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ABSTRACT

A brief discussion of a previously designed parallel plate micro-actuator is provided. Theoretical models
for the parallel plate design are then developed to motivate models used in the control design and to illustr-
tate non-linear effects of the parallel plate design. Electrostatic smulations are performed for a comb
finger, high aspect ratio micro-actuator geometry to illustate non-linear effects in an alternative design
approach. These simulations show a significant amount of non-linearity in comb fingers under certain

operating conditions, though they also show the geometries neccesary for linear operation.

Initial continuous-time control designs for the dual-stage servo have been designed and simulated using

Matlab’s p-tools. Single-input/single-output (SISO) and multi-input/multi-output (MIMO) control design
methods have been shown to be capable of meeting specified uncertainty and performance specifications
Uncertainty models have included bearing effects in the disk drive arm as well as high frequency dynamics
not included in the system model. Simulations using a linearized system model with the SISO design
achieved a low frequency disturbance rejection of 59 dB with a bandwidth of 2.0 kHz. The MIMO design
also achieved a low frequency disturbance rejection of 59 dB with a bandwidth of 3.0 kHz-tddis

design procedure and software for both design methods is also described.



ACKNOWLEDGEMENTS

| extend my sincere thanks to Professor Roberto Horowitz for his help and support throughout my master’s
research. His time and care in discussing my research was truly appreciated. | also thank Professor And:
Packard for all of his help in usingtools. His instruction and advice was invaluable throughout my

research.

To everyone in the CML Servo Lab, | enjoyed working with all of you. | particularly thank Dave Horsley

and Satinderpall Pannu. Dave was always a great source of ideas and help with my design work on the
micro-actuator, and | really thank him for all of the research material and slides he let me use in this report
and in my presentation. Sat was just someone | could always count on for anything | needed. You both

were good friends, and | am sure I'll see a lot of you even after | start working.



CHAPTER 1

Background

1.1 Introduction

Increases in data storage density in magnetic disk drives have necessitated the development of increasingly

higher performance servo systems. At the current annual rate of increase of 60%, data densities are

expected to reach 10 GBit/in® by the turn of the century [1]. This trandates into a linear track density of
25,000 tracks per inch, or atrack width of 1 pm. The predicted servo requirements corresponding to these
specifications are a bandwidth near 2 kHz, and a tracking accuracy near 100 nm [2][3]. Conventional
Sservo actuators cannot achieve this high bandwidth or provide this level of tracking accuracy due to reso-
nances in the positioning arm and low frequency bearing effects. Thus, the use of a micro-actuator as a
secondary positioning mechanism for high-bandwidth, high accuracy control was proposed [4]. Current
piezoel ectric actuators built for this task do not use direct position measurements from the micro-actuator
and thus cannot achieve sufficient positioning accuracies[5]. Previous microfabricated electrostatic
devices have been too small to provide an adequate output force [4][6]. Recently, high aspect ratio batch-
fabricated devices, which produce sufficient force to move the slider with the required bandwidth, have
been fabricated both from polysilicon [ 7] and from electroplated metal [2][8]. In this paper, we discuss the
design of the polysilicon actuators as well as the servo system for this new generation of high aspect ratio

actuators.

1.1.1 Dual-Stage Disk Drive

A schematic of a conventional disk driveis shown in Figure 1.1. The positioning system consists of asin-
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Figure 1.1 Schematic of conventional single-stage disk drive.

gle suspension mounted on an arm, which is actuated by an electromagnetic voice coil motor (VCM). The
arm plus suspension (herein just referred to as the arm) sweep a ceramic dlider radially across the disk sur-
face, alowing the read/write elements to transfer data to the disk. The only position measurement is the
position error signal (PES), which is read off of the disk by the read/write head and measures the head

deviation from the track center.

To circumvent the limitations of a single-stage positioning system, the dual-stage actuator schematically



shown in Figure 1.2 is proposed in this paper. In this system, the micro-actuator, which is sandwiched
between the slider and the gimbal at the end of the arm, rotates the dider relative to the gimbal and acts as
a fine-positioning mechanism while the arm continues to perform coarse-positioning. Thus, the micro-
actuator will only be used to follow a single data track, and track seeking will continue to be performed by
the arm alone. The micro-actuator will aso be a high-bandwidth device, as is necessary for achieving
higher data densities, and will be fabricated so as not to suffer from the frictional effects experienced by
the arm. Position measurements from the micro-actuator will be used in the servo loop to achieve the

desired bandwidth and accuracy.

Gimbal

Read/Write Head

Figure 1.2 Exploded view of micro-actuator assembly. The micro-actuator
is sandwiched between the slider and the gimbal at the end of the arm.
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CHAPTER 2

Micro-actuator Design

2.1 Overview

The micro-actuator to be used in the dual-stage disk drive isintended to be a polysilicon, electrostatic, high
aspect ratio device. An electrostatic means of actuation was chosen for its potential to produce a high out-
put force with arelatively small amount of power dissipation. Though an electrostatic device may require a
high output voltage, the currents needed to drive the actuator tend to be small. High aspect ratio geometries
were chosen to increase the force output and sensing signal to noise ratio. These high aspect ratio devices
have become recently become more feasible due to advances in fabrications technologies for micro-elec-

tro-mechanical devices.

Two possible actuator geometries have been investigated thus far. The first uses parallel capacitive platesto
drive the actuator, and the second uses inter-digitated comb fingers. The initial micro-actuator designed
and fabricated by David Horsley uses the parallel plate geometry. A brief description of Horsley’s design is
presented here along with the theoretical model used for parallel plate geometries. Electrostatic simula-
tions for comb finger geometries are also presented below. These simulations help provide design

optimization guidelines for future micro-actuator designs.

