UC Berkeley

UC Berkeley Electronic Theses and Dissertations

Title

Joint Feedback Feedforward Data Driven Control Design and Input Shaping Techniques for
Multi Actuator Hard Disk Drives

Permalink

https://escholarship.org/uc/item/9kv1z5bK

Author
Shah, Prateek

Publication Date
2020

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/9kv1z5bk
https://escholarship.org
http://www.cdlib.org/

Joint Feedback Feedforward Data Driven Control Design and Input Shaping Techniques for
Multi Actuator Hard Disk Drives
by

Prateek Shah

A dissertation submitted in partial satisfaction of the
requirements for the degree of
Doctor of Philosophy
in
Engineering - Mechanical Engineering
in the
Graduate Division
of the

University of California, Berkeley

Committee in charge:
Professor Roberto Horowitz, Chair

Assistant Professor Mark Mueller
Associate Professor Javad Lavaeiyanesi

Summer 2020



Joint Feedback Feedforward Data Driven Control Design and Input Shaping Techniques for
Multi Actuator Hard Disk Drives

Copyright 2020
by
Prateek Shah



Abstract

Joint Feedback Feedforward Data Driven Control Design and Input Shaping Techniques for
Multi Actuator Hard Disk Drives

by
Prateek Shah
Doctor of Philosophy in Engineering - Mechanical Engineering
University of California, Berkeley

Professor Roberto Horowitz, Chair

With rapidly rising demand for cloud storage, there is an increasing need for more efficient
data storage options. Seagate Technology PLC unveiled the multi actuator drive technology
in December 2017, a breakthrough that can almost double the data rate transfer performance
of future generation hard disk drives [44].

A standard hard disk drive has a single actuator arm controlling the position of eight
read/write heads onto corresponding eight rotating disks. The multi actuator technology
will equip drives with two actuator arms operating independently on the same pivot point,
controlling four read/write heads each. Each actuator arm has a voice coil motor (VCM)
connected in series with a micro actuator (MA). The read/write head is mounted at the edge
of the MA. Each actuator arm has two operation modes, first - the track following mode -
the actuator arm positions the read/write head onto a data track for data recording. This
mode requires precision positioning of the read /write head for the smooth functioning of the
hard disk drive. Second - the track seeking mode - the actuator arm sweeps through data
tracks to settle onto a new desired track to initiate track following. This operation mode
generally generates considerable vibration.

The multi actuator drive technology has induced new control challenges. Since, two actuator
arms are operating independently on the same pivot timber, the control forces and torques
generated by one actuator arm can adversely affect the performance of the other actuator
arm. In this dissertation, feedforward data driven control design methodologies are presented
to suppress the vibration imparted by the neighboring track seeking actuator arm onto a
track following actuator arm. Also, joint feedback-feedforward data driven control design
methodologies are presented to stabilize the closed loop system of the track following actua-
tor, minimize the position error of the read/write head and, suppress the imparted vibration
by a neighboring actuator arm.



Traditionally, in the model based design approach, models are fitted to frequency response
measurements and, controllers are designed based on these models. In the data driven con-
trol design methodology, controllers are obtained directly based on the frequency response
measurements of the system, avoiding model mismatch. Multiple frequency response mea-
surements of the system and the imparted vibration are considered simultaneously in the
design process, ensuring robustness of the control design.

Mixed Hy — H,, norm control design optimization problems, in the frequency domain, are
formulated to obtain the feedforward and feedback controllers for the multi actuator drive.
Hy; norm conditions are transformed into a locally convex objective function requiring an
initial stabilizing controller for minimization. H,, norm conditions are transformed into
necessary and sufficient convex constraints guaranteeing closed loop stability of the control
system and providing an initial stabilizing controller for the Hs norm minimization.

Application of input shaping techniques as an add-on feedforward suppression scheme for
multi actuator drives is also discussed in this dissertation. Input shaping is used to suppress
resonant frequencies of the coupling vibration from the excitation signal, minimizing the
resultant vibration. The input shaping tool along with the data driven feedforward controller
suppress up to 90 percent of the imparted vibration.
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The control block diagram used to obtain the data driven feedforward control
design methodology is shown. Here, G4, (jw) is the open loop frequency response
measurement of actuator 1. K, y;(z) is the pre-designed feedback controller.
Hy(jw) is the frequency response measurement of the coupling transfer function
between actuator 2 and actuator 1. Kjs,x1(2) is the feedforward controller to be
designed to suppress the imparted vibration Hy(jw). Rae2(2) is the closed loop
transfer function of actuator 2 and w9 is its corresponding input signal. . . . .
Simplified Control Block Diagram obtained by defining closed loop transfer func-
tions in Figure 3.1. E,_,.(jw) is the closed loop transfer function from r to e in
Figure 3.1. E,, .(jw) is the closed loop transfer function from u,. to e in Figure
B
The algorithm used to design the data driven feedforward controller is shown in
this figure. The H,, norm feasibility problem is solved to obtain initial stabilizing
controller. The mixed Hs — H,, norm control design optimization problem is
solved to obtain the feedforward controller suppressing the imparted vibration
disturbance. . . . . . ...

Control block diagram of a multi actuator drive is shown in this figure. Closed
loop transfer functions of the track following actuator are used to simplify the
representation of the control problem. . . . . . . . . . .. ... ... ... ...
The frequency response measurements of VCM and MA for a set of five actuator
arms are shown. This figure was also plotted in chapter 2 and is reproduced here
as areference. . . . . .. L L
The frequency response measurements of the coupling dynamics imparting vibra-
tion are plotted. A set of five measurement data are considered for the design
process. The frequency responses of the coupling dynamics were measured by our
industry partners. The models plotted are representative of the true behavior of
the interaction. . . . . . . . . ..
The seeking input signals useex (k) used for the design process are plotted. All
the seeking scenarios are considered simultaneously to obtain a robust controller.
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The frequency spectrum of the PES is plotted after designing VCM feedforward
controller using the sequential SISO control design methodology. e, plotted in
blue, represents the ideal PES spectrum without any vibration or any feedforward
action. eg; represents the PES spectrum with vibration but no feedforward
suppression. A number of vibration scenarios are plotted together. esrvon,
plotted in red, represents the PES spectrum with vibration and feedforward action
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The frequency spectrum of the PES is plotted after obtaining the feedforward
controllers for VCM and MA using the sequential SISO control design methodol-
ogy. e, plotted in blue, represents the ideal PES spectrum without any vibration
or any feedforward action. ey represents the PES spectrum with vibration but
no feedforward suppression. A number of vibration scenarios are plotted together.
efsvem, plotted in red, represents the PES spectrum with vibration and feedfor-
ward action using the VCM actuator only. ey 4uq, plotted in yellow, represents
the PES spectrum with vibration and feedforward action using both VCM and
MA. e
The objective of the feedforward control design is to match the closed loop cou-
pling transfer function G4, ,;(jw) from Eq.(4.34) with the closed loop feedforward
action given by Eq.(4.35) and Eq.(4.36). In this figure, we can observe that
for one actuator plant data, the feedforward controllers are not able to closely
match G4(jw) for five vibration scenarios. We can observe a small bias in the low
frequency region and the mid frequency region is not matched. . . . . . . . . ..
The frequency spectrum of the PES is plotted after obtaining the feedforward con-
trollers for VCM and MA using the SIMO control design methodology. e, plotted
in blue, represents the ideal PES spectrum without any vibration or any feedfor-
ward action. ey represents the PES spectrum with vibration but no feedforward
suppression. A number of vibration scenarios are plotted together. eysvcar, plot-
ted in red, represents the PES spectrum with vibration and feedforward action
using the VCM actuator only. effquq, plotted in yellow, represents the PES
spectrum with vibration and feedforward action using both VCM and MA. The
feedforward suppression obtained using the SIMO control design methodology
does a better job at suppressing the imparted vibration than the sequential SISO
control design methodology (Figure 4.6). . . . . . .. .. ... ... ... ....
The frequency spectrum of the PES obtained for five actuator measurements is
compared with the frequency spectrum of the PES obtained for two actuator
plant measurements in this figure . . . . .. ..o
The objective of the feedforward control design is to match the closed loop cou-
pling transfer function G4, ,;(jw) from Eq.(4.37) with the closed loop feedforward
action given by Eq.(4.38) and Eq.(4.39). In this figure, we can observe that for
one actuator plant data, the feedforward controllers are able to closely match
G4(jw) for five vibration scenarios. The mid frequency region is not matched.
The low frequency region and the high frequency region are matched properly. .
PES in time domain obtained after VCM and MA feedforward control design us-
ing the sequential SISO methodology is plotted. ey is the PES in the presence of
vibration but no feedforward action. eg;s 4 ¢5 is the resultant PES in the presence
of vibration and, VCM and MA feedforward action. A feedforward suppression
of 2x is observed throughout the seeking process. . . . . . . .. ... ... ...
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ing the sequential SISO methodology is plotted. ey is the PES in the presence of
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The single-stage VCM closed loop sensitivity transfer function EVSM(jw) is

shown in this figure. W is the weighting filter used to shape the closed loop
transfer function EYSM (jw). As the closed loop transfer function lies under the
weighting filter, the H,, norm constraint is satisfied. Evolution of EVS¢M (jw)

r—e
with each iteration is plotted in this figure. . . . . . . . . . . ... ... ...
The variance of the position error signal ||e||3 is plotted versus the iteration
number in this figure. The variance of the error signal is minimized with each
iteration until it converges to a constant value. . . . . . . . ... ... ... ...
The vibration disturbance ey, the dual actuator feedforward suppression sig-
nal ef¢qua and the residual signal after feedforward suppression ey, g5 for the
shortest seek is plotted in the time domain. A feedforward suppression upto 3x
initially and 8x later is observed. The feedforward signal matches the gain of the
vibration disturbance signal to a large extent with negative phase. . . . . . . . .
The vibration disturbance ey, and the residual signal after feedforward compen-
sation eff 45 for the shortest seek is plotted, in this figure, in time domain. A
feedforward suppression upto 3x initially and 8x later is observed. The seeking
process ends around 0.003 seconds, denoted by the vertical red line. . . . . . ..
The vibration disturbance eg;sx and residual signal ef¢iqi¢ from Figure 6.10 is
divided into three parts as shown in Figure 6.11. Part 1, as shown in Figure
6.11a, is the first part of the seeking process. The imparted vibration starts with
a jerk and the feedforward controller is able to suppress it to a good extent. The
residual signal of ~ 200 nano-meters is obtained. In part 2, as shown in Figure
6.11b, the seeking process had ended but vibration from the initial jerk has not
entirely died down. The residual signal on feedforward suppression is &~ 20 nano-
meters. In part 3, as shown in Figure 6.11c, the seeking process has ended and
the residual signal obtained on feedforward suppression is ~ 5 nano-meters. . . .
The vibration disturbance eg;s; and the residual signal after feedforward compen-
sation efriqise for the longest seek is plotted, in this figure, in time domain. A
feedforward suppression of up to 5x is observed. The seeking process ends around
0.015 seconds, denoted by the vertical red line. . . . . . . . ... ... ... ...
The vibration disturbance and residual signal from Figure 6.12 is divided into
three parts. Part 1, as shown in Figure 6.13a, is the first part of the seeking
process. The imparted vibration starts with a jerk and the feedforward controller
is able to suppress it to a good extent. The residual signal of ~ 200 nano-meters
is obtained. In part 2, as shown in Figure 6.13b, the seeking process continues but
vibration from the initial jerk has died down. The residual signal on feedforward
suppression is ~ 50 nano-meters. In part 3, as shown in Figure 6.13c, the seeking
process has ended and the residual signal obtained on feedforward suppression is
A~ 20 nano-meters. . . ... L. e e
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The objective of the feedforward control design is to match the closed loop cou-
pling transfer function G4, ,;(jw) from Eq.(6.28) with the closed loop feedforward
action given by Eq.(6.29) and Eq.(6.30). In this figure, we can observe that for
one actuator plant data, the feedforward controllers are able to closely match
Ga(jw) for five coupling scenarios. . . . . . . . . ... L
The overall closed loop sensitivity transfer function E, ..(jw) is shown in this
figure. Wy is the weighting filter used to shape the closed loop transfer function
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as the fixed part, this is evident by a slope of —20 dB in the low frequency region. 91

The variance of the position error signal |le||3 is plotted versus the iteration
number in this figure. The variance of the error signal is minimized with each
iteration until it converges to a constant value. . . . . . . . ... ... ... ..
The vibration disturbance ey, the dual actuator feedforward suppression sig-
nal efqua and the residual signal after feedforward suppression ey g for the
shortest seek is plotted in the time domain. A feedforward suppression upto 3x
initially and 8x later is observed. The feedforward signal matches the gain of the
vibration disturbance signal to a large extent with negative phase. . . . . . . . .
The residual signals after feedforward suppression for all eight scenarios is plotted.
The initial jerk induces a resultant vibration of ~ 200 nano-meters. After 0.003
seconds, the mid-range seeks have the largest residual vibration of the order of
~ 80 nano-meters. Eventually, it can be observed that the longest seek is the last
to die down, and all vibration scenarios being suppressed to ~ 5 nano-meters.

The objective of the feedforward control design is to match the closed loop cou-
pling transfer function G4, ,;(jw) from Eq.(6.31) with the closed loop feedforward
action given by Eq.(6.32) and Eq.(6.33). In this figure, we can observe that for
one actuator plant data, the feedforward controllers are able to closely match
Gq4(jw) for five coupling scenarios. . . . . . . . . ...
The Hy; norm of the feedback control design part of the PES e, as given in
Eq.(6.34), is plotted versus the iteration number in this figure. Triangle repre-
sents the simultaneous control design approach whereas, the circle represents the
alternating iterative control design approach. It is observed that the feedback
control design for both the approaches converge to the same value. . . . . . ..
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Chapter 1

Introduction

1.1 Introduction

The demand for cloud storage is ever increasing and insatiable today [55]. The supply of data
storage is falling short of the demand considerably, requiring more efficient storage options.
Today, hard disk drives (HDDs) and solid state drives (SSDs) are the most widely used data
storage options. HDDs are generally used in data centers, whereas, SSDs are more common
in personal computing systems [29].

The structure of a hard disk drive is explained in chapter 2. The first commercial hard
disk drive was manufactured and sold by IBM in 1956 [37]. And ever since, the design for
HDD has evolved to increase the data storage density. A HDD comprises of an actuator arm
that positions a read/write head onto a rotating disk. With an increase in the data storage
density, there arises a need to develop precision positioning of the read/write head onto the
rotating disk. The actuator arm is made up of two or three actuators connected in series.
First we have a voice coil motor (VCM) which is the actuator with a larger stroke. Each
voice coil motor is connected with a micro actuator (MA) in series. A HDD with a dual
actuator setup is called a dual stage HDD [3, 14, 33]. Some hard disk drives have another
micro actuator or a thermal actuator (TA) connected in series to the dual stage setup. These
hard disk drives are called triple stage HDDs.

In December 2017, Seagate unveiled the 'Multi Actuator Technology’, a break through
that can double the data performance of the future hard disk drives at hyper-scale data
centers [44]. This technology will equip drives with two independent actuator arms operating
on the same pivot point. These actuator arms can either be a dual stage actuator or a triple
stage actuator. Currently in the industry, we have dual stage multi actuator drives, hence,
we shall present our methodologies and results for multi actuator drives with dual stage
actuator arms.

In HDD Controls, we have two classes of HDD operation modes. Track following mode
is when the read/write head follows a particular track on the rotating disk. This mode is
when the HDD is actually reading or writing data on the rotating data disk. Feedback track
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following controllers are used to stabilize the actuator arm and follow the data track with
precision [59]. The data storage density of the disk is a function of the precision of these
track following controllers.

Whereas, track seeking mode is when the read/write head sweeps across multiple tracks
to settle onto the desired data track to initiate track following at the new desired data track.
The seeking process is designed such that the track following process can be started as soon
as possible while minimizing the vibration and jerk being excited by the seeking process.
A minimum jerk trajectory was presented for the track seeking actuator in [41]. A model
predictive control design methodology was presented to obtain the track seeking controllers in
[39]. The advantages of the model predictive control design approach is that hard constraints
can be used to ensure the stability of the actuator arms. But, model predictive control
algorithm requires high online computation which a hard disk drive cannot offer.

The multi actuator drive technology has introduced new control design challenges. In
a multi actuator drive we have two actuator arms operating independently along the same
pivot timber. The control forces and torques generated by one actuator arm can affect the
operation of the other actuator arm. The vibration interaction between the two actuator
arms can be categorized into three scenarios. First, the vibration interaction when both
the actuators are in track following mode. Second, the vibration interaction when both the
actuators are in the track seeking mode. Finally, the vibration interaction when one actuator
is in the track following mode and the other actuator is in track seeking mode.

The track seeking process generates a lot of vibration. Considerable vibration interaction
is expected in the second and third scenario. In the third scenario, vibration disturbances
will be imparted by the track seeking actuator onto the track following actuator, affecting it’s
performance drastically. Traditional ”passive” vibration compensation techniques in large
scale mechanical systems like vehicles were discussed in [20, 10, 38, 24, 30]. In this disser-
tation we focus on "active” vibration suppression techniques. In the past, active vibration
suppression techniques were discussed in [51, 48]. Active vibration techniques are based on
the simple idea of superposition of signals first published in [32].

In chapter 3, we propose data driven feedforward control design methodologies to sup-
press the imparted broadband vibration by the track seeking actuator to the track following
actuator. Traditionally, adaptive feedforward control algorithms are used to suppress active
vibration in hard disk drives [42, 50, 49, 47]. Model based frequency domain design methods
were exploited to pose a classical linear quadratic Gaussian (LQG) problem with weight-
ing filters to shape the controller effort in [18, 35, 11]. In data driven control design, the
controllers are designed directly based on the frequency response measurements [9, 28, 27].

We present a sequential single-input single-output (SISO) feedforward data driven control
design methodology [46] and a single-input multi-output (SIMO) feedforward data driven
control design methodology. In sequential SISO design methodology, first we design a feed-
forward controller for VCM, to suppress the entire imparted vibration. Then, we design a
feedforward controller for MA to suppress the residual vibration after VCM’s feedforward
compensation. Whereas, in SIMO data driven control design methodology we design feed-
forward controllers for VCM and MA simultaneously, to suppress the imparted vibration.
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We shall also compare the performance of the two design algorithms. Dual stage vibration
compensation was presented earlier in [16].

The data driven feedforward control design methodologies are based on frequency re-
sponse measurements of the open-loop VCM and MA. These actuators have resonant modes
(60, 6]. The frequency response measurements of the vibration imparted by the track seeking
actuator on the track following actuator is also available to the designer. A multiple set of
frequency response measurements of the vibration interaction are considered simultaneously
to ensure robustness.

In chapter 3, we will consider a pre-designed track following data driven feedback con-
troller obtained using the methods in [8]. A mixed Hy — H,, norm optimization problem is
used to obtain feedback controllers for VCM and MA. The design is based on data driven
techniques. Multiple frequency response measurements of VCM and MA are considered in
the design process. Feedforward controllers for VCM and MA are designed based on the
frequency response measurements of the open loop actuators VCM and MA, frequency re-
sponse measurements of the vibration interaction between the seeking actuator and the track
following actuator and the feedback controller of the track following actuator [46].

In robust control theory, dynamic uncertainties are considered in the design process [23,
62]. Multiple seeking scenarios are considered simultaneously in the feedforward control
design process to ensure robustness. The vibration excited by the seeking actuator depends
on the seek length and the control input of the seeking actuator. Therefore, multiple seek
scenarios are simultaneously considered in the design process.

In chapter 5, we present a data driven control design methodologies design feedback and
feedforward controllers of the track following actuator in a multi actuator drive. The feedback
controller is designed to minimize the position error of the read /write head and stabilize the
actuator arm while considering the vibration being imparted by the track seeking actuator,
wind disturbances in the drive, measurement noise and runout [19, 21, 8]. Whereas, the
feedforward controller is designed to suppress the imparted vibration by the track seeking
actuator [47, 42, 46].

We propose two methodologies to design the feedback and feedforward controllers for
the track following actuator. First, an alternating iterative data driven control design ap-
proach. We iterate alternately between the data driven feedback design and the data driven
feedforward design till we achieve convergence for the controllers. Secondly, a joint feedback
feedforward data driven control design approach. We simultaneously solve for the feedback
and feedforward controllers to stabilize the actuators VCM and MA, minimize the position
error of the read/write head and suppress the imparted vibration.

A mixed H, - H,, norm optimization problem is used to set up the control problem for the
feedforward control design as well as the joint feedback feedforward control design problem.
H., norm conditions are used to stabilize the closed loop system [28]. Hs norm condition
is used to minimize the position error of the read/write head and suppress the imparted
vibration. Hs condition is also used to pose soft constraints on the stroke of the MA and
control input of the VCM [8]. H. norm conditions are posed as constraints whereas, Hj
norm conditions are posed as constraints as well as the objective function to be minimized.
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The data driven H,, problem for SISO systems was presented in [28], the H,, norm
condition is transformed into a necessary and sufficient convex condition. The H,, norm
control design methodology was extended to multi-input multi-output (MISO) systems in
[7, 8]. The H., norm control design methodology was extended to multi-input multi-output
(MIMO) systems in [27]. The H; norm condition was transformed to a locally convex
constraint or a locally convex objective in [27, 8, 7].

A dual stage HDD is a MISO system, that is, it has two control inputs, one for each
actuator, and one output, that is the position error signal of the read/write head. Therefore,
an ideal controller for a MISO system is a SIMO controller as presented in [7, §].

