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This thesis proposes a new technique to design an effective controller for both the Voice Coil
Motor actuator (VCM) and Dual Stage Actuator (DSA) in a HDD servo system. In order to achieve
high aerial density, tracking performance and robustness of the HDD servo system need to be
improved. Hy, robust controller is one of the most popular techniques for solving the mentioned
problem; however, the order of this controller is usually higher than that of the plant, making it
difficult to implement in practice. To overcome this problem, this thesis proposes a new technique for
designing a robust controller for HDD servo system. Infinity norm of transfer function from
disturbances to states is used as the cost function in our optimization problem. Genetic Algorithms is
adopted to solve this problem and is used to find the optimal controller parameters. The proposed
technique does not only solve the problem of complicated and high order controller but also still retains
the robust performance of conventional H, control technique. In addition, structured pre-filter in the 2
DOF controller structure is also designed by GA to enhance the performance in time-domain.
Experimental and simulation results in a HDD control system verify the effectiveness of the proposed

technique.
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the servo bursts to keep the R/W head over the track during track following mode. During track
following mode, the head repeatedly reads the sector ID filed of each successive servo sector to
obtain the binary encoded sector ID number that identifies each sector of the track. In this way, the
servo control system continuously knows where the R/W head is relative to the disk.

Position error signals (PES) are essential feedback signal for servo control system during track
following operations. The PES signal may be derived from read servo burst as the head flies over the
servo burst of the servo sector of the disk. There are various PES demodulation methods to calculate
the PES value from the burst profile.

The prevalent trend in hard disk design is smaller hard disks with increasingly larger capacities.
The recording density is increasing at an impressive annual rate of more than 100% while the access
time is decreasing; very soon the storage density is going to cross 1 terra bit per square inch. The
expected necessary track density for 1 terra-bit per square inch recording will be 500,000 tracks-per-
inch (TPI), which requires a TMR budget of less than 5nm (3-sigma value) [1]. The existing
conventional HDD servo technology cannot support this new requirement; a new class of VCM
actuator (Dual stage actuators) along with high performance servo controller is required to handle
both the performance and robustness.

"As the TPI increases, the track width becomes narrow which leads to lower error tolerance in the
positioning of the head. The controller for track following has to achieve tighter regulation in the
control of the servo mechanism. A rigorous analysis of sources of TMR and the development of
advanced techniques to eliminate these sources are required. Currently, HDD uses many control
techniques such as lead lag compensators, PI compensators, robust control and notch filters. Some
classical methods for controlling HDD servo mechanism can no longer meet the demand of higher
performance. Several control approaches have been adopted to solve the above mentioned problem,
e.g. identification and high bandwidth control {4], mixed H,/H, Control for improving TMR (5],
dynamic nonlinear control for fast seek-settling [6], and gradient based parameter optimization
method [7]. Since the performance of servo controllers are governed by the mechanical repeatable run
out (RRO) and non repeatable run-out (NRRO) as well; a lot of research has been done to improve
RRO/NRRO and thus improve the servo performance. e.g. Western Digital Inc US patent documents
US7616399 Nov 2009 [2]. This invention preserves the PES continuity during track following mode.



Western Digital Inc US patent documents US6545835 B1 Apr 2003 [8] describes a method of RRO
learning before and after shipping to cancel RRO in a disk drive.

The most important aspect in HDD servo control system is to ensure both the stability and the
performance of the system under the perturbed conditions. One of the most popular techniques is Hy,
optimal loop shaping control. In this technique, the uncertainty and performance are incorporated into
the controller design [9-10]. Unfortunately, the order of the resulting controller from this technique is
usually high, making it difficult to implement the controller in practice. In this thesis, we illustrate the
design of a HDD controller which can guarantee stability under the perturbed conditions and which
also has a simple structure. This thesis uses a more recent evolutionary technique, Genetic Algorithms
(GA), to solve the specified structure Hy, loop shaping optimization problem. The infinity norm of
transfer function from disturbances to states is formulated as a cost function in our optimization
problem. This problem is solved via searching and evolutionary computation by GA. The resulting
optimal controller makes the system stable and also guarantees the robust performance. In addition,
GA is adopted to find a structured pre-filter for increasing the tracking performance of the system. By

the approach mentioned above, a high perforrnance HDD servo system can be designed.

