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Position Control of Parallel-Plate Microactuators for
Probe-Based Data Storage

Michael S.-C. Lu and Gary K. Fedder, Senior Member, IEEE

Abstract—In this paper, we present the use of closed-loop voltage
control to extend the travel range of a parallel-plate electrostatic
microactuator beyond the pull-in limit. Controller design considers
nonlinearities from both the parallel-plate actuator and the capac-
itive position sensor to ensure robust stability within the feedback
loop. Desired transient response is achieved by a pre-filter added
in front of the feedback loop to shape the input command. The mi-
croactuator is characterized by static and dynamic measurements,
with a spring constant of 0.17 N/m, mechanical resonant frequency
of 12.4 kHz, and effective damping ratio from 0.55 to 0.35 for gaps
between 2.3 to 2.65 pm. The minimum input-referred noise ca-
pacitance change is 0.5 aF /\/Hz measured at a gap of 5.7 ym,
corresponding to a minimum input-referred noise displacement of
0.33 nm/+/Hz. Measured closed-loop step response illustrates a
maximum travel distance up to 60% of the initial gap, surpassing
the static pull-in limit of one-third of the gap. [1108]

Index Terms—Capacitive sensor, CMOS-MEMS, electrostatic
pull-in, nonlinear plant, unstable pole.

1. INTRODUCTION

OR many years a well-known yet challenging problem for

MEMS researchers interested in electrostatic actuation has
been to extend the travel range of parallel-plate type electrostatic
microactuators beyond the normal pull-in instability, which oc-
curs at a displacement of one-third of the original gap. Several
approaches have been proposed, including touch-mode actua-
tors [1], [2], curved-electrode actuators [3], the leverage bending
method [4], the series capacitor approach [5], charge control
[6]-[9], and voltage feedback control [10], [11]. Motions of
touch-mode actuators using dielectric-coated electrodes are dif-
ficult to control due to the stiction problem. The majority of
them focus on increasing the pull-in limit by design of special
actuator geometry; thereby the travel distance can be extended
by open-loop operation. Geometric design changes are usually
at cost of more driving voltage and/or larger design area than
those of a conventional parallel-plate actuator design. For the
charge-control approach using current drives, it is important to
control the leakage current (on the order of pA) into the actuator
in order to limit the injected charge. Experimental results of a
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stable travel distance up to 60% and 88% of the gap have been
reported in [S] and [4], respectively.

Any physical object to be controlled in a closed-loop feed-
back system is called a plant. For our case, the plant is mainly
the parallel-plate actuator, which is highly nonlinear and ex-
hibits unstable behavior beyond the pull-in limit. The biggest
challenge inherited by the voltage feedback control approach is
to design and implement the closed-loop control system to sta-
bilize the actuator in the unstable regime, and to achieve desired
output response. The few studies in the past mainly focused
on stability analysis and simulation [10], [11]. Closed-loop
voltage control presented in this paper originates from devel-
opment of a probe-based magnetic micro disk drive [12]. In the
envisioned system, arrays of tip actuators are fabricated by a
conventional CMOS process with integrated circuits for feed-
back control and data channels. Read/write probe heads located
on actuators should be servoed up to 10 nm away from the top
magnetic media for data read and write. Given an initial gap
between 2 to 3 um, and a tip height of 500 nm, the actuator dis-
placement has to reach 75% to 83% of the gap for data access.
In addition to stabilizing the actuator beyond the pull-in limit,
the use of voltage feedback control here also achieves a desired
output response in the presence of external disturbances and
plant uncertainties, such as the initial gap variation.

A conventional controller design for given nonlinear plants
is through the finding of a Lyapunov function [13] for stability
analysis. However it is nontrivial to prove global asymptotic sta-
bility for lack of a general way to find an explicit Lyapunov
function that leads to the controller design, and even successful
identification of a Lyapunov function rarely leads to control laws
that can be easily implemented by analog circuits [14]. For ease
of implementation, we select design of a linear time-invariant
(LTT) controller over a nonlinear or a linear time-varying (LTV)
controller. Controller design is through linearization of the non-
linear plant, and stability analysis is performed in the frequency
domain in order to optimize the phase margin at every operating
point.