2.2 Parallel Plate Micro-Actuator Design

Horsley fabricated parallel plate, polysilicon, electrostatic micro-actuators using the HexSil process [9].

Complete details on the design and fabrication of these devices are contained in [7]. Figure 2.1 shows ar



SEM of a completed actuator. The device consists of pairs of capacitive plates which attach to a rotating
inner ring (or rotor) and a fixed outer ring (or stator). The capacitive plates have a nominal gap size of
11 um and will be used to actuate the device as well as to obtain position measurements from the actuator
using a capacitive sensing scheme [6]. The rotor is attached to an anchored central column via4 pm wide,
100 um tall flexures. These high aspect ratio (25:1) flexures allow the device to have a low resonant fre-
guency about the controlled yaw axis, while maintaining high stiffness about other axes. Thus, a single,
well-defined resonance affects the control design. Furthermore, the use of flexures avoids the bearing fric-
tion limitations of the arm. The finished actuators are 100 pum thick and 2.6 mm in diameter, which is
dightly larger than the 1.2 mm x 1 mm footprint of a standard pico-slider. Since the micro-actuator is only

expected to move the slider +1 um, the maximum angular rotation of the micro-actuator is then 2 mrad.

A rotational topology was chosen for the actuator to allow for a high linear acceleration at the tip of the
dlider, where the read/write head is located, while avoiding acceleration of the center of mass of the dlider.

Additionally, the design should prove to be extremely robust to linear shock disturbances to the drive.

2.2.1 HexSil Fabrication Process

The HexSil fabrication process [9] allows for the low-cost batch production of high aspect-ratio polysili-
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Figure 2.1 SEM of 100 um high, 2.6 mm diameter micro-actuator.



con structures. In electrostatic actuators, the aspect ratio is critical because the output torque and position
sensing signal to noise ratio increase linearly with aspect ratio for a given capacitive gap. Additionally, for
a fixed yaw axis rotational stiffness, the flexural stiffness of the actuator about the pitch and roll axes
increases quadratically with the aspect ratio. The structures are fabricated by depositing polysilicon into
re-usable molds formed in silicon wafers, then released from the molds and transferred to target substrates
using a solder bond [10]. In addition to allowing the integration of micro scale structures with macroscopic
mechanical parts such as the disk-drive suspension, the process provides the ability to transfer actuators

onto standard CM OS dice containing position sensing and high voltage driving electronics.

2.2.2 Electrostatic Actuation

The actuator consists of N pairs of capacitive plates, half of which are used for clockwise rotation, and half
for counter-clockwise rotation. For small rotation angles, 0, the plates can be considered as pardlel plate

capacitors with gaps x; and X,:

X = xn—re Xy = xn+re ’ (2.1)

where r is the distance from the center of the rotor to the center of the plate, and X, is the nominal plate

gap. Applying voltage v, to one half of the structure resultsin an electrostatic torque

f N oVy ?

0) = Nr AEY1 = —re A 2.2
vy, 9) = 7% %15 = 7% n—reE ’ (2.2
where A isthe plate areaand ¢, isthe permittivity of air. Asseenin Eq. (2.2), the output torqueis anon-lin-

ear function of both voltage and rotation, 8. The voltage non-linearity may be reduced by applying

differential voltages v; and v, to the two halves of the structure, where

Vi = VvtV Vo = Vp—Vg - (2.3)

Here vy, isafixed DC bias and v, is the control voltage.

The effect of this differential driving scheme is shown in Figure 2.2 (figure from static tests performed by
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Figure 2.2 Actuator rotation vs. applied voltage. The dashed line shows the rotation
when only one-half of the structure is driven, while the solid line shows the rotation
produced when both halves are used in a differential configuration. An x indicates an
experimental data point. The dash-dot lineis the linearized model.

Horsley). For a constant control voltage, v, the actuator rotation is given by

T(v4,0)—1(v,, 0)
e(VC) = 1 Ke 2 , (2.49)

where Kg represents the mechanical spring stiffness of the flexures which couple the rotor to the fixed

anchor, and t(v4,6) and t(v,,6) are given by Eq. (2.2). The plot shows the rotation predicted by Eq. (2.2) and

the resultant rotation produced by the differential drive relationship expressed in Eq. (2.4). On the plot, an

‘X" indicates the measured rotation of a8 tall version of the actuator under an applied DC bias of

vp = 38 V and a control voltage \between35 V. Note that the relationship between voltage and rotation

is approximately linear for rotations less thdn5 mrad, as seen from the dash-dot line representing the
linearized model described below. Notice that the micro-actuator is not expected to rotate more than

2 mrad.
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2.2.3 Dynamic Model

For small rotational angles, the output torque can be approximated by a linearized model

T(VC, 0) = kva+ kee .

Here ke is adestabilizing electrical spring stiffness, which is given by

2 2
k :i‘[(v e)‘ = w
I X N S
and k,, is the voltage to torque gain, given by

Nre_Av
0 o ''b
k, = oT(Vg e)‘ —52

c X

(0,0) n

The overall second order dynamic equation for the micro-actuator is then

16+ b6+ (Kg—kg)0 = kv,

(2.5)

(2.6)

(2.7)

(2.8)

where | is the combined inertia of the micro-actuator and slider and b is the damping coefficient. Open

loop stability is assured for Ke > ke .