1.2 Objectives
This thesis focuses on the systematic design of HDD servo system. The main objectives of study
are:
1. To study the model and dynamic systems of a single VCM actuator and a dual stage actuator,
2. To design a notch filter to compensate resonance modes in HDD servo system,
3. To implement a new technique of controller design, GA based Fixed Structure Robust Loop

Shaping Control, on the HDD servo system.

1.3 Scope of the thesis
1. Design a high performance HDD servo system using GA based fixed structure robust loop
shaping control for a single stage actuator,
2. Implement the controller in item 1 for a real HDD servo system,

3. Design a high performance controller for a dual stage actuator (simulation only).



1.4 Limitations of the thesis and budget
1. Time allocated for this thesis is only one year.

2. Budget allocated for this thesis is about 178,000 THB.



Chapter 2

Literature Reviews

The development in HDD control system has received much attention by many research works.
Many researchers tried to improve the performance of servo control system using several new
techniques. Several techniques about servo control system design, system identification and
modeling, plant uncertainty condition, etc. have been proposed by several researchers. In addition,
several researchers contributed their research works in repeatable and non repeatable detection and
correction. In this chapter, some of them which are closely related to this thesis are described. This
chapter is organized as follows. Section 2.1 describes the background works and basic theories of
HDD servo system. Main issues on control system design have been described in Section 2.2. Single
and dual stage actuators are illustrated in Section 2.3. Primary VCM actuator model, its resonance
modes and parametric uncertainties are also described in this section. The micro-actuator model with
its resonance modes and parametric uncertainty is described in Section 2.4. Section 2.5 shows the

integration mechanism.

2.1 Background of the HDD servo system

Many immense developments in HDD servo system have been proposed by many researchers,
and they are used extensively in HDD servo system. Western Digital Inc Patent US 7027256-B1 Apr
2006 [11] disclosed a method to reduce RRO. The magnetic disk has a plurality of embedded servo
sectors and data sectors for storing user data. At the end of servo sectors, there is the RRO
cancellation information along with error correction code (ECC) data. The actuator positions the
transducer head in response to -control signal generated by the sampled servo controller based on
servo information including RRO cancellation and RRO ECC information at servo data rate. The
RRO ECC data is only used for detecting and correcting errors in RRO. The flowchart of the RRO
cancellation mechanism is given in Figure 2.1. This method is more reliable in reduction of RRO in

the location of embedded servo sectors relative to concentric track center.



Read at least one RRO cancellation value related to

predetermined track during track following.

!

Read RRO cancellation value ECC-data that

corresponds-to each read RRO ¢aircéllation value.

Monitor for error'in éach read RRO-cancellation value

—

using the corresponding ECC data.

]

Correct:anerrorin gach RKbéﬂc_hﬁqeﬂaﬁon -valie

ifian erroris detected.

Fig 2.1 Flow chart for RRO cancellation [11]

Rotunno et. al. used an optimal control theory, Hy, norm based control design, to design a
controller for DSA (Dual Stage Actuator) [12]. They compared the performance between different
strategies and power consumption. The techniques used in their paper are based on optimal control
design to come up with a systematic approach to design a servo controller. The systematic design
approach requires the specification of the shape of well defined weighting function. In this paper, a
bandwidth (BW) of 0.45 kHz with gain margin (GM) of 8.8 dB and phase margin (PM) of 39 degree
on a single stage actuator can be achieved. In the DSA, BW 1.1 kHz with GM of 8.1 dB and PM of

38 deg with a VCM and Magnum 5e dual-stage suspension can be-achieved.



Huang et. al. presented the system modeling, the design and the analysis of multi-rate robust
track following controller [13]. In this paper, they followed two approaches. In the first approach, the
controller was designed using SISO method such as SD and PQ method. In the second approach,
MIMO controller design was illustrated and they adopted the mixed H,/Hc, mixed H,/p and robust H,
synthesizes. Performance. comparisons of all controllers were given in their paper and were shown in

the Table 2.1 below.

Table 2.1 Performance comparison between control design [14]
PERFORMANCE COMPARISON BETWEEN CONTROL DESIGNS

Design Unstable PES (nm) Um (MV) Controller
Approach (/400) | Nominal W-C  Degradation | Nominal W-C  Degradation Order
PQ method 0 1.75 10.00 29% 205 234 14 % 6
SD method 0 7.1 8.35 17 % 277 316 14 % 6
Mixed Hy/Hoo 0 6.57 782 19 % 201 216 8% 8
Mixed Ha/p 0 5.31 5.88 1% 261 298 14 % 8
Robust H2 [111 0 5.93 6.47 9% 275 310 13% 9
Robust Hp {101 0 5.96 1.10 18 % 308 388 26 % 10
Robust Ha [110 0 6.09 797 31 % 239 309 29 % 10

" Robust Ha {100 0 7.66 9.45 2% 28 39 4% 10

As seen in this table, the results show that the robust MIMO design approaches generally achieve
better nominal and worst case performance than the sequential SISO design approach.