A mixed Hy — Hy, norm data driven optimization problem for feedforward control design
was presented in [46]. A data driven Hs — H,,, optimization control problem is used to design
feedforward controllers for both sequential SISO and SIMO control design methodologies.
The application of these feedforward control design methodologies will be discussed in chapter
4.

A data driven mixed Hy — H,, norm optimization problem is also proposed for a joint
feedback feedforward control design methodologies. The simultaneous optimization of feed-
back and feedforward control approaches provide better control performance and help in
improving the optimization of the control problem. H,, norm necessary and sufficient con-
vex constraints are used to obtain initial feedback and feedforward controllers independently.
Then, the optimization problem is merged to minimize the Hy norm of the position error of
the read/write head and suppress the vibration.

An add on input shaping tool is discussed in chapter 7. Input shaping is an open loop
time domain tool used to suppress the resonant frequencies from input signals of actuators
[54, 40]. Input shapers can be used in the seeking actuator of the multi actuator drive.
Seeking actuator of the multi actuator drive generates a lot of vibration during its seeking
process affecting the neighboring track following actuator adversely. Input shaper reduces
the generated vibration at the source, hence aiding in the feedforward suppression of the
vibration signal by the track following actuator. The disadvantage of using an input shaper
is that it adds a delay to the seeking process.

We consider two input shaping techniques, a zero vibration (ZV) input shaper and a
zero vibration derivative (ZVD) input shaper [54, 40, 57, 61, 53]. Addition of an input
shaper adds a delay to the seeking process. ZV input shaper adds a smaller delay but is
less robust than the ZVD input shaper. It requires the suppressing resonant frequency to be
known precisely. We present a data driven technique to locate the resonant frequency to be
suppressed. Multiple frequencies can be suppressed simultaneously using an input shaper.
But, each frequency adds a delay to the seeking process.

1.2 Contribution of Each Chapter

Chapter 2: In this chapter, the structure of a standard hard disk drive is first discussed.
The standard control problems in the hard disk drive servo design field are also discussed.
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The control block diagram of a multi actuator drive used to formulate the control design
methodologies in this dissertation is also discussed in detail. The frequency response mea-
surements of the actuators, the frequency response measurements of the coupling vibration
and the input signals of the neighboring actuator used to design the feedback and feedfor-
ward controllers are shared in this chapter.

Chapter 3: The data driven feedforward control design methodology is presented in this
chapter. The Hy norm and H,, norm conditions are translated to a locally convex optimiza-
tion problem. The design process assumes the feedback controller is already designed for
the actuator in question. The feedforward controller is then design to suppress the vibration
imparted by a neighboring actuator to the actuator in question. The algorithm chart used
to solve the optimization problem in an iterative manner is also discussed in this chapter.
Chapter 4: The application of the data driven feedforward control design methodology
from chapter 3 to multi actuator hard disk drives is presented in this chapter. A sequen-
tial single-input single-output (SISO) control design methodology and a single-input multi-
output (SIMO) control design methodology are presented to obtain feedforward controllers
for VCM and MA of the track following actuator. The sequential SISO design first obtains
VCM feedforward controller to suppress the entire imparted vibration. Then, the MA feed-
forward controller is obtained to suppress the residual vibration. Whereas, the SIMO control
design obtains VCM and MA feedforward controllers simultaneously. The design results of
the two methodologies are also shown and compared in this chapter.

Chapter 5: Two joint feedback - feedforward data driven control design methodologies are
presented in this chapter. First - The alternating iterative control design methodology - the
feedback control design problem and the feedforward control design problem are iterated al-
ternately. This methodology is useful for actuators being imparted by vibration disturbance
for over 30 percent of their operation time, like in a multi actuator hard disk drive. The
feedback controller is designed while considering the imparted vibration during the design
process. Second - the simultaneous control design methodology - the feedback controller and
the feedforward controller are designed simultaneously for all the actuators in the actuator
arm. This methodology is more concise and obtains similar results as the alternating itera-
tive control design methodology.

Chapter 6: The application of the joint feedback - feedforward data driven control design
methodology to the multi actuator hard disk drive is presented in this chapter. The con-
straints and objective function for the feedback control design, feedforward control design
and the simultaneous feedback - feedforward control design are discussed and compiled for
a multi actuator drive. The design results of the two approaches are also compared.
Chapter 7: The application of input shaping technique as an add-on feedforward suppres-
sion tool to the data driven feedforward controllers for the multi actuator hard disk drive is
discussed in this chapter. The input shaper can only suppress vibration at fixed number of
frequencies. A zero vibration input shaper and a zero vibration derivative input shaper are
used to suppress the resonant frequencies of the coupling vibration imparting disturbance
to the track following actuator. The design results with the feedforward controller and the
input shaping tool used simultaneously are also presented in this chapter.
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Chapter 8: This chapter concludes the dissertation by summarizing the materials discussed
in each chapter and discussing the important results. Some basic ideas to extend the theory
presented in this dissertation are also discussed in the future work section.

1.3 Preliminaries

Frequency Response Data

Frequency response is the quantitative measure of the output spectrum of a system or device
in response to a sinusoidal stimulus, and is used to characterize the dynamics of the system.
It is a measure of the magnitude and phase of the output as a function of frequency, with
respect to the input.

Estimating a frequency response for a physical system generally involves exciting the
system with an input signal, measuring both input and output time histories, and comparing
the two through a process called the Fast Fourier Transform (FFT).

A Fourier transform (FT) is a mathematical transform that decomposes a function (often
a function of time, or a signal) into its constituent frequencies. Let, f(¢) be is continuous
time function of time ¢. The continuous Fourier transform F'(jw) of f(t) is given by:

F(jw) = /OO f(t)e @tdt (1.1)

Fourier transform F(jw) is a function of frequency w, where w € (—o0, o0), and provides
magnitudes of each frequency comprised in the function f(¢). For a discrete time sequence
f(kTy), where Ty is the sampling time, the discrete Fourier transform F'(jw) is given by:

F(jw) = ) f(KT,)e 7+ (1.2)

k=—00

where w € [—m, 7]. The inverse discrete Fourier transform is given by:

F(RT,) = % / " R ()it gy (13)

—Tr

The Fast Fourier Transform (FFT) is an algorithm which evaluates the discrete Fourier
transform, Eq. (1.2), or discrete inverse Fourier transform, Eq. (1.3), of time sequences.
Fourier analysis is used to convert sequences from time domain to frequency domain.

In this dissertation, data driven control design algorithms based on frequency response
measurements are presented. Design methodology directly based on frequency response
measurements will not have any model mismatch between the design process and the actual
control actuator or device. We will be only considering the frequency response measurements
of an actuator G(jw) for w € €, except for finite number of frequencies that correspond to
the poles of G(z), in the z domain.

Q={{w| -7 <w<n} (1.4)
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H,, norm

For a stable single-input single-output (SISO) system the H,, norm is defined as the peak
gain or the largest value of the magnitude of a frequency response. Whereas, for a multi-
input multi-output system, the H,, norm is defined as the largest singular value across the
frequency range (2.

For a SISO transfer function H (jw), the Hy, norm is defined as:

1H(jw)lle = sup [ H (juw)| (1.5)
we
For a m x n MIMO transfer function H (jw), the Hy, norm is defined as:
1H (jw)lle = sup 7(H (jw)) (1.6)
we

Here, 7(.) denotes the largest singular value of the matrix H(jw). Eq. (1.7) presents an
example of an H,, norm constraint.

[IW5(jw)S(w)lloe < v (1.7)

Here, S(jw) is the frequency response of a transfer function. W;(jw) is a weighting filter,
in the frequency domain, used to shape S(jw). v is an upper limit used to set the constraint.

Hs norm

The Hy norm is an estimation of the system’s energy and is defined as:
. 1 v/ .
VG 5 [ T GGl (1.9

where H*(jw) = H*(jw) is the complex conjugate transpose and Tr(H) is the trace of the
matrix H.

According to the Parseval’s theorem, Hy norm can be used to constrain the variance of
the output of a system in time domain. In the control algorithms presented in this disserta-
tion, Hy norm will be used to formulate constraints and objective functions to optimize the
variance of signals in the time domain.



Chapter 2

Hard Disk Drive Structure

2.1 Introduction

Hard Disk Drives (HDDs) have been around for over six decades now. The first commercial
hard disk drive, the IBM 350, was introduced in 1956 [25, 1]. The disk drive created a new
level in the computer data hierarchy, then termed Random Access Storage but today known
as secondary storage, less expensive and slower than main memory (then typically drums)
but faster and more expensive than tape drives [1, 13].

The storage capacity of hard disk drives has grown exponentially since then. The IBM
350 had storage capacity of 3.75 megabytes, whereas, today’s commercial desktop HDDs
have a capacity of the order of 6 terabytes. Each generation of disk drives replaced larger,
more sensitive and more cumbersome devices.

The spread of the Internet and the ever increasing demand for storage capacity is requiring
more efficient storage options. Hard disk drives (HDDs) and solid state drives (SSDs) are
the most widely used data storage options today. HDDs are now primarily used at data
centers, while SSDs are used in personal computers and portable devices. [29]. Despite the
decrease in the personal computing market, the demand for enterprise level hard disk drives
will be growing.

In this chapter, the structure of the hard disk drive is discussed. The feedback structure
used to obtain controllers is also described. Control block diagram for the new multi actuator
technology [44] is introduced.

2.2 Hard Disk Drive

A modern day hard disk drive is a sealed unit containing number of platters in a stack. These
platters are mounted on a flexible spindle motor to create more data storage in a smaller
space. The platter has a core made up of aluminum or glass substrate, covered with a thin
layer of Ferric oxide or cobalt alloy. On both sides of the substrate material, a thin coating
is deposited by a special manufacturing technique. This, thin coating where actual data is
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Track

Track Sector

Platter

Actuator Arm

Figure 2.1: Each platter of a hard disk drive is divided into tracks, sectors and clusters. This
division helps for organizing data. An actuator arm is used to position the read/write head
onto the required track sector. This figure was obtained from [26]

stored is the media layer [2, 58, 17]. When the magnetic media is applied to the surface of
the substrate material, a thin lubricating layer is applied to protect the material.

Each disk (platter) is divided into tracks and sectors to organize and compartmentalize
data. A track is an annular ring on the disk. Each disk is divided into thousands of concentric
circles known as tracks. The outer most ring is track zero, the number of tracks increases as
we move towards the inner surface of the disk.

Each platter is further broken down into smaller units called sectors. A sector is the basic
unit of data storage on an HDD. A single track typically can have thousands of track sectors
and each track sector can hold more than 512 bytes of data. A few additional bytes are
required for control structures and error detection and correction. A collection of multiple
track sectors is called a cluster. Figure 2.1 shows tracks, sectors and clusters on a platter.

An actuator arm is used to position the read/write head onto the platter. The read/write
heads are an interface between the magnetic media where the data is stored and electronic
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Figure 2.2: An actuator arm is used to position the read/write head onto the platter. A
voice coil motor is used for large stroke movements. Whereas, a micro actuator is used for
small strokes and high frequency precision. This figure was obtained from [12].

components in the hard disk drive. The heads convert the information, which is in the form
of bits to magnetic pulses when it is stored on the platter and reverses the process while
reading.

Figure 2.2 shows an actuator arm used to position the read/write heads onto their re-
spective platters. The entire actuator arm is controlled using a voice coil motor (VCM) for
large displacements. Whereas, each read/write head has a piezoelectric micro actuator (MA)
for small precise displacements [22, 59]. This is a typical two actuator setup currently used
in the industry. It is called a dual stage hard disk drive [4, 8].

Similarly, triple stage hard disk drives are being developed. [43, 45, 5]. In triple stage
hard disk drives we have two piezoelectric actuators connected in series. Along with the
VCM, we have a three actuator control setup to position the read/write head. Some triple
stage hard disk drives also use thermal actuators as the third stage actuator [43].

2.3 Dual Stage Hard Disk Drive

With ever increasing data aerial density, there is a need for high precision servo control to
achieve this ultra high positioning of the read/write head. In this section we will look at the
basic HDD control problems and the control block diagram for a dual stage HDD.

Hard disk drive servo systems have three operation modes. Track following mode is when
the read/write head follows a data track. This process requires very high precision. Read
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Figure 2.3: Frequency response data measurements of five VCM and MA are plotted. The
frequency response measurements are from the control input of the actuators to their corre-
sponding outputs.

and write process occurs during track following. Seeking mode is when the read/write head
sweeps through data tracks to locate the desired new data track to begin track following. This
process generates a lot of vibration. Finally, settling mode is the transition mode between
seeking and track following. The read/write head approaches the desired new track with
certain momentum, the objective of the settling mode is to smoothly settle the read/write
head onto the new track while minimizing jerk [41].

The read/write head is controlled by the actuator arm. From the perspective of control
design the actuator arm comprises of VCM and MA connected in series. VCM has a larger
stroke but a smaller bandwidth than MA. VCM is used for low frequency large displacements
movements. Whereas, the micro actuator is used for high frequency small displacements
movements. The frequency response data measurements of voice coil motor and the micro
actuator of five hard disk drives are plotted in Figure 2.3.

Figure 2.4 is the control block diagram of a dual stage hard disk drive. Here, r is the
runout, radial noise generated by the spindle motor, a limiting factor for the performance of
a HDD. e is the position error of the read/write head from the data track being followed. e
is known as the position error signal or simply the PES. n is the measurement noise. w, and
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Figure 2.4: Control block diagram of a dual stage HDD is plotted. G, and G, are open
loop transfer functions of VCM and MA. u,, u,, are their corresponding control inputs and
Yo, Ym are their corresponding outputs. r is the runout, e is the position error signal, n is
the measurement noise and, w, and w,, are wind disturbances.
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Figure 2.5: The spectrum of runout and measurement noise used for simulations in this
dissertation are plotted.

w,, are wind disturbances in the hard disk drive and are commonly referred to as windage.
Traditionally, HDDs were filled with air but modern HDDs use Helium to minimize windage
[31]. Following the standard practice in the HDD industry, we will assume that w, and w,,
are small enough to be lumped into the runout r and the measurement noise n.

The magnitude of the frequency response of the runout r» and the measurement noise n
spectrum used for the simulations in this dissertation are as shown in Figure 2.5. It is a
good assumption to assume that r is a colored Gaussian random noise, while, n is a white
noise.

Here, G,(jw) and G,,(jw) are open loop frequency response measurements of the VCM
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Figure 2.6: The multi actuator technology was unveiled by Seagate in 2017. This picture is
taken from the Seagate announcement [44].

and MA respectively as shown in Figure 2.3. u, and w,, are the corresponding control inputs
and y, and v, are the corresponding outputs. The objective of the track following control
design problem is to design a feedback controller to stabilize the closed loop and minimize
the position error signal e [§].

In this block diagram, Figure 2.4, lowercase letters represent discrete time sequences and
the uppercase letters represent transfer functions in z domain or the frequency domain.

2.4 Multi Actuator Hard Disk Drive

Multi Actuator Technology was unveiled by Seagate in December 2017 [44]. To increase
the performance speed of a hard disk drive multi actuator drives will be equipped with two
independently operating actuator arms as shown in Figure 2.6. The independence of the two
actuator arms ensures that two read /write heads can simultaneously function. The operation
of one multi actuator drive is equivalent to two simultaneous hard disk drives but at lesser
power usage.

Multi Actuator technology poses new control problems. The operation of the two actuator
arms can interfere with the performance of each other. There are three possible vibration
interaction scenarios between the two actuator arms. First, the two actuator arms can be
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Figure 2.7: Frequency response data measurements of the coupling transfer function between
the track seeking actuator arm and the track following actuator arm are shown. Data
measurements are modeled based on actual frequency response measurements observed by
the industry to represent the behavior but do not reveal the true data.

operating in the track following mode. Second, the two actuator arms can be operating in the
track seeking mode. Third, one actuator arm can be track seeking while, the other actuator
arm is track following. It is expected that scenario two and three will involve considerable
vibration interaction between the two actuator arms.

In scenario two, the two actuators arms are track seeking. The vibration interaction
does not result in an impaired drive read/write performance. But, in scenario three, one
actuator arm is track following, the vibration interaction can adversely affect the read/write
performance of this actuator arm. In this dissertation, we will focus on scenario three. We
will present control design tools to suppress the vibration being imparted by the track seeking
actuator arm to the track following actuator arm.

Multiple frequency response measurements of the imparted vibration will be simulta-
neously considered. The coupling transfer function imparting the vibration is denoted as
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Figure 2.8: Typical seeking input signals useex(t) of the seeking actuator arm are shown.
These input signals when passed through the actuator arm will generate vibration which
adversely affect the performance of the track following actuator.

Hy(jw). We consider multiple measurements simultaneously to ensure robustness of the
design process. Figure 2.7 plots the frequency response data measurements of the coupling
transfer function. Data in Figure 2.7 is modeled based on actual frequency response mea-
surements observed by the industry to represent the behavior but not reveal the true data.

Our objective is to design feedforward controllers for the VCM and MA of the track
following actuator to suppress the imparted vibration by the track seeking actuator. A data
driven control design methodology is presented to obtain these feedforward controllers. The
data driven control design methodology obtains controllers directly based on the frequency
response measurements of the vibration interaction (Figure 2.7) and the frequency response
measurements of the open loop actuators (Figure 2.3). Multiple frequency response mea-
surements of the actuators and the vibration interaction are considered simultaneously to
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Figure 2.9: The control block diagram of the multi actuator drive is shown.

ensure robustness of the design. The feedforward control design also considers multiple seek-
ing scenarios simultaneously, so that the same feedforward controller could be used for all
the seeking scenarios. Figure 2.8 plots the seeking input signals for eight seeking scenarios
considered simultaneously during the design process.

2.5 Block Diagram of the Multi Actuator Drive

The control block diagram of a multi actuator drive is shown in the Figure 2.9. Rgeer(2)
is the closed loop transfer function of the track seeking actuator. ug..r is the track seeking
input signal as shown in Figure 2.8.

The control loop of the track seeking actuator is similar to a dual stage HDD as shown in
Figure 2.4. G,(jw) and G, (jw) are VCM and MA respectively. w,, u,, are their correspond-
ing control inputs, whereas, y,, y,, are their corresponding outputs. r is the runout, e is
the position error signal and n is the measurement noise. K (z) is a single-input dual-output
track following feedback controller.

The seeking actuator imparts coupling vibration as a disturbance signal uy to the track
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following actuator. The coupling transfer function between the seeking actuator and the
track following actuator is as shown in Figure 2.7. Our objective is to design feedforward
controllers for VCM (K s veon(z)) and MA (Kffar4(2)) to suppress the imparted vibration
Hy(jw). [46].

We define the following closed loop transfer functions of the track following actuator
which will be used in the design process. E,_.(jw) is the closed loop transfer function from
runout 7 to position error signal (PES) e. E,, _.(jw) is the closed loop transfer function
from VCM control input u, to PES e. E,, _..(jw) is the closed loop transfer function from
MA control input u,, to PES e.

In this block diagram, Figure 2.9, lowercase letters represent discrete time sequences and
the uppercase letters represent transfer functions in the z domain or the frequency domain.
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Chapter 3

Data Driven Feedforward Control
Design

3.1 Introduction

The data driven feedforward control design methodologies used to design feedforward con-
trollers based on frequency response measurements are proposed in this chapter!. Tradi-
tionally, control design methods fit a model to the frequency response data and design a
controller based on the model. But, with the data driven design approach controllers can be
designed directly based on the frequency response data.

In this chapter, data driven design methodology in the frequency domain is presented.
H,, norm and Hy; norm are used to formulate an optimization problem. A data driven
methodology for single-input single-output (SISO) systems to design feedback controllers
based only on the H, norm conditions was presented earlier in [28]. A data driven approach
for multi-input single-output (MISO) systems to design feedback controllers using mixed
Hy; — H,, norm conditions was presented in [8, 27, 7].

In section 3.2, we will discuss the preliminaries and notations used to set up the design
problem. The controller factorization used to obtain the feedforward controllers are discussed
in section 3.3. We will discuss the H,, norm conditions and the Hy norm condition in section
3.4. The mixed Hy — H,, norm optimization problem is also formulated in section 3.4.

3.2 Preliminaries

In this section, the block diagram used to obtain the data driven feedforward control design
methodology is first discussed. The advantage of considering multiple frequency response

IThis chapter is part of a peer - reviewed publication:
Shah, P.; and Horowitz, R. ” Active Vibration Rejection in Multi Actuator Drives: Data Driven Approach.”
Proceedings of the ASME 2019 Dynamic Systems and Control Conference. Volume 3, October, 2019.
V003T17A002. ASME. https://doi.org/10.1115/DSCC2019-8983
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Figure 3.1: The control block diagram used to obtain the data driven feedforward control
design methodology is shown. Here, G, (jw) is the open loop frequency response mea-
surement of actuator 1. K,«1(2) is the pre-designed feedback controller. Hy(jw) is the
frequency response measurement of the coupling transfer function between actuator 2 and
actuator 1. Kjs,x1(2) is the feedforward controller to be designed to suppress the imparted
vibration Hy(jw). Rae(2) is the closed loop transfer function of actuator 2 and wgee is its
corresponding input signal.

measurements is then discussed.

The rise in miniaturization has introduced new control challenges. New products have
control systems packed closely together. The compactness is leading to vibration interaction
between the neighboring actuators in a control system. Figure 3.1 is a control block diagram
for two neighboring actuators operating independently but imparting vibration disturbances
to each other. The lower case letters represent discrete time sequences (also loosely referred
to as signals). The uppercase letters represent transfer functions either in the z domain or
the frequency domain.