2.2.4 Actuator Results

The actuator is designed to carry a pico-slider and operate from an 80 V supply. A high voltage CMOS

charge pump circuit is being designed which will be located adjacent to the micro-actuator and will pro-

vide the drive voltage by amplifying a base voltage on the order of afew volts, depending on the specific

application. Due to the nature of electrostatic actuation, currents in the nanoamp range will be necessary,

and thus very little power will actually be required to drive the micro-actuator. Given that the pico dider

has a moment of inertia of 0.36 mg-mmz, the actuator must provide a minimum torque of at least 0.19 mN-

mm to provide arange =1 um over a bandwidth of 2 kHz. Under the differential driving scheme given by
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Eq. (2.3), with a DC bias of 40 V and a maximum control voltage swing of £40 V, the DC gain from volt-
ageto positionis 64 prad/V. Thisgain isindicated in Figure 2.2 by the slope of the dash-dot line. Note that
the actuator must rotate £2 mrad to provide a1 um displacement at the read/write elements of the dider,
requiring a voltage to position gain of at least 50 prad/V. The open loop bandwidth of the actuator is there-
fore defined as the maximum frequency at which this gain is achieved. Including a pico-dlider payload and
assuming critical damping as a pessimistic estimate, the calculated actuator natural frequency is 1.8 kHz,
and the required voltage gain can be achieved out to a maximum bandwidth of approximately 1.6 kHz. All

other actuator parameters can be found in [7].

2.3 Comb Finger Simulations

An aternative to the parallel plate actuator geometry discussed above is the use interdigitated comb fin-

gers. As seen in Eq. (2.2), the torque created by the parallel plate device is inversely proportional to x2.
Even with a differential driving scheme, this non-linearity can potentially degrade the performance of the
micro-actuator if not properly accounted for. Although the results shown in Figure 2.2 contain a fairly
small amount of non-linearity over the desired range of motion, future parallel plate designs may exhibit
more non-linearity. Once the actuator diameter is decreased to conform to the size of the dider, the nomi-
nal gap between the plates may also need to be reduced to maintain the same torque output; the result
would be greater force non-linearity. With the comb finger geometry, the force is expected to be indepen-
dent of x, and thus the torque nonlinearity should be less of aconcern. In order to verify the range of linear
operation for high aspect ratio comb finger geometries, electrostatic simulations for various high aspect
ratio comb finger geometries were performed using a boundary element software developed by Per Ljung,
astudent at UC Berkeley.

A schematic of the finger geometry used in the smulationsis shown in Figure 2.3. The direction of actua-
tion is along x. The lower finger is fixed to a ground plane and the other is 2 units (al units normalized)
above the ground plane at a potential of 1 V. Due to the symmetry of the comb finger layout, only a half
cell of afinger was necessary to perform the ssmulation. A full cell contains a mirrored version of the half
cell shown, and a full actuator layout contains repeated versions of the full cell. In the smulations, the
parameters labeled in the figure were each independently varied. For each combination of parameters, the
capacitance between the two fingers was determined as the amount of overlap of the fingers was varied.

The force on the fingers was then calculated by fitting a curve to the capacitance data and taking the deriv-
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Figure 2.3 Schematic of comb finger half cell used for electrostatic simulations.

ative of the capacitance with respect to x. This analysis used all normalized parameter values and did not

include the physical constants relating the derivative of the capacitance to the force.

The curve fit obtained from the simulations for the capacitance between the fingersis

_rh h[w+ 0.259] + 12 g
Cfit = [5_2'5}” =0 +Const x = fingeroverlap . (2.9

Each of the termsin Eq. (2.9) corresponds to the capacitance due to a different part of the finger. The first
term, which is linear in x, is due to the capacitance between the two faces which are separated by the dis-
tance g. This term creates a force independent of x. As expected for a parallel plate capacitor, the
capacitance roughly corresponds to the area of overlap of the two faces divided by the separation of the
faces. The extrafactor of 2.5 isdue to nonlinear effects. The second term corresponds to the capacitance at
the tips of the fingers. This term again roughly corresponds to the area of the tip face divided by the sepa-

ration of the faces. The final term is a constant independent of x and is due to the capacitance between the
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finger and a ground plane. This constant varies for different finger geometries. However, a fit was not

determined because this term does not affect the force on the finger.

The results from taking the derivative of the curve fit in Eq. (2.9) is shown in Figure 2.4. The plots shown
correspond to the finger parameters for which capacitance simulations were actually performed. The key
feature to noteis that although the force is expected to be independent of x, a significant amount of nonlin-
earity appears as the finger overlap approaches the finger length, and thus the fingers are almost completely
engaged. This results from the capacitance at the tips of the fingers. As the fingers become almost com-
pletely disengaged, the force approaches the expected constant value. Using these simulation results, an
actuator utilizing a comb finger geometry can be designed to minimize the effect of non-linearities and

potentially simplify implementation of the micro-actuator.

Force vs Finger Height Force vs Finger Width

30— hz=ao 25 w=4
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Figure 2.4 Electrostatic simulation results for high aspect ratio comb fingers.
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CHAPTER 3

Control Design

3.1 Overview

The use of a secondary positioning mechanism in adisk drive requires the development of a more sophis-
ticated controller than isrequired in aconventional drive. During track seek, the micro-actuator isinactive,
and conventional track seek control algorithms can be used. During the track following mode, however, the
micro-actuator is active, and the new controller can use measurements of the PES and the micro-actuator
position relative to the arm to attempt to keep the PES within its allowable limits while still maintaining
the micro-actuator within its range of motion. At low frequencies where disturbances tend to be large,
tracking must be done primarily by the arm, with the micro-actuator performing some fine-positioning to
compensate for frictional limitations in positioning the arm. At higher frequencies, where disturbances are
smaller and resonances limit the capabilities of the arm, the micro-actuator performs tracking. This chapter
discusses the control methodol ogies possible for the dual-stage servo design as well as the specific control-

ler requirements and the resulting controller simulation results.