Conway et. al. presented a semi-automated method for identifying parameters and parametric
uncertainty for a set of dual stage hard disk drives [14]. They presented two methods for model
reduction; first method combines the experimental data to directly extract the fewer parameters while
second method uses optimized modal transaction methodology. Convex optimization and singular
value decomposition are employed to obtain a minimally conservative, lower order approximation of
uncertain parameters. The former method results in fewer initial uncertain parameters; the latter
provides a better match with the full-order model. Finally, the result is a state space controller model
of manageable size to be used in robust H, synthesis.

Law, et. al. investigated a new multi-objective Genetic Algorithm (GA) for tuning the servo
controller parameters for HDD in order to satisfy all the desired performance [15]. His multi-
objective GA works on the constrained optimization objective. The proposed controller-tuning

scheme places the constraint objective at higher priority than the optimization objective. This



technique is extremely useful for the conditions where servo system needs to work under some
constraints such as low power requirements, vibrating conditions etc.

Taghirad, et. al. developed an improved compensator, Adaptive Robust controller (IDARC),
which is suitable for both track seeking and track following controls [16]. In addition, this technique
can reduce the mode switching algorithm of conventional HDD. Their robust controller is powered by
a dynamic adaptive term. In this paper, it is observed that even in the presence of large disturbances,
IDARC performed better performance than the adaptive robust controller.

Venkataramanan, et. al. proposed a discrete time composite nonlinear feedback control for HDD
servo system [17]. Their proposed scheme is composed by combining a linear feedback law and a
nonlinear feedback law. The linear feedback law is designed to yield a fast response, while the
nonlinear feed back law is used to increase the damping ratio of the closed-loop system as the system
output approaches the command input. In the face of actuator saturation, this control law not only
increases the speed of closed-loop response, but also improves the settling performance over 30%.
Their proposed technique was able to work on both track seeking and track following mode and it
does not require any mode switching control.

Chen et. al. presented a tutorial on iterative learning control (ILC) and the repetitive control (RC)
techniques in HDD industry for compensation of repeatable run-outs (RRO) [18]. For ILC, a simple
filtering-free implementation for written-in RRO compensation is presented. They focused on how to
reject the repeatable run-outs in HDD servo. A tutorial on iterative learning control (ILC) with a

simple application in HDDs without any filtering operation is presented.

2.2 Issues on control system design
Figure 2.2 shows a typical disk drive servo channel indicating the various sources of disturbances
and errors. The major error sources and disturbances which produce bad TMR are given below.
I. TMR caused by the bearing hysteresis and poor velocity estimation during track seeking and
track settling modes.
2. Written in servo pattern non-linearity due to head asymmetry, media imperfection etc.
3. Non-repeatable spindle run-out in the drive caused by bearing.

4. Mechanical resonance in the suspension and actuators are the another causes of poor TMR.
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5. Electronic noise in the channel part got recorded through servo DE-MOD as well.

A good servo system should not only provide better seek and better track following but it needs
to provide a robust performance and disturbance rejection caused by the errors mentioned above.
Following are the robustness issues which one should consider while designing the HDD servo

system.

Bearing Transient

External

Run-out Vibrations

Vibrations

PES

‘Media Noise
& defects

nonlinearity:

Mé‘c‘haniczil'
Air . Resoriances ,~

Turbulence ;
Head &

Elec Noise
4 B ES‘ A

Pivot

VYCM

Hysteresis
driver yster demod

Quantization Quantization
Noise Noise -

Fig 2.2 Noise sources in HDD [19]
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2.2.1 Disturbance Rejection
There are three types of disturbances, which play an important role to make TMR bad those are:

input disturbance, output disturbance and measured noise. These disturbances can be modeled as

e b

Figure 2.3.

