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ABSTRACT

This thesis presents a method of sliding mode control (SMC) designing and
developing for the servo system in a dual-stage actuator (DSA) hard disk drive. The
mathematical modeling of the hard disk drive actuators was obtained by extracting
from the measuring frequency response of the voice-coil motor (VCM) and the PZT
micro-actuator separately. The Matlab software tools were used for mathematical
model estimation and also for the controller design and simulation. A model-
reference approach for the tracking requirements has been selected as a proposed
technique in this study. The time-domain simulation results showed that the
performances of a model-reference SMC controller in DSA servo system could be
satisfied in the tracking error under the presence of internal and external disturbance
in track-following mode. It shows the ability to keep the head position within the
boundary of +/-10% of track width. The performances of the proposed model-
reference SMC controlled DSA system met all requirement specifications. The
reduction of the positioning error (PES) was significantly obtained when compared to
the single-state actuator (SSA). The performances of the proposed controller design
were also compared to the conventional PID control. The results showed that the
model-reference SMC design could overcome the classical PID technique for the

tracking performance benchmarking.
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Chapter 1

Introduction

The first Hard Disk Drive (HDD) was invented in the 1950s by a group of
researchers and engineers in IBM. The first HDD is the “IBM 305” RAMAC (random access
method of accounting and control). It had a capacity of about 5 MB (Mega-bytes), stored
on fifty of 24-inch disks. It had bit density of 2000 bits per square inch. The first
generation of HDDs used in personal computers in the early 1980s had a capacity of 10
MB. In modern HDDs, rotating disks coated with a thin magnetic layer or recording
medium are written with data that are arranged in concentric circles so called “tracks”.
A disk drive stores data as magnetic patterns on one or more disks. The data bit stored
as a binary represented by a polarity of each bit-is detected (read) or set (written) by a
read/write (R/W) head. This is done by sweeping the R/W head over the disk(s). The
conventional HDD component is-illustrated in Fig. 1.1. The tracks and the data bits on a
disk surface should be written as closed as possible so that the usage of the disk surface
could be maximized. By doing this, the increasing of track density and bit density could
be achieved. The track density means the number of tracks encircling the disk in one

inch radial, and the bit density means the number of bits in each track.

1

Disk /| Spindle
S m, Cymotor

Fig. 1.1: Schematic diagram of a hard disk drive (HDD) [5].



In HDD, a media disk is the principal component that enables the storage of
binary data information. The data information bits are stored in concentric data tracks on
a rotating disks coated with magnetic media while the R/W head is recorded and
retrieved the data information from media. A motor so called spindle-motor has a job of
spinning the disk(s). An actuator arm has a function to position the R/W head accessing
the desired target track. Fig.1.2 shows the important components found in a typical HDD.
The actuator arm so called “Head Stack Assembly (HSA)” consists of a voice coil motor
(VCM), an E-block arm, suspensions, and slider heads. The R/W head is fabricated on the
edge of each slider (one for-each disk surface). Each slider is supported by a suspension
and flies over the surface of a disk on an air bearing. The VCM actuates the suspensions

and sliders about a pivot in the center of the E-block.

Fig: 1.2: Schematic diagram of a head stack assembly (HSA) [5].

The other major function in HDD is called “servo control system”. The job of a
disk drive’s servo control is to position the R/W head over the bits to be read or written
as they spin on the disk. However, the servo bandwidth of a traditional single-stage
actuator (SSA) system is limited by the multiple mechanical resonance modes of the
pivot, the E-block, the VCM and the suspension. Nonlinear friction of the pivot bearing
also limits achievable servo precision.

The Dual-Stage Actuator (DSA) has been introduced as a solution to overcome
the limitation. The DSA has been developed and involved by integrating piezoelectric
materials mounted on a large conventional VCM to act as a secondary actuator so
called “micro-actuator” as illustrated in Fig.1.3. Normally, the micro-actuator uses PZT

(Lead-Zirconate-Titanate) material by utilizing the piezoelectric effects to convert from



electrical voltage to mechanical displacement. The suspension-based micro-actuator
approach which the PZT actuator are placed onto the suspension of a head-gimbal
assembly (HGA) at the location between the R/W head and the E-block arm, will be
used in this study.

Researches in the HDD industry at the present time set the target of an areal
density at 1 Tera-bits per square inch with requires track density of 500 k (kilo) tracks per
inch (TPI). This implies that the track width has to be smaller than 50 nm (nanometer).
This is leading to decreasing in error of the positioning of the R/W head that flies on the
center of the target track during read and/or write data. The key to increase HDD servo
precision is to increase the servo control bandwidth. Thus, it is.necessary to introduce
more advanced control techniques to achieve tighter regulation in the control of the

HDD servomechanism.

VCM
ACTUATOR PIVOT PZT MICRO- SLIDER
ACTUATOR HEAD

Fig. 1.3: Schematic diagram of a Dual-stage actuator in HDD.

1.1 Statement and Significance of the Problem

In HDD industry, capacity and ‘access performances are the keys of product
specifications. To achieve larger capacity, an increasing of areal density is most
important, meaning that both track density and bit density are the major targets to be
improved. A servo control system is the one of most several factors that need to be
improved to achieve the tighter principle requirements such as a positioning accuracy in
the order of a few nanometers. The implementation of the servo controller relies on the
position error signal (PES), which is obtained by reading the position information
encoded on the disk’s data tracks. The position error is also called track mis-registration

(TMR) induced from many sources of disturbances such as spindle motor run out, disk



fluttering, bias force, vibrations, shock disturbance, arm and suspension vibrations due to
air turbulence, PES noise and etc. Various control design architectures and
methodologies have been developed and designed for the DSA servo control. A simple
rule of thumb for servo design in HDDs is that three times the statistical standard
deviation (30) of the position error between the head and the center of the data track
should be less than 1/10 of the track width (+/-10% off track). Thus, to achieve a storage
density enhancement, nanometer-level precision of the servo system is required.

There are many control designs that have been developed for the DSA servo
control and can be largely classified into two categories. The first group is based on the
decoupled or sequential single-input single-output (SISO) designs. The other group is
based on the modern optimal design methodologies such as linear quadratic Gaussian
(LQG), loop-transfer recovery (LTR), H2/Hee and etc. In existing literatures, either adaptive
or robust control or both are designed to handle the disturbances and model
uncertainties. Many researchers are interesting of benchmarking problem with new
approach using the linear and/or nonlinear control techniques to solve the problem.

This thesis presents the design of the Sliding Mode Control (SMC) for the DSA
track-following control in HDD. The SMC has been studied and proven that it has
attributed to robustness for dealing with the parametric uncertainties and disturbances.
The principle of the SMC method can be found from [22]-[24] and references therein.
The SMC used in this study is based on a model-reference approach, suitable for
tracking of the multi-input-multi-output (MIMO) systems so it could be adapted for the

track-following servo control for the DSA system in HDD.

1.2 Objectives

This thesis is to develop and design a track-following DSA servo controller in
order that the R/W head displacement tracks a reference input under the presence of
TMR disturbances. This study will come up an alternative controller design technique for
the DSA servo system in HDD. The objectives of this study are in following:

1.2.1 To obtain system identification of the DSA by extracting from its

measuring data.



1.2.2 To design the SMC based on a model-reference approach for the DSA
track-following servo control in HDD.
1.2.3 The performances of the proposed design has to meet the following
specifications:
1.2.3.1 The mean of the steady-state error is zero.
1.2.3.2 The 30 PES is to be less than 10% of track width under the
presence of TMR disturbances.
1.2.3.3 The 5% settling time of step response is to be short as short as
possible and the overshoot/undershoot is to be less than 5%.
1.2.3.4 The PZT must settle down to zero in the steady state for the next

move.

1.3 Scope of the thesis

The Matlab software tools are used to obtain math model and also for controller
design. The study results are to be done by simulation. The scope of this work is in the
following workflow:

1.3.1 The modeling DSA wused for this study is obtained using actual
measurement of a 1TB HDD. The frequency response data of the DSA are
measured in drive level.

1.3.2 The Matlab software tools are used to obtain and validate the
mathematical model.

1.3.3 The Matlab software tools are used for controller design and simulation.

1.3.4 The TMR disturbances used for validating the controller performance is
obtained from the actual measurement in disk drive operating.

1.3.5 The results of proposed technique are compared to the desired
specifications.

1:3.6  The results of proposed DSA technique are compared to the SSA.

1.3.7 The results of proposed technique are compared to the conventional

technique using PID (proportional integral derivative) control design.



1.4 Hypothesis

An increasing of track density results in a small track width in a few tens
nanometer. The track-following servo control must be designed to be robust against the
TMR disturbances. The SMC control theory has been proven that it is robustness for
dealing with parametric uncertainties and disturbances. Therefore, the SMC when
adapted for DSA track-following servo system in HDD should be able to accurately

position the R/W head on a center track, hence achieving the growth of areal density.

1.5 Limitations and Conceptual Framework

A model-reference approach for tracking requirement has been selected as a
proposed technique in this study. The performances of proposed controller design are
to be evaluated. Although the DSA plant is derived from the measurement data of the
actual HDD, it is not feasible to implement the proposed technique into the actual HDD
for experiment at the present time. However, it is highly confident that the proposed
control technique could be applied to HDD since the mathematical models have been

validated and the actual measured TMR sources are used in the simulation.

1.6 Thesis Outline

The organization of this thesis is followed by:

Chapter 1 discusses about the introduction of the thesis. Basic knowledge of an
HDD and components using in modern HDD are presented. The problem statement, the
objective, scope of thesis and the limitation of this thesis are also discussed.

Chapter 2 presents the literatures reviewed. This could give more understanding
in the background and overall of the servo control in HDD. The method of models
estimation and the controller schemes for the DSA are also reviewed. The several of
design methods and the problem of the TMR disturbances are also discussed in this
section.

Chapter 3 introduces the mathematic modeling of the DSA using in this study.
The frequency response data are measured from the actual plants. The model

estimation of the DSA is extracted from its measuring data using the tools in Matlab. The



predetermined mathematical models are also validated. The theoretical principle of the
SMC is also explained in this section. A model-reference SMC is designed for the DSA
track-following servo control. The control parameters are determined to achieve the
performance specifications.

Chapter 4 discusses the simulation results in time-domain. The 30 PES tracking
error performances of the controller design are evaluated using the measured TMR,
while the settling-time and the overshoot are obtained from the step response. The
performances of the proposed technique a model-reference SMC in the DSA system is
compared to the SSA system, as well as benchmarking with the conventional PID
control.

Chapter 5 concludes and summarizes the outcome of this work.



Chapter 2

Literature Review

There are many works that have been done recently to improve the
performance of the HDD. Some of them have been studied and involved the increasing
of the area density in the HDD. In this section discusses about literature reviews which
could attain the fundamental knowledge of the thesis study. This section is emphasized
on the reviewing of a DSA servo control in the HDD. In [1], a proposed of an idea in HDD
technology development is discussed and showed that many issues could be solved by
advanced controls. The suggestions are helpful for both industry and academy forums
to take up challenging new innovative ideas and future works about advance techniques
in the HDD servo control. The work in this section is organized as: The mathematic
modeling of the HDD actuators are discussed in section 2.1. The principle of HDD servo
control, key performances and'design schemes are presented in section 2.2. Then the
previous works based on the modern control and the decouple method are reviewed in

section 2.3,

2.1 Mathematic Modeling of Actuators
2.1.1 Measurement of Frequency Response

In general, the physical HDD actuator can be represented by its frequency
response and its corresponding mathematical model. In order to achieve a certain
desirable performance for a given plant, it is necessary to derive an accurate model for
the plant that is suitable for controller design. A typical plant model of HDD servo
system includes a driver (power amplifier) and filter.