3.2 Control Design

Two continuous-time control design approaches have been investigated, each designed usingiMatlab’s

tools toolbox. The first is a single-input/single-output (SISO) approach which assumes that the dynamics
of the arm and micro-actuator are sufficiently decoupled. This assumption is based on the fact that the
micro-actuator inertia and force output are over 100 times smaller than those of the arm and thus have ¢

minor effect on the arm dynamics. In this approach two separate SISO controllers are designed. The first
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Figure 3.1 Block diagram of SSO (a) and MIMO (b)
controller designs. (D denotes track runout.)

controller is designed for the arm to minimize the micro-actuator relative position. It is designed as if the
controller were in a conventional disk drive, where the arm tries to minimize the PES. In this way, the full
tracking capabilities of the arm can be utilized, because at the lower frequencies where the arm does main-
tain the micro-actuator position near zero, tracking is primarily performed by the arm. The second SISO
controller for the micro-actuator accounts for the closed-loop dynamics of the arm and is designed to track
the PES. The second approach is a multi-input/multi-output (MIMO) design. This approach designs a sin-
gle two-input, two-output controller which takes full account of the coupling between the arm and micro-
actuator. In either case, SISO or MIMO, simulations are performed using the full two-input, two-output

system model. Block diagrams of each design approach are shown in Figure 3.1.

The p-tools software uses an iterative method to design H_, controllers satisfying the performance and
uncertainty constraints included in the system description [11]. This approach is attractive for disk drive
applications where the level of disturbance rejection and the bandwidth needed to achieve a desired data
density is known, and the modeling uncertainty due to high frequency dynamics can be quantified. More
detail about how the performance and uncertainty constraints are included in the controller specification is
described below.
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Figure 3.2 Model of dual-stage disk drive used for control design.

3.2.1 System Modeling

The dual-stage disk drive model used for control design and simulation is shown in Figure 3.2. A linear
displacement model is shown here for simplicity. However, an analogous rotary model that more accu-
rately represents the actual system was used for the control design. This model accounts for the system
resonances which have the greatest effect on the PES and relative micro-actuator position. For the arm and
suspension, the model attempts to simulate a response similar to the one shown in Figure 3.3. Thisis an
experimentally measured plant transfer function for a commercially available disk drive and was deter-
mined using PES data. The model in Figure 3.2 captures two features of this transfer function: 1) the linear
region from about 60 Hz to 2 kHz where the arm and suspension act as a pure inertia, and 2) a resonance
near 2 kHz which is due to the first torsional mode of the suspension. To roughly model the effect of bear-
ing stiction, the input to the arm was passed through a second order high pass filter with a cutoff of 60 Hz.
In this way the control input to the arm is attenuated below 60 Hz, which is the approximate threshold of
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Figure 3.3 Typical plant transfer function for commercial disk drive.
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bearing friction effects (see Figure 3.3). Above 2 kHz, the actual system is not well described by the model
due to high frequency resonances[12]; this effect is included in the controller uncertainty specification
described below. This high frequency region is not shown in Figure 3.3 because the PES sampling fre-
quency of the disk drive limited the measurable range of the frequency response. The micro-actuator is
modeled by the linearized expression given in Eq. (2.8). Although the experimental results shown in
Figure 2.2 suggest that the micro-actuator is not linear over the entire +1 um range of motion, the linear
model is used because it is expected that greater linearity can be achieved in future designs or that the

micro-actuator can be linearized through feedback linearization.

The parameters used in the system model were chosen partly based on data from commercial drives and
partly as design variables. For the suspension, the resonance was assumed to be at 2.0 kHz and to have a
damping ratio of 0.01. The additional model parameters for the arm and suspension were based on mea-
surements made on and specifications obtained from commercially available drives. For the micro-
actuator, the resonance due to the combination of the mechanical and electrical spring stiffnesses was
placed at 1.0 kHz, and the damping ratio was chosen as 0.5. The inertia included both the micro-actuator
and dlider, but was primarily due to the dlider alone[7]. The resonance was chosen partly as a design
parameter and partly based on what will be achievable in future micro-actuator designs. In general, it was
chosen to be far from the intended bandwidth at 2.0 kHz and not necessarily to be the same as the reso-
nance for the first generation design described above. Finaly, the micro-actuator damping ratio of 0.05
was chosen arbitrarily. The damping is due to drag forces which act on the dlider as it flies over the disk
surface on an air bearing. To date no one has studied or measured the rotational or lateral dynamics of the

slider relative to the suspension, making any prediction regarding damping difficult.

3.2.2 Controller Specifications

When used to design controllers, the p-tools software package attempts to maintain the closed loop infin-
ity-norm of the system below unity under a specified uncertainty restriction. In order for this process to
yield meaningful controller designs, u-tools must manipulate fictitious signals which are derived by scal-
ing the actual inputs and outputs by frequency dependent weighting blocks; the only information known
about these fictitious signalsisthat the infinity-norm is at most unity. The block diagram including the per-
formance and uncertainty weighting blocks used in the control design is shown in Figure 3.4. Although the

MIMO model is shown, the same weightings were also used for the SISO design.
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and uncertainty weighting blocks.