In Section II, the control system block diagram is first
presented, followed by fabrication of microactuators using the
CMOS-MEMS technology in Section III. Then modeling and
design of the plant, including the parallel-plate tip actuator and
the capacitive position sensor, are introduced in Section IV.
Controller design is studied in Section V. Experimental re-
sults on plant characterization are illustrated in Section VI. In
Section VII, we present measured closed-loop step responses,
followed by conclusions in Section VIIIL.
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Fig. 1. Two degree-of-freedom feedback system configuration.

II. BLOCK DIAGRAM

The control system block diagram illustrated in Fig. 1 has
two transfer functions to be designed [15]. One is the controller,
which achieves robust stability within the loop in the presence
of the unstable pole and plant uncertainties, and the other is
the pre-filter, which shapes the input command for the feed-
back loop to track and follow. Both the controller and pre-filter
can be implemented by linear circuits as they are represented
by Laplace transforms C(s) and F'(s), respectively. The plant
consists of the parallel-plate actuator represented by a nonlinear
differential equation, and the capacitive position sensor repre-
sented by the Laplace transfer function H (s), with a nonlinear
gain dependent on the actuator displacement.

III. DEVICE FABRICATION

Fabrication of devices starts with a commercial CMOS
process (Austria Micro System (AMS) 0.5-pym three-metal
two-poly CMOS), followed by post-CMOS micromachining
steps described in [16]. First, an anisotropic dielectric reac-
tive-ion etch (RIE) with CHF 3 /O plasma defines the structural
sidewalls with the top metal layer used as an etch-resistant
mask. The oxide etch rate is 424 A /min. Next, a deep silicon
reactive-ion etch is performed in an inductively coupled plasma
at an etch rate of 2.9 pum/min. The etch uses the advanced
silicon etch process [17] with alternating cycles of SFg/O9
plasma for etch and C4Fg for passivation. Finally, microstruc-
tures are released from the substrate by an isotropic silicon RIE
at 1 pum/min. The complete process flow in cross section is
depicted in Fig. 2.

IV. PLANT MODELING AND DESIGN

The dynamic equation of a conventional parallel-plate mi-
croactuator shown schematically in Fig. 3 is given by

.. . e, A 9
= - 1
mzZ+ b+ kz 2(g—z)2V (D

where m is the mass, b is the squeeze-film damping coefficient,
k is the spring constant, ¢, is the permittivity of free space, A
is the parallel-plate area, g is the initial gap separation, z is the
actuator displacement, and V' is the applied voltage. Nonlinear-
ities arise from the electrostatic force, whose magnitude is pro-
portional to applied voltage squared, and is displacement de-
pendent. The squeeze-film damping force is time-varying, de-
pending on the plate displacement and velocity. Total damping
force can be simulated by a lumped-parameter model consisting
of parallel branches of series-connected spring and damper el-
ements [18]-[20]. The resulting time-varying damping coeffi-
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Fig. 2. Cross section of the CMOS-MEMS process flow. (a) After CMOS
processing. (b) After anisotropic dielectric reactive-ion etch for definition of
structural sidewalls. (c) After anisotropic silicon etch. (d) After isotropic silicon
etch for structural release.
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Fig. 3. Schematic of a conventional parallel-plate microactuator.

cients at different displacements are collectively expressed by a
range of values as b € [by, by].

With a small variation of Az and Av around the operating
point (Z,,V,), we can obtain the small-signal actuator dy-
namics by using Taylor’s series expansion of the electrostatic
force. By elimination of higher order terms, the linearized
actuator dynamics are derived as:

2kZ,
mAZ 4+ bAZ + (k+ k.)Az = v

ke=—<2a>k 3)
1 -«

Av 2)

where
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Fig. 4. Normalized dc actuator gain as a function of normalized displacement.
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Fig. 5. SEM of released microactuator fabricated by CMOS-MEMS process.

and « in (3) is the normalized displacement, Z, /g, at operating
point Z,. The electrostatic force gradient induces a “negative”
spring constant which is a function of plate displacement. As the
ratio o becomes 1/3, the electrical spring constant completely
negates the mechanical spring constant, thereby creating a pole
frequency at zero. The actuator behaves like a “mechanical in-
tegrator” at this point, and becomes unstable as « increases be-
yond 1/3. Substituting Z, = g/3 into (1) at steady state gives
the pull-in voltage

8kg?
V., = —.
P 27e, A

“

The dc actuator gain in (2) can be further expressed as a function
of normalized displacement by