In Figure 3.1, Rue2(2) is the closed loop of actuator 2. w,e2 is the control input signal of
actuator 2. u,q9 is available to the designer. In general, we will differentiate between transfer
functions that are characterized by an actual model, such as the controller transfer function
K(z), and transfer functions that are only characterized by frequency response data, such
as the actuator transfer function G(jw).
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G1xn(jw) is the open loop transfer function of actuator 1 which, as alluded earlier, is only
characterized by frequency response measurement data. Gy, is a multi-input single-output
(MISO) system. Gyyxp(jw) has n dynamic systems connected in series. For example: a dual
stage HDD is a 1 x 2 system. It has two dynamic systems, a voice coil motor and a micro
actuator, connected in series.

An ideal feedback controller for Gy, (jw) is a single-input multi-output (SIMO) con-
troller. K,«1(2) is a pre-designed feedback controller of actuator 1. w is the feedback control
signal and y is the output of the actuator. r is a colored noise for reference and e is the error
signal.

Hy(jw) is the coupling dynamics transfer function that produces the vibration imparted
by actuator 2 to actuator 1. Hy(jw) is only characterized by frequency response measurement
data. ug is the imparted disturbance by actuator 2 onto actuator 1.

Our objective is to design a feedforward controller Ky, x1(2) to suppress the imparted
vibration disturbance u4. The designer can choose which frequency response data of actuator
1 are to be used to design the feedforward vibration suppression controller Ks(z). Without
loss of generality, we will generally use all n available actuator frequency response data
simultaneously in the design process.

Multiple Frequency Response Measurements

As stated earlier, multiple frequency response measurements of the open loop of actuator
1, Gixn(jw) and vibration interaction coupling dynamics H,(jw) will be considered in the
design process simultaneously. This ensures the feedforward controllers are robust and will
achieve good vibration suppression on the actual system.

Conversely, the vibration interaction experienced on actuator 1 could be divided into
clusters of frequency response measurements, and one feedforward controller could be ob-
tained for each cluster with similar frequency responses. The imparted vibration may change
as a function of temperature, sometimes the imparted vibration is non linear and can be esti-
mated by a bunch of linear frequency response measurements. The ability to simultaneously
consider multiple vibration scenarios is useful for such actuators.

Similarly, non linear actuators can be estimated using a bunch of frequency response
measurements for Gy, (jw). A common controller can be designed for multiple actuators
simultaneously by considering all the frequency response measurements in the design pro-
cess.

3.3 Controller Factorization

The stable factorization from [56] are used for the feedforward controller Ky, x1(2) in Figure
3.1.

Kypnxi(2) = Xnua(2)Yr(2) (3.1)
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where X, 1 € RHZO“, Yi1 € ]RH(lel are asymptotically stable rational proper transfer
functions. The factorization are for frequency domain and the z domain. The stable factor-
ization can be transformed to frequency domain simply by substituting z by e/*. We will
factorize the controller Ky, x1(2) using finite impulse response filters (FIRs), with all poles
at the origin.

T1p2P + T1p 1 2P T2+ T
Xp1(2) = — : (3.2)
zP ’
Tnp?” + Tnp 1 2P T2 4 T

Py izt Yy

}/1><1(Z> = op
where p is the controller order and the controller parameters {y, 1,--- ,9,} € R™*! and
{@ip, -+ w0} € RYIWi e {1...n} are to be determined.

For simplicity, the poles of the stable factorization are chosen to be at the origin, but
they can be placed anywhere inside the unit circle. The stable factorization can be written
in terms of the controller coefficients and filter terms:

Xnx1(2) = pali(2) (3.3)
Yixi(z) = PyFy(Z)

where p, and p, are given by:

Tipy, --+5 T11, T1,0

Pr = . (3.5)
xn,p; ey l‘n’h l‘mo

Py = [yl,Pv ceey YL, 1/1,0} (3.6)

and the filter terms F,(z) and F,(z) are given by:

F.(z) = ;[zp . zO]T (3.7)
F,(2) = %[zp oo 2t zO]T (3.8)

3.4 Data Driven Control Design

The data driven feedforward control design methodology is presented in this section. First,
a simplified control block diagram is obtained using the closed loop transfer functions to
formulate the control design problem. Then, the control objectives of the feedforward data
driven methodology are discussed. Finally, an optimization problem is formulated and the
algorithm is discussed.
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Figure 3.2: Simplified Control Block Diagram obtained by defining closed loop transfer
functions in Figure 3.1. E,_.(jw) is the closed loop transfer function from r to e in Figure
3.1. Ey,.(jw) is the closed loop transfer function from u. to e in Figure 3.1.

Simplified Control Block Diagram

In Figure 3.1, define closed loop transfer function from r to e as E,_.(z). Similarly, the
closed loop transfer function from wu,. to e is defined as E,,_.(2).

As the feedback controller K, «1(z) and the open loop actuator Gy, (jw) are available
to the designer, the closed loop transfer functions, in the frequency domain, E,_,.(jw) and
E. .(jw) are deterministic. The frequency response of the feedback controller K, «;(2) can
be simply obtained by replacing z by ¢/“. E,_.(jw) is a 1 x 1 frequency response, whereas,
Ey, c(jw) is a 1 x n frequency response.

Now, in Figure 3.2, Ru2(2) is the closed loop transfer function of actuator 2. wgeqe is
the control input signal of actuator 2. The control input signal is available to the designer.
H,(jw) is the frequency response of the coupling dynamics that generates the vibration
disturbance being imparted by actuator 2 to actuator 1.

E,_.(jw) is the frequency response of the closed loop transfer function from the runout
r, which is a colored noise, to e, the error signal. wuy is the disturbance signal after the
vibration is imparted to the closed loop system E,._,.(jw). gy is the disturbance added to
the error signal e.

The objective is to design feedforward controller Kyf,«1(%) to suppress the vibration
Hy(jw). The frequency response of Kjs,x1(z) can be obtained by replacing z by e/ to
get Kfpnx1(jw). The feedforward control signal enters the system through the closed loop
transfer function E,, .(z). The frequency response of the closed loop transfer function from
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the control input wu. to the error signal e is given by E, _..(jw).

eq is the error signal in presence of the vibration coupling dynamics Hy(jw) and the
feedforward controller Ky, x1(2). Whereas, e is the original error signal in absence of any
vibration interaction or any feedforward action. Ideally, we want the error signal e; to be
equal to error signal e implying total vibration suppression.

The frequency response measurements of £, . (jw), E,, .(jw) and Hy(jw) are considered
for w € (), except for the finite frequencies that correspond to the poles of actuator 1 and
the vibration interaction Hy(jw).

Q:{w|—%§w§%} (3.9)

where, T is the sampling time of the frequency response measurements.

Control Objectives

Let, R be the frequency spectrum of the colored runout r. The frequency spectrum of
Uqetz can be obtained using Fast Fourier Transform, Eq. (1.2). Let U,q42 be the frequency
spectrum of ugeo.

Let, E(jw) be the frequency spectrum of error signal e and E,(jw) be the frequency
spectrum of error signal ey.

The frequency spectrum of error signal e is given by:

E(jw) = Erse(jw)R (3.10)

The frequency spectrum of the error signal ey, in presence of vibration Hy(jw) and
feedforward action is given by:

Ed(jw) = Erﬁe(jw)R + Er%e(jw)Hd(jw)Uacﬂ + Euc%e(jw)KffﬂXl(jw)Uacﬂ (3-11)

Our objective is to minimize the difference between the frequency spectrum of the ideal
error signal, E(jw), and the frequency response of the actual error signal, E;(jw).

Hs Norm

Hj norm of a m x n MIMO system with a frequency response H (jw) is defined as:
. 1 N
G 2 o [ Tl o) ) de (312)
Q

where H*(jw) = H*(jw) is the complex conjugate transpose and Tr(H) is the trace of the
matrix H.

Hj norm is an estimate of the energy of the system. Here, Hy norm of H(jw) provides us
a measure of the energy stored in the system represented by the frequency response H (jw).
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According to Parseval’s theorem [52], the energy of the system evaluated in the time
domain and the frequency domain should be the same. For a time signal x(t¢), with Fourier
transform given by X (jw), we have:

/ a(t)|2dt = 2—/ X (juo) P (3.13)
oo ™ —0o0

For a discrete time sequence x(k) with the discrete time Fourier transform X (k), we have:

SR = 5 S IX (b (314)

According to Eq.(3.14), the Hy norm of a transfer function can be used to constrain the
variance of the output of the transfer function in the time domain.

For our design process, we want to constrain the difference between the actual error
signal ey with disturbance and feedforward action and the ideal error signal without any
disturbance or feedforward action e.

lea —ellz = [1Ea — Ell3 (3.15)

Therefore, according to Parseval’s theorem [52], minimizing the Hy norm of the difference
between E; and E constrains the variance of the difference between the time sequences ey
and e.

min ||E; — El]s (3.16)

Substituting E and E4 from Eq.(3.10) and Eq.(3.11) respectively, we have

I)I(ll}l;l HErHe(jw)Hd(jw)Uath + Eucﬁe(jw)Kff(jw)UacﬁH% (317)

Here, the dimension of the controller Kf(jw) is dropped for simplicity. The controller
factorization from Eq.(3.1) will be used. Therefore, on substituting the controller factoriza-
tion, we have:

win |5 o) Ha o) U + B ()5 85;

The data driven methodology can obtain a feedforward controller for multiple actuator
data, multiple coupling dynamics vibration data and multiple control signals of actuator 2
simultaneously. p frequency response measurements of the closed loop measurements of ac-
tuator 1 E,_,.;(jw) and E,_,.;(jw), where i represents the i’ measurement, are considered.
v frequency response measurements of the imparted coupling dynamics vibration Hg;(jw),
where [ represents the [ measurement, and s control input signals a2, Where m repre-
sents the m!" excitation signal, are also considered simultaneously. The average difference

Uact2”§ (318)
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between the actual error signal E; and the ideal error signal E will be given by:

manZZHE(d ilm E||2_

i=1 [=1 m=1

X (7
mmzz Z 1 Erse,i (1) Hai(jw) Uactz,m +Eu‘_>”(]w)Yéj ))UactQ,mHg (3.19)
i=1 [=1 m=1

Eq.(3.19) is only a function of X (jw) and Y (jw). But, Eq.(3.19) is not a convex function
in X and Y. A convex upper limit for the Hy norm in Eq.(3.19) was obtained using the
following result from [27].

Theorem 1 Given p’ frequency response data of the plant (actuator 1), where the i'" closed
loop plant measurements E,_,.;(jw) and Ey, _.;(jw) are given over the frequency region €2,
given v’ frequency response data of the imparted vibration, where the I vibration measure-
ment Hg;(jw) is given over the frequency region ), given ’s’ input signals of actuator 2,
where the frequency spectrum of the m'™ control input signal Uues,m is given, and an initial
stabilizing controller Ky j—1(2) = Xg-1(2)Yi—1(2)~" is given, an upper bound on the average
variance defined in Eq.(3.18) can be computed as follows:

win S B - ElE € min, ZZZ/ Lot} (3.20)

=1 =1 m=1 =1 =1 m=1

Viel,...p,Viel,...v,Vme€1l,...s and w € ):

Film (Er—>e inl + Eu —e iXk:)Uathm .
- vy e ’ w)>0 (321
|:((Er—>e,in,l + Eucﬁe,iXk)Uathm)* Yk*Yk—l + Yk*—lyk - Yk*_lYk_l (‘7 ) - ( )

The upper bound on Eq.(3.19) is given by Theorem 1. The upper bound in Eq.(3.20) and
the constraint in Eq.(3.21) are convex in Xy, Yy and I'. By minimizing the upper bound, we
can minimize the Hy norm in Eq.(3.19).

Notice that, the linear matrix inequality in Eq.(3.21) is an iterative solution and depends
on a stabilizing controller K¢ y_1(.) from the previous iteration, as given in Eq.(3.22). Here,
'k’ is the current iteration. Overall we have a locally convex optimization problem in
Eq.(3.20) and Eq.(3.21).

X
Kypp-1(2) = Y: 11 (3.22)

The stabilizing controller from the previous iteration as shown in Eq.(3.22) has the con-
troller factorization given in Eq.(3.2).
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H,, norm

H,, norm is used in control theory to achieve stabilization with guaranteed performance.
For a stable single-input single-output (SISO) system the H,, norm is defined as the peak
gain or the largest value of the magnitude of a frequency response. Whereas, for a multi-
input multi-output system, the H.,, norm is defined as the largest singular value across the
frequency range 2.

For a SISO transfer function H (jw), the Hy, norm is defined as:

|H (jw)lloo = sup |H (jw)] (3.23)

For a m x n MIMO transfer function H (jw), the H norm is defined as:

[H (jw)|loe = itelgﬁ(H(jW)) (3.24)

Here, 7(.) denotes the largest singular value of the matrix H (jw). Eq.(3.25) presents an
example of an H,, norm constraint.

W (jw)S(iw)llee <7 Vw € Q2 (3.25)

Here, S(jw) is the frequency response of a transfer function. Wy (jw) is a weighting filter,
in the frequency domain, used to shape S(jw). =y is an upper limit used to set the constraint.

The difference between the actual error signal with vibration and feedforward action, Fy,
and the ideal error signal £ can be shaped using H,, constraints.

[IWr(jw)(Ea = E)llec < (3.26)
On substituting £, and E in Eq.(3.26), we have:

|[IW5 (jw) (Erse(jw) Ha(jw)Uact2(jw) + Euose (j0) K g (jo) Va2 (jw))lloo < v (3.27)

Now, as the frequency spectrum of the input signal of actuator 2 is common, we can choose
to shape the transfer function excluding this frequency response in Eq.(3.27). The weighting
filter Wy (jw) can be shaped according to the requirements of the designer. Dropping the
(jw) argument from the equation for simplicity, we have:

||Wf<ET—>6Hd + Euc—>erf)||oo < Y (328)

The controller factorization used for H., norm design are according to the Eq.(3.2).

X
HWf(ETHeHd + Eu.;%e?)“oo <% (329)

The H., norm condition stated in Eq.(3.29) is not convex in X and Y. Previously, [2§]
and [8] have presented approaches to transform Eq.(3.29) to convex constraint for feedback
design. We have the following theorem to obtain a convex constraint for a feedforward
design:
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Theorem 2 Given 'p’ frequency response data of the plant (actuator 1), where the it" closed
loop measurements E,_,.;(jw) and E,, . ;(jw) are given over the frequency region ), given
W’ frequency response measurements of the imparted vibration, where the " measurement
Hgy(jw) is given over the frequency region 2 and given a positive scalar vy, the following two
statements are equivalent:

I The following H,, norm condition is metVie 1,....p andVl € 1,... v :

HWf(ET—min,l + Euc—>e,inf)||oo <7~ (3-30)

II There exists controller stable factorization X,x1(2)|.—eiw, Yix1(2)|.zeiw according to
Eq.(3.2), such that the following convez inequality holds Yw € Q, Vi € 1,...,p and VI €
... v

7_15<Wf(jw) (Epsei(j0) Hag () + Buyses(ja) X (7)) ) < Re{Y (&)} (3.31)

A necessary and sufficient convex constraint is obtained using Theorem 2. Starting
with only the controller factorization, stabilizing controllers are obtained. Theorem 2 does
not require an initial stabilizing controller to obtain a controller satisfying the H,, norm
constraint. On the contrary, Theorem 2 can be used to obtain an initial stabilizing controller
for Theorem 1. For proof see [7].

Mixed H; — H,, Norm Optimization

The mixed Hy — H,, norm control optimization problem is characterized by the minimization
of the Hy norm and application of H,, norm and/or Hy norm constraints.

We can combine the locally convex Hy norm objective function from Eq.(3.20) and
Eq.(3.21), and the H,, norm constraints from Eq.(3.31) to obtain a mixed Hy — H,, norm
locally convex optimization problem.

p v S
' Fism(jw)d 3.32
Xflll/?r;;;/g A (]W) w ( )

such that Vi e 1,...p,Viel,...v,Vm € 1,...s and w € (L

1—‘i,l,m (Er—w,in,l + Eucﬁe,iXk)UactQ,m
((Er%e,in,l + Eucae,iXk)Uath,m)* Y]:Yk’fl + Y;g*_lyk - Yk*_ly;cfl

7_16<Wf(jw) (Eyei(jw) Hag(jw) + Buysei(jo) Xi(e7)) ) < Re{Yi(e)}  (3.34)

] (jw) >0  (3.33)

Eq.(3.32), Eq.(3.33) and Eq.(3.34) give us the mixed Hy— H, norm optimization problem.
The stabilizing controller for the first iteration is obtained by solving a feasibility problem
with just the H,, constraints.
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Figure 3.3: The algorithm used to design the data driven feedforward controller is shown in
this figure. The H,, norm feasibility problem is solved to obtain initial stabilizing controller.
The mixed Hy — H,, norm control design optimization problem is solved to obtain the
feedforward controller suppressing the imparted vibration disturbance.

Algorithm

The algorithm used to obtain the feedforward controller Ky, x1(2) is shown in Figure 3.3.
The H,, norm feasibility problem is solved to obtain an initial stabilizing controller. The
mixed Hy— H,, norm control design optimization problem is solved to obtain the feedforward
controller that suppresses the imparted vibration disturbance.

This problem is iterated till the stopping condition is reached. The stopping condition
can be chosen by the designer. An example of a good stopping condition is to have Ej
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within five percent of E. The solver MOSEK [36] on MATLAB [34] is used to solve the
locally convex iterative optimization problem.
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Chapter 4

Application of Data Driven
Feedforward Control Design to Multi
Actuator Drives

4.1 Introduction

Hard disk drive servo systems have three operation modes. Track following mode is when
the read/write head follows a data track. This process requires very high precision. Read
and write processes occur during track following. Seeking mode is when the read/write
head sweeps through data tracks to locate the new desired new data track to initiate track
following. This process generates a lot of vibration. Finally, settling mode is the transition
mode between seeking and track following. The read/write head approaches the desired new
track with certain momentum, the objective of the settling mode is to smoothly settle the
read /write head onto the new track while minimizing jerk [41].

Multi actuator drives present new design challenges. A multi actuator drive has two
actuator arms operating independently off a same pivot timber. The control forces and
torque generated by one actuator arm can affect the operation of the other actuator arm.
The control block diagram for a multi actuator drive is presented in section 4.2

The vibration interaction between the two actuator arms can be categorized into three
scenarios. First, the two actuator arms are operating in the track following mode. Second,
the two actuator arms are operating in the track seeking mode. Third, one actuator arm is
track seeking while, the other actuator arm is track following. It is expected that scenario
two and three will involve considerable vibration interaction between the two actuator arms.

In scenario two, the two actuators arms are track seeking. The vibration interaction does

IThis chapter is part of a peer - reviewed publication:
Shah, P.; and Horowitz, R. ” Active Vibration Rejection in Multi Actuator Drives: Data Driven Approach.”
Proceedings of the ASME 2019 Dynamic Systems and Control Conference. Volume 3, October, 2019.
V003T17A002. ASME. https://doi.org/10.1115/DSCC2019-8983
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not result in an impaired read /write performance. But, in scenario three, with one actuator
arm track following, the vibration imparted by the tracking seeking actuator arm can ad-
versely affect the read/write performance of this actuator arm. In this chapter, we present
data driven feedforward control design methodologies to suppress the vibration imparted by
the track seeking actuator onto the track following actuator.

In chapter 3, the data driven control design algorithm was presented to obtain feedforward
controllers to suppress the vibration imparted by one actuator arm onto the other. In section
4.4, a sequential single-input single-output (SISO) control design methodology and a single-
input multi-output (SIMO) control design methodology is presented to obtain feedforward
controllers for the voice coil motor (VCM) and the micro-actuator (MA) using the data driven
algorithm. The controller factorization used for the data driven problem are presented in
section 4.3. The design results for the sequential SISO design and SIMO design methodologies
are discussed in section 4.5.

4.2 Block Diagram of a Multi Actuator Drive

Figure 2.9 shows the control block diagram of a multi actuator drive. In this section, we
simplify the block diagram using the closed loop transfer functions of the track following
actuator. Figure 4.1 shows a simplified control block diagram of a multi actuator drive.

In Figure 4.1, Rgeer(2) is the closed loop transfer function of the track seeking actuator.
Useek 18 the control input signal of the track seeking actuator. The seeking process generates
vibration which affects the performance of the neighboring track following actuator. The
seeking control input signals are shown in Figure 2.8.

Hy(jw) is the frequency response measurement of the coupling dynamics between the
track seeking actuator and the track following actuator. The vibration is imparted as a
disturbance signal u4 to the track following actuator. Multiple measurements of Hy(jw) are
considered simultaneously during the design process, as shown in Figure 2.7.

E,_.(jw) is the closed loop transfer function from runout r to position error signal (PES)
e, in the frequency domain. Similarly, E,, .(jw) is the closed loop transfer function from
the control input signal of VCM u, to the PES e, in the frequency domain. F,  _.(jw) is
the closed loop transfer function from the control input signal of MA w,, to the PES e, in
the frequency domain.

Here, e is the ideal position error signal in the absence of any vibration or any feed-
forward control signal. ey is the actual position error signal in the presence of vibration
and feedforward compensation. Our objective is to design feedforward controllers for VCM
(K¢frvem) and MA (Kgpara) to suppress the vibration imparted by the coupling dynamics
Hy(jw). uprvem and uspara are the feedforward compensation signals.