Rl ey
Disturbance, Disturbance; o Noise
Filter L ) U Filter

Measured

True PES

Fig 2.3 Disturbance modeling in HDD servo system [19]

The input disturbance is typically a color noise with superimposed electronic bias, which
sensitive energy arises from natural frequencies of various mechanical perturbations such as
resonances, vibration and friction. The output disturbance is also a color noise and mainly caused by
spindle rotation and its effects such as run-out, wind-age and media noises. The measurement noise is
a white noise due to the position measurement techniques and/or sensors. The objective will be to
reject the effect of the disturbances and measurement noise. In this way, we can achieve minimum
which can be approximated by (2.1) [20]

position error variance, O, ,

1 N }
O pes = \/N———IZ Y, (i) 2.1

Where N is the number of samples. The problem to minimize o, can be solved using appropriate

H, optimal control method.
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2.2.2 Run-out compensation

The position feedback signals in HDD servo mechanisms are derived through pre-recorded servo
sectors at the time of manufacturing using either a dedicated servo writer or using self servo writing
technique. Ideally, the tracks should be perfect concentric circles. However, in the process of servo
writing, the head that written tracks is not perfectly circle due to presence of vibration and NRRO
effects. Figure 2.4 is a schematic diagram illustrates ideal servo tracks and written servo tracks
exhibiting servo RRO.

This apparent track motion causes the R/W head to move in an attempt to minimize the position
error, which results in positioning of the R/W head away from the real data track. Such an
imperfection is termed a run out. This run-out, depending upon its nature can be classified as

repeatable and non repeatable.

Fig 2.4 Ideal servo tracks and actual servo tracks [8].

2.2.2.1 Repeatable run-out
When the sampling frequency is equal to the spindle rotation frequency, or one of its
multiple, the run-out motion produced by apparent tracks will be repeated. This repeated run-out is
locked to spindle rotation in both frequency and phase. This is what we call repeatable run-out RRO.
The major source of RRO is eccentricity of the track. Other sources include the offset of the track
center with respect to spindle centre. RRO is a repetitive event in that both its amplitude and phase

are locked to the rotation of the spindle. Therefore, this prior knowledge of RRO can be used as a
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feed forward signal to compensate the tracking error. To be a little more specific, assuming that the

RRO, d(t), is a time-varying unknown disturbance consisting of a sum of » sinusoidal of known

frequencies.

d()y =" [a;(t).cos(w,r) + b, (¢).sin(w,)] 2.2)

The adaptive feed forward compensation approach is to design a control
A _ N A A .
d(t)= D . |ai(t).cos(w;t) + bi(t).sin(w,1) + g, .k,.3(1) | @3

Where g; is the adaptation gain and k; is the digital loop gain. Next, an appropriate adaptive

A A
algorithm is used to adjust the estimates ai(f) and b; () so that these estimates are made equal to the

nominal values.

ai(t) = a,(t) and bi(r) = b, (1) 2.4)

The RRO disturbance approximated as in (2.2) can then be canceled by the reproduced signal.

2.2.2.2 Non repeatable run-out

NRRO is a product of disk drive vibration and electrical noise in the channel. NRRO can be
caused by spindle-bearing defects, windage, disk flutter, electronics noise, etc. in the channel. Since
RROs are the harmonics of the motor rotational frequency in the frequency domain, an NRRO is the
subtraction of the harmonics from the total indicated run-out (TIR), which can be defined as the
distance difference between the R/W head and the previously written track in an HDD, and hence an
NRRO in the time domain can be easily constructed by the inverse Fourier transform of an NRRO in

the frequency domain [19].

O | N Lo .
RRO(j) = WZ L TIRGL j)  j=1,2,....,M (2.5

NRRO(,j) = TIR(,j) - RRO(j) where j=1,2,...M 2.6)
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Where N is the number of revolutions of the rotor; M is the number of samples per revolution; i
represents the number of disk revolutions, and j represents the number of phases from a fixed point of
the slit. An NRRO can be taken care of by the servo controller through improved loop bandwidth.
However, the increase in servo bandwidth to reject an NRRO is determined by servo sampling rate,
spectrum of the measurement noise, and the existence of plant resonance modes. NRRO can be
minimized via improved servo writing, use of better bearings, and the improved design of electronics.