Az 4/ 3
A= 3o| = groa e )
V|0 91 —3a| Vi

The normalized dc actuator gain as a function of normalized
displacement is plotted in Fig. 4. The dc gain at one-third of the
gap is infinity, therefore a large gain variation in that region is
shown. This large gain variation can result in increase of servo
bandwidth in order to obtain adequate stability margins [25].
A released microactuator is illustrated in Fig. 5. Two sensing
plates and an actuation plate are mechanically connected but
electrically isolated from each other. The space between plates
ensures adequate silicon undercut during release etch, and

reduces the feedthrough capacitance between the actuation
plate and the sensing plate. Each spring carries the actuation
and sensed signals individually, and a grounded shielding is
inserted in between signals when crossing is unavoidable. An
external electrode is placed on top (not shown in the graph) of
the actuator to form the initial gap and the actuated and sensing
capacitances.

A schematic representation of the entire feedback control
system is depicted in Fig. 6, which illustrates that capacitive
position sensing is achieved through a single-ended capacitive
bridge by modulation/amplification/demodulation, followed by
low-pass filtering to remove the 1 x and 2 x carrier-frequency
signals. An initial dc sensed voltage due to the single-ended
sensing scheme has to be nulled before the closed-loop servo
is turned on. The magnitude of the sensed output voltage is a
function of actuation-plate displacement given by

|VS| = AvAd|Vm|
< Osl(z) + Os?(z) _ CSIO + C1520 ) (6)
Ca1(2) + Csa(2) + C; Cs10+ Cs20 + C;

where A, is the pre-amp gain, A, is the demodulator gain, V,,,
is the modulation voltage, Cs; and Cy, are the sensing capac-
itances between the sensing plate 1 and sensing plate 2 to the
top electrode, respectively, C's19 and Csaq are the initial sensing
capacitances, and C} is the pre-amp input capacitance. The dis-
placements of the sensing plates are obtained by finite-element
simulation [21] with given actuation plate displacements z to ac-
count for the cantilever rotation. Substituting the displacements
into the sensing capacitances gives

_ EA
g —0.842’

oA

Cs1(z =%
s1(2) g—0.67z

Cs2(2) (N

where the capacitance variation from the small angular tilt is
not considered. The capacitive sensor gain at an operating point
z = Z, is defined by differentiation of the sensed output with
respect to the displacement. By including the dominant pole, wp,
from the low-pass filter, the sensor transfer function at z = Z,
is,

v )
(92)._z.  G(2,)
H _ _ dz ) z=2Z, _ o )
Oz = {52 = 2 ®

The sensing pre-amplifier shown schematically in Fig. 7(a) is
a noninverting amplifier with the core implemented by a high-
gain folded-cascode op-amp as shown in Fig. 7(b). The designed
op-amp has a high gain-bandwidth product around 60 MHz
in order to raise the selected modulation frequency, and also
the cutoff frequency of the low-pass filter. Therefore the phase
lag within the feedback loop is reduced, which is important
for control of an unstable plant. The dc open-loop gain of the
op-amp is close to 100 dB, and the closed-loop gain of the
pre-amp is set at 10 by ratioed polysilicon resistors in CMOS
(Rpoly = 33 Q/sq.). DC bias at the pre-amp input node is pro-
vided through a large resistance implemented by a transistor op-
erated in the sub-threshold regime. Demodulation is currently
realized by a commercial double-balanced demodulator chip
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Fig. 6. Schematic representation of feedback control system around parallel-plate microactuator. Routing for sensing and actuation signals uses separate

interconnect layers for electrical isolation.

(LM 1496), the so-called Gilbert cell [22], with a voltage con-
version gain of 5.

Plant parameters used for controller design are: m = 3 x
10~ kg, k = 0.167 N/m, C; = 408 fF, A, = 10, A; = 5,
A = 1600 pm?, g = 3 pum, and w, = 120 kHz. The squeeze-
film damping ratio, ¢ = b/(2v/km), is computed between 0.4
to 240 for gaps from 3 pm to 0.2 pm by NODAS simulation
[23] as shown in Fig. 8.

