RPES. Defining
direct self-tun_ing algorithm to_ tune the MRPES in_ner loop S(Q—l) :bOKRS(q_l) =50+ s1g7 L, (28)
controller, which can be applied to the MIMO design. For the R(q™Y) =boK rr(q™Y) = ro + gL, (29)

second method, the open loop MA model parameters are first i
identified, and the control parameters are subsequently cofi€ regressor vectai(x) and filtered regressor vectgr; (k) as

puted with pole placement based on the identified MA param- d(k) =lunmr(k) upmr(k — 1) y(k) y(k — 1)]
eters. This scheme is applicable to both the MIMO and SIMO (30)
designs. _ _

? Acg ™5 (k) =(1+ 20~ (k) (31)
A. RPES Inner Loop Self-Tuning Control and the controller parameter vectbr= [so s1 79 71]¥, the

The block diagram for the MA inner loop self-tuning controf!0Sed-l0opRPES dynamics (27) can be rewritten as
is shown in Fig. 14. The parameter adaptation algorithm (PAA) y(k) = 0"ps(k —1). (32)
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Fig. 15. Control parameters adaptation response.

From (32), the controller parameter vector estimé(tk) =
[50(k) 31(k) 7o(k) 71 (k)]T can be updated using a standard re-
cursive least square algorithm (RLS) [11]

B(k) =6(k — 1) + P(k)$s(k)e" (k) (33)
(k) =y(k) — 0" (k — )¢ (k — 1) (34) :

P(k) =|P(k—1) _ o :
Fig. 16. MA model identification with n&2 PE S sensing.

Pk = 1) (k= 1)¢E(k—1)P(k — 1)
1+ ¢5(k—=1)P(k—1)ps(k—1)

Fig. 15 shows the simulation of the controller parameter esti-
matess,(k), $1(k), 7, (k), and#, (), for the case when the real
(35) MA resonance frequency is 1.2 times its nominal value, and the
The control law is system was subjected to stochastic disturbances, as discussed
. . . . . above. The controller parameters converged to a value, which
Sk, g umr(k) = 8o (Kyun (k) — R(k,q ")u(k)  (36) s very close to their desired value. Similar responses were
with obtained when the real resonance frequency is 0.8 times the
N _ R R _ nominal value. If theR PE'S noise level is too large, the control
Sk, q 1) =so(k) +51(k)a (37)  parameter estimates may not converge to their desired values
R(k,q ) =fo(k) + 71 (k)g (38) and other PAAs, such as normalized or extended RLS, can be

andu z (k) the output of the MA fixed outer loop compensatokSed for better convergence [11].
Ky anduy, (k) the control input to the MA. ) o

Fig. 15 shows the simulation of the control parametefs ©Online MA Model Identification
estimates using the RLS algorithm. In the simulation, realistic Since the variations in the MA's resonance frequeagyo
estimates of the runout, VCM and MA torque disturbanceare due to its fabrication process, ang;o does not change
and PESS and RPES measurement noises were injected intafter the MA has been fabricated, it is feasible to identify the
the dual-stage system at corresponding locations. A whMA open loop dynamics online during the drive’s manufac-
noise with an rms value of 10 nm was injected to REFES turing and testing stage. The controller parameters can then be
sensing signal. This noise is mainly due to thermal noise asdbsequently determined, based on the identified MA plant pa-
feed-through in the capacitive sensing electronics [2], [15fameters, by solving (21) and (24).
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Fig. 17. Control parameters adaptation responses.

When theRPES is available, the VCM feedback loop caneffect of runout, VCM and MA torque disturbances, and's
be closed using th& PE'S as defined in (9). The open loop MA measurement noise.
dynamics can be identified by feeding an excitation input signal Fig. 17 shows the simulation of the MA parameters estimates
of a sufficiently large magnitude to the MA. Since the decout;, a2, b,, and b; using the extended recursive least square
pling control structure of the dual-stage servo system preve(ERLS) algorithm [11]. In the simulation, realistic estimates of
the VCM motion from exciting the MA dynamics, the identifi-the runout, VCM and MA torque disturbances, and'S mea-
cation of the MA open loop model parameters can be carried @urement noise were injected into the dual-stage system at cor-
using standard identification techniques, based on the modetesponding locations:;; was a white excitation with a suffi-

A (g (k) = ¢ Bo (g~ Huas (k) + w(k) (39) ciently large amplitude to generate abétit-;;m of MA motion

andC(q~!) was chosen to be fourth order. As shown in Fig. 17,

whereuy (k) is the input excitation signal to the MA4,, B, H}e parameters estimates converged to their true values.

are its open loop pole and zero polynomials, as defined in (1

y(k) is RPES andw(k) is RPES measurement noise.
When RPES sensor is not available and the only available

feedback signalis thBES, itis still possible to identify the MA ~ MIMO and SIMO track-following controllers for MEMS-

open loop dynamics by closing the VCM loop wihE'S, and based dual-stage servo systems were designed using a decou-

feeding an excitation input signal of a sufficiently large magnpled discrete time pole placement design methodology. Both de-

VI. CONCLUSION

tude to the MA, as shown in Fig. 16. signs are robust to variations in the MA's resonance frequency.
Defining this timey(k) to be thePES, we obtain The MIMO design can achieve a superior robustness and per-
y(k) IGMU{Ak) + Syr(k) (40) formance, partly dL!e to the additipnBIPES Sensor. .The de- _
f coupled MIMO design presented in this paper requires consid-
up (k) = — Sy un (k) (41)  erable fewer computations than thesynthesis design in [9].

whereu (k) is the input excitation signal to the MASy is  Self-tuning control, or online estimation of the MA model pa-
the VCM loop sensitivity TF defined in (13){%) is the runout rameters combined with the pole placement design, can be used
and Gy is MA TF. By the spectral factorization theorem, theo compensate for the variations in the microactuator’s reso-
dynamics in (40) can modeled by nance frequency, and restore nominal controller performance.

Aoa™ (k) = a7 Bo(q™uiy (k) + Cla™Hw(k)  (42)
whereA,, B, are the MA open loop pole and zero polynomials,

which need to be identifiedy(k) is a fictitious white noise,  The authors thank L.-S. Fan and W.-M. Lu from IBM, M.
and the Hurwitz polynomial’(¢~!) represents the combinedKobayashi from Hitachi, and the industrial participants of the
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