Laser Doppler Vibrometer (LDV) is a non-contact optical instrument used for
accurately measuring velocity and displacement of vibrating structures. It is used to
obtain the frequency response data of HDD actuator whose displacement or velocity is
to be measured. The experiment measuring is repeated several times to compensate for

the measurement variances. The velocity of the moving reflector can be measured by



measuring the change in frequency between the incident and the reflected beams. The
LDV measures the velocity. The velocity signal is integrated to get the displacement. The
measured magnitude response is in the unit of meter per volt (m/V). The schematic
drawing of the experimental set-up in order to measure frequency response of an
actuator in HDD is shown in Fig. 2.1 [3]. The previous study suggests that the amplitude
of the swept sine used in the modeling process taken should be taken care as follows.
At low frequency, the amplitude should be kept small to keep the actuator moving
within acceptable range of the LDV. At higher frequency, the response of the actuator is
attenuated and the input amplitude is increased to get a better measurement of gain

and phase [2]-{4], [6]-[7].

Fig. 2.1: Experimental set-up for measurement of frequency response [3].

2.1.2 Measurement of Frequency Response of Dual-Stage Actuator

Many literatures described the classical system identification techniques for the
DSA in HDD. Normally, the DSA consists of a VCM and PZT micro-actuator. The VCM acts
as the coarse actuator and the PZT micro-actuator gives small displacement range for
improving the tracking performance of the servo control. For application in the head-
positioning servomechanism of HDD, the PZT micro-actuator is fabricated as an
integrated part of the suspension. The displacement of the R/W head is the combined
effect of both the VCM and PZT micro-actuator as shown in Fig.2.2. The DSA is designed
as a dual-input single-output (DISO) system. In the published literatures, this gives an
advantage of independent measuring each of actuator separately. The experiments are

carried out to get the frequency response data for each input of the DSA. The response
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of the VCM is measured when the voltage of PZT micro-actuator is set to zero during
this stage of measurement to ensure that the secondary actuator is not excited. Then
the response of the PZT micro-actuator is measured while the VCM actuator is biased
with a suitable constant current to overcome the effect of bias force exerted on the

VCM actuator [6]-[10].

VCM ACTUATOR PZT MiICRO-
ACTUAT

y=y,+y,
l AMPUFIER] ] LAMPUF!ERQ I
/7 /!
u, u,

Fig. 2.2: Dual-Stage Actuator Head Position.

The alternative method for obtaining the data is simply to do it in the disk drive
level by using the position measurement from the feedback control system. This
method has the advantages as the extracted data are measured exactly from the system
and all effects are included. Normally, this method could be done on production drives

in the factory [10].

2.1.3 Identification of Transfer Function Model

The excitation signals are fed into to each of actuator driver separately and then
the gain and phase response at each of the frequencies are considered. The actual
dynamics model of actuators is more complex because of their resonance modes. It
may need a transfer function of higher order for an accurately model. The input-output

behavior of a dynamics system can be modeled using a transfer function as

Y) : B(s)
Uwi) Ags)

Gs) =
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where Yy and Uy are the Laplace Transform of the output ygu and input ug,
respectively. The transfer function, Gg) is the ratio of two polynomials of Laplace
Transform parameter s. The frequency response data included multiple resonance
modes were used to identify the transfer function of both actuators according to a
Linear Time-Invariant (LT1) dynamic system. The frequency response data can be formed
as.

Bsy _bys"+bs™ +..4b,

As, as"+as" +..+a,

Many literatures presented least-square method for model fitting on the
complex plane. The principle of least-square is to minimize the sum of square of
residual errors. A transfer function model is extracted from the measurement at a
discrete set of frequencies. The order of the transfer function model was selected
through the cost functions obtained from least-square estimation (LSE) technique for

different orders of the transfer function.

LSEZ

The frequency response of a linear dynamic system represents its input-output
behavior in the steady state that can be expressed by two parameters - Gain (K) and
Phase (8) representing the amount of attenuation or magnification and phase-shift,
respectively. The effectiveness of the proposed technique has been verified in
modelling of a hard disk drive actuator [3]-[6], [9]-[10].

The example plot of the frequency response model of the VCM actuator and the
PZT micro-actuator can be obtained as the second-order model multiplies with their

resonance modes as shown in Fig. 2.3 and Fig. 2.4 respectively.
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Fig. 2.3: Frequency response characteristics of the VCM [9].
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Fig. 2.4: Frequency response characteristics of the micro-actuator [9].

On the other hand, other techniques for system identification in frequency
domain could also be found such as prediction error identification and a weight function
matrix. It can be done in discrete-time in which the frequency data set is converted into
time-domain then model can be obtained by invert discrete Fourier transform. The
system identification methods can also be done in time-domain by applied impulse or

step function then monitored the response [6].
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2.2 Hard Disk Drive Servo Control

2.2.1 Introduction to HDD Servo Control

The task of an HDD servo system is to position the R/W head over the bits to be
read or written as during the disks are spinning. HDD servo control has to move the R/W
head to the desired track as fast as possible, referred as track-seeking control. The drive
is in track-seeking control mode when it receive a seek command. Once the R/W head is
on-track, the positioning of the R/W head on the center of the track is required as
precisely as possible, referred as track-following control. When the head is positioned
over the desired track, the drive switches into track-following mode then data can be
read and/or written as quickly and reliably. The schematic of HDD servo system is
illustrated in Fig. 2.5 [7].

Media noise )
& defects m
nonlivearity
Power PES
Drivers demodulator

) Pivet Mechanical ;
S.;:mzﬁon noulincaritics emmiances wnﬂm

DrA Contrller {e—— | AD

[ 3

Truncation and roundoff
Fig. 2.5: Schematic of Closed-Loop HDD Servo Control [7].

All modern HDD, the relative position of the R/W head can be directly read from
the media by using a method called embedded servo or sector servo. The
implementation of the servo controller relies on the positioning error signal (PES), which

is obtained by reading the position information encoded on the disk’s data tracks. Each
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track is further divided into sectors, using some special magnetic patterns written on the
disks at the time of manufacturing. Servo patterns are created during manufacturing of
the drive and the firmware of the HDD must be not to overwrite them in any situation.
These special patterns are known as servo sectors which divided a track into equal
segments, and data is written in these segments. The segment of the track contains the
servo information in an embedded servo drive is known as servo sectors, and the
section between two servo sectors is allocated for storing data bits is shown in Fig.2.6.

Number of servo sectors per track is the same on all surfaces in an HDD [1], (6]-[7].

Actuator

Fig. 2.6: Schematic of Tracks, Sectors and Actuator [7].

2.2.2 Track-Seeking and Track-Following on Hard Disk Drive

Both track-seeking and track-following modes use the same actuator to have the
motion of R/W head to fly over the disk surface. Error tolerance during the track-
following is in the scales of nanometers, and it must be achieved under the presence of
various disturbances. On the other hand, the motion of R/W head from one track to
another track or called track-seeking is to be performed in sub-milliseconds. Design
objectives of these two modes of operation are significantly different. Besides, there
must be a smooth transition between these two modes. It is impossible to meet the
specifications of both modes using a single control law. Two difference controllers can
also be made to produce desired performances for each task independently. However,

while designing and implementing such controller, special attention must be ensure that
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sudden change in the amplitude of control signal does not occur at the time of

switching between modes [5]-[9], [14].

2.2.3 Source of Track Mis-Registration (TMR)

The servo system in HDD has to achieve tighter regulation control. The absolute
track-following error with deviate from the center of the target track is commonly called
“track mis-registration (TMR)”. TMR is defined as the error from a nominal distance as
shown in Fig. 2.7. The tracking error during regulation of head position must be less than
10% of the track pitch (distance between the two adjacent tracks), currently is in a few

nanometer [1], [5]-[10].

Actual head pass

Yy TMI'{\ | ‘ Written servo track

Written-in TMR gl _\:L A

_______ 20 e X 4Track

Track squeeze Ideal track center

Fig. 2.7: Illustration of track mis-registration (TMR).

The disturbances affecting the performance of HDD head positioning
servomechanism are contributed by some internal components of the drive as well as
the external sources to the HDD, and are illustrated in Fig. 2.8. Major TMR sources are
induced by internal compeonents which consists of model mismatched, spindle runout,
disk fluttering, bias force, arm and suspension vibrations due to air turbulence, PES
noise, residual vibration due to seek/settling and airflow-excited suspension. The disk
runout is a significant component in the TMR that can be broken down into: a
repeatable runout (RRO) and a non-repeatable runout (NRRO). RRO mainly results from
disk eccentricity, non-ideal servo track writing and spindle motor vibration, is hence
synchronous with the disk rotation speed. All other runout other than RRO is referred to
NRRO. The external disturbances are typically in the form of shocks and/or vibrations

that come from the environment [1], [6]-[7].
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1. Intemnal disturbances
~due to disk rotations

*Noise (PES, P/K)

| 2. External disturbances
- *shock, vibration (mobile)
adjacent HDD (RAID)

i+ Lfeature>
+HDD always has disturbance
*many spectrum in disturbance

vﬂ:ruions ]

Fig. 2.8: A'typical HDD indicating the various sources of TMR [1].

2.2.4 Positioning Error Signal (PES)

The position of the head is detected by the positioning error signals (PES)
embedded in the data track. After assembling the HDA, the position signals are recorded
on each disk by the write head using servo-writing equipment (servo track writer) in the
HDD manufacturing. The position signals are recorded in a certain time interval on each
track. Consequently, the position error between the head and the track can be detected
directly by reading the position signal in the interval sampling period time. The position
information usually. consists of two parts: the coarse position giving track number and
the fine position information relative to each track is shown in Fig. 2.9. Servo patterns
are created during manufacturing of the drive and the firmware of the HDD and must be
not overwritten in any situation. The PES represents the position difference between the
center of target reference track and the R/W head position in track-following, which is

measured by using of position bursts which are parts of the servo information.



dulnneayanan nizeuInMMANTYIN

17

Data tracks
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Fig. 2.9: A Typical Position Signal Pattern of HDD [1].

Track following servo systems have to ensure that the PES is kept to a minimum.

The statistical distribution of the deviation measured by PES is assumed to have a

Gaussian distribution and its three-times of the standard deviation 30 is often used to

evaluate the TMR as illustrated in Fig. 2.10 [1], [6]-[7].
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Fig. 2.10: PES Positioning Accuracy Evaluation [1].
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2.2.5 Servo Bandwidth and Sensitivity Function

One of the most effective methods to reduce PES and increase precision, the
servo bandwidth has to be increased in order to attend the sensitivity function S(s). The
sensitivity is commonly used as the principle property to obtain the proportional-band

of feedback control loop. Figure 2.11 shows the simple block diagram of an HDD servo

d l n

Fig. 2.11: Simple Block Diagram of HDD Servo Control [5].

control.

S is the closed-loop sensitivity function defined as

S(s)= :
1+G,.(5)G,(s)

N
o
4
-

o

Gain (dB)

)
[=]

L riiel L b b d kil

-40 S il = i 1
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Frequency (Hz)

Fig. 2.12: Sensitivity Function Response [1].

An example of sensitivity function plot is illustrated in Fig. 2.12. In order to test

the robustness of our design against the disturbances mentioned previously, the TMR is
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input into the system, while keeping the reference signal a zero value. The expected PES

in the presence of noises can be found subsequently [5]-[7].

2.3 Dual-Stage Actuator Servo Control in HDD

Various control designs have been developed for the DSA servo control and can
be largely classified into two categories: the designs based on the decoupled or
sequential single-input single-output (SISO), and the other ones based on modemn
optimal design methodologies such as linear quadratic Gaussian (LQG), loop-transfer
recovery (LTR), H2/Hoo and etc. In previous studies show the both adaptive and robust
control algorithms could be designed to handle external disturbance and model
uncertainties. The previous studied could be found as below:

In [8], a settling control of a DSA system in HDD was presented. The mode
switching was designed to switch between seeking, settling and following control
together with the decoupling controller scheme. The controller was designed into three
parts. The first part, the VCM feedback loop, is designed to meet the appropriate
performance and stability. The second part is the PZT controller and a decoupling filter
which are designed in order to achieve performance of the DSA. The decoupling filter is
placed between the PZT controller output and the VCM controller input so that the
PZT micro-actuator output is canceled at the VCM controller input. In the third part, the
reference trajectory is designed for fast and smooth settling. The sensitivity function is
used as a performance evaluation, and the gain and phase margins of the open-loop
characteristic are used as stability criteria.