V. CONTROLLER DESIGN

The desired response time of the actuator under servo
is in the ms range. It is reasonable to assume that the mo-
tion is quasi-static, because the designed actuator bandwidth
(11.9 kHz), when fully utilized, is capable of achieving submil-
liseconds response time. Therefore the controller design can be
realized through linearization of the nonlinear plant, since it
behaves similarly to its linearized approximation at each point
along the motion trajectory. Local stability is analyzed by the
frequency-domain method using phase margin and gain margin.
By design of the prefilter to shape the input step command, the
actuator position is controlled quasi-statically along the motion
trajectory. The effects of initial conditions and high-order
terms of electrostatic force omitted during linearization can
be considered additionally as an input-disturbance rejection
problem [24] to extend from local stability to global stability.
The linearized actuator has one unstable pole for displacements
beyond the pull-in limit. Magnitude of the unstable pole fre-
quency increases with respect to the increased displacement.
The cost of feedback for given unstable plants is the increase
of open-loop bandwidth in order to maintain adequate stability
margins, and to avoid a large peak in the closed-loop frequency
response. A rule of thumb states that the open-loop crossover
frequency should be at least twice as large as the unstable pole

frequency to give a 60° phase margin [25] and a peak value
less than 4 dB [26].

Combining the transfer functions of the linearized actuator in
(2) and the capacitive sensor in (8) gives the linearized plant at
operating point (Z,, V,)

P(s) = o) (%) )

- (1+ i) (m52 +bs + (%) k)

Rewriting (9) using the resonant frequency w,, = \/k/m and
the damping ratio, and multiplying the plant with a proportional-
gain controller C(s) = k, gives the open-loop transfer function
in the unstable regime

L(s) = K (10)
(1 + i) (82 + 26ewes — w?2)
where
K = k,G(Z,) <2VZ) W (1)

and the effective resonant frequency and the effective damping
ratio due to the electrical spring-softening effect are

3a—1
We = “ Wn, ge:
Vl—a

The magnitude and phase of L(jw) are given by

l—«
3a—1

¢ (12)

K

I 22 4 02)? + (26w)?

|IL(jw)| = (13)
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(a) Schematic of sensing pre-amp in a noninverting amplifier configuration. (b) Schematic of folded-cascode operational amplifier with a common-source

amplifier as the output stage. The units of the transistor widths and lengths are in micrometers.

Fig. 8.
separation at atmospheric pressure.

and

LI

10 Substituting the phase margin ¢, and the crossover frequency
w = wy into (14) gives
107} :
o 28 cwewe we
i) Witw? T wp
2 ¢ =tan~" ¢ - (15)
210"} : 1 4 Hewewo Wy
£ wi+w£ wp
IS
©
©
10} :
Equating /L(jw) to —7 at the upper gain-margin frequency
yields
10'1 1 L 1 1 1
0 0.5 1 1.5 2 25 3
gap (um)

wg = [ we(28ewp — we).

Then substituting (16) into (13) gives the upper gain margin

(16)

Squeezed-film damping ratio of parallel-plate actuator versus gap

-1

K
. _ 28 cwew _ w Gy = : 17
[ g— 1 € € J— 1 [R— w
jw) = —m + tan < 5 3) tan < p) . (14) 2 wewy (1 2§w: w;)
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Fig. 9. Maximum phase margin, and corresponding lower gain margin, upper gain margin, and controller gain as a function of normalized displacement from (a)
to (d). Selected controller is k, = 16, which gives a minimum phase margin around 60° at all displacements.

Equating | L(jw)| to one at w = wy yields

2
\ /wi + w%\/(wi + wZ) + (2ewewy)?

Wp

K =

(18)

By replacing w = 0 and (18) into (13), the lower gain margin is
given by

We 2 We 2\ * 25 We 2
Gp=/1+ <—> <1+(—)> ) +<—"’ ) :
wp We We

19)
With one unstable pole in L(s), closed-loop stability is
achieved using the Nyquist stability criterion [27] with one
encirclement around the —1 + 350 point on the complex plane.
LL(jw) starts from —180° at w = 0 to —270° at w = 0. To
find the maximum phase margin, /L(jw) is differentiated with
respect to w at w = wy. The resultant crossover frequency with

maximum phase margin is the solution of the following quartic
equation:

(wp + 2bewe)wy + (2bewiwe + 2wpw? + 4E2wpw? — 26.w?)
w} — (2ewiw? — wywi) = 0. (20)