The fictitious primed track runout input (D’) and outputs (E1" and E2’) with an infinity-norm less than
unity are respectively scaled by the frequency dependent performance weights Wp, Wg4, and W, to get
the actual track runout input (D) and outputs (PES and micro-actuator relative position). The weightings
Wp, Wg4, and Wi, were chosen based on the expected and desired frequency dependence of the inputs and
outputs. In general, to keep the overall system model order and resulting controller order low, weightings
of at most second order were used. The second order disturbance weighting, Wp, used in the design is
shown in Figure 3.5. The shape of this weighting was chosen because the non-repetitive track runout in the

disk drive is expected to have a large low frequency component, with a steady decrease in magnitude for

10 0 1 | 2 3 4
10 10 10 10 10
Hertz

Figure 3.5 Disturbance weight (@) used foru-tools design.
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increasing frequency [12]. Thus, the spectrum of the actual track runout, D, is determined by the weighting
function. The specific low frequency magnitude and the roll-off frequency was chosen such that when
combined with Wg; and W, the low frequency disturbance attenuation is 48 dB for the PES and 32 dB

for the micro-actuator position, and the bandwidth is greater than 800 Hz for the PES and greater than

225 Hz for the micro-actuator position, as discussed below. For Wg4, and Wg, constant values were used

since specific limits on the PES and micro-actuator relative position were known. To leave some room for
error in the disturbance weighting specification, Wg, divided the PES by 80 nm, and Wg, divided the

micro-actuator position by 0.5 um.

The combination of the weightings Wy and W, force the closed loop PES transfer function to have alow
frequency disturbance attenuation of at least 48 dB, with a bandwidth above 800 Hz. W, and Wg; require

the micro-actuator relative position to be attenuated relative to the disturbance by at least 32 dB at low fre-
guencies, with an attenuation bandwidth greater than 225 Hz. The attenuation factors are based on the
amount the low frequency runout weighting must be attenuated in order to maintain the output signals
below their specified bounds, and the bandwidth specifications are based on the maximum frequency at
which the runout weighting is still larger than the bound on the output. The selection of micro-actuator
weights assures that below the attenuation bandwidth, primarily the arm performs tracking, and above this
bandwidth, the micro-actuator tracks the disturbance. The overall micro-actuator bandwidth is then equiv-
alent to the maximum bandwidth at which the PES is attenuated relative to the runout. For the SISO
design, only the weightings Wy and W, were used in the arm controller design. However, for the micro-
actuator controller design, all three weights were used in a similar way as for the MIMO design. Thus, as
discussed above, in the dual-stage design, the arm tracking the micro-actuator position becomes analogous

to the arm tracking the track runout in a conventional drive.

The performance transfer function limits were chosen based on a rough calculation from the sensitivity
transfer function of a commercially available disk drive. The runout attenuation in that drive, which has a
track density of 4,000 tracks per inch, is 32 dB, with a maximum runout to PES attenuation bandwidth of
about 300 Hz. The same disturbance attenuation value and a somewhat more conservative bandwidth were
chosen for the micro-actuator position because of the similarity in function of the arm in the single and
dual-stage drives. A conservative bandwidth was chosen due to the inclusion of modeling uncertainty. For

the PES, the low frequency runout attenuation in the commercial drive was scaled up by the same factor as
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the track density to reach the desired density of 25,000 tracks per inch. The track runout attenuation band-
width was specified to be a little below the desired value of 2.0 kHz, again to accommodate the model
uncertainty, which will be described below. Although these tracking specifications were chosen based on a
conventional drive, it should also be noted that in future designs the presence of the micro-actuator may
allow the bandwidth of the arm to be decreased relative to a conventional disk drive because the micro-
actuator can compensate for some of the low frequency tracking. Thus, the design requirementsfor the arm

may be relaxed.

Modeling uncertainty for the arm and micro-actuator is used to capture the effect of unmodeled high fre-
quency dynamics. In Figure 3.4, the uncertainty weights W;; and W, respectively act on the arm torque

(Tarm) @nd micro-actuator torque (tact) to produce a control input uncertainty. Similar to the performance
weights, d; and o, are arbitrary gains with an infinity-norm less than unity. These are included as addi-

tional inputs to the system (similar to D’), and the net effect is to produce a frequency dependent

percentage uncertainty on the control input.

The specific first order weights W1 and W, used in the control design are shown in Figure 3.6. For both

the arm and micro-actuator, the uncertainty starts at 5% at low frequencies, and it increases to 100% at

high frequencies. In general the transition away from 5% uncertainty was chosen to occur in the neighbor-
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Figure 3.6 Control input uncertainty used for arm ()4
and micro-actuator (\\\,).
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hood of the desired bandwidths for the arm and micro-actuator. Thus, both the arm and the micro-actuator
are assumed to be accurately modeled up to their respective desired closed loop bandwidths. For the arm,
the 20% uncertainty point is at 300 Hz, and at 2 kHz, where its first mechanical resonance is located, the
uncertainty is nearly 100%. For the micro-actuator, there is 20% uncertainty at 1.5 kHz. A general rule of
thumb, which was determined from the controller design obtained, is that the closed loop bandwidth of

both the arm and the micro-actuator roughly corresponds to the 20% uncertainty point.
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CHAPTER 4

Control Design Procedure

4.1 Overview

The software used to design the SISO and MIMO controllers with p-tools in Matlab is discussed below.
Thefilesreferenced are all included in the appendix, except for dkit.m, which is part of the p-tool software.