In [9], the design and implementation of a DSA servo system was considered. The
VCM actuator was used to quickly move the R/W head of the HDD servo system to a
target track, while the PZT micro-actuator was used to fine-tune the R/W head position
when it was closer to the target. The composite nonlinear feedback (CNF) control, which
has fast rise-time and small overshoot was designed for VCM. A simple static gain with a
low-pass filter was apptied for PZT micro-actuator. Simulation and implementation show
significant improving in the both of settling-time and the PES tests in track-following

mode.
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In [10] and [11], the authors described the design of multi-input-multi-output
(MIMO) approach for the HDD track-following control. A robust control design approach
was based on the D-K iteration approach to p-synthesis. The p-synthesis required to
develop a design interconnect specifying the system model, uncertainty, and weighted
disturbance and penalty signals to be used by the optimization. The overall DSA system
provided a high bandwidth which could be capable of very fine positioning under a
various contents of disturbances.

In [12], a design of compensators for dual-input/single-output (DISO) systems was
presented. The structure of a DISO system was very simpler than the structure of the
general MIMO system. While the method involved the design of two SISO compensators,
it was different from the master-slave technique. The proposed method eased the
problem by converting control scheme into SISO design problems, which was well
suited to frequency-response design techniques. The first part of the method was the
design of a stabilizing compensator for an auxiliary feedback system. The second SISO
compensator design was used to ensure that the feedback system was stable and then
the performance and robustness specifications were achieved when evaluated in the
discrete-time.

In [13], a nonlinear tracking control method for a DSA in HDD system was
discussed. The design objective was to reduce the settling-time, so the VCM actuator
closed-loop controller was designed with a small damping ratio for a fast rise-time and
certain allowable overshoot. A composite nonlinear control law was designed for the
PZT actuator to reduce the overshoot caused by the VCM actuator as the system output
approached the target track. Experiments were also conducted, and the results showed
a short seeking time and better track-following accuracy compared to the SSA system.

In [14], a new approach mode-switching control design in HDD servo systems was
discussed. The proposed scheme used a proximate time-optimal in the track-seeking
mode, and a robust perfect tracking (RPT) controller in the track-following mode. The
proposed method did not require an initial value during mode switching due to some

properties of the RPT controller in the secondary stage. The results of tracking error
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under presence of disturbances and initial conditions showed improvement in seeking
and settling-time over the conventional techniques.

In [15], two mechatronic inventions for the DSA servo system in HDD are
developed. The first was the utilizing of high bandwidth DSA servo systems to improve
the precision and track-following capability of the R/W head positioning control using the
decoupling method. The second was the invention of the suspensions with vibration
sensing strain gages acts as a vibration sensor. The proposed method could enhance the
technique for tackle the problem of vibration in HDD.

In [16], a Heo control design to achieve fast and accurate head positioning for the
DSA in HDD servo system is proposed. The control scheme consisted of a tracking
differentiator (TD) to avoid actuator saturation. Hee disturbance decoupling controller
dealt with the disturbances and improved the tracking performance. The simulation
results in time domain and frequency domain showed that TD has provided a smooth
reference signal in a feed-forward which reduced the system error, and could decrease
the control effort of the both actuators. The VCM actuator was controlled by a notch
filter in series with a lead compensator to stabilize the servo loop.

In [17], a discrete-time with sliding model control (SMC) design of a DSA system
in HDD was considered. A state estimator based SMC was designed in the discrete time
domain. The simulation results showed that the performance of the proposed technique
was very fast seeking in the micro-actuator range.

In [18], an SMC based learning controller for the track-following in HDD was
developed. Mathematical derivations of the control law and stability analysis were
presented. The proposed controller incorporated characteristics of an SMC with the
learning control. The learning algorithm utilized shape functions to approximate
functions in the integral transforms and estimated the control input to reduce the
repetitive error.

In [19], a discrete-time SMC scheme for a DSA tracking control system was
proposed. The settling-time of the controlled system could be pre-specified by selecting

a sliding hyper-plane. The results on the design of a track-seeking controller for an
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optical head system showed that the proposed selecting a hyper-plane scheme
provided better performance when compared to the switching controller method.

In [20], the application of a discrete-time SMC to a DSA system in HDD was
described. The observer based control for the secondary actuator was incorporated with
SMC. The performances for the track-seeking and track-settling process were
demonstrated. The dynamics of the discrete-time SMC in state feedback controller were
designed using a singular LQR approach. The proposed technique could help in reaching-
phase when the states distance was far away from the sliding surface to minimize the
magnitude of the control action.

In [21], a time optimal-based discrete-time SMC for HDD was developed. In this
approach, an approximate time optimal switching curve was adopted for the time-
varying SMC design, which consisted of an equivalent part and a discontinuous. The
trajectory from any initial point was driven into a sliding region closed to the switching
surface without chattering and remained there. There was the one time-varying switching
surface for both track-seeking and track-following control which had provided the
smooth transition. The results showed that the proposed scheme provided better
performance during track-seeking than the conventional proximate time-optimal control
and better for the disturbance suppression for a track-following compared to the
conventional PID control.

Several architectures and desien methodologies have been proposed to
transform the DSA control design problem into the decoupled or the sequential
multiple SISO compensator design such as a master-slave design, a decoupled design, a
PQ method and a parallel design. The block diagram and principle of each DSA
controller design will be discussed in following. The G; and G, represent the VCM
actuator and the PZT micro-actuator respectively; x; is the position of the VCM; x, is the
position of the micro-actuator relative to the coarse actuator; x, is the total position
output; r is the reference input and is represented by the TMR in the track-following

mode. The PES is the position error as e = r - x,.
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In master-slave structure, the absolute position error is fed to the input of PZT
micro-actuator, and the output is fed to VCM actuator controller input as shown in Fig.

2.13.

*I

Fig. 2.13: Master—slave design structure [5].

Figure 2.14 shows the decoupled design structure. A summation of the PZT
output and the error position-are fed to the input of the VCM controller. The advantage
feature of this structure is that the control system is decoupled into two independent
control loops, and the total sensitivity function is the product of the sensitivity functions
of each of the control loops. Decoupled design is also referred to as decoupled master-

slave or sensitivity-function-decoupling.
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Fig. 2.14: Decoupled control design structure [5].

The PQ method is another control design of the DISO systems is shown in Fig.
2.15. The PQ design for a DSA controller can be designed in two steps. The first involves
the design, P is defined by P = G/G, and an auxiliary compensator Q is defined by Q =
C/C, where Q is designed and relative contribution of the VCM and PZT micro-
actuators. The 0 dB crossover frequency and phase margin of the open-loop transfer

function PQ are the design parameters. The second step in the PQ design methodology
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is to design a compensator Cy. Then the bandwidth, gain margin, phase margin, and error

rejection requirements of the control system are obtained.

Fig. 2.15: PQ control design structure [5].

The DSA servo controtler in a parallel structure is shown .in Fig. 2.16. The first
constraint implies that the open-loop frequency response of the DSA control system at
high frequency approximately equals to the PZT controt loop. Thus the compensator C,
can be designed independently as a SISO design problem. The second constraint is to
ensure that the PZT micro-actuator will not be saturated, then the compensator C, can
be designed for the SISO plant model with the PZT closed-loop control. The advantage
of this designed is to satisfy the bandwidth, gain margin, and phase margin requirements

and the overall stability requirement of the DSA system.

Fig. 2.16: Parallel control design structure [5].
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Chapter 3

Research Methodology

In this chapter, the frequency response data are extracted from actual measuring
and then mathematical modeling of the DSA system is obtained. The basic knowledge of
an SMC control and enhancement of a model-reference SMC technique are also
discussed in the designing of track-following servo control. This chapter describes the
research methodology and is organized as follow. Section 3.1 describes the
mathematical modeling of the both of VCM and PZT are obtained and validated. The
basic knowledge of an SMC is discussed in Section 3.2. A model-reference SMC concept
will be described in-Section 3.3. Section 3.4 illustrates the research tools using in this

study. It also explains the design of the proposed controller.

3.1 Dual-Stage Actuator Modeling

A DSA normally consists of two actuators: a VCM actuator and a PZT actuator as
also called “PZT micro-actuator”. The DSA used in this study is the suspension-based
DSA which the PZT is mounted on the active suspension located between the slider
R/W head and the HGA base plate. The actual measuring frequency response data of
the R/W head slider motion in the DSA system are obtained in the disk drive level. The
measurement is carried out to get the frequency response for each input of the DSA
system. The response of the . VCM is measured when the voltage of the PZT is set to
zero to ensure that the PZT micro-actuator is not excited. Then the response of the PZT
micro-actuator is measured while the VCM is biased with a constant current to
overcome the effect of bias force. The schematic of the DSA is illustrated in Fig. 3.1. The
relative distance of the R/W head output is y =y, + y,; where y, and y, are the linear
displacements of the VCM and the PZT actuator, respectively. u, is the voltage inputs
for the VCM and wu,, is the voltage inputs for the PZT micro-actuator. The frequency

response data of VCM and PZT actuator can be independently shown in Fig. 3.2.
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VCM ACTUATOR MICROACTUATOR

Fig. 3.1 Schematic of Dual-Stage Actuator in HDD.
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Fig. 3.2: Plots the frequency response of DSA from measurement.

The measured frequency responses obtained for the VCM shows the first peak at
6.8 KHz with multiple resonance modes thereafter. The PZT micro-actuator gain at low
frequency seems constant until the first resonance peak around 13 KHz. Model fitting is
done with the measuring data by using Weighted Least Square (WLS) techniques. Basics
of the system identification can be found from [2]-[7] and references therein. The Matlab
tools (“ident” and “n4sid”) are used for mathematical modeling estimation in the state-

space form. Consequently, the continuous-time true-model transfer functions fitted for
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the VCM with 20 states could satisfied the accuracy of the math model with an
acceptable level of 3.77x10” model mismatch.

The PZT true-model transfer function can be estimated at 16 states with
indicated the loss function at 6.7x10° could be satisfied the model mismatch. The
comparison plot of the measuring data and the true-model of the VCM and the PZT are

illustrated in Fig. 3.3 and Fig. 3.4 respectively.
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Fig. 3.3: Frequency response plots of VCM actual plant and VCM true-model.
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In generally, the frequency response model of the VCM actuator and the PZT
micro-actuator could expressed as the second-order model multiplies with their
resonance modes. The second-order model is called a “rigid model” Gjgiq. The
frequency response of the VCM and the PZT can be represented by the equations (3.1)
and (3.2) respectively.

. Ko
rigid = 2 ) (3.1)
S +2{a)ps+a)p
2 2
§°42(,i@,i S+
Res = ;’zl catd] pd (3.2)

2 2
S +2§’p,-a)p,-S+a)pi

In order to reduce the complexity of the controller design, the model order
has to be reduced. We consider in the lower model order of the system order without
loss of general model information such as gain and phase. The state-space model in the
LTI system can be obtained in form as below:

t ——
x(,)—Ax

o T Bu,

(3.3)
Yo = Cxg)

where Ae R™, Be R"™, Ce R"™, and 1<m<n. The variables x is a vector of state
variables, y is a vector of plant outputs, and u is a vector of control input. If the rank (B)

= m and the pair (A, B).is controllable, the plant model can be transformed into the

BRI M
= + u
X' Ay Ay X, B, (3.4)

y =[C1 Cz]x

regular form as

where x, € R"™, x,e R", Ay, Az Az, Az B, Ci, and C, are constant matrices with

corresponding dimensions.
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After the mathematical model is estimated as the 4" order for the VCM and the
2™ order for the PZT, the model validation is required to ensure that the estimated-
model could be satisfied to represent the true-model without loss of general model

information. The block diagram for model validation is illustrated in Fig. 3.5.

ik

Random Noise

Fig. 3.5: Block Diagram for Model Validation.

In this study, the validation is done in time-domain. The random white noise in
the model is replaced by the actual measured PES noise which is obtained from drive
by utilizing the servo task: The PES noise with zero mean is used for the model input ug
and then model output yg, is monitored. The noise input is used in this study composed
of the frequency spectrum up to 23 kHz which is the Nyquist frequency (Fs/2) when the
servo sampling frequency (Fs) in'the drive operating is 46 kHz. The input random noises

in time-domain .and frequency spectrum are shown in Fig. 3.6 and Fig. 3.7 respectively.
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Fig. 3.7: Spectrum plot of the zero mean random naoises.