2.2.3 Resonance Compensation

The actuator and HDD structures are not perfectly rigid and have hundreds of flexible modes.
This flexibility gives rise on the vibrations, which result in a longer time to settle at the target track
and account for a significant component of the TMR. It has been proved that resonance modes that
exist within a decade away from the servo-crossover frequency degrade the system performance. The
resohance or vibration modes are the major sources of NRROs. Each resonance mode can be modeled
as a second-order transfer function. The VCM actuator transfer function displaying multiple
resonance modes is given in Section 2.3 and Section 2.4. Although there are hundreds of such
resonances in an actual disk drive, but only three or four modes play a significant role in TMR, as
other modes have very little amplitude and far away from the interested frequency. One can use of
three to four notch filters to suppress the plant model resonance modes. These filters are preferred
instead of low-pass filters because the sharper the cutoff in the magnitude of the frequency response,
the lower the phase introduced in the loop. The transfer function of an analog notch filter is

commonly chosen as.

&+ (27 f,)
52+ ZZ—'ﬁ’s + Q2.7 f,)’

N,,(s)= 2.7)

Where f; is the center frequency Q and is the Quality-factor. To use with digital control, digital

notch filers can be realized using microprocessors or high-speed Digital Signal Processors.
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Step 2: Calculate £,,, by solving the following inequality.

(3.6)

Given a shaped plant Gs and 4, B, C, D represent the shaped plant in the state-space form. To
determine Eopt» there is a unique method as follows

ymin = 811_’1:!)( = (1 + Zmax (X.Z))llz

(3.7

Where X and Z are the solutions of two Riccati in (3.8) and (3.9) respectively; A .. is the maximum
eigen value,

(A-B.S'D"C).Z+Z.(A-B.S'D'C)T -ZCTR'C.Z +B.S'B" =0 (3.8
(A-B.S"'DTC).X + X.(A -B.§'DC)T -XBS'B"X + CT.RIC=0 (3.)

Where

w
Il

I1+DT.D
I+D.DT

To ensure the robust stability of the nominal plant, the weighting function is selected so that

Egpy 2
0.25[10]. If &€ ,p¢ 15 N0t satisfied, then go to Step 1 to adjust the weighting functions.

Step 3: Select & < ¢ opt and then synthesize a controller K, that satisfies (3.10)

! I+G.K_)Y'mM!
Kw 5 L] 5

< g-!

(3.10)
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Controller K, is obtained by solving the sub-optimal control problem in (3.10). The details of this

solving are as follows [10]. G, and 4, B, C, D represent the shaped plant in the state-space form. Gs

has a minimal state-space realization as given below

Then a minimal state-space realization of a normalized left co-prime factorization is given by

_ A +HC|B+ HD H
[N’M]— |:R-1/2 C |R'”2D R'I,2:|
H=-BD" +Z.C")R"!

Step 4: Final controller (K) is determined by.

K =W KW, (3.11)

Fig 3.2 Hy, Loop shaping controller

3.2 Genetic algorithm based fixed -structure H, loop shaping optimization

In the proposed technique, GA is adopted in control synthesis. Genetic algorithms are well
known as a biologically inspired class of algorithms applicable to any nonlinear optimization
problems. This algorithm applies the concept of chromosomes and the genetic operations of
crossover, mutation and reproduction. A chromosome is an individual sample in a population. Each

individual is assigned a fitness based on evaluation and objective function. At each step called
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generation, fitness values of all individuals in a population are calculated. Individual with maximum
fitness value is retained as a solution in the current generation and passed to the next generation. To
form a new population of the next generation, crossover, mutation, and reproduction are used.
Crossover randomly selects a site along the length of two chromosomes and then splits the two
chromosomes at the crossover site. New chromosomes are then formed by matching the head of one
chromosome with the tail of the other. Mutation forms a new chromosome by randomly changing a
single bit in the chromosome. Reproduction forms a new chromosome by copying the old
chromosome. The process of these operations is illustrated in the Figure 3.3 given below.
Chromosome selection in genetic algorithms depends on the fitness value. High fitness means a
higher chances of being selected. Mutation, reproduction, or crossover depends on the pre-specified
operation’s probability. Individual samples in the genetic population are coded in binary. For real

numbers, decoding binary to floating-point numbers is used [9].