The data driven H,. — H,, norm optimization methodology presented in chapter 3 is
used to design the feedforward controllers for VCM and MA. In this chapter, two control de-
sign methodologies are presented to obtain these feedforward controllers. First, a sequential
single-input single-output (SISO) data driven control design methodology. In this approach,
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Figure 4.1: Control block diagram of a multi actuator drive is shown in this figure. Closed
loop transfer functions of the track following actuator are used to simplify the representation
of the control problem.

we first design K sy, the feedforward controller for VOM, to suppress the entire imparted
vibration. Then, the feedforward controller for MA, K¢ a4 is designed to suppress the resid-
ual vibration. The second approach presented is the single-input multi-output (SIMO) data
driven control design methodology. In this approach, the feedforward controllers Ky yvenm
and Ky are simultaneously designed to suppress the vibration Hy(jw).

4.3 Controller Factorization

The stable factorization from [56] are used for the feedforward controllers Kjsycpn and
Kysara of Figure 4.1. The controller factorization used are according to the Hy — Ho, norm
data driven methodology presented in chapter 3, Eq.(3.1). We will consider the same order
of the controller for both VCM and MA.

Kirven(z) = Xvem(2)Yyda(2) (4.1)
Krpna(z) = Xaa(2)Yya(2)
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where Xvcou € RH}Xfl, Yveu € ]RHijl, Xpa € ]RH}Xfl and Y4 € RH}Xfl are all asymptot-
ically stable rational proper transfer functions. The factorization are for frequency domain
and the z-domain. The stable factorization can be transformed to frequency domain simply
by substituting z by /. In this chapter, we will factorize the controller K;sveon(z) and
K s ara(z) using finite impulse response filters (FIRs), with all poles at the origin.

X(2) = X2+ X, 127+ + X, (4.3)
V() = 22+Y, 2" '+ 1Y,

where p is the controller order and the controller parameters {Y, 1, --,Y,} € R and
{X,, -, X,} € R™! are to be determined.

4.4 Data Driven Feedforward Control Design

The data driven feedforward control design methodology is used to obtain feedforward con-
trollers Kyrvenm(z) and Kppara(z) for VCM and MA respectively. Two methodologies,
sequential SISO methodology and SIMO methodology, are presented to obtain the feedfor-
ward controllers for the track following actuator of the multi actuator drive. In the sequential
SISO methodology, first Kyrvenm(z) is designed to suppress the entire imparted vibration
by the coupling dynamics H,(jw). Then, Kyspa(z) is designed to suppress the residual
vibration from the VCM feedforward control design. Whereas, in the SIMO methodology,
feedforward controllers Kyrven(z) and Kypara(2) are designed simultaneously to suppress
the imparted vibration by the coupling dynamics Hy(jw).

Sequential SISO Feedforward Control Design

The servo assembly of a track following actuator arm consists of a voice coil motor (VCM)
and a micro actuator (MA) attached in series. VCM has a larger stroke but a smaller
bandwidth than MA. Figure 4.2 shows the frequency response measurements of VCM and
MA for a set of five actuator arms.

The objective is to design feedforward controllers K sy o (2) and Kyraa(z) to suppress
the vibration imparted by the coupling dynamics Hy(jw). Multiple sets of frequency response
data of H,(jw) are considered simultaneously as shown in Figure 2.7. Multiple input signals
Useer fOr the seeking actuator are also considered simultaneously, Figure 2.8.

In Figure 4.1, e is the ideal position error signal (PES) in absence of any vibration and
feedforward action. e4 is the PES in presence of vibration and feedforward action. Let, E'(jw)
be the frequency spectrum of PES e and E; be the frequency spectrum of PES E,(jw). Our
objective is to design feedforward controllers such that the actual frequency spectrum E;(jw)
approaches the ideal frequency spectrum E(jw).

The control objectives are considered in terms of H., norm constraints, Eq.(3.31), and
an Hy norm objective function, Eq.(3.20), and Eq.(3.21). The H, norm constraints are
necessary and sufficient convex constraints in the controller parameterization X, Eq.(4.1),
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Figure 4.2: The frequency response measurements of VCM and MA for a set of five actuator
arms are shown. This figure was also plotted in chapter 2 and is reproduced here as a
reference.

and Y, Eq.(4.2). The convexity of the constraint ensures existence and uniqueness of the
solution. The Hs; norm condition is only locally convex and requires an initial stabilizing
controller to minimize the objective function.

In the first step, the VCM feedforward controller is designed to minimize the difference
between F and Ej. In the second step, the MA feedforward controller is designed to suppress
the residual vibration after VCM compensation.

VCM Feedforward Control Design
The frequency spectrum FE is given by:
B(jew) = Eyse(jeo) R(jw) (4.4)

Here, R(jw) is the frequency spectrum of runout r. F,_..(jw) is the closed loop transfer
function from r to e as shown in Figure 4.1. Assuming, we only have the VCM to suppress
the vibration imparted by the coupling dynamics Hy(jw), the frequency spectrum Ey is given
by:

Ea(jw) = Erse(j0) R(jw) + Erse(jw) Ha(jw)U (j0) + Euyse(j0) Kppvem (j0)U (jw) - (45)
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Here, U(jw) is the frequency spectrum of the seeking input signals wsecr. Krrvem(jw)
is obtained by replacing z by €/ in Eq.(4.1). E,,_.(jw) is the closed loop transfer function
from u, to e as shown in Figure 4.1. Hy(jw) is the coupling dynamics between the track
seeking actuator and the track following actuator.

Our objective is to minimize the difference between F,; and E. Hs norm objective func-
tion is used to minimize the difference between E,; and E. The Hy; norm minimization from
Theorem 1 requires an initial stabilizing controller. Whereas, the H., norm feasibility prob-
lem from Theorem 2 is a necessary and sufficient convex constraint. The convexity of the
constraint ensures existence and uniqueness of the solution. Therefore, for the first iteration,
only the H,, norm feasibility constraints are posed. Once a stabilizing controller is obtained
from the H., norm feasibility problem, Hy norm objective function is introduced and iterated
to minimize the difference between E,; and FE.

A set of p frequency response measurements of VCM are considered, where i denotes the
i'" VCM measurements. Also, a set of v frequency response measurements of the coupling
dynamics Hy;(jw), where [ denotes the [ measurement data, and frequency response of
s seeking input signals denoted by U,,(jw), for the m* frequency response of the seeking
signal e, are considered.

H., Norm Feasibility Problem
From Theorem 2 the H,, norm feasibility problem is given by:
Vie{l,...,p},Vle{l,...,v} and Vw € Q we have

min 1 (4.6)

Xvem,Yvem
YW (5w) (B e (W) Hay(jw) + Buyosei(jw) Xven(jw)) | < Re{Yveou(jw)} (4.7)

Here, W; is a weighting filter used to shape the frequency response. 2 is the frequency
region given by Eq.(3.9) over which the H, norm constraints are posed. The frequency
response of the stabilizing controller obtained from the feasibility problem is given by:

Krprvem(jw) = Xveu (jw)Yida (jw) (4.8)

Mixed H, — H,, Norm Optimization Problem
Using Eq.(4.8) as the initial stabilizing controller for the mixed Hy — H., norm optimiza-
tion problem from Eq.(3.32), Eq.(3.33) and Eq.(3.34), we have the following optimization

problem:
P v s
in S35 [ o (19)

1=1 l=1 m=1

such that Vi € {1,...,p},Vie {1,...,v},Vme{l,...,s} andw €

Fi,l,m (Er—>e,in,l + Euv%e,iXk)Um
Ur(ErseiHar + EyyseiXk)* VY + Y Y =Y Vi

W (BrseiHlag + BuyoeiXi) | < Re{Ye) (4.11)

] (jw)>0  (4.10)
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Here, the argument (jw) is dropped for clarity in the equations. X ;(jw)Y; '} (jw) is
the controller from the previous iteration. Initially, we will use the controller from Eq.(4.8)
as an initial stabilizing controller. Xj(jw), Yx(jw) and I'(jw) are the optimizing variables.
['(jw) gives us the upper limit on the Hy norm defined by Theorem 1.

The mixed Hy— H, norm optimization problem can be iterated till the stopping condition
is reached. A good example for a stopping condition is to have E; within 5 percent of F.
Assuming the mixed Hy — H,, norm optimization problem is iterated for n iterations, the
feedforward controller for Kyven(2) will be given by:

Ya(2)

Kyrvem(z) = (4.12)
The residual vibration coupling dynamics Gy.s;;(jw) Vi € {1,...,p} and VI € {1,..., v}
will be given by:

Gres,i,l(jw) = Erﬁe,i(jw)Hd,l(jw) + Euv%e,i(jw)KfvaC’M(jw) (4-13)

MA Feedforward Control Design

Now, the feedforward controller for the MA is designed to suppress the residual vibration
given in Eq.(4.13). The controller factorization used to design feedforward controller for MA
is given in Eq.(4.2).

Similar to the feedforward control design for VCM, first, the H,, norm feasibility problem
is posed. Then, the Hs objective function is introduced to iterate the mixed Hy — H,, norm
optimization problem.

H,, Norm Feasibility Problem
The H,, norm feasibility problem to obtain stabilizing controller for MA is given by:
Vie{l,...,p},Vie{l,...,v} and Vw € Q2 we have

min 1 (4.14)

Xnma,Yva

YW (j0) (Gres,it(jw) + Bup—ei(jw) Xara(jw)) | < Re{Yara(jw)}  (4.15)

Here, Wy, (jw) is the weighting filter used to shape the frequency response. The frequency
response of the stabilizing controller is given by:

Kpparaljo) = Xaraljow) Yagh () (4.16)

Mixed H, — H,, Norm Optimization Problem
Using the MA controller from Eq.(4.16), according to Theorem 1 and Theorem 2 the
mixed Hy — H,, norm optimization problem is given by:

p v s
i S35 [ o (4.17)

i=1 l=1 m=1
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such that Vi € {1,...,p},Vie {1,...,v},Vme {1,...,s} and w €

Fz',l,m (Gres,i,l + Eumﬁe,iXk>Um
U (Gresit + BupseiXi)®  YViYer + Y Ve =Y Y

Wf2 (Gres,i,l + Eum—>e,iXk) S Re{Yk} (419)

(Jjw) =0 (4.18)

A

The argument (jw) is dropped for compactness in the equations. X}, 1(jw)Y, | (jw) is
the controller from the previous iteration. Initially, we use the controller from Eq.(4.16)
as an initial stabilizing controller. Xj(jw), Yx(jw) and I'(jw) are the optimizing variables.
['(jw) gives us the upper limit on the Hy norm defined by Theorem 1.

Assuming the mixed Hy — H,, norm optimization problem is iterated for ¢ iterations, the
feedforward controller for MA will be given by:

_ Xi(2)
Yi(2)
Therefore, Eq.(4.12) and Eq.(4.20) give us the feedforward controllers for VCM and MA

using the sequential SISO data driven control design methodology. The solver MOSEK [36]
on MATLAB [34] is used to solve these locally convex iterative optimization problems.

Kyyma(z) (4.20)

SIMO Feedforward Control Design

A track following actuator arm has two actuators, VCM and MA, connected in series. The
actuator arm has two inputs, one for each VCM and MA and has one output, the position of
the read/write head. The actuator arm is a multi-input single-output (MISO) system. The
ideal controller for a MISO system will be a SIMO controller.

In the SIMO feedforward control design methodology, the feedforward controllers for
VCM and MA are designed simultaneously to suppress the vibration imparted by the cou-
pling dynamics Hy(jw) from Figure. 2.7.

In Figure 4.1, e is the ideal position error signal (PES) in absence of any vibration and
feedforward action. e, is the PES in presence of vibration and feedforward action. Let, F(jw)
be the frequency spectrum of PES e and E4(jw) be the frequency spectrum of PES e;. Our
objective is to design feedforward controllers such that the actual frequency spectrum E,(jw)
approaches the ideal frequency spectrum E(jw).

The control objectives are considered in terms of H., norm constraints, Eq.(3.31) and
an Hy norm objective function, Eq.(3.20) and Eq.(3.21). The H. norm constraints are
necessary and sufficient convex constraints in the controller parameterization X, Eq.(4.1),
and Y, Eq.(4.2). The convexity of the constraint ensures existence and uniqueness of the
solution. The H,; norm condition is only locally convex and requires an initial stabilizing
controller to minimize the objective function.

The frequency spectrum FE(jw) is given by:

E(]w) - Er—m(jw)R(jw) (421)
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Here, R(jw) is the frequency spectrum of the runout r. E,_.(jw) is the closed loop
transfer function from r to e. The frequency spectrum E,(jw) is given by:

Eq(jw) = ELe(jw)R(jw) + Erse(jw)Ha(jw)U (jw) + ... (4.22)
o By (J) K vom (jw)U(Jw) + Eu,, e (Jw) Krpaa(jw)U (jw)

Here, U(jw) is the frequency spectrum of the seeking input signals wsecr. Krrvem(jw)
and K s 4(jw) are obtained by replacing z by €/ in Eq.(4.1) and Eq.(4.2). E,,.(jw) is
the closed loop transfer function from u, to e as shown in Figure 4.1. E, _..(jw) is the
closed loop transfer function from wu,, to e as shown in Figure 4.1. Hy(jw) is the coupling
transfer function between the seeking actuator and the track following actuator.

Our objective is to minimize the difference between F; and E. Hs norm objective func-
tion is used to minimize the difference between E,; and E. The Hy; norm minimization from
Theorem 1 requires an initial stabilizing controller. Whereas, the H., norm feasibility prob-
lem from Theorem 2 is a necessary and sufficient convex constraint. The convexity of the
constraint ensures existence and uniqueness of the solution. Therefore, for the first iteration,
only the H,, norm feasibility constraints are posed. Once a stabilizing controller is obtained
from the H,, norm feasibility problem, Hy norm objective function is introduced and iterated
to minimize the difference between E,; and FE.

A set of p frequency response measurements of VCM and MA are considered, where i de-
notes the i VCM and MA measurements. Also, a set of v frequency response measurements
of the coupling dynamics Hg,(jw), where [ denotes the [ measurement data, and frequency
response of s seeking input signals denoted by U,,(jw), for the m! frequency response of the
seeking signal ug.er, are considered.

H., Norm Feasibility Problem
From Theorem 2 the H,, norm feasibility problem is given by:
Vie{l,...,p},Vle{l,...,v} and Yw € Q we have

min 1 (4.23)
Xvom,Xma,Y
7_1 Wf (Er—w,in,l + Em,—)e,iXVCM + Eum—>e,iXMA) S RG{Y} (424)

The argument (jw) is dropped for compactness. The controller factorization used for
VCM and MA are chosen to have the same denominator Y (z). The initial stabilizing con-
troller for mixed Hy — H,, norm control optimization problem is obtained as the solution of
the H,, norm feasibility problem.

Kerveu(z) = XV%]Z;Z) (4.25)
Kppara(2) Xaa(2) (4.26)
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Mixed H, — H,, Norm Optimization Problem

Eq.(4.25) and Eq.(4.26) give us the initial stabilizing controllers for VCM and MA re-
spectively. According to Eq.(3.32), Eq.(3.33) and Eq.(3.34), the mixed Hy — H,, norm
optimization problem is given by:

min . Z Z Z /Q Liim(jw)dw (4.27)

X X Y,
VCM,k MA,ksTEk i=1 I=1 m=1

such that Vi € {1,...,p},Vie {1,...,v},Vme {1,...,s} and w €

Litm (Rr—eiHay 4 Eyy—eiXvemp + Bun—eiXmakr)Un > ((4.28)
Un(Er—eiHgy + By, seiXvomg + Bup—eiXvar)” Vi1 +Y Ve =Y V| = 7
’y_l Wf (Er—>e,in,l + Euv—>e,iXVC’M,k + Eum—w,iXMA,k)) S Re{}/;c} (429)

The argument (jw) is dropped for compactness in the equations. The controllers from
the previous iteration in the frequency domain are given by

Xvemk—1(jw)

Kirvemr-1(jw) Ve (o) (4.30)
. X 1(Jw
Kypmar(jw) = A}Z‘_'“l—(;fj)) (4.31)

The controllers from Eq.(4.25) and Eq.(4.26) are used to initial the optimization problem.
Assuming the algorithm is run for n iterations, the final feedforward controllers for VCM
and MA are given by:

Krpvoun(2) = XV%Z”)(Z) (4.32)
Krpman(z) = Xg\i:—égz) (4.33)

Therefore, Eq.(4.32) and Eq.(4.33) are the feedforward controllers for VCM and MA designed
to suppress the vibration imparted by the coupling dynamics H,(jw), as shown in Figure
2.7, in multi actuator drives. The solver MOSEK [36] on MATLAB [34] is used to solve
these locally convex iterative optimization problems.

4.5 Design Results

The control block diagram of a multi actuator drive is as shown in Figure 4.1. In a multi
actuator drive, we have two actuator arms functioning independently pivoted at the same
point. This design configuration leads to vibration interaction between the two actuators
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Figure 4.3: The frequency response measurements of the coupling dynamics imparting vi-
bration are plotted. A set of five measurement data are considered for the design process.
The frequency responses of the coupling dynamics were measured by our industry partners.
The models plotted are representative of the true behavior of the interaction.

arms. The track seeking procedure in a hard disk drive generates considerable vibration to
affect the functioning of the neighboring actuator arm.

Two data driven methodologies, sequential SISO design and SIMO design, used to design
feedforward controllers for the track following actuator were presented in section 4.4. A
track following actuator arm has two actuators, a voice coil motor (VCM) and a micro
actuator (MA), connected in series. In the sequential SISO control design methodology,
first, the VCM feedforward controller is designed to suppress the entire vibration. Then, the
MA feedforward controller is designed to suppress any residual vibration. Whereas, in the
SIMO control design methodology, VCM and MA feedforward controllers are simultaneously
designed to suppress the vibration.

In the data driven algorithm, multiple sets of frequency response measurements of the
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Figure 4.4: The seeking input signals useer (k) used for the design process are plotted. All the
seeking scenarios are considered simultaneously to obtain a robust controller. The seeking
input signals are actual seeking input signals used in dual stage hard disk drives.

actuators VCM and MA are considered. In the design results presented in this section,
two sets of VCM and MA data are considered. Multiple frequency response measurements
of the vibration are also considered simultaneously in the design process. The frequency
response measurements of the coupling dynamics imparting vibration considered are shown
in Figure 4.3. The frequency responses of the coupling dynamics were measured by our
industry partners. The models plotted in Figure 4.3 are representative of the true behavior
of the interaction.

The control input signals of the seeking actuator arm generating the observed coupling
dynamics in Figure 4.3 are available offline during the design process. The frequency spec-
trum of the control input signals are used for the design process. The excitation of the
vibration depends on the seek lengths of the seeking actuator arm. A set of eight seeking
scenarios are considered simultaneously ranging from short seeks to long seeks. The control
input signals of these seeking scenarios are plotted in Figure 4.4. The control input signals
are actual seeking input signals used in dual stage hard disk drives.

Our objective is to design feedforward controllers to suppress the imparted vibration by
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the coupling dynamics in Figure 4.3, for the excitation signals in Figure 4.4. First, the results
based on the sequential SISO control design methodology are presented. Then, the results
based on the SIMO control design methodology are presented. A comparison between the
two methodologies is also presented.

Frequency Domain
Sequential SISO Feedforward Control Design

In the sequential SISO feedforward control design, the VCM feedforward controller is first
designed to suppress the imparted vibration Eq.(4.12), then, the MA feedforward controller
is designed to suppress any residual vibration Eq.(4.20).

Figure 4.5 plots the frequency response of the PES obtained after designed the VCM
feedforward controller. Here, e represents the ideal PES spectrum without any vibration or
any feedforward action, shown in blue. ey represents the PES spectrum with vibration but
no feedforward suppression. A number of vibration scenarios are plotted together. esfvom
represents the PES spectrum with vibration and feedforward action using the VCM actuator
only. efsyveon is shown in red.

As shown in Figure 4.5, the VCM does a good job in the low frequency region in sup-
pressing all the vibration disturbance. But, the VCM does not suppress the high frequency
disturbance. This is due to the fact that the VCM servo has a low bandwidth.

Figure 4.6 plots the frequency response of the PES obtained after designing the VCM and
MA feedforward controllers using the sequential SISO control design methodology. Here, e
represents the ideal PES spectrum without any vibration or any feedforward action, shown
in blue. ey represents the PES spectrum with vibration but no feedforward suppression.
A number of vibration scenarios are plotted together. ey car represents the PES spectrum
with vibration and feedforward action using the VCM actuator only. ef¢ycar is shown in
red. effqua represents the PES spectrum with vibration and feedforward action using both
VCM and MA actuators. ey gyuq is shown in yellow.

The dual stage feedforward controllers suppress vibration in the low frequency as well
as the high frequency region. The MA feedforward controller is designed to suppress the
residual vibration after the VCM feedforward control design. The MA servo has a higher
bandwidth and hence is capable of suppressing vibration in the high frequency region.