The procedure follows the general methodology discussed in Chapter 3.

4.2 SISO DESIGN

The SISO design utilizes two separate SISO controllers, one for the arm and one for the micro-actuator.
The arm controller is designed using a single-stage disk drive model containing the arm and suspension
alone. Once this controller has been designed, the loop is closed around the arm controllers using the dual-
stage disk drive model (micro-actuator added to single-stage model). The input to the arm controller is the
relative position of the micro-actuator, and the output is the torque on the arm. The remaining inputs and
outputs are then the PES and the micro-actuator torque, and these are used when designing the micro-actu-

ator controller.

4.2.1 Arm Controller Design
4.2.1.1 System Definition.

The file that sets up the system for the design of the arm controller is u_singl.m. This file first calls the

function mass_1.mto create the single-stage disk drive model. Thefile mass_1.m creates arotary model of
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the arm and suspension, including some effect from low frequency friction. The parameters used are con-

tained in the file arm_para.m. The basic model without friction is created using the standard state space
representation, and then thisis converted into the state space representation used by p-tools using the com-

mand pck’ ([11], p. 8-137). To model low frequency friction in the arm, the torque on the arm is passed
through a high-pass filte¥\{) with a cut-off of 60 Hz. A new friction-effected system is created by adding

the filter to the initial model using the typigaitools system definition commands ([11], pp. 2-33--2-38).

The final system is formed by creating a minimal realization of the system. This is necessary because the
friction filter contains two zeros at the origin that cancel the two poles at the origin from the basic model. If

a minimal realization is not created, numerical effects can hamper subsequent control designs.

After the system model has been created, the performance and uncertainty weights must be added befol
the controller can be designed. The fileights.m creates all of the performance and uncertainty weight-
ings used by the SISO or MIMO designs. The performance weights used for the arm contrdlgr are
(same a¥\y before) andVg,. Wi is the weight describing the expected worst-case runout in the drive, and
W, defines the desired limit on the PES (for the single-stage &8ge)s the uncertainty weighting used

on the torque input to the arm. When these performance and uncertainty weights are added to the systen
again using the standauetools system definition commands, a three-input, three-output open loop system
is created. The first input and output are used to add uncertainty, the second input and output are the nol
malized input and output which are used to measure performance, and the third input and output are the
real variables used by the arm controller. Here, all the normalized inputs and outputs used to measure pel

formance and uncertainty robustness have an infinity-norm less than one.

Once the system has been defined, the states are balanced to avoid numerical problems gioots the
design. Due to the large range of magnitudes of parameters in the system model, the initial controller
design during the D-K iteration can have a very large infinity-norm, which can then lead to problems in the
subsequent iterations. To minimize this effect, the nominal systiesl (bpen’) is scaled by the function
conmuscl.mto create the balanced systdyal ‘ dual’. This function scales the states of the nominal system

so that the initial controller design has a reasonably small infinity norm.

The last variable defined hy singl.mis the file which defines the variables usedlkig.m for controller

design:probleml.m. The variables are: the open-loop system nabat @ual’ in this case), the number of
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measurements used by the controller and the number of controlled variables (one for each in this case), the
frequency pointsto use for evaluating |, and the block matrix defining the structure of the uncertainty and
performance variables. For this problem, the block matrix is ‘[1 1; 1 1], meaning there is one complex

uncertainty, one closed loop input, and one closed loop o@tpupp. 4-1-4-38).

4.2.1.2 Controller Design.

Once the problem definition is completiit.m can be used to perform the controller design ([11], pp. 5-1-
5-10, 4-38-4-42).Dkit.m first designs an H-infinity controller for the nominal system defined in
probleml.m. The controller is designed to achieve the smallest possible infinity-rn@rmupject to the
minimum, maximum, and tolerance fgreach of which is defined by the user or the software before the
controller is designd. Using this minimum norm controller, a plot of the closed-loop singular values is
shown to determine if the frequency range specified fully captures the dynamics of the system. Though the
frequencies defined iprobleml.m are used as the default, this can be modified as necessary. After the fre-
guency points are determingdfor the new closed loop system is calculated at those frequencies, and a
plot is shown. At this point the control design can either be endpdsifess than one as is required for

robust performance, or another iteration can be started.

If another iteration is chosen, then hescales for the next design iteration must be chosen. When calcu-
latingt, aD matrix is calculated at each frequency which gives the corresponding valter tfie closed

loop system. In general,is bounded by:

L < min G(DMD_l), (4.1)

where the minimum is taken over tBematrix, M is the closed loop system, apds calculated on a fre-
guency by frequency basis. The process of reaching the smallest valuavalves trying to find the
optimum controller an®-scale which give the minimupn This is achieved in an iterative process: a con-
troller is designedK-iteration); the D-scale is determined for that controller to calculg@-iteration);

this new D-scale is absorbed into the nominal open loop system; a new controller is designed. Using this
processp generally becomes progressively smaller as better and better controll€rsealés are found;

the process continues until a satisfactorily smadl achieved.
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In order to absorb the D-scale into the nomina system so a new controller can be designed, the D-scale
must have afunctional description. When calculating 1, numerical valuesfor D are used at each frequency.
Thisnumerical datamust befit to a state space description so it can be added to the nominal system. When
fitting the D-scales, there are generally several functions to fit, depending on the system. For the arm con-
troller there are two functions: one for the uncertainty and one for the performance variables. In general it
isdesirableto fit these functions with as low order systems as possible because these functions add directly

to the controller order for the next iteration. The last fit, that for the performance variable, must always be

of order zero because it is aflat line. For the uncertainty function, however, the fit order must be chosen.
While choosing the fits, a plot of u based on the fitted D-scales, a plot of the curve being fit, and a plot of

the sensitivity of [ to the curve fit over the range of frequenciesis shown. These plots can be used to help
choose an appropriate fit. In general it is desirable for the p calculated with the fitted D to be fairly close to

the actual 1 to get good results in the subsequent control design. One option for choosing a fity$ the
command ([11], pp. 5-13-5-14), which automatically fitsBrecale with a function smaller than the max-
imum defined by the user. Though useful, this command can sometimes provide unnecessarily large orde
fits.