Pireﬁu':'boml1-§_0mo‘101¢"§ Parent1:001.01101110108 | [ Parent: : 0101101110101
Parent2: 010010 x 11010010V : ‘Random bit'1-to 0 : Same as Parent
Randombit : "Neyi" Iﬂ’ogulaf'tion» 1 | New Popiilation '
New popiilation 1t 1:4,001)0131'01 110101 | . 4,0010110141011]1
1: 0010TH11010010. {1
2:.010010011-10101
(a) Cross Over .(b) Mutation . {c) Reproduction

Fig 3.3 Genetic operations (a) Crossover, (b) Mutation, (c) Reproduction

In this thesis, the genetic searching algorithm is adopted to solve the Fixed-Structure H Loop
Shaping Optimization problem. Although the proposed controller is structured, it still retains the
entire robustness and performance guarantee as long as a satisfactory uncertainty boundary € is
achieved. Assume that the predefined structure controller K(p) has specified parameter p, based on
the concept of Heo loop shaping, optimization goal is to find parameter p in the controller K(p), that
minimizes infinity norm from disturbances w to states z, HT W IL . From (3.11), assuming that #, and
W, are invertible, then K_ =W, K(p)W," . Substituting this equation into (3.6), the co-norm of the

transfer function matrix "T 2w |L which is subjected to be minimized can be written as:
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I

I+GW-"K(p)W, "Y' M 3.12
W,"K(p)W[’]( - K(p)W,” )" M, (3.12)

@D

Jon =7 =T, - {

The optimization problem can be written as

Minimize subject to P, i <P < Py max

(I+G W K(pW, ') M

oo

where p, i, Dy ms @r¢ lower and upper bounds of the parameter p, in controller K(p)

€0

respectively. The fitness function in the controller synthesis can be written as following

=1

(

I
I+GW'K(p)W, ™ Y ' M
|:I'VI—IK(p)H/2_l:l( s 1 (p) 2 ) 5 3
Fitness = 4 If K(p) stabilizes the plant. > (3.13)
0.00001 Otherwise

The fitness is set to a small value (in this case is 0.00001) if K(p) does not stabilize the plant. Our
proposed algorithm is summarized as follows. The flow chart of the proposed technique is given in
Figure. 3.4

Step 1 Follow steps 1 and 2 in the conventional Hy, Loop Shaping Optimization to select the weights.
Specify the genetic parameters such as initial population size, crossover and mutation probability,
maximum generation, etc.

Step 2 Select a controller structure K(p) and randomly initialize several sets of parameters p as
population in the 1™ generation.

Step 3 Evaluate the fitness value of each chromosome using (3.13). Select the chromosome with
maximum fitness value as a solution in the current generation. Increment generation for a step.

Step 4 While the current generation is less than the maximum generation, create a new population
using genetic operators and go to step 3. If the current generation is the maximum generation, then

stop.
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Step 5 Check performances in both frequency and time domains. If the performance is not satisfied

such as too low & (too low fitness function), then go to step 2 to change the structure of controller.

Start

e

A

‘Design Weights W1 W2
Evaluate Yopt

If"fopt
Satisfied'

Initialize Population of
Parameters, Max Generation,

Probability

Evaluate Fitness Function

v

el oot j )
- -Select Sadlution of Current. Gen

‘Which 'has 'ma"x-ﬁtpess"valjlg 1

.

2/

Qficurrent solution

No

T

. -GEN=GEN+1; Samplifignew.

( Population by genetic.operaton:

Fig 3.4 Flow chart of GA [9]
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3.3 Method to improve tracking performance

It is noted from the literature review that PID control generates large overshoots compared to
other advanced controllers [19]. It is very hard to achieve very good reference input tracking and
disturbance rejection simultaneously with single feedback control, and the main reason for that is
shortcoming of the PID control is mainly due to its structure i.e. it only feeds in the error signal, (r -
ym) , instead of feeding in both reference signal r and output y,, independently. The solution is to use
a two degrees-of-freedom controller where the reference signal r and output measurement y,, are
independently treated by the controller, rather than operating on their difference (r = y,) as in a one
degree-of-freedom controller. There are several alternative implementations of a two degrees-of-

freedom controller. We follow one of the common structures in our design as shown is Figure 3.5.

Fig. 3.5 Two Degree of freedom control configuration

Where K, denotes the feedback part of the controller, and Kr is a reference pre-filter. The feedback
controller Ky is used to reduce the effect of uncertainty (disturbances and model error) whereas the
pre-filter Kr shapes the command r to improve tracking performance. In general, it is optimal to
design the combined two degree-of-freedom controller K in one step [21]. However, in practice Ky is
often designed first for disturbance rejection, and then Kr is designed to improve reference tracking.