From Eq.(4.5), we define the closed loop coupling transfer function Gg;,(jw) for @
actuator measurement and [** coupling vibration as follows:

h

Gaii(Jw) = Egoe)i(jw)Hag(jw) (4.34)

The closed loop feedforward controllers for i*" actuator measurement are defined as:

Kavoui(jw) = By (W) Krpven(e?) (4.35)
KC[,MAJ(jw) = Eu7n_>e(jw)Kff7MA(6]w) (436)
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Figure 4.5: The frequency spectrum of the PES is plotted after designing VCM feedfor-
ward controller using the sequential SISO control design methodology. e, plotted in blue,
represents the ideal PES spectrum without any vibration or any feedforward action. eg;s
represents the PES spectrum with vibration but no feedforward suppression. A number
of vibration scenarios are plotted together. ef¢ycar, plotted in red, represents the PES
spectrum with vibration and feedforward action using the VCM actuator only.
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Figure 4.6: The frequency spectrum of the PES is plotted after obtaining the feedforward
controllers for VCM and MA using the sequential SISO control design methodology. e,
plotted in blue, represents the ideal PES spectrum without any vibration or any feedforward
action. eg;q represents the PES spectrum with vibration but no feedforward suppression. A
number of vibration scenarios are plotted together. efsycar, plotted in red, represents the
PES spectrum with vibration and feedforward action using the VCM actuator only. ey gua;
plotted in yellow, represents the PES spectrum with vibration and feedforward action using

both VCM and MA.
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Figure 4.7: The objective of the feedforward control design is to match the closed loop
coupling transfer function Gy, (jw) from Eq.(4.34) with the closed loop feedforward action
given by Eq.(4.35) and Eq.(4.36). In this figure, we can observe that for one actuator plant
data, the feedforward controllers are not able to closely match G,4(jw) for five vibration
scenarios. We can observe a small bias in the low frequency region and the mid frequency
region is not matched.

The objective of the feedforward control design is to match the closed loop coupling
transfer function Gy, (jw) from Eq.(4.34) with the closed loop feedforward action given by
Eq.(4.35) and Eq.(4.36). The closed loop feedforward control transfer function and the closed
loop coupling transfer function are plotted against each other in Figure 4.7. We can observe
a small bias in the low frequency region and the mid frequency region is not matched.

SIMO Feedforward Control Design

In the SIMO feedforward control design, the VCM and MA feedforward controllers are
designed simultaneously as given by Eq.(4.32) and Eq.(4.33).

Figure 4.8 plots the frequency response of the PES obtained after designing the VCM and
MA feedforward controllers using the SIMO control design methodology. Here, e represents
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Figure 4.8: The frequency spectrum of the PES is plotted after obtaining the feedforward
controllers for VCM and MA using the SIMO control design methodology. e, plotted in
blue, represents the ideal PES spectrum without any vibration or any feedforward action.
eqist represents the PES spectrum with vibration but no feedforward suppression. A number
of vibration scenarios are plotted together. ef¢ycar, plotted in red, represents the PES
spectrum with vibration and feedforward action using the VCM actuator only. eff duais
plotted in yellow, represents the PES spectrum with vibration and feedforward action using
both VCM and MA. The feedforward suppression obtained using the SIMO control design
methodology does a better job at suppressing the imparted vibration than the sequential
SISO control design methodology (Figure 4.6).
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the ideal PES spectrum without any vibration or any feedforward action, shown in blue.
eqist Tepresents the PES spectrum with vibration but no feedforward suppression. A number
of vibration scenarios are plotted together. essycoar represents the PES spectrum with
vibration and feedforward action using the VCM actuator only. efsyeoar is shown in red.
eff.dual Tepresents the PES spectrum with vibration and feedforward action using both VCM
and MA actuators. eff guq is shown in yellow.

The VCM and MA feedforward controllers obtained using the SIMO feedforward data
driven control design methodology suppress the vibration more effectively than the feedfor-
ward controllers obtained using the sequential SISO feedforward data driven control design
methodology. But, if the performance of the VCM feedforward controller is compared, the
controller obtained using the sequential SISO control design methodology does a better job.

In the SIMO control design methodology, as the VCM and MA controllers are designed
together, the two controllers are shaped such that VCM focuses on the low frequency region
and the MA focuses on the high frequency region. Whereas, in the sequential SISO control
design methodology, the VCM controller is designed to suppress both the low frequency and
the high frequency region, leading to a less efficient design. In case of a MA failure, the VCM
controller designed using the sequential SISO methodology does a better job at suppressing
the vibration. The VCM controller obtained using the SIMO control design methodology is
not designed to suppress the entire vibration spectrum.

The frequency spectrum of the PES obtained for five actuator measurements is compared
with the frequency spectrum of the PES obtained for two actuator measurements in Figure
4.9. The feedforward controllers obtained for two actuator measurements perform better
than the feedforward controllers obtained for five actuator measurements.

From Eq.(4.23), we define the closed loop coupling transfer function Gg;,(jw) for ¢
actuator measurement and [** coupling vibration as follows:

h

Gaii(Jw) = Epseyi(Jw)Hay(jw) (4.37)

The closed loop feedforward controllers for i actuator measurement are defined as:

Kavoui(jw) = Euye(0)Krpven(e?) (4.38)
Kamai(jw) = Ey,oe(Jw)Kfraae’™) (4.39)

The objective of the feedforward control design is to match the closed loop coupling
transfer function Gy, (jw) from Eq.(4.37) with the closed loop feedforward action given by
Eq.(4.38) and Eq.(4.39). The closed loop feedforward control transfer function and the closed
loop coupling transfer function are plotted against each other in Figure 4.10. We observe
that the feedforward controllers obtained using the SIMO control design methodology match
G4(jw) better than the feedback controllers obtained using the sequential SISO control design
methodology.
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Figure 4.9: The frequency spectrum of the PES obtained for five actuator measurements is
compared with the frequency spectrum of the PES obtained for two actuator plant measure-
ments in this figure

Time Domain
Sequential SISO Feedforward Control Design

The effect of the disturbance signal u,; on the position error signal (PES) e is plotted in
the time domain. The PES due to the runout r in Figure 4.1 is not plotted in these time
domain plots to understand the performance of the feedforward controllers. The vibration
disturbance signal is generated by passing the seeking input signals (Figure 4.4) through
the coupling dynamics (Figure 4.3). The PES due to the disturbance signal is obtained by
passing u4 through the closed loop transfer function R,_,.(z) as shown in Figure 4.1.

Figure 4.11 plots the PES in presence of vibration and no feedforward action and the PES
in presence of vibration and feedforward action by the VCM and MA controllers obtained
using the sequential SISO control design methodology. eg; is the PES in presence of vibra-
tion and no feedforward action, shown in blue. eyt 5 is the PES in presence of vibration
and, VCM and MA feedforward action, shown in red. Overall, a feedforward suppression of
2X is observed.

SIMO Feedforward Control Design

The effect of the disturbance signal u, on the position error signal (PES) e is plotted in
the time domain. The PES due to the runout r in Figure 4.1 is not plotted in these time
domain plots to understand the performance of the feedforward controllers. The vibration
disturbance signal is generated by passing the seeking input signals (Figure 4.4) through



CHAPTER 4. APPLICATION OF DATA DRIVEN FEEDFORWARD CONTROL
DESIGN TO MULTI ACTUATOR DRIVES 49

Caontroller CL - Mag and Phase

-80 N :
SIMO G, “\
-100 -Control P f/

o DESIgN |

P

-140 | : 1
/ Kc!,VCM * KcI,MA

Magnitude (dB)

-160 : |
180 F i T A Y
—de1
% — Gdv2 i
3 // N
% ot Gdv5s i
o Controller VCM + MA CL
=
o
-90 .
-180 b . . | H . | i P, SIS | H I -
10" 102 103 10*

Frequency (Hz)

Figure 4.10: The objective of the feedforward control design is to match the closed loop
coupling transfer function Gy, (jw) from Eq.(4.37) with the closed loop feedforward action
given by Eq.(4.38) and Eq.(4.39). In this figure, we can observe that for one actuator plant
data, the feedforward controllers are able to closely match G4(jw) for five vibration scenarios.
The mid frequency region is not matched. The low frequency region and the high frequency
region are matched properly.

the coupling dynamics (Figure 4.3). The PES due to the disturbance signal is obtained by
passing uy through the closed loop transfer function R,_..(z) as shown in Figure 4.1.
Figure 4.12 plots the PES in presence of vibration and no feedforward action and the PES
in presence of vibration and feedforward action by the VCM and MA controllers obtained
using the SIMO control design methodology. e is the PES in presence of vibration and no
feedforward action, shown in blue. eg;s f5 is the PES in presence of vibration and, VCM and
MA feedforward action, shown in red. Overall, a feedforward suppression of 3x is observed.
The SIMO feedforward controllers achieve 3x suppression but, the sequential SISO con-
trollers achieve only 2x suppression. The SIMO control design methodology optimizes the
controllers further than the sequential SISO control design methodology. The main advan-
tage in the design process is that both VCM and MA controllers are shaped together in the
SIMO design process. But, in the sequential SISO design process, the VCM controller stays
fixed while designing the MA controller resulting in some mutual fighting between the two
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Figure 4.11: PES in time domain obtained after VCM and MA feedforward control design
using the sequential SISO methodology is plotted. ey is the PES in the presence of vibration
but no feedforward action. egsi+5¢ is the resultant PES in the presence of vibration and,
VCM and MA feedforward action. A feedforward suppression of 2x is observed throughout
the seeking process.
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Figure 4.12: PES in time domain obtained after VCM and MA feedforward control design
using the sequential SISO methodology is plotted. ey;s; is the PES in the presence of vibration
but no feedforward action. egsi+f¢ is the resultant PES in the presence of vibration and,
VCM and MA feedforward action. A feedforward suppression of 3x is observed throughout
the seeking process.

actuators.

The design objective set by our industry partners require a feedforward suppression upto
2x. This design objective is met for both the sequential SISO control design approach as
well as the SIMO control design approach. In the time domain plots, based on the residual
vibration, track following process cannot begin until phase 2 is reached in Figure 4.11 and
in Figure 4.12.
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Chapter 5

Joint Feedback Feedforward Data
Driven Control Design

5.1 Introduction

In chapter 3, the data driven feedforward control design methodologies were presented.
The feedback controllers were assumed to be pre-designed. In this chapter, joint feedback
and feedforward data driven control design methodologies are proposed based on frequency
response measurements.

Traditionally, control design methods fit a model to the frequency response data and
design controllers based on the model. Whereas, the data driven control design approach
designs controllers directly based on the frequency response measurements. In chapter 3, the
feedback controller is pre-designed and does not account for the imparted vibration. A joint
feedback - feedforward control design will optimize the feedback and feedforward controllers
further to provide a more robust control design.

H,, norm and Hs norm conditions are used as control objectives to design the feedback
and feedforward controllers. An H,, norm data driven design methodology for SISO systems
was presented in [28]. The design methodology was extended for MISO in [8, 7]. A mixed
Hy — H, norm control design methodology for feedback systems was presented in [27, 8]. A
data driven control design methodology for feedforward systems was presented in [46].

In section 5.2 the preliminaries and the control block diagram used to formulate the
problem are discussed. The controller factorization used for the design process are discussed
in section 5.3. The joint data driven feedback feedforward control design methodologies are
discussed in section 5.4. Two data driven methodologies are presented to obtain the feedback
and feedforward control design. An alternating iterative data driven control design approach
and a simultaneous feedback - feedforward data driven control design approach.
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Figure 5.1: The control block diagram used to obtain the joint feedback-feedforward data
driven control design methodologies for a two-actuator setup is shown. This figure is similar
to Figure 3.1, but, both the feedback and feedforward controllers will be designed in this
chapter.

5.2 Preliminaries

In this section, the control block diagram used to obtain the feedback and feedforward
controllers for the two actuator setup is discussed.

In Figure 5.1, the control block diagram used to develop the joint feedback-feedforward
data driven control design methodologies for a two-actuator setup is shown. This figure is
similar to Figure 3.1, but, both the feedback and feedforward controllers are designed in this
chapter.

In Figure 5.1, R,.2(2) is the closed loop transfer function of actuator 2. w,qo is its
control input signal. This control input signal is available offline and is used to design the
feedforward controller.

G1xn(jw) is the frequency response measurement of the open loop actuator 1. Multiple
sets of frequency response measurements Gy, (jw) can be considered simultaneously in the
data driven control design methodologies. The open loop actuator has n inputs and one
output. K, x1(z) is the feedback controller to be designed for the actuator Gy, (jw). e is
the error signal, u is the feedback control input and y is the output of the actuator 1. r
and w are noises entering the system. n is the measurement noise of the sensing device. In
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most industrial actuation, only the error signal e is accessible online. The objective of the
feedback control design is to stabilize the closed loop system and minimize the error signal
e.

Hy(jw) is the frequency response measurement of the coupling dynamics between actuator
2 to actuator 1. Multiple sets of measurement response data of the coupling dynamics are
available during the design process. The data driven control design methodologies consider
multiple sets of frequency response measurements Hy(jw) simultaneously during the design
process. Considering multiple sets of data ensures robustness of the control design. It helps
to approximate non linear behavior of the actuator. In some cases the controller can be
designed for multiple actuators simultaneously. uy is the vibration disturbance imparted by
actuator 2 onto actuator 1.

Kyrnxi(2) is an x 1 dimensional feedforward controller to be designed to suppress the
vibration imparted by the coupling dynamics Hy(jw).

The joint feedback-feedforward data driven control design approach will use the frequency
response measurements of Hy(jw), the open loop actuator Gix,(jw) and the control input
signals ..o of actuator 2.

5.3 Plant and Controller Factorization

The controller factorization for the feedback and the feedforward control design are defined
in this section. The open loop transfer function of actuator 1 is also factorized for feedback
control design.

Controller Factorization for Feedforward Control Design

The feedforward controller factorization used for the joint feedback-feedforward control de-
sign is similar to Eq.(3.1) from chapter 3.

The stable factorization from [56] are used for the feedforward controller Ky ,x1(z) in
Figure 3.1.

Kpnx1(2) = Xgpnx1(2)Y i1 (2) (5.1)

where X,,,; € RH”' Vi, € RHL are asymptotically stable rational proper transfer
functions. The factorization are for frequency domain and the z domain. The stable factor-
ization can be transformed to frequency domain simply by substituting z by e/*. We will
factorize the controller Ky, x1(2) using finite impulse response filters (FIRs), with all poles
at the origin.

xl,pzp + 3317p,12p_1 + -+ X117 + Z1,0
Xppnxa(z) = — : (5.2)
Tnp?’ + Tpp 12V 4 L1 2+ T
Zp+yp_1Zp_1 + - —l—ylz—i-yo
zP

Yirixi(z) =
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where p is the controller order and the controller parameters {y,_1,--- ,v,} € R"*! and
{@ip, -+ ,xi0} € R™Wi e {1...n} are to be determined.

For simplicity the poles of the stable factorization are chosen to be at the origin, but
they can be placed anywhere inside the unit circle. The stable factorization can be written
in terms of the controller coefficients and filter terms

Xipnx1(2) = pagilesr(2)
Yiraxi(z) = pyribyri(2)

where p, s and p, ¢ are given by:

ILp, ey ZELl, xl,O

Pa.ff = : (5.5)
LTnp, ---5 Tply, Tno

Pysf = [Yip -5 YLl Yio) (5.6)

and the filter terms F, s¢(2) and F), s(2) are given by:
1

Foir(2) = ;[zp s 2 ZO}T (5.7)
F,ii(z) = %[z” s 2 zO}T (5.8)

Plant and Controller Factorization for Feedback Control Design

The open loop controllable MISO system Gy, (jw) in Figure 5.1 accepts n control inputs
and has only one sensor measurement as an output. The controller K, .;(z) uses this single
measurement to generate n control inputs. This controller is a SIMO system. The dimension
notation used as a subscript may be eliminated in few places for the purpose of simplifying
the notations.

The plant and controller factorization used for the feedback control design were presented
earlier in [7, 8]. The plant and controller are factorized using the stable factorization [56]
are given as:

Gixn(jw) = foll(jw) Nlm(jw) (5.9)

Koxai(2) = Xuxa(2) Yia(2) (5.10)

where, M € RH}SI, Niyn € RH;T", Xox1 € ]RHZOXl and Yix € R]H[fxfl. The stable

factorization can be obtained in the frequency domain as well as the z domain. The stable

factorization in the z domain can be converted to the frequency domain by replacing z by

elv,

Obtaining stable factorization for the plant G4, (jw) can be challenging. The stability

of a frequency response measurement cannot be evaluated directly. Three different scenarios
for stable factorization for the plant G, are considered.



CHAPTER 5. JOINT FEEDBACK FEEDFORWARD DATA DRIVEN CONTROL

DESIGN 56
o Stable Gy, (jw): For stable plant, the factorization of Gy, (jw) are given by:
Nixn(jw) = Grun(jw) (5.11)
o Unstable Gyx,(jw): A stabilizing controller K° ,(2) is used to obtain the stable fac-
torization:
O . Glxn(jw>
Nisxn : : 5.13
bl S T G ) K () o
o 1
Nign(jw) = (5.14)

1 +G1Xn(jw)K2x1<€jw)

Eq.(5.13) and Eq.(5.14) give the stable factorization len(jw) and Mlxl(jw). Here,
The frequency response N and M are stabilized using the controller K0, ,(z).

0

o Known marginally stable poles times a stable G,

(jw): In case of known marginally
stable poles, the poles can be considered as zeros in My (jw). For example, consider
the following Gy, (jw)

elw

Glxn(jw) = e _ 1G(1)><n(jw) (515)
The stable factorization can be derived as:
Nian(jw) = GV, (jw) (5.16)
_ . 6jw—l
M (jw) = (5.17)

ew

here, len(jw) and ]\;flxl(jw) are stable factorization of Giy,(jw) in the frequency
domain.

The controller K,,«1(z) is implemented in the z domain. The factorization for the con-
troller K,x1(z) are obtained in the z domain as well. The poles of the factorization are
stable if and only if the poles lie within the unit circle. The controller is given by:

1 Tim2™ + X1z + T

K, = : 5.18
xl(z) ymzm+-~-+y12+yo . ( )

xn,mzm + -+ xn,lz + Tn,0

A simple set of stable factorization with be the finite impulse response, FIR, filter with
all poles at the origin.

Z‘LmZm + -+ X117 + 1,0
J;n,mzm + -+ Tn,1% + xn,O
Y-1><1(Z) _ Ym~z ++y12+yo (52())

Zm
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For simplicity the poles of the stable factorization are chosen to be at the origin, but
they can be placed anywhere inside the unit circle. The stable factorization can be written
in terms of the controller coefficients and filter terms

Xnx1(2) = pFp(2) (5.21)
Yia(z) = pyFy(z) (5.22)
where p, and p, are given by:
Timy, -+ L1121, T10
or = z (5.23)
Tnmy -++y Tnly Tno
py = [Ym> --or Y11 Y10] (5.24)

and the filter terms Fj(z) and F(z) are given by:

[zm At ZO}T (5.25)

==

[zm . A ZO}T (5.26)

Fixed Controller Factorization

A fixed structure can be considered inside the feedback or the feedforward controller while
deriving the stable factorization for the controller. For example, if the design requires the
first element of the controller to include an integrator with the following structure

z

K fizedn (2) = ] (5.27)
The stable factorization are modified to include the integrator in the structure
z(mlym_lzm’l —1—1- X112+ T1y)
Xoal?) = ooy ;)zml =~ a2z + bt no) | o
(z = D)(Tnm12™ 4+ Tp12 + Tno)
Yii(z) = 2= 1yp 2™ yz+ o (5.29)

Z—« zm—1

Here |a| < 1 is a pole inside the unit circle. These controller factorization can also be
written in terms of the controller coefficients for example using Eq.(5.21) and Eq.(5.22) for
the feedback controller.
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Closed Loop Transfer Functions

In Figure 5.1, the lower case letters represent discrete time sequences loosely referred to as
signals. The uppercase letters represent transfer functions either in the z domain or the
frequency domain.

Expressions for the closed loop transfer functions will be obtained, which will be denoted
by an uppercase letter and a subscript that represents its input to output causality in terms
of the controller and plant factorization. As the plant G, in Figure 5.1 is in the form
of frequency response data, the closed loop transfer functions obtained will also be in the
frequency domain. The closed loop transfer functions from the external signals (r, n and w)
to the error signal e, control input signal v and the output y are

ET—>e En—>e Ew—)e 1 ]\?Y _MY _N}f
Ui Upse Uposu| = ———— |MX MX -XN (5.30)
Yiy Yooy Yusy| NXTMY Igx §x Ny

For compactness of the notations, the frequency domain arguments are dropped. Eq.(5.30)
gives us the closed loop transfer functions of actuator 1. Here, X and Y are feedback con-
troller factorization from Eq.(5.10) and, M and N are the plant factorization from Eq.(5.9).

5.4 Joint Feedback - Feedforward Data Driven
Control Design

In this section, two data driven control design methodologies are presented to design feedback
and feedforward controllers simultaneously. The objective of the feedback control design is
to stabilize the closed loop of the system and minimize the error signal e in Figure 5.1.
The objective of the feedforward controller is to suppress the vibration imparted by the
neighboring actuator. The control design is developed in the frequency domain. The data
driven approach obtains controllers directly based on the frequency response measurements.
Traditionally, a model is fit to the frequency response measurement and the controller is
designed based on the transfer function of the model. This approach introduces model mis-
match in the design process. Whereas, the data driven approach avoids the model mismatch
altogether.

Two joint feedback - feedforward data driven control design methodologies are presented.
First, an alternating iterative data driven approach. This procedure alternately iterates be-
tween the feedback control design optimization and the feedforward control design optimiza-
tion problem. Second, a simultaneous joint data driven approach. This procedure obtains
one optimization problem for both the feedback and feedforward control design. The con-
trollers are simultaneously optimized. Hy norm and H,, norm control objectives are used to
obtain the optimization problem.
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Multiple Frequency Response Measurements

The data driven control design methodologies consider multiple frequency response measure-
ments simultaneously in the design process. Multiple measurements of the system Gy, (jw)
are considered simultaneously. Also, multiple measurements of the imparted vibration are
considered simultaneously. Considering multiple measurements simultaneously ensures ro-
bustness of the design. The non linear behavior of the system that cannot be captured by
a single measurement can be considered in multiple measurements. The ability to consider
multiple measurements let’s one design controllers for multiple actuators simultaneously.
Multiple control input signals wu,q2 (Figure 5.1) exciting the imparted vibration are also
considered simultaneously for the feedforward control design.