The 4-states state-space model of the VCM actuator is considered in the regular

form can be written as below.

x| U248 =234 0 0 0

x| | ~123.47 7722887 | -3.281x10° 0 0

x| [-0.31343.256x100  20.822x10° —1.58140% |7 [0 |M (3.5)
x,'| [=0.0389 4048  1.581x10° -9.817x10° 3.536x10°

y‘_=[4.447x103 —9.059  —-0.4948 —0.5683]x

The comparison of frequency response plots hetween the VCM d-states model
estimation and the VCM true-model is iillustrated in Fig. 3.8. The model validation plot of
VCM 4-states model estimation vs..the VCM true-model using random white noises is
shown in Fig. 3.9. The model mismatch in the RMS error is obtained at 1.73% which is

below an acceptable level at 3%.
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Fig. 3.8: Frequency response plots of VCM model estimation and VCM true-model.
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And then, the second-order state-space model of the PZT can be estimated as.

X

X,

y, =[18.34 -4.162]x

'

-3.167x10°
-1.323x10°

1.323x10°
-3.167x10°

0
u
37.16 | *

(3.6)
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The comparison plot of the PZT model estimation and the PZT true-model is
illustrated in Fig. 3.10. Then, the model validation plot of the PZT model estimation and

the PZT true-model is shown in Fig. 3.11. The model mismatch in the RMS error is

obtained at 2.19%, and is in an acceptable level.
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Fig. 3.10: Frequency response plots of PZT model estimation and PZT true-model.
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In summary of mathematical modeling of the DSA system, both of VCM and PZT
micro-actuator are obtained. The VCM model estimation is satisfied in 4-states and the
PZT micro-actuator can be defined as the second-order model. The mathematical
model for both actuators satisfies function and RMS error evaluated by using the actual

measured noises compared to the true-model.

3.2 Sliding Mode Control

SMC is a particular type of variable structure control (VSC) which is characterized
by a suitable of feedback control law and a decision rule, normally using a switching
function. The SMC design approach consists of two parts: The first involves the design of
a switching function so that the sliding motion ‘satisfies design specifications. The second
is concerned with the selection of a control law which will make the switching function
attracted to the system state. The basic knowledge of an SMC and some design is

described in this section.

3.2.1 Principle of SMC Design

The SMC is one of the robust controller designs for nonlinear dynamic plants
operating under uncertain conditions. The main advantage of the sliding mode principle
is low sensitivity of plant parameter variations, model uncertainties and disturbances.
Usually, SMC is considered a high-speed switching feedback control. The purpose of the
switching control law is to drive the plant state trajectory onto a predetermined surface
in the state-space and then to maintain the state trajectory on that surface. This surface
is called the “sliding surface”. The state variables are driven to a sliding surface and
maintained there; this process is called “reaching phase”. Once, trajectory is intercepted
at the sliding surface, the switching control maintains the plant state trajectory on the
surface and the state variables on the sliding surface moves to the origin, called “sliding
phase”. As a result, the closed-loop system dynamics are determined by the plant state

trajectory restricted to the sliding surface. This section seeks to motivate and introduce
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the concept which will be used in following section for DSA controller design in this

study. The example to be explained using double integrator problem as given by:

no_
Y o T Uy (3.7)

Initially, consider the effect of using the feedback control law

U= _ky(t) (3.8)

where k is a desired positive scalar. The way to analyze closed-loop motion is using
phase portrait, which is the plot of the velocity against the position. Substituting the
control action u in equation (3.7), multiplying the result by y’, yield

D. ’(t) y"(t) S _ky '(t) Y (3.9)

Integrating this expression gives the following relationship between velocity and position.

v 2 2<3
Yy EKYSNEC (3.10)

where ¢ is a constant of integration from the initial condition. In" the case if k = 1, then

the equation (3.10) represents a circle with radius is \/z We need to modify the control
law from equation (3.8) in order to have y and y” moves toward the origin. Consider the

new control law as

—k,y(,)_) if yy'<O

—k, Yoy  otherwise (3.11)

Uy =

where 0<k, <l<k,. The phase plane is partitioned by the switching rule into four

quadrants as shown in Fig. 3.12. The control law u=—k,y will be affected in the
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quadrant labeled (a), likewise in region (b) when control law u=-ky is in operation,
resulting in the distance from original point also decreases. The phase portrait of closed-
loop control system in the VSC must spiral toward the origin by splicing together. The

result is shown in Fig. 3.13.

) 2
(b) (a) (b) V(@
S

- A
\ N

(a) , (b) (a)

Fig. 3.12: Phase portraits of an oscillator.

e s

Fig. 3.13:'Phase portraits of the VSC system.
Sliding mode control is a special version of an on-off control. The key idea is to

apply strong control action when the system deviates from the desired behaviour. The

motivation of this controller is to introduce the Lyapunov function that could satisfied at

V(y) ='—2—' (3.12)
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where s, is the switching surface of the system. A controller will be designed in a way

such that
Vin <0 (3.13)
for all t. Then, the controlled system response will then be guaranteed to reach the

switching surface, where s, = 0, in finite value of t. We consider the switching function

below which is in use at any point in the phase plane.

S(yyy ==Y H Y (3.14)

where m is a positive design scalar.. Then define u is the signum function. Thus, can be

expressed as

v/ if Sy 7 0
u(f) =—sgn(s(,)) =40 fs(y.y') =0 (3.15)
1 ifs,,, <0

It can be seen the function property as

s.sgn(s)= |s| (3.16)

Fig. 3.14: Phase portraits of the VSC under sliding mode control [24].
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From equation (3.14); when s = 0, it will be shown as straight line through the
origin of gradient -m. as illustrated in Fig. 3.14. However, the value of y’ satisfying the
inequality m|y‘|< 1, then the reachability condition is satisfied as

ss =s(my +y)=s(my —sgn(s))<sl(mly|1-1)<0 (3.17)

The motion confined to the s = 0 satisfies the differential equation by re-

arranging equation (3.14)

Y 'y =—My, (3.18)

This is representing the first-order decay and the trajectories will slide along the
line to the origin. For example, we defined the initial condition at y) =1, ¥’ = 0 and
m =1 then the phase portrait of system behaves as a perfectly damped second-order

system as shown in Fig. 3.15.
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Fig. 3.15: Phase portraits of the SMC double integrator.
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3.2.2 A State-Space Approach
The phase plane analysis is an effective way for second-order systems. However,
multivariable system of high order will need to be analyzed in the state-space approach.

We consider the double integrator once again, which can be written in state-space form

RIS MEK:

The switching function can also be expressed.in a matrix term as

as

Sy =X (3.20)

where § =[m 1]. Now, we consider in the normalized pendulum, can be written in

the state-space form as

xl’_le,+O |0 G0E) (3.21)
[0 0 & Al 1a,smxl !

It can be seen that the nonlinearity or uncertainty represented by sin(x;) acts in
the input channel, which is referred to-as “matched uncertainty”. It was proven in
literature that the VSC with the SMC control have ability to reject the effect of bounded
uncertainty completely. The simulation result has attracted in detail the properties of
the sliding motion and the control.action, when the.initial condition is defined at y = 1,

Y@ =0,m=1anda; = 0.3
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Fig. 3.16: Phase portraits of the pendulum system vs. double integrator.

Figure 3.16 shows the phase portrait that two stages nature of the dynamic is
readily observed: the initial reaching phase liked a parabolic motion toward the sliding
surface s = 0, after that followed by motion along the line toward the origin. Figure 3.17
illustrates the closed-loop behaviour for position y-and the control signal u. It has
shown that the VSC system from equation (3.21) is suppressed. effectively. The

equivalent control signal U, is shown when passed u through low pass filter.
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Fig. 3.17: Plots of Pendulum position (y) and control action (u) vs. time.
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3.2.3 Properties of The Sliding Motion
This section describes a controller exists a sliding motion on the sliding surface.

Consider the uncertain LTI system with m inputs given by
X'(I) = Ax(t) + Bu(,) + f(t,x, u) (3.22)

where Ae R™, Be R™ and 1<m<n. Without loss of generality it can be assumed
that the input distribution matrix B has full rank. The function f(,x,z) — R" is assumed
to be unknown but bounded by some known functions of the state. Normally, the
problem to be addressed is that of synthesizing a control law which forces the states
back to the origin. Suppose there exists a finite time t; such that the solution to
equation (3.22) represented by xq satisfies sy =0 for all t2¢,  then an idea sliding
motion is taking place. The equivalent control is the control action which is necessary to
maintain an idea sliding motion on sliding surface or so called “hyper-plane”. In
describing the method of equivalent control it will initially be assumed that the
uncertain function in equation (3.22) is to be zero. Mathematic can be expressed as Sxy
=0ands’y =SX"y = 0forall £2¢,, then

Sx = SAx,, + SBu,, =0 (3.23)
Suppose the matrix S is such that the square matrix SB is nonsingular. Thus, the

equivalent control u.q associated with the nominal systems can be written as
ey = ~(SB)™ SAX, (3.24)

The idea of sliding motion is then given by substituting the expression the ueq

into equation (3.22), gives

x4, =W, —B(SB)"$)Ax,, (3.25)
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Then the eigenvectors associated with non-zero eigenvalues of the system matrix
A, =, —-B(SB)'S)A (3.26)

From equation (3.24) the equivalent control can be considered to be the linear state

feedback component necessary to reduce-order motion. It would be found that
Uy =—Kx (3.27)

where K =—(SB)™"'SA as a state feedback control law. The following will explain how
the idea sliding motion is insensitive to the matched uncertainty function. Specifically
consider the uncertain linear system given by

X'y = AXy, + Bug, + D&, (3.28)
where the matrix De R™ is known matrix and the function £e R’ is unknown. The
function can be thought of representing the uncertainty or disturbance. At s'(,) =0 for

all time r 21, then the control action need to maintain the motion on hyper-plane

given by
Uppity = ~(SB)™! (SAx,, + SDé’(,’x)) (3.29)
Now, the equivalent control action is dependent on the unknown function which
cannot be realized in the practical. Using the ideas of reduce-order sliding motion which

is totally insensitive to the uncertain function in equation (3.28), if R(D) = R(B). Define P,

is a projection operator as

P i(l,, —-B(SB)™'S) (3.30)
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P, satisfies the two important property of sliding motionas SP. =0 and PB=0 |,
then substituting the equivalent control law in equation (3.29) and equation (3.30) into

the uncertain system equation (3.28), it follows that the sliding motion satisfies
X'y = FLAX, + }):Dé:(r,x) (3.31)
Now, supposes that, R(D)cR(B) , then the elementary column operation

Re R™such that D = BR. As result it follows that P,D = Py(BR) = 0 by the projection

properties. The reduced-order motion as given in equation (3.31) reduces to
X'y =P AX, (3.32)
Resulting in the system does not depend on the uncertainty anymore.
3.2.4 A Regular Form Based Approach
This section will review methods for incorporating a reference signal within the
sliding mode design procedure. Consider the nominal linear model of an uncertain
system, given by

X'y = Ax,, + Bu, (3.33)

where rank(B) = m, and (A,B) is controllable pair. Define an associated switching function

as
Suy = 9%, (3.34)
The configuration equation (3.33) and equation (3.34) may express in the regular form

v
L= Allzl(t) + Amzz(z)

_— (3.35)
L~ A21Z1(t) + Azzzz(z) + Bzu(:)
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With the switch function written as

Sy = Slzl(t) + 5222(,) (3.36)
where the change of coordinates is defined by an orthogonal matrix T, so that

2y =1, % (3.37)

The matrix sub-blocks in equation (3.35) can be obtain in the terms of pair (A,B) from

A, A 0
T,AT,T=[ % ‘2] \ T,B=[ } (3.38)
A21 A22 BZ

Likewise, the elements of the switching function in (3.36) satisfy
S =S s (3.39)

During sliding motion, the switching function s(t) will be identically equal to zero. Thus

gives.
Slzl(t) + SZZZ(t) =0 (3.40)

This is satisfied that SB is nonsingular and implies that S, is also nonsingular. It can

express as

220) = _le(t) (341)

where M € R™™™ s defined to be
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M =S,7S, (3.42)

The development of the z, partition in the sliding mode is thus seen to be linearly

related to the z, partition. The sliding mode is governed by equations (3.35) and (3.41):

% 'y = AnZigy T An2ag

— (3.43)
Zyy = —Mzy,

This is an (n-m)th order system in which z, has the role of a linear full-state feedback

control signal. The equation (3.42) can be expressed as
'y = (A =AM )z, (3.44)

The design requires that asymptotically stable dynamic must be ensure during sliding so
that z; will tend to be zero as t -0, results in giving (n-m) negative poles to the
closed-loop system equation (3.44). In the work, the hyper-plane matrix S will be

determined from M by letting S, = /,,, giving
ST" =[M S,] (3.45)

This approach minimizes the calculation in proceeding from M to S thus reduces the

possible of numerical errors.