Given calculated values of w), Jwe and . according to the
ratio o, wy is first solved from (20). Then the maximum phase
margin, and the corresponding lower gain margin, upper gain
margin, and controller k, are computed by (15), (19), (17), and
(11). Using the plant parameters given in Section IV, we plot
the calculated values from Fig. 9(a)—(d). The phase margin at
large displacements is over 60° due to the large damping ratios
at small gaps. The optimal controller gain which gives the
maximum phase margin varies with the displacement, implying
that the optimal controller should be linear time-varying (LTV)
in order to secure the largest phase margin at all displacements.
A suboptimal linear time-invariant (LTI) controller, k,, = 16, is
selected for implementation, and it gives a least phase margin
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Fig. 10. Schematic of custom interferometric setup.

of around 60° at each displacement as shown in Fig. 9(a). The
resultant gain margins are illustrated in Fig. 9(b) and (c).

The controller design also has to ensure stability for operating
points less than one-third of the gap, where the actuator is stable.
Our stability analysis [24] shows that the controller gain k, can
be as large as 1000 before the system is destabilized. Therefore
the selected gain k, = 16 can guarantee system stability before
and after the pull-in limit.

Tracking speed of the output response is determined by the
pre-filter design. For quasi-static operation, cut-off frequency
of the pre-filter can be less than 5% of the microactuator reso-
nant frequency, and the required driving voltage is close to the
actuator pull-in voltage (less than 15 V). For fast operation uti-
lizing the full actuator bandwidth, the required driving voltage
is approximately five times of the pull-in voltage [24]. For the
intended microdisk drive application, position servo with a rise
time (0 to 100% of the final value) less than 3 ms is sufficient,
resulting in a prefilter design given by

1
F(s) = ——. 21
0= e

VI. PLANT CHARACTERIZATION

A custom micropositioning assembly with interferometric
measuring capability was built to set up the initial gap between
parallel plates. The electrode placed on top of the actuator was a
slender glass substrate coated with a thin conductive gold layer.
A piezoactuator was attached to the glass piece for fine control
of initial gap separation. The fringe patterns were formed by
light beams reflected from the gold layer and the actuator, with
the image being collected by a charge-coupled-device (CCD)
camera, as illustrated by the schematic representation in Fig. 10.
An orange/red light-emitting diode (LED) (A = 635 nm) was
used as the light source. Each fringe occurs at multiples of a
half wavelength of the LED.

Sensing and actuated capacitances were affected by struc-
tural curl of the actuator. Curl was measured using the WYCO
NT3300 white-light interferometer. We obtained an actuation
plate tilt of 2.9°, and 2° and 2.9° for the two sensing plates.
Capacitance models which consider plate tilt and fringing field
lines were established by least-squares fit of data obtained from
finite-element simulations [28].

To measure the z-directional spring constant and the pre-amp
input capacitance, we performed a series of static displace-
ment-voltage measurements at various initial gaps using capac-
itive sensing. Plate displacement was determined by the fringe
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Fig. 11. (a) Measured displacement-voltage characteristic extracts actuator
spring constant at 0.17 N/m. (b) Measured pre-amp output with respect to
actuator displacement extracts total pre-amp input capacitance at 333 fF.

motion with a measuring error around 10 nm due to the fringe
contrast. A dc voltage was incrementally applied to the actuator,
and an ac modulation voltage of 1 V at 4.5 MHz was applied to
the top electrode for capacitive sensing. Actuator snap-in was
prevented with the measurements performed within the pull-in
limit. The measured and simulated displacement-voltage charac-
teristic shown in Fig. 11(a) leads to an extracted actuator spring
constant of 0.17 N/m. The preamp input capacitance was 333 fF,
as extracted from the measured pre-amp output amplitude with
respect to the actuator displacement in Fig. 11(b).

The actuator resonant frequency was measured electronically
by an Agilent 4395A spectrum analyzer, which detected the
readout signal from the demodulator to construct the actuator
frequency response. The resonant frequency decreases as a re-
sult of the spring-softening effect from the increasing dc bias.
Both experimental and NODAS simulation results are shown in
Fig. 12(a), in which the actuator resonant frequency is found at
12.4 kHz. From the resonant peak of the measured frequency
response, the effective damping ratio shown in Fig. 12(b) is cal-
culated in between 0.55 to 0.35 for gaps between 2.3 t0 2.65 pm.
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Fig. 12. (a) Measured actuator resonant frequency with respect to applied

dc actuation voltage. Increased dc bias enhances spring-softening effect, as
evidenced by the resonant frequency drop. (b) Measured effective damping
ratio with respect to applied dc actuation voltage. Effective damping ratio
increases as the gap closes on with increasing dc bias.