The frequency response measurements are considered for w € €2, except for the finite
frequencies that correspond to the poles of G1x,(jw) and the coupling dynamics Hy(jw).

T T
—dul- L << ,
QO {w\ 7 Sws TS} (5.31)

where, T is the sampling time of the frequency response measurements.

Alternating Iterative Data Driven Control Design

As the name suggests, this data driven methodology alternates between feedback control de-
sign and the feedforward control design as shown in Figure 5.2. H, norm and H,, norm condi-
tions are used as control objectives. The data driven feedforward control design methodology
used is from chapter 3. The data driven feedback control design methodology was earlier
presented in [7, 8].

An optimization problem is obtained using the Hs norm and H., norm conditions for
both feedback and feedforward control design. The feedforward control design optimization
problem is locally convex in the feedforward controller coefficients p, r¢, (Eq.5.5), and py f7,
Eq.(5.6). Whereas, the feedback control design optimization problem is locally convex in
the feedback controller coefficients p,, Eq.(5.23), and p, Eq.(5.24). But, the two problems
cannot be directly combined into one locally convex optimization problem in p,, p,, ps,rr and
Py.ff- The combination of the two problems results in cross multiplication of these controller
coefficients resulting in non convexity of the problem.

One approach to counter this complexity is by alternately iterating between the feed-
back control design problem and the feedforward control design problem. First, the control
objectives used for the feedback control design problem are presented. Then, the control
objectives used for the feedforward control design problem are stated. The two optimization
problems will be combined together using the algorithm shown in Figure 5.2.

Feedback Control Design

The data driven feedback control design methodology was presented earlier in [7] and [8].
The objective of the feedback control design is to stabilize the closed loop of the system and
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Solve forK, ,(z)

Data Driven Feedback
Control Design

Solve for K, ,(2)

Data Driven Feedforward
Control Design

Figure 5.2: The basic structure used to obtain feedback and feedforward controllers for the
data driven Alternating Iterative approach is shown in this figure.

minimize the variance of the error signal. H., norm conditions are used to stabilize the closed
loop of the system. The variance of the error signal is minimized using an Hs norm objective
function. These norms are used to design constraints in the frequency domain to achieve
desired stability and performance levels. Consider p frequency response measurements of
the plant, G;(jw) = M, (jw)N;(jw), available to the designer, where 7 represents the i
frequency response measurement.

H,, Norm

For a stable SISO system, the H., norm is defined as the peak gain, the largest value of the
frequency response magnitude. Whereas, for a MIMO system, the H,, norm is defined as
the largest singular value across the frequency range 2, Eq.(5.31).

The H,, norm can be used to shape the closed loop transfer function in the frequency
domain. Consider the following transfer function:

M, X

N; X + MY

U(r%e) )

Here, X and Y are the controller factorization from Eq.(5.10). The argument for the
dimensions are dropped for clarity. H., norm condition for transfer function U, ) ; is given
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by:
||WUTH5 U(rﬁe),iHoo = 5(WUran(r%e),i) <7z (5-33)

Vi € {1 ... p}. Where, Wy, _,_ is a weighting filter designed as per requirements of the
designer and 7 is a positive constant. &(.) is the maximum singular value function. Eq.(5.33)
is not convex in X and Y.

The H,, norm condition in Eq.(5.33) can be transformed into a convex constraint in X
and Y as developed for SISO systems in [28] and extended to MISO systems in [7]. The
theorem from [7] is stated below:

Theorem 3 Assume that the i'" frequency response measurement of the plant G;(jw) is
given over the frequency region Q and is factorized according to Eq.(5.9). Given a positive
scalar 7y, the following two statements are equivalent:
I Controller K(z) stabilizes the plant G;(jw) and the following Hs, morm condition is
met:
W, Uposepilloo <7 (5.34)

II There exist a stable controller factorization X,x1(2)|ee and Yix1(2)|ew according to
Eq.(5.10), such that the following convex inequality holds,

0w, () X (@) Fi(jw) < R Mi(j) X () + NL(Gw)Y (&)} (535)
where, Re{r} represents the real part of r.

The inequality constraint in Eq.(5.35) is convex in the control coefficients p, and p, from
Eq.(5.23) and Eq.(5.24). In practice the convex constraint is evaluated at a finite set of
frequencies w € 2 as given in Eq.(5.31).

This H,, norm convex constraint is considered for all plants p, that is, Vi € {1 ... p}.
Similar convex constraints can be obtained for the other closed loop transfer functions. The
weighting function Wy, _ is selected by the designer as per the requirements.

Necessary and sufficient convex constraints are obtained using Theorem 3. The solution
is not iterative and does not depend on the controller from the previous iteration.

Hs Norm

Hj norm of a m x n MIMO system with a frequency response H (jw) is defined as:
. 1 ey
VG 5 [ Tol o) G (5.36)

where H*(jw) = H*(jw) is the complex conjugate transpose and Tr(H) is the trace of the
matrix H.

Hs norm is an estimate of the energy of a system. Here, Hy norm of H,,, provides us
a measure of the energy stored in the system H,,,. According to Parseval’s theorem [52],
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energy of a system evaluated in the time domain and the frequency domain should be the
same. The variance of a time signal provides an estimate of the energy stored in the time
domain. Therefore, H, norm of a transfer function can be used to constrain the variance of
the output of the transfer function in the time domain.

The variance of the error signal e;, for the i*" frequency response measurement of the sys-
tem G;(jw), in absence of any vibration from the coupling dynamics Hy(jw) and feedforward
control action is given by:

leills = [ Epoe)i RGOS + [ Bwose)aW (Gl + [ Enose) i N (Gw) 13 (5.37)

where, R(jw), W(jw) and N(jw) are open loop frequency responses generating the ex-
ternal signals r, w and n in Figure 5.1. Consider v frequency response measurements of
the coupling dynamics Hy;(jw) are available for design, where [ represents the [ frequency
response measurement of the coupling dynamics. Also, consider s control input signals of
actuator 2 uqeq2 ., are available for design, where m represents the m* control input signal.
The frequency response of the m'™ control input signal u,.0.,, on Fast Fourier Transform is
given by U,,(jw). The argument (jw) is dropped hence forth for compactness.

The error signal e;;,,, for the i" measurement of the system, /" measurement of the
coupling dynamics and m*™ measurement of the excitation signal g is given by:

leiimll5 = [ Epe)i(R+ HaaUn)ll3 + || Ewe)i(W + KppUn)lls + || Enosey N3 (5.38)

The Parseval’s theorem [52] can be used to constrain the variance of time signals, for
example, the variance of the output y;; ., where the i’ measurement of the system, [*"
measurement of the coupling dynamics and m'* measurement of the excitation signal g0
is considered, will be given by:

||yi,l,m||g - ||Y(rﬁy),i(R + HdJUm)H% + ||Y(wﬂy),i(W + Kfom>||g + ||Y(nﬁy),iN||g < 5 (5-39)

Vie{l, ...,ph,VI €{l, ..., v}andVm €{1, ..., s}.

Similarly, the variance of the error signal across all p systems, v coupling dynamics and
m excitation signals can be minimized with respect to the controller coefficients as shown
below:

p v s P v s
%%é SN leunlE = %%%r}giyzz S By s(R + HagUy)|2
i=1 1=1 m=1 =1 1=1 m=1

HIEwse)i(W + KppUn)l3 + [ BNz (5.40)

Eq.(5.39) and Eq.(5.40) are not convex in X and Y. The theorem from [27] is used to
determine the upper bound of the Hy norms. For the feedback control design in presence of
vibration and feedforward action we have the following theorem,
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Theorem 4 Over the frequency region ), p factorized frequency response measurements of
the system are given, where the i measurement is given by Gi(jw) = M; ' (jw)N;(jw),
v frequency response measurements of the coupling dynamics Hq,(jw) are given, where |
represents the " measurement, Fourier Transform of s excitation signals, denoted by U,,
are given, where m represents the m'™ measurement and the feedforward controller K s (z) is
gwen. Also, an initial factorized stabilizing feedback controller Kj_1(z) = Xix_1(2)Y, (2) is
given. The upper bound of the average variance of the error signal defined in Eq.(5.40) can
be computed as follows:

111
s 5.41
g%pvszzzuezlm’b ( )

zlllml

2 Sy [ [T Cb it G0) 4 T (0) + Tt

min
Xp,Ys 27rpvs — ==
Vi e{l, ..., ph, VI €{l, ..., v},Vm €{l, ..., s} andVw € Q:
LBy cidim YeMi(R + HqgUn) .
rebbm : - 42
[(R CHyUn ) SIYE Py Pt PiPos = Py Poya| U9 20 (5.42)
TEyseidim NiYe(W + Ky;Uy,) .
w—resbyly o >— .
[(W + Kfom)*Yk*Ni* P];k—l,ipk:i + Plj,ipkfl,i - Pg—l,ipkfl,i (]w) =0 (5 43)
e, itm Y M; N .
ropel - .
[N*Mi*yk* Pl;k—l,ipkﬂ' + Pg,ipkfl,i - Pl:—l,ipkfl,i (JW) =0 (5 44)
Pri = Ni Xy, + MYy, Pi-1i = NiXpo1 + M;Yiq (5.45)
Eqgs (5.42) - (5.44) are Linear Matrix Inequalities (LMIs). Hence, these equations are con-
vex in Xy, Yy, e itm(jw), Tey e iim(w) and Ty, iim(jw) Yw € Q, Vi € {1, ..., p},
Vie{l,...,vlandVm €{1, ..., s}. Theorem 4 provides an iterative solution to min-

imize the variance of the error signal e. k is the iteration number. The solution of iteration
k depends on the controller from iteration k — 1.

Theorem 4 does not guarantee the closed loop stability, but, coupled with the H,, norm
constraints a stable controller is guaranteed.

Mixed H,; — H,, norm

The mixed Hy — H,, norm control optimization problem is characterized by H., norm con-
straints, minimization of an Hs norm objective function and/or Hy constraints.

The locally convex Hs norm conditions from Eq. (5.42) - (5.45) and convex H,, norm
condition from Eq. (5.35) are combined together to obtain a mixed Hy — H,, norm locally
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convex optimization problem:
H; Norm Objective Function:

s

111 & ,
Hpus ' = 5.46
)r(rklvl{/lkp'l}szzz ||e%l7m”2 = ( )

i=1 1=1 m=1
Ll AR . . .
B s 2222 3 [ [T i) + Tt () + TG
Vie{l, ...,ph,VI €{l, ..., v},)Vm €{l, ..., sfandVw €
H; Norm Constraints:
Le_.iim Vi Mi(R + Hy,U,,) } .
T ' w) =0 5.47
{(R + Ho U )" MY Py jProi+ Py iPo1y — Py Py bw) & (547)
L By idim NiYe(W + KfpUp,) } .
wmenh ~ w)>=0 5.48
{(W + Ky pUn)YIN? Py jPoi+ PyiPeoas — Py i Peo bw) 2 (5:48)
Uk, .iim V. M;N } .
r—e,bty w >' 0 549
[N*Mi*yk* PI:—I,iPkﬂ' + Pi:,z‘Pk—l,i - Pl:—l,ipk—l,i (] ) - ( )
Ppi = NiXy + My, Pi1i= NiXj1 + MYy 4 (5.50)
H, Norm Constraints:
7717 (wo,.,. (jw) X () Ni(jw)) < Re{ N;(jw) X (™) + M;(jw)Y (™) } (5.51)

Feedforward Control Design

The feedforward control design methodology used for the alternating iterative control design
approach is given by Theorem 2 and Theorem 1 from chapter 3. Eqgs. (3.32) - (3.34) give us
the mixed optimization problem for the data driven feedforward control design.

Algorithm

The algorithm used to obtain feedback and feedforward controllers using the alternating it-
erative approach is shown in Figure 5.3 To initiate the alternating iterative approach initial
stabilizing controllers are obtained for both feedback and feedforward controllers indepen-
dently using their respective H,, norm constraints.

Once the initial stabilizing controllers are obtained, the algorithm for the alternating
iterative approach can be followed from Step 1 to Step 4. The controllers obtained become
the new initial stabilizing controllers for the respective feedback and feedforward problems.
The solver MOSEK [36] on MATLAB [34] is used to solve these locally convex iterative
optimization problems.

Stopping condition for this algorithm is chosen by the designer. A good stopping condi-
tion would be a limit constraint on the variance of the error signal for the feedback design.
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Feedback Design
/'Step 1: Solve for X, Y I

min [l

H_ constraints
H, constraints

- /

Feedforward Design

/Step 3: Solve forX ;. Y , )

. 2
min [ e, —el,

H_ constraints

- J

Figure 5.3: The algorithm used to obtain the feedback and feedforward controllers using the
data driven Alternating Iterative approach is shown in this figure.

Simultaneous Joint Data Driven Control Design

In the previous section, an alternating iterative data driven control design methodology was
presented. The algorithm optimized the feedback control objectives and the feedforward
control objectives alternately. In this section, a simultaneous feedback - feedforward data
driven control design methodology is presented. The feedback control design and the feed-
forward control design are unified into one locally convex optimization problem. The H,
norm conditions for feedback control and feedforward control are independent and can be
directly stacked up into one problem. But, the Hy norm objective function involve cross
terms of the feedforward control coefficients and feedback control coefficients.

Convex - Concave Constraint

(Classical control problems can be transformed to constraints on the spectral norm of the
system and in general are reformulated as:

F*F — P*P < ~I (5.52)
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where, F' € C™" and P € C™"*" are linear in the optimization variables. (.)* denotes the
complex conjugate transpose. Eq.(5.52) is a convex - concave constraint. Convex - concave
constraints can be convexified using the Taylor expansion of the non-linear product P*P
around P, an arbitrary known matrix [15].:

P*P~ PP, + (P — P.)*P,+ P*(P — P.) (5.53)

It can be shown that the left hand side is greater than equal to the right and side, that

is:
P*P>P'P.+ PP — PP, (5.54)
The above equation can be obtained by expansion of the inequality (P — P.)*(P — P.) > 0.

Eq.(5.54) is used to convexify the cross coupling terms of the feedback and feedforward
control coefficients in the design of the Hy norm control objective.

H; Norm

According to Parseval’s Theorem, the variance of the error signal of the system in Figure
5.1, for the i"® measurement of the system, [ measurement of the coupling dynamics and
the m' measurement of the excitation signal .. is approximately given by:

leimlls = 1Eroe iRl + [|Ewoe)iWls + | Enoe i N3 (5.55)
+||E(rae),in,lUm + E(w%e),szfUmH%

In Eq.(5.55), the first three terms pertain to the feedback control design of the system.
The last term pertains to the feedforward control design of the system. There are no cross
coupling terms in the feedback control design part. But, E,_,.K¢; leads to cross coupling
terms of the controller coefficients. The convex concave constraint obtained on expanding
the Hy norm condition is convexified using the Taylor expansion as shown in Eq.(5.54).

The feedback controller is factorized using the stable factorization from Eq.(5.10) and
the feedforward controllers are factorized using the stable factorization from Eq.(5.1), that
is:

Knx1(2) = Xnua(z) Yi4(2) (5.56)
Kipnxi(2) = Xppnxa(2) Yipa(2) (5.57)

The subscript pertaining to the dimensions will be dropped for clarity. The initial stabi-
lizing feedback and feedforward controllers are given:

Kpa(2) = Xip1(2) V20 (2) (5.58)
Kppp1(2) = Xppra(2) Yy (2) (5.59)

Here, k — 1 denotes the previous iteration. k is the current iteration of the problem. The
following non linear products for iteration k are convexified for Theorem 5 using the initial
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stabilizing feedback and feedforward controllers from iteration & — 1 given in Eq.(5.58) and
Eq.(5.59):

XereYe ~ XY+ XYoo — Xppp—1Yeo1
XY ~ XpYpppo1 + XoaYipn — X1 Yypn—
YiYire =~ YiYrpn1 + Yo 1Yrpn — Y1 Yerea

Theorem 5 Qwver the frequency region ), p factorized frequency response measurements of
the system are given, where the i™ measurement is given by Gi(jw) = M, (jw)N;(jw),

v frequency response measurements of the coupling dynamics Hq,(jw) are given, where 1
represents the 1™ measurement and the Fourier Transform of s excitation signals, denoted
by Uy, are given, where m represents the m*™ measurement is given. Also, an initial factorized
stabilizing feedback controller Kj_1(z) = Xyx_1(2)Y, | (2) and an initial factorized stabilizing
feedforward controller Kyrp_1(2) = Xfﬁk_l(z)Yf}’lkfl(z) are given. Using Egs. (5.60) -
(5.62), the upper bound on the average variance of the error signal defined in Eq.(5.55) can
be computed as follows:

LIS S S el <
XkYkakaffkva i=1 I=1 m=1 vz =
p
Tr( itm) + Tr(Cg, .. iim 5.64
XkYkakaffk27erS;l§;m§:l/ HL'Br e itim) CBcidm) (5.64)
+ Tr(FEnqe,i,l,m) + Tr(Fff,i,Lm)] (jw)dw
Vi e{l, ..., ph,VI €{l, ..., v},Vm €{l, ..., s} andVw € Q:
Feedback Control Constraints:
I'e_.iim Y MR } .
r—e bty w >‘ O 565
|:R*Mi*yk* By iPri+ PP — Py ;P (o) = (5.65)
I'eyeitm N W ] .
w—eslyls w >‘ O 566
[W*Yk*Ni* By iPei+ PriPe1i — By i Pii () = (5.66)
L5 itm Vi M; N } .
r—ebb, w b O 567
|:N*Mz*Yk* Pl;kfl,ipkvi + Pl:,iPk—Li - Pl:fl,ipk—lfi (j ) - ( )
Py = N Xy + MYz, Py, = NiXp_1 + MY, (5.68)
Feedforward Control Constraints:
[ Lyrigm (Ykaf,kMin,l - Xff,kYkNi)Um } (jw) = 0
U;;(kaff,kM Hgp — Xyy, WYeN)* Q1. @k + Qf i Qr—1: — Qf_1,;Qr—14 -
(5.69)

Qri = (N X, + Miyk)yff,k ; Qr-1; = (N; X1 + MiYk—l)Yff,k—l (5.70)
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The non-convex terms in these equations are convexified using Eqs. (5.60) - (5.62).
Egs. (5.65) - (5.67) and Eq.(5.69) are linear matrix inequalities in Xy, Yy, Xrrr, Yifks
Ue o itm(Jw), TEy e itm (W), Ur,igm(Jw) and Uypipm(jw) Vw € Q, Vi € {1, ..., p},
Vi e{l, ...,vlandVm € {1, ..., s}.. The variance of the error signal is minimized
by minimizing the upper bounds defined in Eq.(5.64). The linear matrix inequalities are
obtained using the Schur complement lemma. Theorem 5 provides an iterative solution to
simultaneously obtain the feedback controller and the feedforward controller using a data
driven control design strategy.

The H. norm constraints for the feedback loop (Theorem 3) and the H., norm con-
straints for the feedforward loop (Theorem 2) can be directly added to the above equations
to obtain the mixed Hy — H,, norm locally convex optimization problem to design feedback
and feedforward controllers using a data driven approach.

Algorithm

The algorithm used to implement the Simultaneous feedback - feedforward data driven con-
trol design approach is shown in Figure 5.4.The simultaneous feedback - feedforward data
driven control design approach is implemented in two steps. First, the initial stabilizing
controllers for the feedback and the feedforward design are obtained independently using
H., norm conditions (Theorem 2) and Theorem 3. Then, the joint feedback - feedforward
control design is implemented for n — 1 iterations with the H,, norm constraints and the Hy
norm objective from Theorem 5.

Stopping condition for this algorithm is chosen by the designer. A good stopping condi-
tion would be a limit constraint on the variance of the error signal e. The solver MOSEK
[36] on MATLAB [34] is used to solve these locally convex iterative optimization problems.
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Figure 5.4: The simultaneous feedback - feedforward data driven control design approach is
implemented in two steps. First, the initial stabilizing controllers for the feedback and the
feedforward design are obtained independently using H., norm conditions (Theorem 2) and
Theorem 3. Then, the joint feedback - feedforward control design is implemented for n — 1
iterations with the H,, norm constraints and the Hs norm objective from Theorem 5.
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Chapter 6

Application of Joint Feedback
Feedforward Data Driven Control
Design to Multi Actuator Drives

6.1 Introduction

In the previous chapter, two joint feedback - feedforward data driven control design method-
ologies were presented. This allows both the controllers to be designed simultaneously. The
advantage being that the feedback control design also takes into account the vibration data
available during the design process.

In this chapter, feedback and feedforward controllers are designed for a multi actuator
hard disk drive (Figure 2.9). The alternating iterative approach and the simultaneous control
design approach will be implemented. In section 6.2, the control block diagram of the multi
actuator drive used to design the feedback and feedforward controllers is discussed in detail.
The controller factorization used for the alternating iterative approach and the simultaneous
control design approach are discussed in section 6.3. The constraints and the objective
function used for the feedback design and the feedforward design are discussed in section
6.4. The control optimization problems for the alternating iterative approach is discussed in
section 6.5 and the simultaneous control design approach is discussed in section 6.6. Finally,
the design results for both the approaches are shown in section 6.7.