3.3 A Model-Reference SMC Approach

Model following control systems theory has been developed because of the
difficult in the design of multivariable control systems using linear optimal control
techniques. The two major problems concerning linear optimal control because of
difficulties in specifying design objectives in terms of a performance index and also due

to the large variations in plant parameters which may occur. A model-reference
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approach is the control system design which is able to avoid the difficulty of
performance specification because the model will specify the design objectives. The
controller is required to minimize the tracking error between the model and the plant.
This development is so called “adaptive model following control schemes”, which are
required to maintain a high performance in the presence uncertainty and disturbances.

In the model-reference SMC, a reference model is relating to the plant output is
predetermined. Then the SMC controller is designed with the task of the errors between
the reference model state variables and the plant state variables have to be driven to
zeros. As a result, the plant output is closed to the reference model output, and then

specifications can be met. We consider the reference model as

' i
Wiy =AW+ B.1,

(3.46)
ym(l) == me(f)

where A, e R™, B, e R*™™ and C,e R™, 1<m<n, so the variables w is a vector of
state variables, y,, is a vector of reference model outputs, and r is a vector of reference
inputs. If the rank(B,,,) = m and the pair (A,,, B,) is controllable, the reference model can

be transformed into regular form as

[Wﬁ} [Amu Amn][wl} [0 ]
= + r
w,' A A LW, B (3.47)

ym =[le Cm2]w

where w, e R"™™ ,w,eR", An11, Amiz Amzi Amzz Bma Cmi and G, are constant
matrices with corresponding dimensions. The reference model (A, B,) can be
formulated so that the model outputs y,, follow the reference inputs r with desirable
transient response. One way to find the matrices A,, and B, is to use pole-placement
method. Define a tracking error state e as the error between the plant state variables

and the reference model state responses:
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€ = X~ Wy (3.48)
This error is required to tend asymptotically to zero. Differentiating the error equation

(3.48) with respect to time yields the error dynamics is given by

' ot [

€ =X un~ W (3.49)
The dynamics of the model-following error system can now be determined as

€'y = Alwy T (A=A )%, +Buy, —B,r1, (3.50)

A sufficient condition is that all orders of time derivatives of the error are zero at
any time t. It follows that X, =W,,. The whole design of an SMC system is to properly
choose or design a sliding surface, that the closed-loop system has desired dynamics.
And then a switching control that can drive the plant state trajectory onto the sliding
surface and maintain it on that surface is to be designed. The control inputs u will make
x tracks w, corresponding to y tracks yp,.

If we want to design u for the plant model equation (3.33) to have desirable

closed-loop poles and to ensure steady-state tracking is zero, we choose
Uy = Fx,) +Gr,) (3.51)
Then, the closed-loop system becomes

. x'y, =(A+BF)x, + BGr,,

(3.52)
Yy = Cxy

Then the transfer function from r to y is given by
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2o~ ¢(s1-(A+BF))" BG

ris) (3.53)
-1 -1

G=-(c(a+BF)"B)

Consider a control law

Uy =Wy T Uy T Uy = Vi) Tl (3.54)

where
Ury = B'(A, - A)x,, + BTB,,,"(,) (3.55)

u, is an inverse dynamics term with 8" as pseudo-inverse of B. Substituting equation

(3.54) into equation (3.50), gives

=
€'y =480+ By (3.56)

Since both plant model and reference model are in regular form, the error dynamics can

also be written in regular form as

€ 'y = Ay T Aniaay

€ 'uy =Amniy T Anna + BV, 37
Suppose A, B, A, and By, satisfy the perfect model-matching conditions. If x and r are
considered to be disturbances to the error dynamic, then the perfect model-matching
conditions guarantee that the behaviour of the VSC in the SMC is insensitive to these
disturbances. In SMC, the error system is equivalent to a system of order (n-m). Let the

switching surface be

Say = Se(,) = Sle,(,) + Szez(,) = S2Me1(,) + Szew) (3.58)
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where S, S;, S, and M are constant matrices with appropriate dimensions. Let S,B, is
any non-singular diagonal matrix, normally chosen to be B, so that S, = /. Using a linear

change of coordinates

Tji Lo , we have é =T é (3.59)
S, S, s e,

Choose
W, = —(SB)-l (SAm "'(I)S) €n (3.60)
where @ is any stable design matrix, and then choose

1 st(,)
[R5l

U,y ==pP(SB) (3.61)

where p> 0 is a design parameter and P, is a symmetric positive definite matrix

equation
PO+ P =-I (3.62)

After a straight-forward derivation, we obtained

&'y = (Amllel(t) - A, M )elu) + ( Amlez_l ) Sy (3.63)
Bys

st =ds (3.64)
@ @ p P2S(t)

Consider a Lyapunov function V, = STPZS >0, so the derivative is given by
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V,'=s"'Ps+s"Ps'
<kl -20)2o (3.65)

<202, BV,
<0

From the Rayleigh principle, we can conclude that s will approach zeros in finite time
and will remain there afterward. M to be defined and (A,,;; — AmiM) is a stable matrix.
So that we can conclude that e; will approach zeros in finite time and during time s = 0,
the result in e, will also approach zeros.

In summary, the model-following design objective is to develop a control
scheme which forces the plant states to follow the dynamics of an ideal model. The
controlter will force the error between the plant system and the reference model states
to zero. This will ensure that the plant system output follows the reference model
output accordingly. If the control law is properly designed then the perfect model-
matching conditions guarantee that the behaviour of the VSC system in the SMC is

insensitive to the model uncertainty and disturbances.

3.4 Dual Stage Actuator Design Approach

In this study, the block diagram of the overall control system of the DSA is
proposed as illustrated in Fig. 3.18. This is based on the decoupling scheme. The
controller design requires that the PZT micro-actuator must settle down to zero before

its next move. A model-reference sliding model control (MRSMC) is used in this studly.
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Fig. 3.18: Schematic diagram of DSA control.

The DSA control loop from r to y consists of the following components. G, is
the VCM plant that in the practical can be considered in-a series with desired notch filter
for system stabilizing. MRSMC,, is the designed controller for the VCM actuator plant. Gp
is plant of the PZT micro-actuator that can also be considered to connect in a series
with notch filter for improving stability of the system in the practical. MRSMC,, is the
designed controller of the PZT plant. The black ‘Gp is the decoupling filter, which is
placed between the VCM controller input and the PZT controller output. The PZT
micro-actuator output is- cancelled at the VCM controller input. We can define that
¥, =y, =y—y,. The signal r represents the input commands-for'DSA servo control to
move the head and position onto the target track. Let r—1y is to be the controller input
of PZT micro-actuator. Then ‘r=y, is to-be the input'to the VCM. controller, which is
suitable for the regulation control problem. The advantage features of this structure is
that the control system is.decoupled into two independent control loops, and the total
sensitivity function is the product of the sensitivity functions of each control loop can be

referred as

1 1 1
§=

1+Go (1+MRSMCv.Gv) (1+MRSMCp.Gp)

During operation, only total of the head displacement y =y, +y, is measured;
y, and y, are not directly measured. To obtain feedback displacement, we used the

fact that the PZT micro-actuator can be accurately approximated as ép =G,. Therefore,



we have J, =épup 2y, and y,=y-y,. Both §, and J,
approximated displacements of the feedback control system. Based on the fact that the

PZT micro-actuator can be accurately approximated by a constant gain under present

the range of operating frequency.

Fig.-3.19: Schematic diagram of MRSMC for the DSA.

Figure 3.19 contains block diagram of overall MRSMC control system as following:

MR, is the reference model of the VCM actuator.

MR,, is the reference model of the PZT micro-actuator.

SMC, is the sliding mode controller design for the VCM actuator.
SMC,, is the sliding mode controller design for the PZT micro-actuator.
G, is the actual plant.of the VCM actuator.

G, is the actual plant of the PZT micro-actuator.

Gp is the decoupling filter.

ris the reference input command to the controller.

r,is the input to the reference model of the VCM.

rp is the input to the reference model of the PZT.

Ymv is the output of the reference model of the VCM.

¥mp is the output of the reference model of the PZT.

can be used as
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* u,is the output of the SMC controller of the VCM or control signal to the VCM
plant.

* Uy is the output of the SMC controller of the PZT or control signal to the PZT
plant.

* y.is the output displacement of the VCM plant.

*  Ypis the output displacement of the PZT.

» yis the total output displacement of the head.

« y, is the estimated output displacement of the VCM.

+ 3, is the estimated-output displacement of the PZT.

The reference input for the VCM actuator is r, =7, whereas the reference input
of the PZT micro-actuator is r, =r—y. This is to fulfit the requirement that the PZT
micro-actuator is working to compensate in the tracking error and must settle down to
zero in the steady-state before next move. The reference models for each actuator
could be designed independently. For the SMC controller with a model-reference
approach, the error between the reference model output and the plant output is fed
into the SMC controller in order to enforce the plant state to track the reference model.
This is satisfied that y,, —§, is the input fed into the SMCv , while y, 7, is for SMC,, .

In the track-following task DSA servo control task, ris replaced by TMR to be the
input to the controller. Normally, TMR consists of the repeatable run out (RRO), non-
repeatable run out (NRRO) and external disturbances. The PES is the position error,
e=r—y.

The objective of a model-reference SMC designs for the DSA system is to have
the displacement of the head tracks a reference command. The following specifications
have to be met:

» The mean of the steady-state error is zero.

+ The 30 PES is to be less than 10% of track width under present TMR

disturbances.

+ The 5% settling-time of step response is to be short as short as possible and

the overshoot and undershoot is to be less than 5%.
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» The micro-actuator must settle down to zero in the steady state for further
the next move.
» The displacement of the PZT micro-actuator does not exceed 0.5 um which is

the maximum displacement specification of the PZT.

3.4.1 Design of Reference Model for the DSA System

The first task of designing a model-reference SMC is to design the reference
models for both actuators. Equation (3.5) and (3.6) represent the mathematical model
for the VCM and the PZT micro-actuator respectively. Equation (3.51) and (3.52) are
referred as the closed-loop reference models. A full-state feedback matrix F can be
designed to place the closed-loop poles at desired locations te achieve desirable
transient response. To ensure steady-state tracking of a step reference, using the final-

value theorem. Therefore, the reference model can be chosen as

A, =(A+BF) i)
3.66
B, =BG
The reference models for both actuators are found by placing the poles of (A, B).
The desired poles at [-1x104, -1.2x104, -1.8x104, -2x104] are placed for the VCM system

model, then the closed-loop model-reference of the VCM can be found as

%’ -24.6 123.4 0 0 0
x5 -1234 268 U2’ 0 0
5'| 7| 03134 3.256x10°  =9.822510* —1:581x10° |* | o |“ (3.67)
x,'| |-6.698x10° -2.289x10* 5.121x10° -5.013x10* 151.8

y, =[4.447x10° -9.059 -0.4948 -0.5683]x

The desired poles at [-1,1x104, —2x104] are placed to get the closed-loop

reference model of the PZT micro-actuator, and the PZT reference model is shown as
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% -3.167x10°  1.323x10° 0
= X+ u
Z ! 996.6  -2.783x10* 91.18| * (3.68)

y, =[18.34 -4.162]x

To ensure that the closed-loop reference models could be satisfied the steady-
state tracking error of a square wave reference input r. The simulation plot of reference
model output tracking for the VCM is shown in Fig. 3.20. The simulation plot of
reference model output tracking for the PZT micro-actuator is shown in Fig. 3.21. Both

are satisfied in the settling-time, overshoot and undershoot.