The minimum detectable displacement was determined by
the pre-amp noise and the closed-loop bandwidth. We mea-
sured the minimum input-referred noise voltage by applying a
200 mV ac voltage at 2 kHz to the actuator, and measuring the
pre-amp output at a 1-Hz bandwidth. The measured input-re-
ferred voltage at a 1-Hz bandwidth is plotted as a function of
gap separation in Fig. 13, which illustrates a minimum input-re-
ferred noise voltage of 1.4 4V //Hz at a gap around 5.7 ym. By
calculation, the minimum input-referred noise voltage is equiv-
alent to a minimum input-referred noise capacitance change and
a minimum input-referred noise displacement of 0.5 aF /\/Hz
and 0.33 nm/+/Hz, respectively.

VII. CLOSED-LOOP STEP RESPONSE

The controller used in the closed-loop experiments was
C(s) = 24.3, and the prefilter design was F(s) = 1/

-
o
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M@ £ a0 N e o

-
N

4 5
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Fig. 13. Measured input-referred voltage at 1 Hz resolution bandwidth versus
gap separation.
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Fig. 14. (a) Measured controller waveforms when the actuator moves into

snap-in region and beyond. The inset illustrates its waveform when the input
command turns from high to low. (b) Measured demodulated pre-amp output
waveforms.

(s/1800 + 1). The controller gain is higher than the pre-
viously designed k, = 16 to compensate for the measured
pre-amp gain reduction of 2.2 dB at the modulation frequency
of 4.5 MHz, and the reduced damping due to plate tilt. The
applied input command for closed-loop measurement was a
square-wave voltage at 100 Hz with the minimum set at zero. A
series of controller output waveforms was measured when the
actuator moved into the snap-in region and beyond, as shown
in Fig. 14(a). Decrease of controller output after the pull-in volt
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Fig. 15. Measured waveforms (dash lines) and simulated waveforms (solid
lines) of prefilter output, controller output, demodulated pre-amp output, and
plate displacement to a 50-Hz square-wave input-command voltage.

age (10.44 V) reduces the stored charge on the plates to stabilize
the actuator beyond the pull-in limit. As the input command
changes from high to low, the controller output first decreases,
and then increases to maintain stability as the actuator retracts
back to the rest position, as shown by the inset in Fig. 14(a).
Measured demodulated pre-amp output waveforms are shown
in Fig. 14(b), which illustrate an increase in rise time as the
input-command magnitude increases, primarily because of the
increase of damping.

Measured controller output waveforms and demodulated
pre-amp output waveforms are compared with the closed-loop
NODAS simulations, in which we model the parallel-plate actua
tor using 3-D elastic beams, 3-D elastic plates, squeeze-film
damping elements, and electrostatic gap models. The measured
and simulated prefilter output, controller output, demodulated
pre-amp output, and plate displacement to the largest input
command at 50 Hz are plotted in Fig. 15 with very good agree-
ment. A maximum displacement of 2 pum, equivalent to 60%
of the gap (¢ = 3.3 um) is illustrated. Fall time of the plate
displacement is significantly shorter than its rise time because
the actuator dynamics is different in the falling period, in which
the spring restoring force, not the electrostatic force, provides
acceleration for the actuator when it retracts back to the rest
position. Also the experienced damping force reduces as the
actuator moves away from the top electrode.

VIII. DISCUSSION AND CONCLUSION

We have successfully demonstrated a maximum travel range
of 60% of the gap by using the closed-loop voltage control
approach. The failure of control loop beyond 60% of the gap
is mainly contributed to the loss of phase margin. Insufficient
phase margin can lead to output oscillation. As for our case,
system instability is likely to happen with the actuator dynamics
being different in the forward and backward directions during
oscillation. In other words, the same controller may induce in-
stability when the actuator moves away from the opposing elec-
trode. This is why sufficient phase margin is given in our design
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Fig. 16. The minimum controller gain plotted as a function of normalized
displacement for input disturbance rejection. Also plotted is the optimal linear
time-varying design from Fig. 9(d), and the maximum applied gain to maintain
a marginal system stability.

to produce an overdamped response. Phase margin decreases
with respect to the increasing spring-softening effect and the re-
duced damping coefficient resulted from plate tilt. Tilted plates
result in 30% more of the spring-softening effect than that of
the parallel-plate case at 60% of the gap, thereby reducing the
phase margin by about 10°. The majority of the phase-margin
loss is due to the decrease of damping coefficient. The damping
ratio of the tilted plates at 60% of the gap is only 20% to 30%
of that for the parallel plates, thereby reducing the phase margin
by about 30°.