A convenient choice of the pre-filter is the lead-lag controller.
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Tioaa S T 1

K (s)=
(s) P (3.14)

Here we select T pyp > T4 if we want to speed up the response, and T,z p < T, if
we want to slow down the response [10). If one does not require fast reference tracking, which is the

case in several process control applications, a simple lag is often used 7 ; 4 p = 0.

3.4 List of equipments and software
Following equipment and software are used to perform the experiment of this thesis.
1. WD Spiral Seeded HDD,
2. S4W Interface equipment,
3. Oscilloscope with Differential Probe,
4. Power Supply,
5. MATLAB with SIMULINK,
6. ARM Compiler.

3.5 Data analysis and Verification

For designing and simulation of the controller, MATLAB with SIMULINK software is used;
however, for actual implementation we adopted the proposed controller on the WD VCM actuator
model. After implementation of the controller on HDD, we use the history and S/W log files for data
analysis. Thus, in this chapter, the conventional Hy, technique has been discussed and after that the
proposed technique using GA to optimize H, Robust controller has been discussed. The way to

improve the tracking performance by 2 DOF controllers has been explained in the next chapter.
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Chapter 4

Controller design for single stage VCM actuator

This chapter describes a robust controller design using conventional Hy, loop shaping technique
followed by the fixed-structure Hy, loop shaping control using our own proposed technique. Section
4.1 explains the basic requirement specifications and the classical robust Hy, controller. Next, the
design of a robust controllgr using GA is illustrated. In order to improve the tracking performance, we
added an additional compensator in the structure of 2DOF controller, which is explained in Section
4.2. Robustness test on our proposed controller is explained in Section 4.3. Hardware implementation
of our proposed controller is described in Section 4.4. At the end of this chapter, based on the
simulation and experimental results, the proposed technique is superior to several other existing

techniques.

4.1 Hy, loop shaping controller design

According to bode stability criteria, in this thesis, typical shape of bode magnitude plot of the
compensated plant open loop transfer function should follow the characteristics explained in section
2.5 along with following specifications [25].

1) Overshoot and undershoot of the step response should be kept less than 5% as the R/W head can
start to read or write within 5% of the target.
2) The 5% settling time in the step response should be less than 2ms,

This section describes the robust controller design using classical Hy, loop shaping technique
followed by robust controller design using the proposed Hy, loop shaping technique. The proposed
controller parameters are optimized using GA. We have selected plant and notch filters based on the
Tables 2.2 and 2.3. The weights have been designed based on the guidelines in Section 3.1; the
weight #, and W, can be selected as [10]:

W, =4.99*
s +1.09
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s+ 81.23

AL (4.2)
s+130470

v,

By these weights, a slope of -20 dB/decade at the cross over point can be achieved, and it
provides gain margin of 12dB and phase margin of 67.5". First, we applied the conventional Hy, loop
shaping (HLS) technique to design a robust controller as the guideline provided in Sections 3.1. The

resulting controller by this approach is 18" order robust controller as shown in following:

(2.238x10%s'7+3.453x10%' +1.968x10"s'®
+1.903x10"%s" +5.649x10%s"* +3.56x10%%s"2
+6.737x10%%s"+2.992x10%5'°+3.718x10%'s’
+1.224x10°s*+1.008x10°°s” +2.542x10%s°
+1.314x10%%s* +2.569x10%%s* +6.883x10%s*

+9.995x10%s2+4.703x10"%*s + 3.194x10™
s'® +1.74x10°s7 +1.19x10"%s'* +1.03x10"s"*

+4.27x10%s" +2.162x10%5'* +6.332x10%s"?
+2.046x10%°s" +4.513x10%"s'°+ 9.5x10*'s°
+1.646x10*s*+2.261x10%°s” + 3.14x10%s®
+2.659x10%s° + 2.966x10%s*+ 1.272x10%s>
| +1.089x10™s?+ 7.071x10™s + 5.031x10™

HLS con = 4.3)

HLS controller is able to satisfy all the uncertain modes with the y = 1.7137. As shown in (4.3), the
order of HLS controller is 18 and it is not easy to implement practically.

Next, a fixed-structure robust controller using the proposed algorithm is designed. We follow the
guidelines in Section 3.2 to design the controller [2]. The structure of controller is selected as the

second order lead-lag controller which can be expressed in (4.4).

Cont { g, k1)(s + kZ)} (4.4)
(s + k4)(s + k5)

In the optimization, the ranges of search parameters and GA parameters are set as follows. By

considering W, and W,, range of controller parameters can be selected in order to maintain the
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