Response Plots of VCM reference model - poles placement
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Fig. 3.20: Output response tracking of the reference model for the VCM.
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Response Plots of PZT reference model - poles placement
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Fig. 3.21: Output response tracking of the reference. model for the PZT.

We can see that the desired closed-loop reference models using the final-value
theorem for the both of VCM and PZT actuator are satisfied of meeting the time domain
specification requirements such as the steady-state error, the settling time is shorter

than 0.5 msec. and the overshoot is less than 5%.

3.4.2 A Model-Reference SMC Closed-Loop Controller Design Approach

Consider the system in the regular form by the equation (3.38). We can design
the control system for the VCM actuator referred equation (3.5) and the PZT micro-
actuator referred equation (3.6) accordingly. The system for the both of VCM and PZT
can be partitioned as equation (3.69).and (3.70) respectively.

-24.6 123.4 0 I 0
x 3
A, | A, . -123.4 -28.8  —3.281x10° | 0 (3.69)
A, | Ayl -0.3134 3.256x10° -9.822x10° | -1.581x10°
—-0.0389 404.8 1.581x10° | -9.817x10°

Ay LA | 3.167x10° | 1.323x10° (3.70)
Ay | A, [-1323x10° | -3.167x10°
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In the thesis study, the switching function matrix S will be determined
according to equation (3.45). In general, let S,B, is any non-singular diagonal matrix by

chosen S, = -/, gives
S=[M | -1,] (3.71)

By referring the equation (3.44), the design requires asymptotic stable. The
method considered here is based on robust poles placement, results in giving (n-m)
negative poles to the closed-loop system. Then the matrix M -for VCM is constructed by
placing the poles of (A;;, A;,) at [-1x103, -2x103, -3x103], then the switching function for
the VCM systemis

S, =|-0.0882 0 -0.0245 | —1] (3.72)

The pole at [-2x103] is’ placed for PZT micro-actuator -system. Then the

switching function for the PZT micro-actuator loop is obtained as
S =[—0.0088 [ —l] (3.73)

Next, the task of MRSMC designing is to consider a control law according to
the equation (3.54), which is formulated. from the equations (3.55), (3.60) and (3.61). The
designed parameters P, & and-Q have to be considered. In the practical, P, is set to
be I, then @ can be obtained by solving the Lyapunov function which satisfies ®=1.
Normally, the parameter pis set to 1. The simulation results can be discussed in the

following chapter.
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Chapter 4

Results and Discussions

In this chapter, the results of the proposed technique MRSMC for the DSA track-
following servo control are compared to the time-domain specified performance criteria.
The 30 PES for tracking error performance of the control system is evaluated as the
actual measured TMR sources in disk drive operating is used for evaluation. The settling-
time and overshoot are obtained from step response. The chattering reduction is also
discussed. The performances of proposed technique in the DSA system controller design
are compared with the SSA system and also compared with the conventional PID

technique.

4.1 Tracking Error Validation

This section describes the simulation results of the tracking performance of the
proposed controller.in the DSA system. The RRO source in equation(4.1) is used for this
evaluation is referred from [6]. This is the normalized value which is obtained by dividing
the position by the track width (position/trackwidth). The normalized reference position is
set at 0.5 which is equivalent to the center of the track. It composes 55 Hz fundamental
frequency along with other harmonics frequencies. The tracking result could be satisfied

and is shown in Fig. 4.1.

.. (0=05+0.1cos(1107t)+0.055in(22077t)+0.02sin(4407t)+0.01sin(8807t)  (4.1)

The tracking error of a proposed technique in the DSA track-following system is

illustrated in Fig. 4.2. It can be seen that the preliminary results could be satisfied.
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Normalized value of tracking performance of the DSA system (position/trackwidth)
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Fig. 4.1: Plots of tracking performance of the DSA system.
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Fig. 4.2: Plots of tracking error of the DSA system.

4.2 Positioning Error Evaluation - PES Testing
This section describes the PES testing results of the proposed design in the DSA
tracks-following servo control. The 30 PES is used to compare and evaluate the tracking

error performance which represents the position of the R/W head deviated from the
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center of the track. The relative sampling frequency Fs for the servo controller is

normally defined by:

Fs = RPM *Wage (4.2)

where RPM is the speed of spindle motor per second and Wage is the number of servo
sectors per track. The configurations setup in this simulation is referred as follow. The
spindle motor speed (RPM) is 5400 rpm, the servo encoding (Wage) is 512 per track.
Then, the relative servo sampling frequency (Fs) is 46.08 kHz.

In the track-following DSA servo control, r is set to zero then the TMR is
represented the input to the controller. The TMR disturbances used in this study is
obtained from the actual measurement, The measured TMR from the disk drive is
illustrated in Fig. 4.3 and the spectrum of the TMR sources is shown in Fig. 4.4. It can be
seen that the fundamental frequency is of the spindle rotation speed at 90 Hz, which

mean that RRO is the dominant source of TMR.

TMR Sources / RRO - 10 revolutions
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Fig. 4.3: Plots of Actual Measured TMR Sources in Disk Drive.
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Single-Sided Frequency Spectrum of TMR Sources
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Fig..4.4: Spectrum Plots of Actual TMR Sources.

We are now considering of the performance comparison-between the DSA
systems and the SSA system using the same proposed design technique. In fact, the SSA
is a subsystem of the DSA system. SSA can be utilized by disabling the blocks of the PZT
micro-actuator paths from the DSA control scheme. Therefore, the SSA is a simple SISO
control system. We have to re-design the control parameters suitable for the SSA
system. The reference model is defined by referring from the equation (3.66). The
closed-loop poles of the SSA reference model are desired by placing the system poles
of (A, B) at location [-1x1 04, -1.5x1 04, -2x1 04, -2.5x1 04]. The control law design of the SSA
is referred to the VCM model using in the DSA system-as in equation (3.54). The
switching function is supposed not to be changed as referred to equation (3.27). The rest
of designed parameters are the same as being used in the DSA system, in which P, is set
to I,, @ andp are set to 1. Then the simulation results of DSA and SAA systems are
compared. The results of tracking performances of the DSA and SSA are shown in Fig.
4.5. The PES off-tracks of both systems are illustrated in Fig. 4.6 and the 30 PES

positioning errors are shown in Fig. 4.7.
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The tracking response of the DSA track-following servo system.is illustrated in Fig.
4.8. It can be seen that the proposed controller design using a model-reference could
be satisfied with the tracking error requirements and met the performance specifications.
Result of the 30 PES off-track testing of the DSA system 'is 5.16 nm which is 38.3%
better than the SSA system at 8.36 nm.
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4.3 Step Responses Evaluation

This section describes the simulation results of the proposed controller design
when input command is the unit step function. The time-domain specifications are
evaluated by applying the reference at 100 nm which is equivalent to the track width.

The step response of the DSA system is illustrated in Fig. 4.9.

Plots of 100 nm step responses the DSA system
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Fig. 4.9: Plots of 100 nm step responses the DSA track-following servo system.

The plots of ‘the output states, -internal states and’ following-error in
comparisons between the VCM systems and the VCM reference-model are illustrated in
Fig. 4.10. The VCM controller states, switching surface and phase portrait of sliding
motion are shown in Fig. 4.11. The control inputs (u) for the VCM actuator can be found

in Fig. 4.12.
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Fig.4.12: Plots of input control effort for the VCM actuator.

The plots of the output states, internal . states and following-error in
comparisons between the PZT micro-actuator systems and the PZT reference model are
illustrated in Fig. 4.13. The PZT controller states, switching surface and the phase portrait
of sliding motion are shown in Fig. 4.14, The control inputs (u) for the PZT micro-

actuator can be found in Fig. 4.15.
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Fig. 4.13: Comparison plots of states between the PZT systems vs. PZT reference model.
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Fig. 4.15: Plots of input control effort for the PZT micro-actuator.

It can be seen that 100 nm step responses of the DSA track-following servo
controller design using a model-reference SMC control are satisfied. The output of the
system tracks the reference model properly. The following-error between the model
output and the reference model are obtained less than 1 nm on the both actuators. It

means that the system is robust against the disturbances. However, when control efforts



67

are considered, the switching control signals contribute the chattering which results in

wear and tear of the actuators referred Fig. 4.15.

4.4 Chattering Reduction

The chattering occurs in the control systems is contributed from the term of up,
as referred to the control law in equation (3.54). It is equivalent to the signum function.
We may consider of eliminating the u, in order to reduce the chattering. The new

control law is given by

ui)=Fxt)y+Gr@)+ Le)

F=B'(A,-A)

G= BTBm (4.3)
L=—(SB) ' (SA, —®S)

The step responses of 100 nm reference input command to the DSA system

using the new control law for chattering reduction is illustrated in Fig. 4.16.
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Using the new control law, the plots of states and following-error compared

between the VCM systems and the VCM reference model are illustrated in Fig. 4.17. The

controller states, switching surface and the phase portrait of sliding motion are shown in

Fig. 4.18. The control inputs (u) for the VCM can be found in Fig. 4.19.
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Fig. 4.17: Comparison plots of states between the VCM systems vs. VCM reference

model.
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With the use of the new control law, the plots of system states compared

between the PZT systems and the PZT reference model are illustrated in Fig. 4.20. The

controller states, switching surface and the phase portrait of sliding motion are shown in

Fig. 4.21. The control inputs (u) for the PZT micro-actuator can be found in Fig. 4.22.
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controller.
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Fig. 4.22: Plots of input control effort for the PZT micro-actuator after reducing the

chattering.

After the chattering elimination is implemented using by the new control law in
equation (4.3), the significant reduction in the following-error between the system and

the reference model could be obtained as well as the reduction of control effort to
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both actuators. The control system performances such as rise-time, settling-time, and
the overshoot remain the same.

The step response of the track-following servo controller design using a model-
reference SMC in the DSA system is compared to the SSA system. The plots of 100 nm
step response of the DSA compared to the SSA system are shown in Fig. 4.23.
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Fig. 4.23: Plots of 100 nm step responses the DSA compared to the SSA system.

The results show 30% reduction in the settling-time as the settling-time of the
DSA is 0.35 msec. compared to the SSA at 0.5 msec.. The overshoots of the
displacement for both of the DSA and the SSA are less than 0.5% which met the

requirement specifications. The performances comparisons are shown in Table 4.1.



Table 4.1 Performances Comparison Between DSA System vs. SSA System using a

Model-Reference SMC Controller Design

MRSMC Performance Results
Key Design Requirements Dual-Stage Single-Stage Difference (%)
Actuator Actuator

Off-track rms (nm) 1.72 nm 2.79 nm -
30 of PES (nm) 5.16 nm 8.36 nm -38.3%

Settling time (ms) 0.35 msec 0.5 msec -30%
Rise time (ms) 0.2 msec 0.27 msec -25.9%
Overshoot (%) No overshoot No overshoot -

4.5 Benchmarking with PID
The performances of the track-following servo controller design using the model-
reference SMC techniques in the DSA system are compared to the conventional

technique using PID control. ' The ZieglerNichols PID tuning is used in_this study, is given
by

kit (04e)s’+ k(t+e,t)s + k,

ZieglerC = (4.9)

2
e, b 4, 57+ 1,.8

The filter is defined as e, = 0.005.and tuning parameters k., and p,, are obtained using
the tools in Matlab software. The gain k., is the ultimate gain for closed-loop system
until the output becomes oscillation, p,, is the period of the oscillation frequency. The
trial and error method is also applied for optimizing k., and p. to obtain better
performance. In the VCM controller k., and p., are found as 0.02 and 0.04 respectively
and k., = 50 and p., = 0.0001 are used for the PZT controller. The parameters obtained

are referred to the classical Ziegler-Nichols tuning as k, = 0.6k, t; = 0.5p, and ty =
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0.125p.. Then the comparison plots of responses of the DSA track-following under

present of the TMR are illustrated in Fig. 4.24.
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Fig. 4.24: Comparison of tracking performance using a model-reference SMC vs. PID.