The linearization technique used for analysis and design of
the controller excludes the effects of initial conditions (i.e., plate
velocity and acceleration) and perturbation of plate displace-
ment. Those effects are crucial in design of nonlinear control
systems, and can contribute to the failure of servo designed by
the linearization technique. Therefore, to enhance the robust
stability, they are modeled as an equivalent disturbance force
injected into the input of the linearized mass-damper-spring
model, and formulated as a disturbance-rejection problem
within the feedback framework. Disturbance rejection often
requires more gain and/or bandwidth from the controller in
addition to realizing the required stability margins for system
stability. Due to the highly unstable pole at very small gaps, the
required controller gain for disturbance rejection can increase
drastically with respect to the plate displacement. As shown
in Fig. 16, the required controller gain is close to 100 for the
plate displacement up to 90% of the initial gap to ensure robust
stability against disturbances, whereas the current controller
gain is insufficient with the value about one-fifth of the required
gain. To compare the gain requirement from the previous
stability analysis, also shown on the plot are the optimal LTV
design from Fig. 9(d), and the maximum LTI controller gain
k, = 220 to maintain a marginal system stability (phase margin
= 0°). If a controller gain k, = 80 is used for disturbance
rejection, the minimum phase margin can be reduced to 20°,
which is much less than the common 60° phase margin for
system stabilization. From the plot we can conclude that it is
difficult to simultaneously satisfy the phase-margin and the
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disturbance-rejection requirements for highly unstable plants at
displacements beyond 80% of the initial gap. Also note that the
required high gain for disturbance rejection at small displace-
ments on the plot is expected because the output displacement
does not behave quasi-statically due to the initial acceleration.
Therefore the controller must have more gain to force the output
back to the quasi-static trajectory. However system stability
in the small-displacement region is not affected because the
actuator is in the stable regime, and required controller gain for
disturbance rejection meets our LTI design before reaching into
the unstable regime.

For the proposed probe-based microdisk drive, a displace-
ment up to 83% of the initial gap is preferred to accommodate
a tip height of 500 nm. Given the achieved 60% travel range,
increase of a total tip height to 1.2 ym has been suggested to
reduce the required plate displacement by additional thin-film
deposition underneath the tip. Future fabrication of the tip actu-
ator array can benefit from the use of the CMOS-MEMS process
for its convenient high-speed circuit integration and existing in-
terconnect to route signals in the array.

Nonlinearities of the actuator and capacitive sensor are suc-
cessfully resolved with a LTI proportional-gain controller. Inte-
gral control can be included in the future to eliminate the steady-
state error from use of a simple proportional-gain controller.
However a very low-frequency zero has to be included in the
controller to compensate for the 90° phase lag of an integrator.
The selection of the two degree-of-freedom control system is
crucial as it decouples the design processes for closed-loop sta-
bility and output tracking. For most stable plants, a single con-
troller may simultaneously handle both requirements because
the classical control theory states that the overshoot in the output
can be eliminated by designing with a 60° phase margin; how-
ever this does not hold true for plants with unstable poles, so
there is no guarantee that both requirements can be satisfied
under such circumstances. To resolve this issue and for effi-
cient design of open-loop bandwidth, we recognize that output
tracking should be realized by open-loop compensation, then
the closed-loop feedback can focus on securing robust stability
only.

In the context of reduced damping due to plate tilt, the
dilemma for design of open-loop bandwidth lies in the diffi-
culty to obtain adequate phase margin without amplification
of the sensor noise. The implemented loop bandwidth is how-
ever already limited by the use of a low-pass filter after the
demodulator, thereby reducing the attainable phase margin.
From the controller design standpoint, use of a LTI controller
facilitates the implementation but is less versatile in terms of
bandwidth efficiency and attainable gain and phase margins
than other alternatives, such as a nonlinear controller and a
LTV controller. Those types of controllers remain interesting
research topics for the future.
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