6.2 Control Block Diagram - Multi Actuator Drive

A multi actuator hard disk drive has two actuator arms operating on the same pivot timber.
Multi actuator drives were introduced by Seagate in December, 2017 [44] to meet the high
standards of the access speed demands. A multi actuator drive is equivalent to operation of
two drives but at a lower cost of energy.
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Figure 6.1: The control block diagram of a multi actuator drive is shown.

This new technology introduces new control challenges in the hard disk drive industry.
The two actuator arms operating independently can impart vibration to one another. The
imparted vibration adversely affects the functioning of the actuator arms. An actuator arm
operates in two specific modes. First - track following mode - the head of the actuator arm
follows a data track on the disk while performing read / write functionalities. Second - track
seeking mode - the actuator arm sweeps through data tracks to settle onto a new desired
track to start track following. The track seeking mode generally generates a lot of vibration,
adversely affecting the performance of the neighboring actuator arm.

In this chapter, we design feedback and feedforward controllers for the track following
actuator to stabilize the closed loop of the system, to minimize the position error signal of
the head for smooth track following and suppress the vibration imparted by the neighboring
track seeking actuator arm.

Figure 6.1 shows the control block diagram of a multi actuator drive. Here, Rgee(2) is the
closed loop of the track seeking actuator arm. ug.., is it’s control input signal. Knowledge
of Ugeer signals during the design process is used in the data driven methodology to design
feedforward controllers to suppress the imparted vibration. Eight different w..; signals are
used for the data driven control design to generate one feedforward controller for different
classes of excitation signals as shown in Figure 6.2.
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Figure 6.2: The control input signals of the track seeking actuator arm are shown. These
control input signals excite the coupling transfer function Hy(jw), imparting disturbances
to the track following actuator.

G, (jw) is the input - output frequency response measurement of the voice coil motor
(VCM) of the track following actuator arm. Similarly, G,,(jw) is the input - output fre-
quency response measurement of the micro actuator (MA). Multiple frequency response
measurements of VCM and MA will be considered simultaneously in the data driven design
process. u, and u,, are the respective feedback control inputs of VCM and MA, y, and
Ym are the corresponding outputs. e is the position error signal (PES) of the read/write
head. e is the only output of the sensing unit. Therefore, a track following actuator arm is
a multi input, single output (MISO) system. A single input, multi output (SIMO) feedback
controller Ky, 1(2) is designed to stabilize the closed loop system and minimize the variance
of the PES e. A set of two frequency response measurements of VCM and MA are used, for
the design process, as shown in Figure 6.3.

r is the runout, radial noise generated by the spindle motor, a limiting factor for the
performance of a hard disk drive. n is the measurement noise of the sensing device and, w,
and w,, are windage, noise generated by the rotating air in the hard disk drive. Nowadays,
Helium is used instead of air in the hard disk drive [31], reducing this noise to a great extent.
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Figure 6.3: Frequency Response Measurements of VCM and MA used for the design process
are shown. A set of five measurements are considered simultaneously to ensure robustness
of the design process.
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Figure 6.4: Spectrum of the runout r and measurement noise n is shown.
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Figure 6.5: Frequency response measurements of the coupling transfer function Hy(jw) is
shown in this figure. The coupling transfer functions are measured by our industry partners,
the models plotted in this figure are only representative of the behavior observed but not
informative of the true data.

We shall assume windage to be lumped into the runout r and measurement noise n. The
runout and measurement noise used for the design process is as shown in Figure 6.4.
Hy(jw) represents the coupling transfer function between the track seeking actuator and
the track following actuator. A vibration disturbance uy is imparted to the track follow-
ing actuator. Multiple frequency response measurements of the coupling transfer function
will be considered simultaneously for the data driven control design. Figure 6.5 shows five
frequency response measurements of Hy(jw) used for feedback and feedforward control de-
sign. Krpvem(z) and Kyppa(z) are VCM and MA feedforward controllers to be designed
to suppress the vibration imparted by the track seeking actuator. wussyear and ugsara are
the feedforward compensating signals generated by VCM and MA feedforward controllers.
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6.3 Controller and Actuator Factorization

Feedforward Control Design

The stable factorization from [56] are used for the feedforward controllers Ky (2) and
Kypama(z) of Figure 6.1. The controller factorization used are according to the Hy — Ho,
norm data driven methodology presented in chapter 5, Eq.(5.1). We will consider the same
order of the controller for both VCM and MA with the same denominator Y(z).

Kirvem(z) = Xvem(2)Yyda(2) (6.1)
Kipna(z) = Xaa(2)Yyu(2)

where Xvoy € RHYY, Yion € RHYY, Xjyra € RHY and Yy € RHX! are all asymptot-
ically stable rational proper transfer functions. The factorization are for frequency domain
and the z-domain. The stable factorization can be transformed to frequency domain simply
by substituting z by €/“. In this chapter, we will factorize the controller K;;yvca(2) and
Kraa(z) using finite impulse response filters (FIRs), with all poles at the origin.

X(2) = X+ X, 22+ 4+ X, (6.3)
Y(z) = 224V, 42"+ 47,

where p is the controller order and the controller parameters {Y,_q,---,Y,} € R and
{X,, -, X,} € R™! are to be determined. A controller order of 15 is selected for the
feedforward controllers for both VCM and MA.

Feedback Control Design

The stable factorization from [56] are used for the feedforward controllers Ksy1(z) of Figure
6.1. The controller factorization used are according to the Hy — H,, norm data driven
methodology presented in chapter 5, Eq.(5.10).

Ky (2) = Xoxa (2) Y3 (2) (6.4)

where Xoy1 € RHi:l and Yiy1 € RHgl are asymptotically stable rational proper trans-
fer functions. The factorization are for frequency domain and the z-domain. The stable
factorization can be transformed to frequency domain simply by substituting z by e/.

An integrator will be included in the first element according to Eq.(5.28) and Eq.(5.29).
For the Alternating Iterative approach, the controller order of 20 is selected for Kyyq(z2).
The subscript for the dimensions will be dropped for clarity hence forth.
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Actuator Factorization

The actuator frequency response measurements G,(jw) and G,,(jw) are stable in Figure
6.3. Together they will be combined as Gix2(jw). Stable factorization from Eq.(5.11) and
Eq.(5.11) will be used to factorize the actuator frequency response data.

Nixo(jw) = Gixo(jw)
Mlxl(jw) = 1

6.4 Data Driven Control Design

In chapter 5, two data driven control design approaches are presented to obtain feedback
and feedforward controllers in the frequency domain. In this section, the constraints and
objective functions used for designing the controllers for a multi actuator drive are discussed.

p frequency response measurements of the open loop actuators G, ;(jw) and G,, ;(jw) are
considered, where i represents the ¥ measurement data. v frequency response measurements
of the coupling transfer function Hy;(jw) are also considered, where [ represents the [*
measurement data. s seeking input signals ug.., are considered. The frequency response
of the seeking input signals is represented by U,,(jw) where, m represents the m'" seeking
input signal considered. The closed loop transfer function are defined as shown in Eq.(5.30).

H,, Norm

The major objectives of the feedback control design are to stabilize the closed loop of the
system and minimize the variance of the PES e. H., norm for both the dual-stage (VCM and
MA together) and the single-stage (VCM only) will be constrained. According to Theorem
3, the H,, norm constraints guarantee the stability of the closed loop system. In case the
MA fails, the single-stage H,, norm constraints guarantee the stability of the VCM. The
HDD can still function without the MA.

Vi e {l,..., p}, the following dual-stage H., norm constraints are considered:
HWETaeErﬁ\e,iHoo < 1 HWU’I‘%’LLUTA)U/L'HOO <1 (6'7)
||WEuHeEw—>e,i||oo < 1 ||WUw~>uUw_>u7i||00 <1 (6~8)

Here, W, .. is the weighting filter used to shape the transfer function E,_,.. The weight-
ing filters are to be chosen by the designers to shape the closed loop transfer functions as
required. The weighting filter for each transfer function is designed independently.

Similarly, the H., norm constraints for the single-stage are given by, Vi € {1,..., p}:
Wee  EYcille <01 (W U, illee <1 (6.9)

W Eeillo < 1 (W Us,y sy illee <1 (6.10)
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The superscript s denotes the single-stage transfer functions are used.
H,, norm feasibility constraint is posed for the feedforward control design problem, Vi €
{1,..., ptand Vl € {1,..., v}, we have

Wi (Eroseyiflap + Ew,—e)ilKrrvem + Ewpn—e)ilprara)lleo <1 (6.11)

Theorem 2 is used to transform Eq.(6.11) to a necessary and sufficient convex constraint.
The H,, norm constraints are used to obtain initial stabilizing controllers for the Alternating
Iterative Approach as well as the Simultaneous Control Design Approach.

Hs Norm

The H, norm condition will be used to minimize the variance of the PES e. The Hs norm
constraint is transformed into a locally convex optimization problem using the Theorem 4.
The variance of the PES e is given according to Eq.(5.38). Vi € {1,..., p}, Vi€ {1,..., v}
and Vm € {1,..., s} we have:

leitmlls 2 [|Egoeyi(R + HagUm)l3 + | Ewse)i(K () Un)|[3 + [ Enoe) N3 (6.12)

Here, R, N are runout and measurement noise spectrum as shown in Figure 6.4. K;;(e/)
is the feedforward controller for VCM and MA stacked together as shown below:

wy | Krrvem (™)
Kpp(e?) = |:Kff,MA(ejw) ] (6.13)
For the alternating iterative approach, the feedforward controller is fixed during the
feedback design stage. Hence, Eq.(6.12) is transformed to a locally convex optimization
problem in the controller coefficients of the feedback controller K(z).
Vie{l,..., p},Vie{l,..., v} and Vm € {1,..., s} the variance of the PES e is also
given by:

Hei,l,mHg ~ HEr%e RH%“"HE(nHe NH% (6-14)
H(ErseyiHat + Eawy—e)ilKrven + Ewm—se)iKsp.4)Unml |3

The right hand side of Eq.(6.14) separates the feedback control design part of the problem
from the feedforward control design part of the problem. Eq.(6.14) is transformed into a
locally convex optimization problem using the Theorem 5 to optimize the feedback controller
and the feedforward controller simultaneously.

Eq.(6.12) and Eq.(6.14) give the variance of the PES for i measurement of the actua-
tors, I'" coupling dynamics and m'® seeking input excitation. The optimization problem is
formulated for the average variance of the PES e, given by:

]gngf%ZZZHeumHz = IgrgnZEZZZHEmmRHﬁHEHe N3 (6.15)

=1 [=1 m=1 =1 =1 m=1
H(EpseyiHat + Eawy—se)iKsrver + Ewm—e) il sr.04)Uml |3
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The PES e without any vibration or feedforward action is given by:
leillz & 1B e iRl + [ Eoe) N |12 (6.16)

For a data driven feedforward control design problem, the difference between the PES
e with vibration and feedforward action, Eq.(6.14) and the PES e without and vibration,
Eq.(6.16) is minimized:

‘ 1 D v S
min S W EomeiHai + Ew,—e)iKprvem + Ewn—eiKrpua)Unlls  (6.17)
" i=1 1=1 m=1
H; norm condition can also be posed as constraints on the output of MA. The micro
actuator has a fixed stroke (/3,, ) and can fracture if the output exceeds the stroke of MA.

L v S p v s
]% 220 vl = 1% S SN Wi (R + HatUn)I3 (6.18)

i=1 [=1 m=1 i=1 [=1 m=1
+||}/(w4)ym)yz(Kff(6]w)Um)||% + ||}/(n‘>ym)7ZN||g S /By'm

H, norm constraint is also posed on the control input signal of VCM to constrain the
energy usage of the track following actuator. Theorem 4 is used to obtain locally convex
constraints of Eq.(6.18) and Eq.(6.19).

p v S p v s
1% 33D ltveminmll3 = ]% S OSSNt susenyi (B + HagUn)[3 (6.19)

i=1 =1 m=1 i=1 [=1 m=1

6.5 Alternating Iterative Control Design Approach

In the alternating iterative control design approach, the feedback control design problem and
the feedforward control design problem are optimized alternately. The H; norm conditions
are iterative locally convex constraints and require initial stabilizing controllers. The H.,
norm constraints are necessary and sufficient convex constraints. H,, norm constraints
stabilize the closed loop system and are used to synthesize initial stabilizing controllers for
the Hy norm problem.

The alternating iterative approach is implemented as shown in Figure 5.3. The controller
factorization used are as given in Eq.(6.4), Eq.(6.1) and Eq.(6.2). The actuator factorization
used are given in Eq.(6.5) and Eq.(6.6). The initial stabilizing controllers are obtained by
solving an H,, norm feasibility problem for feedback control design as well as the feedforward
control design.

The control design uses frequency response measurements of the actuators VCM G, (jw)
and MA G,,(jw), frequency response measurements of the coupling transfer function Hy(jw)
and the frequency response of the seeking input signals wgee-
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Feedback Control Design

Feedback control design is characterized by minimizing the variance of the PES e and sta-
bilizing the closed loop system. The objective function is to minimize the PES e. The dual
stage closed loop system is stabilized using H,, norm constraints. The VCM only single-
stage system is also stabilized using H,, norm constraints. Hy norm constraints are used to
bound the output of MA and the input of VCM.

The feedback control design is formulated as the following problem:

min ||e[3 Eq. (6.12) (6.20)
Hy norm constraints FEqs. (6.7), (6.8), (6.9) and (6.10) (6.21)
Hy norm constraints — Eqs. (6.18) and (6.19) (6.22)

Feedforward Control Design

Feedforward control design is characterized by minimizing the error between the PES with
vibration and feedforward action and the PES without any vibration. H,, norm constraints
are used to obtain initial stabilizing controllers. Hy norm of the difference between the PES
with vibration and PES without vibration is minimized.

The feedforward control design is formulated as the following problem:

min ||e||3 Eq. (6.17) (6.23)
Ho, norm constraints FEqs. (6.11) (6.24)

The feedback control design problem and the feedforward control design problem are
iterated alternately till the stopping condition is reached.

6.6 Simultaneous Control Design Approach

In the simultaneous control design approach, the feedback control design problem and the
feedforward control design problem are optimized simultaneously using Theorem 5. The H,
norm of the PES e is minimized to reduce the position error of the read / write head and
to suppress the imparted vibration simultaneously. The H., norm constraints are used to
stabilize the closed loop of the system and to synthesize initial stabilizing controllers for the
Hs norm objective function.

The simultaneous control design problem is implemented as shown in Figure 5.4. The
controller factorization used are as given in Eq.(6.4), Eq.(6.1) and Eq.(6.2). The actuator
factorization used are given in Eq.(6.5) and Eq.(6.6).

The control design uses frequency response measurements of the actuators VCM G, (jw)
and MA G,,(jw), frequency response measurements of the coupling transfer function Hy(jw)
and the frequency response of the seeking input signals ey -
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Joint Feedback - Feedforward Control Design

The joint data driven control design problem is characterized by H, norm objective function
to minimize the PES e and suppress the imparted vibration simultaneously. H., norm con-
straints are used to obtain initial stabilizing controllers. H,, norm constraints also stabilize
the closed loop of the system. H, norm constraints are used to constrain the output of MA
and the input of VCM.

The joint feedback - feedforward control design is formulated as the following problem:

min ||e][ Eq. (6.14) (6.25)
Ho, norm constraints Eqs. (6.7), (6.8), (6.9) and (6.10), (6.11) (6.26)
Hy norm constraints  Eqs. (6.18) and (6.19) (6.27)

The feedback and the feedforward controllers are obtained simultaneously.

6.7 Design Results

In this section, the control design results of the alternating iterative data driven approach
and the simultaneous data driven approach are discussed. The frequency domain results and
the time domain results are discussed for both the approaches.

The objective is to design a feedback controller for a track following actuator to stabilize
the closed loop system and minimize the variance of the error signal e and, to suppress the
vibration imparted by the neighboring seeking actuator. Two frequency response measure-
ments of the track following actuators VCM G, and MA G,, are considered as shown in
Figure 6.3. The frequency response measurements of the coupling transfer function H;jw
considered are shown in Figure 6.5. Five measurements of the coupling transfer function are
considered. Also, eight seeking control signals .., are considered for the control design.

Alternating Iterative Control Design Approach

In the alternating iterative data driven control design approach, the feedback control design
problem and the feedforward control design problem are iterated alternately, as shown in
section 6.5. The results shown here are obtained after ten iterations.

Feedback Control Design

The feedback control design is characterized by minimization of the variance of the error
signal e and stabilization of the closed loop system. H,, norm conditions are used to shape
the closed loop transfer functions and stabilize the closed loop system, as given by Eqs. (6.7)
- (6.10).

Figure 6.6 plots the closed loop transfer function E,_,.(jw) along with its weighting filter
Wy in the frequency domain. The evolution of the closed loop transfer function with each
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Figure 6.6: The overall closed loop sensitivity transfer function E,_.(jw) is shown in this
figure. W is the weighting filter used to shape the closed loop transfer function E,_.(jw).
As the closed loop transfer function lies under the weighting filter, the H,, norm constraint
is satisfied. Evolution of E,_,.(jw) with each iteration is plotted in this figure.
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Figure 6.7: The single-stage VCM closed loop sensitivity transfer function EVSM (jw) is

shown in this figure. W, is the weighting filter used to shape the closed loop transfer function
EYSM(jw). As the closed loop transfer function lies under the weighting filter, the H., norm

constraint is satisfied. Evolution of EV¢M (jw) with each iteration is plotted in this figure.

iteration can be observed in this figure. The H,, norm constraint reshapes E,_,.(jw) to meet
the constraint set by the weighting filter W.

Similarly, the frequency domain plot of the single stage VCM closed loop sensitivity
transfer function EV¢M (jw) is shown in Figure 6.7. W, denotes the weighting filter used to
shape the closed loop transfer function. As the transfer function lies under the weighting
filter W, the H,, norm constraint is met.

The H; norm objective function is used to minimize the average position error signal of
the read / write head of the track following actuator. The average variance of the PES e
versus iteration number is plotted in Figure 6.8 for all the actuator data considered in the
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Figure 6.8: The variance of the position error signal ||e||3 is plotted versus the iteration
number in this figure. The variance of the error signal is minimized with each iteration until
it converges to a constant value.

design process. It can be observed that the variance of the position error signal is minimized
with each iteration until it converges to a constant value for all actuator measurements.

Feedforward Control Design

The objective of the feedforward control design is to suppress the imparted vibration by
the track seeking actuator. A set of five coupling transfer functions H,;(jw) and a set of
eight seeking input signals ugs..r were considered in the design process. The shortest seek
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Figure 6.9: The vibration disturbance ey, the dual actuator feedforward suppression signal
esf.duar and the residual signal after feedforward suppression ejsq4;s for the shortest seek is
plotted in the time domain. A feedforward suppression upto 3x initially and 8x later is
observed. The feedforward signal matches the gain of the vibration disturbance signal to a
large extent with negative phase.

is completed in 0.002 seconds, whereas, the longest seek requires around 0.014 seconds, as
shown in Figure 6.2.

Figure 6.9 plots the vibration disturbance ey, the dual actuator feedforward suppression
signal eff uq and the residual signal after feedforward suppression ejsq;s for the shortest
seek in the time domain. A feedforward suppression upto 3x initially and 8x later is
observed. The feedforward signal matches the gain of the vibration disturbance signal to a
large extent with negative phase.
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Figure 6.10: The vibration disturbance e4;; and the residual signal after feedforward compen-
sation esryq4s for the shortest seek is plotted, in this figure, in time domain. A feedforward
suppression upto 3x initially and 8x later is observed. The seeking process ends around
0.003 seconds, denoted by the vertical red line.
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Figure 6.11: The vibration disturbance eg;s; and residual signal eff 45 from Figure 6.10
is divided into three parts as shown in Figure 6.11. Part 1, as shown in Figure 6.11a, is
the first part of the seeking process. The imparted vibration starts with a jerk and the
feedforward controller is able to suppress it to a good extent. The residual signal of ~ 200
nano-meters is obtained. In part 2, as shown in Figure 6.11b, the seeking process had
ended but vibration from the initial jerk has not entirely died down. The residual signal
on feedforward suppression is ~ 20 nano-meters. In part 3, as shown in Figure 6.11c, the
seeking process has ended and the residual signal obtained on feedforward suppression is ~ 5
nano-meters.

Figure 6.10 plots the vibration disturbance e4;5; and the residual signal after feedforward
suppression efsyq4s¢ in the time domain for the shortest seek scenario. A feedforward sup-
pression upto 8x is observed after the initial jerk dies down. The vibration disturbance ey
and residual signal esyq4;5¢ from Figure 6.10 is divided into three parts as shown in Figure
6.11. Part 1, as shown in Figure 6.11a, is the first part of the seeking process. The imparted
vibration starts with a jerk and the feedforward controller is able to suppress it to a good
extent. The residual signal of ~ 200 nano-meters is obtained. In part 2, as shown in Figure
6.11b, the seeking process had ended but vibration from the initial jerk has not entirely died
down. The residual signal on feedforward suppression is ~ 20 nano-meters. In part 3, as
shown in Figure 6.11c, the seeking process has ended and the residual signal obtained on
feedforward suppression is &~ 5 nano-meters.