The plots of tracking-error comparisons are shown in Fig. 4.25 and the 30 PES

positioning error tests are shown in Fig. 4.26.
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Fig. 4.25: Comparison of PES - tracking error using a model-reference SMC vs. PID.
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It is found that the 30 PES off-track in the DSA system using proposed technique
MRSMC is 5.16 nm, 28.03% better than the PID controller at 7.17 nm.
The comparison plots of 100 nm step responses of the DSA system between the

proposed MRSMC and the classical PID design are shown in Fig. 4.27.
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The results show that no overshoot found in the proposed MRSMC design
which is better when compared to the PID at 11.1% overshoot. The MRSMC controller
also show better in the settling-time at 0.35 msec. compared to PID at 1 msec. The

performances comparisons are shown in Table 4.2.

Table 4.2 Benchmarking a Model-Reference SMC Design vs. PID Control in the Dual-

Stage Actuator Servo Control System

The DSA Performance Results
Key Design Requirements
MRSMC Control PID Control Difference (%)
Off-track rms (nm) 1.72 nm 2.39 nm -
30 of PES (nm) 5.16 nm 7.17 nm -28.03%
Settling time (msec) 0.35 msec 1 msec -65%
Rise time (msec) 0.2 msec 0.15 msec 25%
Overshoot (%) No overshoot 11.1% -11.1%

4.6 Discussions

The overall performances of the proposed technique using a model-reference
SMC in DSA systems are discussed. The performances of proposed design are evaluated
in the time-domain. The results show that the proposed MRSMC controller could be
satisfied and met all requirements specifications. It is found that the model-reference
SMC design is robust to the disturbances, as being proven by the PES (tracking error)
testing as well as the ability of following the step input. The performances of the DSA
system are compared to the SSA system. It is proven that the DSA system improves the
servo performances. In addition, the performances of the proposed MRSMC controller in
the DSA system could overcome the classical PID technique in the tracking performance

benchmarking.
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Chapter 5

Conclusion and Suggestion

The mathematical models of the VCM and PZT in dual-stage actuator system are
obtained. The controller design for the dual-stage actuator system using in this study is
based on the decouple scheme. The proposed control technique is developed with a
model-reference based sliding mode control. The principle of this approach is that the
plant system states are forced to follow the dynamics of an ideal model. If the control
laws are properly designed then the perfect model-matching conditions guarantee that
the system in the sliding model control is insensitive to the disturbances are discussed
in Chapter 3. The simulation results are conducted and presented in Chapter 4 as well
as the suggestion to eliminate the chattering in sliding mode. The proposed SMC design
technique for the dual-stage actuator system is compared to the single-stage actuator.
The benchmarking of the proposed SMC control with the classical PID control is also

evaluated.

5.1 Conclusions

The main objective of this research is to develop a new approach of the track-
following servo control for the dual-stage actuator in hard disk drive. This study is
divided into two parts; the mathematical modeling of the dual-stage actuator and the
design of model-reference sliding mode control (MRSMC) controller. In the model
estimation, the least square fitting method is used with the help from Matlab tools. The
VCM model estimation is obtained in a four-state model and the mathematical
modeling of the PZT micro-actuator could be satisfied with a second-order model. The
results of the model validation using random noises are acceptable in the loss functions
and RMS errors compared with the true-models. A model-reference based sliding mode

control approach is selected for the dual-stage actuator track-following servo control.
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The controller design is based on the decouple scheme which enable the independent
design procedures of the VCM and PZT.

There are three main steps of the controller design. For the first step, the
reference models for the both actuators are designed using robust poles placement. It
shows that the reference models could be satisfied in tracking error requirements
without any overshoot or undershoot as well as rise-time and settling-time. The sliding
surface for MRSMC is designed in the second step. The controller brings the trajectory
onto the sliding surface and moves along the surface to the origin, meaning that
controller has forced the error between the plant system and the reference model
states to zero. This is to ensure that the plant system output follows the reference
model output accordingly. The control laws are designed in the third step.

The simulations results are done in the time-domain. The performances of the
controller design have been evaluated using the actual measured TMR sources obtained
in drive operating. The settling-time and the overshoot are obtained from step response
at 100 nm reference command. The 30 PES for tracking error testing of the DSA is 5.16
nm which is 38.3% less when compared to the SSA system at 8.36 nm. The settling-time
and rise-time were satisfied. The settling-time is 0.35 msec. which is 30.0% faster than
the SSA at 0.5 msec. There is no overshoot found in both of the DSA and SSA using the
MRSMC control.

The benchmark problem is also conducted in this study as the proposed design
is compared to the classical PID control. The 30 PES test of the MRSMC is 5.16 nm,
28.03% less than PID control at 7.17 nm. With the step response testing, there is 0.35
msec. which is 65% faster in the settling-time compared to the PID. No overshoot or
undershoot observed with the proposed designed when compared to 11.1% overshoot
found in the conventional PID technique.

The proposed MRSMC for the dual-stage actuator has been developed and
proven that it can achieve all specification requirements. A MRSMC is robust against
plant model uncertainty and disturbances. It is a superior controller achieving better
tracking performance than the classical PID control, as shown by the simulation results.

The chattering elimination shows the benefit of reducing wear and tear in the actuators,
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while keeping the system on the sliding surface, resulting in less control efforts and
would help improving the overall performances of the system. Then the method
presented in this paper can also be applied to improve the performances of the dual-

stage actuator even further.

5.2 Suggestions and Further Work

Although the MRSMC control method presented has been proven to be an
acceptable tracking control strategy, there are some further improvements that could be
done. This study only focused on the track-following servo control, the switching of the
control mode between track-seeking and track-following was not considered in this
study. It would be favorable to extend this controller design approach to cover the
track-seeking as well. More work could be done in the future for control system

improvement.
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Actuator Servo Control in HDD
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Abstract—This paper presents a method of sliding mode
control (SMC) designing and developing for the servo system in a
dual-stage actuator (DSA) hard disk drive. Mathematical model
of hard disk drive actuators is obtained, extracted from
measuring frequency response of the voice-coil motor (VCM) and
micro-actuator separately. The Matlab software tools are used
for mathematical model estimation and also for controller design
and simulation. A model-reference approach for tracking
requirement is selected as a proposed technique. The simulation
results show that performance of the model-reference SMC
controller in DSA servo control ean be satisfied in the tracking
error, as well as keeping the positioning of the head within the
boundary of +/-5% of track width under the presence of
disturbance. The overall results of model-reference SMC design
in DSA are met per requirement specifications and significant
reduction in %off track is found when compared to the single-
state actuator (SSA).

Keywords—Hard Disk Drive, Dual-Stage Actuator, Track
Following, HDD Servo Control, Sliding Mode Control, Model-
Reference, Tracking Control

k. INTRODUCTION

In Hard Disk Drive (HDD) industry, capacity and access
performance are major product specifications. To achieve
larger capacity, increasing areal density is most important. In
order to increase areal density in an HDD, a servo system is
one of the most significantly factors that need to be improved
with high accuracy to achieve the principle requirements. The
accuracy of read/write (R/W) head positioning on the center of
a target track is a key factors which requires a positioning in
the order of a few nanometers. In order to develop high
bandwidth track-following servo systems, DSA in the HDD
has been proposed as an effective solution to overcome the
limitation. DSA has been involved and developed by
integrating the piezoelectric materials for acting as a secondary
actuator in order to keep the R/W head on the desired track
accurately. The suspension-based DSA is being introduced for
use in HDDs, by integrating PZT (lead-zirconate-titanate)
material placed onto the suspension of head-gimbal assembly
(HGA) located between slider R/W head and HGA base plate.
In DSA servo systems, the VCM is actuated as the primary
stage to provide long track seeking but with poor accuracy and
slow response time, while the PZT is used as a secondary
actuator to provide higher precision and faster response but has
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limitation in stroke. When combining them with properly
designed controllers, both actuators are complementary to each
other. The implementation of the HDD servo controller relies
on the positioning error signal (PES), which is obtained by
reading the position information encoded on the disk’s data
tracks. The position error is also called track mis-registration
(TMR) in the HDD industry. Major TMR sources in the track-
following mode includes spindle run out, disk fluttering, bias
force, external vibration/shock disturbance, vibrations due to
air turbulence, and PES noise. [1]-[5]

Various control designs have been developed for DSA
control and can be largely classified into two categories as: the
first group based on decoupled or sequential single-input
single-output (SISO) designs, and the other group based on
modern - optimal design methodologies.[6],[7]. In existing
literature, either adaptive or robust control algorithms or both
were designed to handle external disturbance and model
uncertainties. Hidehiko and Masayoshi [8] presented a settling
control of a DSA for HDD; the decoupling filter (PZT output
estimator) is canceled at the VCM controller input. Peng, et al.
[9] presented that the DSA can increase the control bandwidth
for track-following performance based on a composite
nonlinear control. Zheng and Tomizuka [10] proposed an
adaptive compensation scheme to estimate and compensate the
non-repeatable run out. You and Hong [11] proposed a robust
SMC with a new switching surface for track-following. Low
and Wong [12] used a multi-objective genetic algorithm in a
controller-tuning scheme for a HDD servo by priority at
constraint objectives rather than the optimization. Taghirad and
Jamei [13] applied an adaptive robust control. Du et al. [14]
devised a linear controller based on solving linear matrix
inequalities for actuator positioning using an adaptive nonlinear
compensation. Horowitz, et al. [15] studied the vibration
compensation for disturbance rejection in DSA. Zhang, et al.
[16] used an Hinf for DSA head positioning and a tracking
control. The SMC approach has been found for DSA control in
HDD. Lee, et al. [17] studied discrete-time design of a DSA
control using a state estimator based SMC in the discrete time
domain. Wu, et al. [18] developed SMC based learning for
track-following in HDD; the learning algorithm utilizes shape
functions and estimate the control input to reduce repetitive
error. Tsang-Li Tai and Jian-Shiang Chen [19] designed SMC
for tracking performances for large and fine range; the settling-
time could be found by selecting a sliding hyper-plane.



Herrmann, et al. [20] studied SMC combined into the observer-
based for micro-actuator; the design state feedback controller
used an LQR approach for the discrete-time SMC. Hu, et al.
[21] adopt an approximate time optimal switching for the time-
varying SMC, resulting in smooth transition for both track
seeking and following.

This paper presents the design of SMC for DSA track
following servo control in the HDD. The SMC used in this
paper is based on the model-reference approach, suitable for
tracking of multi-input-multi-output (MIMO) systems, was
taken from [22]. The SMC has been studied and proven that it
has attributed to robustness for dealing with the parametric
uncertainties and disturbances. Basics of the SMC method can
be found from [22]-[24] and references therein. DSA plant
transfer functions have been obtained by fitting a model from
its measuring data that has been extracted by exciting the
actuators with the swept frequency sinusoidal input signal.
The magnitude and phase from its frequency response data are
used in order to obtain an estimated model, and then the
proposed design of servo control is developed. Matlab
software is used for model estimation, controller design,
simulation and evaluation to observe the performance. The
organization of this paper is as follows: A description of
obtaining the mathematic modeling of dual-stage actuators is
provided in Section II. The principles of sliding mode and
controller design are given in Section III. Results of this study
are shown and discussed in Section IV. Section V. presents
conclusions and summarizes the outcome of this work.

IL. DUAL STAGE ACTUATOR MODEL

Normally, the DSA consists of two actuators: the first is the
VCM and the second actuator is the PZT so called micro-
actuator, which is mounted on the active suspension located
between the R/W head slider and the HGA base plate. Fig.1
illustrates the DSA used in designing our control system. u,
and u, are the voltage inputs and y, and y, are the linear
displacements of the VCM and PZT respectively.

MICROACTUATOR

VCMACTUATOR

Fig. 1. Schematic of Dual-Stage Actuator in HDD.

The frequency response of the VCM and PZT are measured
from displacement of the head when injecting the sweep sine
source at the frequency range of drive operation. Normally, the
frequency response of the both actuators can be represented by

a rigid model G,y with their several resonance modes Res as
shown in equation (1) and (2) respectively.