The process of designing controllers and chooBirggale fits should continue untilbecomes less than

one. Once this is accomplished, a suitable controller has been found that achieves robust performance ar
controller order reduction can be attempted if necessary. In general, if order reduction is necessary, it is
advisable to have several controllers that achiexel because order reduction can be unpredictable. The

maximum chance of success requires having several controllers from which to choose.

4.2.1.3 Controller Order Reduction

Performing order reduction on the controllers involves finding the states of the controller with the smallest
Hankel norm and attempting to remove some of these states. Testing the reduced order controllers i
achieved by first ensuring that the closed-loop system with the reduced controller is still stable, and then
determining if the new controller still maintaips< 1. In general, if a given reduced order controller does

not satisfy either of theses constraints (stability)pothen a higher order controller will be required. Also,
because stability is a easier condition to verify, this condition should generally used as the initial criterion
for reducing the order. A more detailed description of order reduction can be found in [11](pp. 3-52-3-54),

but an example reduction procedure is listed below.
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[Kb,hs] = syshal(k_dk#);
% k_dk# isnominal controller

k red = strunc(kb, # states);
% k_red is new controller with the number of states specified

clp = starp(dual_open, k_red);
% this creates the closed loop system

spoles(clp);
% check poles of clp; if unstable, increase controller order

w = logspace(0,5,50);
% create frequency points for p evaluation

clp_g = frsp(clp,w);
% calculate closed loop matrix at each frequency point
% if numerical problem exist, use [ clp,hs]=sysbal(clp);

[bnds] = mu(clp_g, [uncertainty; performance]);
% calculate p of system; [unc;perf]=[1 1;1 1] for arm controller

vplot(‘liv,m’, bnds);

% find peak value of

% if p > 1, increase controller order

% w may required modification to focus in on parts of curve

4.2.2 Micro-Actuator Controller Design

Once the reduced order arm controller has been determined, the micro-actuator controller can be designed.

The loop is closed around the arm controller in the dual-stage model, and the micro-actuator controller is

designed using the PES as the control input and the micro-actuator torque as the control output.

Thefile that creates the open loop system for the second-stage design is u_sing2.mThe file used to create

the dual-stage disk drive model ismass_3.mThis fileis amost identical to mass1.mexcept for the addi-

tion of the micro-actuator. Many of the physical parameters are taken from system.mwhich further calls

mofi.m flexure.m and pplatef.m However, the definitions for the damping and stiffness from system.nare

overridden by those within mass_3.m

As in u_singl.m the performance and uncertainty weights are taken from weights.m Now all of the
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weights, Wg, Wg1, Weo, W1, and W, are used. The weights from the previous design are still included to
ensure that the new closed-loop system will still satisfy the requirements. As before, Wr weights the input
disturbance. In the dual-stage design W is used for the PES signal, and W, is used for the relative posi-

tion of the micro-actuator. The uncertainty weights are again used as control input uncertainties, where

W1 isthe arm torque weight and W, is the micro-actuator torque weight.

When the open loop interconnection is created, the key difference from the previous control design is that
the arm controller is added. The reduced order arm controller is contained in the file arm _red.mat, and
should have been created after the design of the arm controller was completed. The final open-loop system
has a similar form to the previous design however. The first two inputs and outputs are for uncertainty, the
third input and the third and fourth outputs are the normalized variables used to evaluate performance, and

the last input and output are the real variables used in the control design.

The scaling performed by conmuscl.m is again performed for the micro-actuator controller. In this case,

the uncertainty block is ‘[1 1; 1 1]’ since there are two independent complex uncertainty terms in the dual-
stage design. The variables useddkiy.m are defined irproblem2.m. The open loop interconnection is
again bal_dual,’ there is again one control measurement and one controlled variable, the frequencies are
redefined to reflect the new system, and the block matrix for the structure of the uncertainty and perfor-
mance is now ‘[1 1; 1 1; 1 2]. Here the uncertainty is the same as mentioned previously, and the

performance block is due to the one closed-loop input and two closed-loop outputs.

The remaining part of the controller design occurs almost identically to the design for the arm controller.
When fitting theD-scales, there are three fittings due to the two uncertainty terms and the one set of perfor-
mance variables. Other than this difference, the control design and controller order reduction are the same

as before.