2

Ko

D

Goig = ———— (1)

rigid ¢ +2lwpS+a,

n S2+2§—_-i[l):js+(0g!- (2)

Res = [T}
i=1 2
SZ+2{p,-wp,~S+wpi

The model estimation can be obtained by using tools in
Matlab software. The comparison plot of frequency response of
VCM is shown in Fig.2 and the response plot of PZT is
illustrated in Fig.3.
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Fig. 2. Comparison of VCM actual and VCM model estimation.

Bode Plots of Micro-actuator Plant Model

-60 o v e T
LI L T I B L B R E 1]
— L LT T O T L O A 1
ﬁ OF=rramr = TITAME =~ ATMr =T T TMm
'g 100 = b L J AU G L - L L L,
& LI R TS O 0L B A1)
g’ L L T L L
S 0F-rrAamr T TATAME TCATMe T T T T T
(] 7

e LT T L B NI A R | 1]

10 10’ 10° 10° 10 10
Frequency (Hz)

i
i
mmr=
i

Phase (deg.)
o

Frequency (Hz)

Fig. 3. Comparison of PZT actual plant and PZT model estimation.

The state-space model of the second-order rigid model in
the LTI system can be obtained in form as below:

x(t)' = Ax(t)+ Bu(r)

3)
y(t)=Cx(1)



where Ae R™, Be R™ and Ce R”™, 1<m<n.
The variables x is a vector of state variables, y is a vector of
plant outputs, and u is a vector of control. If the rank (B) = m
and the pair (4, B) is controllable, the plant model can be
transformed into regular form as

x' i A, Ayl x + 0
X' i Ay Ap]lx, B, 3 )

y=[Cl Cz]x

where Xl € R”—m, xz (= Rm s A”, AIZ, A21, A)z, Bz, CI, and
C, are constant matrices with corresponding dimensions. We

consider in state-space form so the second-order of the VCM
rigid model can be written as below.

" Hifs11.55 1253 0

= x+ u, 5
5 Uals1253 -11.55 36.01 ®)
v, =[23.52 -0.0979]x

And then the second-order state-space form of the PZT model

can be found as.
x'| |-3.167x10° 1.323x10° 0
- 5 X u, (6)
X, -1.323x10° -3.167x10 1.487

v, =[1.146 -0.2601]x

I11. MODEL REFERENCE SMC DESIGN

A. Model-References

The sliding mode control is one of the robust controller
designs for nonlinear dynamic plants operating under
uncertain conditions. The main advantage of the SMC is low
sensitivity of plant parameter variations, model uncertainties
and disturbances. Usually, SMC is considered a high-speed
switching feedback control because of the variable structure
control type. The purpose of the switching control law is to
drive the plant state trajectory onto a predetermined surface in
the state-space and then to maintain the state trajectory on that
surface. This surface is called the “sliding surface”. The state
variables are driven to a sliding surface and maintained there;
this process is called “reaching phase”. Once trajectory is
intercepted at the sliding surface, the switching control
maintains the plant state trajectory on the surface and the state
variables on the sliding surface move to the origin, called
“sliding phase”. As a result, the closed-loop system dynamics
are determined by the plant state trajectory restricted to the
sliding surface. In the model-reference SMC, a reference
model is relating to the plant output. The SMC controller is
designed, so that the errors between the reference model state
variables and the plant state variables are driven to zeros.

Resulting in the plant output is close to the reference model
output, and then the specifications can be met. We consider
the reference model as

w(t)'=A w(t)+ B, r ()

(7)
V() =C, (1)

where 4, € R™ B, e R"™and C,,e R™, 1<m<n,

so the variables w is a vector of state variables, y,, is a vector
of reference model outputs, and r is a vector of reference
inputs. If the rank (B,) = m and the pair (4,, B,) is
controllable, the reference model can be transformed into
regular form as

w,' T e + 0
w,' - A A J[W) B, i ®)

ym = [le CmZ]w

where W, € R, W, € R", Apit, Apizs Amaty Amazs Buas

C,;, and C,, are constant matrices with corresponding
dimensions. The reference model (A4,, B,,) can be formulated
so that the model outputs y,, follow the reference inputs r with
desirable transient response. One way to find the matrices A4,,
and B,, is to use pole-placement method. If we want to design
u for the plant model (3) to have desirable closed-loop poles
and to ensure steady-state tracking is zero, we choose

u=Fx+ Gr 9

Then, the closed-loop system becomes x’ = (4 + BF)x + BGr,
= Cx and the transfer function from r to y is given by

2O _ ¢(sf=(4+BF))" BG
r© (10)

G==(C(4+BF)’ B)"

A full-state feedback matrix F can be designed to place the
closed-loop poles at desired locations to achieve desirable
transient response. To ensure steady-state tracking of a step
reference, using the final-value theorem. Therefore, the
reference model can be chosen as A,, = A4 + BF and B,, = BG.
The reference models for both actuators are found by placing
the poles of (4, B). The poles at [-5x10°, -6x10°] are placed
for VCM, then the closed-loop reference model can be found

as
W' -11.55 125.3 3 0
= w, n
w,,'| [-2.384x10° -1.099x10* | |1.018x10*|"

Y =[23.52 -0.0979]w,



and the poles [-5x10°, -1x10*] are placed to get the reference

model of PZT as below.
W'l [-3.167x10° 1.323x10° 0
= w, + I
w,,' -94.64  -1.183x10*| 7 |[331.6]”

Vp =[1.146 -0.2601]w,

B. Model-Reference Sliding Mode Control

The whole design of an SMC system is to properly choose
or design a sliding surface, that the closed-loop system has
desired dynamics. And then a switching control that can drive
the plant state trajectory onto the sliding surface and maintain
it on that surface is to be designed. The control inputs u will
make x tracks w, corresponding to y tracks y,. Lete=x—w
be the error between the plant state variables and the reference
model state variables. From (3) and (7), the error dynamics are
given by

e'=A,e+(A—A,)x+Bu—B,r (11)
Consider a control law
u=u+u,+u,=v+u, (12)
where;
u,=B"(4,-A)x+B'B r (13)

u, is an inverse dynamics term with B” as pseudo-inverse of
B. Substituting (12) into (11), we have e’ = A,,e + Bv. Since
both plant model and reference model are in regular form, the
error dynamics can also be written in regular form as

e'=4,.e+4,,e (14)
e,' =4, +A4,,e,+B,v
Let the switching surface be
s=Se=_S,e +S,e, =S,Me, +5,e, (15)

where S, S, S;, and M are constant matrices with appropriate
dimensions. S,B; is any nonsingular diagonal matrix, normally
chosen to be B, so that §, = I. Using a linear change of
coordinates

Choose

u, =—(SB) " (54, —®S)e (16)
where @ is any stable design matrix, and then choose
g Ps
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where p > 0 is a design parameter and P, is a symmetric
positive definite matrix equation

u, =—p(SB) (17)

PO+D' P =1
After a straight-forward derivation, we obtained

& = (4.6, — 4M ) e, "'(Amlez_l )s

Consider a Lyapunov function V, =STP2S>0, so the
derivative is given by

Rs"'Psty Bs'
< Isl2 C 2p|P2s|

S =2p A \/71

<0

From the Rayleigh principle, we can conclude that s will
approach zeros in finite time and will remain there afterward.

Consider another Lyapunov function V, = elrl’]el > (0, where

P; is a unique symmetric positive definite solution to the
Lyapunov equation

P' (A'"ll L AmIZM)+ (Amll ly AmIZM)T R = —QI >

where; @I is a design symmetric positive definite matrix and
M to be obtained and (A4,,;; — A,.;2M) is a stable matrix. So
that we can conclude that e; will approach zeros in finite time
and will remain there afterward, and during time s = 0, the
result in e, will also approach zeros.

The advantages of SMC on this approach are as follows:

e Plant model is normally not required. However,
knowing the plant model helps improve the quality of
the control system, such as utilizing plant models to
compute a controller parameters rather than by trial-
and-error, and can be feed-forwarded to cancel known
terms results in reducing the effort from fast-switching.



e During the sliding phase, the system order reduces from
n to n—m, where n is the number of state variables and
m is the number of inputs, making low complexity.

e During the sliding phase, the system is not affected by
matched uncertainties, such as disturbances, noises, and
plant uncertainties that can be directly altered by the
control inputs.

C. Controller Design

In this study, the block diagram of the overall control
system of DSA is designed as shown in Fig.4. This is based on
the requirements that the micro-actuator must settle down to
zero before its next move. During operation, only the total
head displacement y = y, + y, is measured. While the
displacements for the feedback control system y, and y, were
only estimated based on the fact that the micro-actuator can be
accurately approximated by a constant gain, under the present
range of operating frequency. The objective of SMC designs is
to have the displacement of the head tracks a reference input
when the following specifications are met:

e  The mean of the steady-state error is zero.

e The 30 PES is to be less than 10% of track width
under desired TMR disturbance.

e The 5% settling time of step response is to be short as
short as possible and overshoot is less than 5%.

Fig. 4. Schematic diagram of dual-stage actuator control.

The DSA control loop from 7 to y consists of G, is VCM
plant that can be considered in a series with desired notch
filter for system stabilizing. SMC, is a controller designed for
VCM plant. G, is plant of PZT that can also be considered to
connect in a series with notch filter to improve stability of the
PZT plant and system. SMC, is controller designed of PZT
plant. final block is ép decoupling, estimated as a constant
gain. G, is placed between the VCM controller input and the
PZT controller output. Then, =y =y-—y,,so that the PZT

actuator output is canceled at the VCM controller input. The r
is representing the input commands for DSA servo control to
move the head and position onto the target track. Let r —y is to
be the controller input of micro-actuator. In the track-
following task servo control, r is replaced by TMR to be the
input to the controller. Normally, TMR consists of repeatable
run out (RRO), non-repeatable run out (NRRO) and external
disturbances. Considering the controller parameters, choose M
to place the poles of (411, A12) at [-10, -20] and P, to be Z,,,,
so that § for both actuators will be found as.

S, =[0.0123 -1].and 5 =[0.0238 -1]

then @ can be obtained by solving the Lyapunov function in
Matlab, and normally set p =1. The simulation results can
be discussed in following section.

IV. SIMULATION RESULTS

In the simulation results of the proposed technique, model-
reference SMC for DSA track-following servo control could be
satisfied and met all of the specifications. In track-following,
the main objective is to achieve the TMR disturbance rejection.
The TMR source for this evaluation is referring from [6].

r . @©=0.5+0.1cos(1107t)+0.05sin(2207t)
+0.02sin(4407t)+0.01sin(8801)

The results of tracking error comparing between DSA and
SSA are shown in Fig.5, and the 3o of %off track PES testing
are obtained in Fig.6. The performance values are compared in
Table 1.
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Fig. 5. Comparison of TMR disturbance rejection using model-reference
SMC between DSA(dual-stage) and SSA(single-stage).
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The step responses of DSA with proposed model-reference
SMC controller design is illustrated in Fig.7. Results show the
5% settling-time is 0.35 msec. compared to SSA at 0.63 msec.
and the overshoot of the head displacement is less than 5%
which are met per requirement specifications.
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Fig. 7. Plot of response head displacement, VCM displacement and PZT
displacement on DSA with model-reference SMC.

TABLE L PERFORMANCES COMPARISON
Time-Domain Performances Comparison
Item i A Dual-Stage Single-stage
Phgéanance Crigriy Actuator Actuator
1 33 of PES (%off track) 2.79 5.23
2 Settling time (ms) 0.35 0.63
3 Over shoot (%) 4 3.11 4.12

V. CONCLUSION

In this paper model-reference SMC has provided robustness
against plant model uncertainty and disturbances. The
reference model is relating reference to the plant output, is
formulated to meet various time-domain specifications. The
SMC controller is designed and shown that the errors between
the reference model state variables and the plant state variables
are driven to zeros. As a result, the plant output is closed to the
reference model output, and the specifications can be met. The
performance of proposed controller has been verified through
Matlab simulation and can be proven that the DSA servo
control was a superior controller when compare to SSA. The
method presented in this paper can also be applied to improve
the performance of the dual-stage actuator even further.
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