43 MIMO DESIGN

The MIMO design uses the dual stage disk-drive model to create a single two-input, two-output controller.
The design process is very similar to the process for the SISO designs. The file that creates the system de

inition isu_sing3.m. This file is very similar ta_sing2.m except that no arm controller is added. The other
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minor difference is that a small noise weight (W) is added. The noise weight is required in order to give

the system the proper rank, but it is chosen to be very small to have a minimal effect on the controller

design. The file used to define the variables for dkit.m is problem.m. For the MIMO design there are two
measurements and two controls. The block matrix for the uncertainty and performance is ‘[11; 1 1; 2 2].
Again there are two independent complex uncertainties, two closed-loop outputs, and now two closed-loop

inputs due to the addition of the noise weight.
The remainder of the control design and order reduction proceeds identically to the micro-actuator design

in the SISO case. The same performance and uncertainty weights as are used in the SISO design are us

in the MIMO design (with the addition of the noise weight), and there are agairbtseses to fit.
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CHAPTER 5

Control Design Results

The final, nomina closed-loop PES sensitivity transfer functions for the SISO and MIMO controllers
designed based on the above specifications are shown in Figure 4.1. The nominal transfer functions repre-
senting the tracking of the track runout by the micro-actuator are shown in Figure 4.2. The single-stage
controller designed for the arm alone in the SISO approach is aso shownin Figure 4.1 in order to compare
the dual-stage results with a single-stage system. A key feature of the PES transfer functions is that while
the single-stage design flattens out at 60 Hz due to bearing friction, the micro-actuator enables the dual-
stage designs to continue increasing the attenuation beyond 60 Hz, resulting in an increased low frequency
attenuation of 25 dB relative to the single-stage design. The single-stage controller achieves a low fre-
guency PES disturbance attenuation of 33 dB with a 6 state controller and a bandwidth of 400 Hz. Both the
MIMO and SISO controllers have alow frequency PES disturbance attenuation of 59 dB. The MIMO con-
troller uses only a 9 state controller and achieves a bandwidth of 3.0 kHz. The SISO design, on the other
hand, requires a 13 state controller (6 for the arm and 7 for the micro-actuator), and achieves a bandwidth
of 2.0 kHz. For each of the controllers, order reduction was performed by eliminating some of the states
with the smallest Hankel singular values[11]. The control order for the both the MIMO and SISO designs
was the minimum achievable while still maintaining robust performance. This was tested by checking that

the p of the closed loop system was still less than unity for the reduced order controllers.
As an additional measure of robustness for each of the designs, the phase and gain margins for each con-

troller was determined. The open loop phase margin for the single-stage design is 52°, with a gain margin
of 23 dB. For the MIMO and SISO designs, the margins were determined by breaking the feedback from
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Figure4.1 Nominal closed-loop PESto disturbance transfer function
for single and dual-stage controllers.

the head position and then looking at the open loop transfer function from PES to head position. For the
MIMO design, a phase margin of 60° is achieved with a gain margin of 60 dB. The corresponding SISO
margins are 65° and 24 dB.

The micro-actuator track runout tracking is very similar in both the SISO and MIMO designs. For the
SISO design, the low frequency attenuation from track runout to relative position is 33 dB, and for the
MIMO design it is 37 dB. In this region, tracking is done primarily by the arm. However, in order for the
dual-stage servo to achieve the full runout to PES low frequency attenuation shown in Figure 4.1, some
additional tracking is performed by the micro-actuator in the low frequency region. For the both the SISO
and MIMO designs, the relative position transfer function is near 0 dB from 400 Hz to the system band-
widths of 2.0 kHz and 3.0 kHz, respectively. This region represents the frequencies over which tracking is
done primarily by the micro-actuator since in this frequency region the relative position is approximately

equal to the track runout.

A final feature of both the PES and micro-actuator position transfer functionsisthe small notch that occurs

31



10

_40 I | |
10 10" 10° 10° 10"
Hertz

Figure 4.2 Micro-actuator relative position to disturbance
transfer function for SO and MIMO designs.

at the suspension resonance. Although it is more significant in the SISO design, it occurs to some extent in
both designs. This is due to the fact that the controller attempts to cancel the resonance, but cannot do so
perfectly due to the model uncertainty. As a result, some residual effect is seen in the nominal transfer
function. Nevertheless, over the specified range of uncertainty, the p-tools design guarantees that the sys-

tem will remain stable and achieve the performance specifications.
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CHAPTER 6

Conclusions

The first generation micro-actuator designed and tested by David Horsley has been shown to be capabl e of
nearly achieving the desired 2.0 kHz bandwidth with arange of motion of +1 um. Though thisinitial paral-
lel plate design does not have much force non-linearity over the desired range of motion, it is expected that
this effect will only worsen in future designs. For this reason, electrostatic simulations were perfomed for
actuators driven by comb fingers. Comb fingers are expected to have a force independent of displacement
and thus no non-linearity. Though the simulation did contain a linear range of operation, the results also
showed that for certain geometries and under certain operating conditions significant non-linear effects
appear. Hopefullly these results can therefore be used as a design guideline for selecting comb finger

geometries that avoid the non-linear range of operation.

Two control design methodologies for the dual-stage disk drive were shown to meet desired performance
and uncertainty specifications. The inclusion of uncertainty robustness is important not only for the pres-
ence of unmodeled dynamics, but also due to the varying operating conditions encountered by adisk drive.
The simulated performance of the MIMO controller provided a higher bandwidth with asmaller order con-
troller than did the SISO controller. However, no generalization is made in this respect because the p-tools
design methodology is only guaranteed to meet the minimum specified performance and uncertainty, and
controller order reduction can be an unpredictable process. The smaller order and higher bandwidth of the
MIMO design appear to make it more attractive than the SISO design in this case. However, the final
choice will depend on the precise performance levels desired and whether each design can meet those

specification. Furthermore, implementation on adisk drive is an important consideration because the SISO

33



controller may potentially be incorporated as an add-on compensator in a conventional servo system,

whereas the MIMO design will require a completely new servo architecture.
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