Figure 6.12 plots the vibration disturbance e4;; and the residual signal after feedforward
suppression eyfyq4s¢ in the time domain for the longest seek scenario. A feedforward sup-
pression upto 5x is observed. The vibration disturbance eg;x and residual signal ejrgist
from Figure 6.12 is divided into three parts as shown in Figure 6.13. Part 1, as shown in
Figure 6.13a, is the first part of the seeking process. The imparted vibration starts with
a jerk and the feedforward controller is able to suppress it to a good extent. The residual
signal of ~ 200 nano-meters is obtained. In part 2, as shown in Figure 6.13b, the seeking
process continues but vibration from the initial jerk has died down. The residual signal on
feedforward suppression is &~ 50 nano-meters. In part 3, as shown in Figure 6.13c, the seek-
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Figure 6.12: The vibration disturbance eg;; and the residual signal after feedforward com-
pensation e s 45 for the longest seek is plotted, in this figure, in time domain. A feedforward
suppression of up to 5x is observed. The seeking process ends around 0.015 seconds, denoted
by the vertical red line.



CHAPTER 6. APPLICATION OF JOINT FEEDBACK FEEDFORWARD DATA
DRIVEN CONTROL DESIGN TO MULTI ACTUATOR DRIVES 88

10® M Seeking Signal n Seeking Signal number:8

Longest Seek 1= | : A Longest Seek 2 |~ s

a0”M i king Signal number:3 . )
Longest Seek 3 [—

M) IIM *H ,ﬁ‘wm Mﬁ
)

—
—
—
=S
=
—
——a
—
—

——— S

| sec

(a) Part 1 (b) Part 2 (c) Part 3

Figure 6.13: The vibration disturbance and residual signal from Figure 6.12 is divided into
three parts. Part 1, as shown in Figure 6.13a, is the first part of the seeking process. The
imparted vibration starts with a jerk and the feedforward controller is able to suppress it to
a good extent. The residual signal of ~ 200 nano-meters is obtained. In part 2, as shown in
Figure 6.13b, the seeking process continues but vibration from the initial jerk has died down.
The residual signal on feedforward suppression is ~ 50 nano-meters. In part 3, as shown in
Figure 6.13c, the seeking process has ended and the residual signal obtained on feedforward
suppression is ~ 20 nano-meters.

ing process has ended and the residual signal obtained on feedforward suppression is ~ 20
nano-meters.

From Eq.(6.17), we define the closed loop coupling transfer function Gg,;(jw) for i
actuator measurement and [** coupling dynamics as follows:

Ga,ii(Jw) = Epseyi(Jw)Hay(jw) (6.28)

The closed loop feedforward controllers for i*" actuator measurement are defined as:

Kavoui(jw) = Buye(§W)Kipven(e) (6.29)
Kanai(jw) = Eu,se(jw)Kppaale’™) (6.30)

The objective of the feedforward control design is to match the closed loop coupling
transfer function Gy, ;(jw) from Eq.(6.28) with the closed loop feedforward action given by
Eq.(6.29) and Eq.(6.30). The closed loop feedforward control transfer function and the closed
loop coupling transfer function are plotted against each other in Figure 6.14.

Simultaneous Control Design Approach

In the simultaneous control design approach, the feedback controller and the feedforward
controller for the track following actuator are designed simultaneously, as shown in section
6.6. The feedback control design and the feedforward control design obtained are similar
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Figure 6.14: The objective of the feedforward control design is to match the closed loop
coupling transfer function Gg4;,(jw) from Eq.(6.28) with the closed loop feedforward action
given by Eq.(6.29) and Eq.(6.30). In this figure, we can observe that for one actuator plant
data, the feedforward controllers are able to closely match Gy (jw) for five coupling scenarios.
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Figure 6.15: The overall closed loop sensitivity transfer function FE, .(jw) is shown in this
figure. W is the weighting filter used to shape the closed loop transfer function F,_.(jw).
As the closed loop transfer function lies under the weighting filter, the H,, norm constraint
is satisfied. Evolution of E,_,.(jw) with each iteration is plotted in this figure.

to the results shown for the alternating iterative control design approach. A brief overview
of the results for the simultaneous control design approach is shown in this section. The
comparison of the two approaches is conducted in the next section.

Feedback Control Design

The feedback control design is characterized by minimization of the variance of the error
signal e and stabilization of the closed loop system. H,, norm conditions are used to shape
the closed loop transfer functions and stabilize the closed loop system, as given by Egs.
(6.7) - (6.10). Figure 6.15 plots the evolution of the closed loop sensitivity transfer function
E,_.(jw) with each iteration. Here, W is the weighting filter used to shape the closed loop
transfer function E, .(jw).

The open loop feedback controller Ky, ;(2) is plotted in Figure 6.16. The first element
of the controller (in blue) has an integrator as a fixed part of the controller. The stable
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Figure 6.16: The open loop feedback controller Ksy1(z) is plotted in this figure. The first
element of the controller, which corresponds to the VCM controller, is plotted in blue and
the second element of the controller, which corrresponds to the MA controller, is plotted in
red. The first element of the controller has an integrator as the fixed part, this is evident by
a slope of —20 dB in the low frequency region.

factorization with a fixed part are obtained using Eq.(5.28) and Eq.(5.29).

The Hs norm objective function is used to minimize the average position error signal of
the read / write head of the track following actuator. The average variance of the PES e
versus iteration number is plotted in Figure 6.17 for all the actuator data considered in the
design process. It can be observed that the average variance of the position error signal is
minimized with each iteration until it converges to a constant value.

Feedforward Control Design

The objective of the feedforward control design is to suppress the imparted vibration by
the track seeking actuator. A set of five coupling transfer functions H,;(jw) and a set of
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Figure 6.17: The variance of the position error signal ||e||3 is plotted versus the iteration
number in this figure. The variance of the error signal is minimized with each iteration until
it converges to a constant value.

eight seeking input signals ug.r were considered in the design process. The shortest seek
is completed in 0.002 seconds, whereas, the longest seek requires around 0.014 seconds, as
shown in Figure 6.2.

Figure 6.18 plots the vibration disturbance ey, the dual actuator feedforward sup-
pression signal s qua and the residual signal after feedforward suppression eysyq5¢ for the
shortest seek in the time domain. A feedforward suppression upto 3x initially and 8x later
is observed. The feedforward signal matches the gain of the vibration disturbance signal to
a large extent with negative phase.

Figure 6.19 plots the residual signals after feedforward suppression for all eight seek
scenarios. The initial jerk induces a resultant vibration of ~ 200 nano-meters. After 0.003
seconds, the mid-range seeks have the largest residual vibration of the order of ~ 80 nano-
meters. Eventually, it can be observed that the longest seek is the last to die down, and all
vibration scenarios being suppressed to ~ 5 nano-meters.

From Eq.(6.14), we define the closed loop coupling transfer function Gg;;(jw) for i
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Figure 6.18: The vibration disturbance ey, the dual actuator feedforward suppression signal
eff.dual and the residual signal after feedforward suppression eysyqis: for the shortest seek is
plotted in the time domain. A feedforward suppression upto 3x initially and 8x later is
observed. The feedforward signal matches the gain of the vibration disturbance signal to a
large extent with negative phase.
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Figure 6.19: The residual signals after feedforward suppression for all eight scenarios is
plotted. The initial jerk induces a resultant vibration of ~ 200 nano-meters. After 0.003
seconds, the mid-range seeks have the largest residual vibration of the order of ~ 80 nano-
meters. Eventually, it can be observed that the longest seek is the last to die down, and all
vibration scenarios being suppressed to ~ 5 nano-meters.

actuator measurement and [** coupling dynamics as follows:

Ga,ii(jw) = Epoe)i(jw)Hag(jw) (6.31)

The closed loop feedforward controllers for i** actuator measurement are defined as:

Kavoui(jw) = Buy (W) K ipven(e) (6.32)
Kamai(jw) = Eu,se(jw)Kppaale’™) (6.33)

The objective of the feedforward control design is to match the closed loop coupling
transfer function Gy ;;(jw) from Eq.(6.31) with the closed loop feedforward action given by
Eq.(6.32) and Eq.(6.33). The closed loop feedforward control transfer function and the closed
loop coupling transfer function are plotted against each other in Figure 6.20.
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Figure 6.20: The objective of the feedforward control design is to match the closed loop
coupling transfer function G, ;(jw) from Eq.(6.31) with the closed loop feedforward action
given by Eq.(6.32) and Eq.(6.33). In this figure, we can observe that for one actuator plant
data, the feedforward controllers are able to closely match Gy(jw) for five coupling scenarios.

Alternating Iterative Approach vs Simultaneous Design Approach

The performance of the two control design approaches will be compared in this section.
First, the variance of the PES e is compared versus iteration number for the two design
approaches. Then, the time domain results of the feedforward suppression is compared for
the two design methods.

The worst case open loop margins and bandwidths for the alternating iterative approach
(AI) and the simultaneous design approach (SIM) are shown in Table 6.1

The Hy norm of the feedback control design part of the PES e given by the following
equation is plotted in Figure 6.21.

llesoll5 = [|Egoe RI|3 + || Emoe N3 (6.34)

In Figure 6.21, triangle represents the simultaneous control design approach whereas, the
circle represents the alternating iterative control design approach. It is observed that the
feedback control design for both the approaches converge to the same value.
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Scenario FE,_,, peak GM PM waM  WpM
dB dB degree  Hz Hz

Al 9.62 890 19.2 12,402 4,930

SIM 9.55 8.85 19.14 12,393 4,922

Table 6.1: Worst case open Loop stability margins and bandwidths

100 nm
S ' I
0.588 - i 2
Feedback Control Design: “ € ”2
0.586
0.584 - _
v
0.582 - _
v
0.58 |- _.
v
v
0.578 b |
v
wr
| | l l | | 1 1 ?
2 3 4 5 6 7 ° ’ .

iteration number

Figure 6.21: The H,; norm of the feedback control design part of the PES e, as given in
Eq.(6.34), is plotted versus the iteration number in this figure. Triangle represents the si-
multaneous control design approach whereas, the circle represents the alternating iterative
control design approach. It is observed that the feedback control design for both the ap-
proaches converge to the same value.
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Figure 6.22: The H,; norm of the feedforward control design part of the PES e, as given
in Eq.(6.35), is plotted versus the iteration number in this figure. Triangle represents the
simultaneous control design approach whereas, the circle represents the alternating iterative
control design approach. It is observed that the simultaneous control design approach re-
quires fewer iterations to converge than the alternating iterative approach. But, alternating
iterative approach does slightly better.

Figure 6.22 plots the Hy norm minimized for the feedforward control design.

lesslls = (EpmeyHa + Ew,—e)Krven + Ewn—e Krpa) Ul (6.35)

The Hs norm of the feedforward control design part of the PES e, as given in Eq.(6.35),
is plotted versus the iteration number in this figure. Triangle represents the simultaneous
control design approach whereas, the circle represents the alternating iterative control de-
sign approach. It is observed that the simultaneous control design approach requires fewer
iterations to converge than the alternating iterative approach. But, the two methodologies
converge to the same feedforward controller.

The feedforward controllers obtained using the two approaches are plotted in Figure 6.23.
Both the approaches converge to very similar feedforward controllers.

In Figure 6.24, the residual vibration for both the approaches are compared for the
longest seek and the shortest seek. Ideally, the resultant residual vibration should be zero.
But, as the controllers are designed for multiple frequency response measurements and due
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Figure 6.23: The feedforward controllers obtained using the two approaches are plotted in
this figure. Both the approaches converge to very similar feedforward controllers.

to noise in the system, a perfect suppression cannot be attained. But, it is observed that
the alternating iterative control design approach does slightly better than the simultaneous
control design approach.

Simultaneous Design Approach for One Actuator Measurement

In this section, the time domain results for a set of one frequency response measurements
of the VCM and MA, one frequency response measurement of the coupling dynamics Hy
and for one seeking scenario are presented. The simultaneous feedback - feedforward data
driven control design methodology obtains a feedback controller to stabilize the closed loop
system and minimize the variance of the position error signal e. The feedforward controller
is obtained to suppress the imparted vibration.

The feedforward controller obtained performs slightly better than the robust design sce-
nario with multiple measurements, as shown in Figure 6.25. The primary reason for these
results is that the resonant peaks considered in the coupling dynamics are close enough to
be suppressed in the multiple measurements case.

In Figure 6.25, the vibration disturbance ey;; and the residual signal after feedforward
compensation essiq4s for the shortest seek is plotted, in this figure, in time domain. A
feedforward suppression upto 6 x is observed. The seeking process ends around 0.005 seconds,
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Figure 6.24: The residual vibration for both the approaches are compared for the longest seek
and the shortest seek. It is observed that the alternating iterative control design approach
does slightly better than the simultaneous control design approach to suppress the high
frequency disturbance.

denoted by the vertical red line. Causal controllers are used for the feedforward suppression.
These results can be further improved by considering an acausal controllers using the future
information of the seeking signals for feedforward suppression. Increasing the data points
used for the design process also improves the performance of the feedforward controller. The
industry requirement is to achieve a suppression of 2x, which is comfortably achieved by
the data driven feedforward controllers. To improve the suppression performance, an add-on
input shaper is considered in the next chapter.
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Figure 6.25: This plot is obtained for a set of one frequency response measurements for the
actuators and the coupling dynamics H,;. The vibration disturbance eg;5; and the residual
signal after feedforward compensation ey 45 for the shortest seek scenario is plotted, in
this figure, in time domain. A feedforward suppression upto 6x is observed. The seeking
process ends around 0.005 seconds, denoted by the vertical red line.
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Chapter 7

Input Shaping as an add-on
feedforward suppression scheme

Input shaping is an open loop time domain tool used to suppress the resonant frequencies
from input signals of actuators [54, 40]. Input shapers can be used in the seeking actuator
of the multi actuator drive. Seeking actuator of the multi actuator drive generates a lot
of vibration during its seeking process affecting the neighboring track following actuator
adversely. Input shaper reduces the generated vibration at the source, hence aiding in
the feedforward suppression of the vibration signal by the track following actuator. The
disadvantage of using an input shaper is that it adds a delay to the seeking process.

We consider two input shaping techniques, a zero vibration ZV input shaper and a zero
vibration derivative ZV D input shaper [54, 40, 57, 61, 53]. Addition of an input shaper
adds a delay to the seeking process. ZV input shaper adds a smaller delay but is less
robust that the ZV' D input shaper. It requires the suppressing resonant frequency to be
known precisely. We present a data driven technique to locate the resonant frequency to be
suppressed. Multiple frequencies can be suppressed simultaneously using an input shaper.
But, each frequency adds a delay to the seeking process.

In section 7.1, the control block diagram from Figure 6.1 is shown with the addition of
an input shaping block. The input shaping theory from [54, 40] is discussed in section 7.2.
The residual vibration after an input shaper is used as an add-on tool to the feedforward
controllers designed in chapter 6 is discussed in section 7.3.

7.1 Control Block Diagram

The input shaping tool reshapes the excitation signal causing the imparted vibration distur-
bance. The objective of the input shaping tool is to suppress the resonance frequencies of
the coupling transfer function from the excitation signal.

In Figure 7.1, the control block diagram from chapter 6 with the addition of the input
shaping block .S is shown. In this block diagram, the new seeking input signal is Useer 15 iS
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Figure 7.1: The control block diagram presented in chapter 6 with the addition of an input
shaping block used to reshape the excitation signal wgecr

obtained using the input shaping tool. The new seeking signal does not excite the resonant
frequencies of Hy(jw). Therefore, a smaller disturbance signal u4 is imparted to the track
following actuator. The input shaping tool can only suppress the resonant frequencies from
the excitation signal, it cannot suppress the entire disturbance signal. The feedforward
controllers Kyryeon(z) and Kyfaa(z) are used to suppress the imparted vibration. The
input shaping methodology can only act as an add-on tool to the data driven feedforward
control design methodologies.

7.2 Input Shaping

Once, the feedforward controllers for VCM and MA are designed using the data driven control
design methodology, an add-on input shaping tool can be designed to aid the vibration
suppression process.

Input shaping is an open loop control technique to reduce vibration. It is a novel technique
that works by forming an input signal that suppresses the vibration created by itself. That
is, the vibration generated by the initial part of the input signal is cancelled by the vibration
generated by the later part of the signal.

Any input signal can be shaped to have this property. The seeking input signal is con-
voluted with a carefully designed impulse train such that the resulting signal will achieve
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Figure 7.2: Input Shaping convolution process [61]. Here, A = i—’; where wy is the damped

resonant frequency to be suppressed. Input shaping process will add a delay of A to the
seeking process.

the required seek process and cancel the resonance vibration of the desired frequency [54].
Figure 7.2 shows the process to obtain the desired input signal after shaping.

For the purpose of input shaping we will assume the pivot timber causing vibration
interaction between the seeking actuator and the track following actuator to be an under-
damped second order system given by G(z) in the z domain.

w2

G(z) = 22 4+ 20wz + w? (7.1)

Here, w,, is the resonant frequency that we want to suppress and ( is the damping ratio.

A sequence of impulses that cause zero vibration when applied to this second order system
is called an input shaper. Residual vibration obtained when a n impulse sequence is applied
to the system:

V(wn, Q) = e \/C(wn, €)* + S(wn, ()2 (7.2)
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Clwn, ) = D A icos(wntin/1— ) (7.3)
=1
S(wn, §) = D A lisin(wnti/1 - ¢?) (7.4)

=1

In Eq.(7.3) and Eq.(7.4), A; is the amplitude of the i-th impulse applied at time ¢;. Our
objective is to determine the impulse sequence which results in zero vibration. We will
consider two input shapers.

Zero Vibration Input Shaper

Zero vibration ZV input shaper is the simplest form of an input shaper [54]. In a ZV shaper
amplitudes and impulse time are obtained by solving the following equations:

V(wn,¢) = 0 (7.5)
oA =1 (7.6)
A > 0 (7.7)
ty = 0 (7.8)

We solve Eq.(7.5) - Eq.(7.8) for amplitudes A; and time steps ¢; for all i to obtain the impulse
sequence which gives zero vibration. ZV shaper is the most simple form of an input shaper,
hence the A delay added to the seeking process is the smallest. But, a ZV shaper is less
robust to uncertainties in w, and ¢ and does not provide good vibration suppression with
uncertainties in w,,.

Zero Vibration Derivative Input Shaper

Zero vibration derivative ZV D shaper is more robust to uncertainties in w, and ¢ [54]. A
ZV D shaper is obtained by solving the following equations:

Viwn, () = 0 (7.9)
dzn(V(wn,C)) =0 (7.10)
d A =1 (7.11)

A > 0 (7.12)

t = 0 (7.13)

Eq.(7.9) - Eq.(7.13) give us amplitudes and time steps such that we minimize the vibration
and its derivative. ZV D shaper is more robust but also adds a larger delay A to the seeking
process.
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Figure 7.3: The resultant residual vibration obtained after feedforward action and ZV input
shaping efs, s is plotted versus the residual vibration obtained with only the feedforward
action esy and the original vibration disturbance signal eg;s;. The delay of ZV shaper added
is 0.0007 seconds.

We implement ZV shaper and the ZV D shaper along with our SIMO data driven control
methodology for multi actuator drives. We compare the performance of ZV shaper with the

ZV D shaper.

7.3 Design Results

An input shaping tool will be designed for the data driven feedforward controllers obtained
in chapter 6 for multiple actuator and vibration measurements. A delay is added for each
resonant frequency suppressed using the input shaping tool.

Figure 7.3 plots the resultant residual vibration obtained after feedforward action and
input shaping essrg is plotted versus the residual vibration obtained with only the feedfor-
ward action ey and the original vibration disturbance signal eg;s;. The delay of ZV' shaper
added is 0.0007 seconds. The resultant residual signal obtained is less than 50 nano-meters
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Figure 7.4: The resultant residual vibration obtained after feedforward action and ZV D
input shaping ey g is plotted versus the residual vibration obtained with only the feedfor-
ward action ey and the original vibration disturbance signal eg;s;. The delay of ZV' shaper
added is 0.007 seconds.

from the start. An additional 3x vibration suppression is achieved using a ZV shaper.

Figure 7.4 plots the resultant residual vibration obtained after feedforward action and
ZV' D input shaping essyrg is plotted versus the residual vibration obtained with only the
feedforward action ey and the original vibration disturbance signal eg;s;. The delay of
ZV shaper added is 0.007 seconds. The resultant residual signal obtained is less than 10
nano-meters from the start. An additional 4x vibration suppression is achieved using a ZV'
shaper.

Figure 7.5 plots the resultant residual vibration obtained using a ZV shaper versus the
resultant residual vibration obtained using a ZV D shaper. The delay added by the ZV D
shaper is 0.006 seconds more than the ZV shaper. But the suppression performance of the
ZV D shaper is better than the ZV shaper. The choice between the two input shaping
techniques depends on the designing constraints and acceptable delay in the track seeking
process.
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Figure 7.5: This figure plots the resultant residual vibration obtained using a ZV shaper
versus the resultant residual vibration obtained using a ZV D shaper. The delay added by the
ZV D shaper is 0.006 seconds more than the ZV shaper. But the suppression performance
of the ZV D shaper is better than the ZV shaper.
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Chapter 8

Conclusion and Future Work

8.1 Conclusion

In this dissertation, feedforward and feedback data driven control design methodologies
for multi actuator drives were presented. Multi actuator drive technology was presented by
Seagate in 2017. Multi actuator hard disk drive has two independent actuator arms operating
on the same pivot timber. The control forces and torques generated by one actuator arm can
adversely affect the performance of the second actuator arm. The objective of the data driven
feedforward control design methodologies presented is to suppress the vibration interaction
between the actuator arms of a multi actuator drive. The joint feedback - feedforward data
driven control design methodology equips designers to obtain feedback controllers for track
following design of the actuator arm as well as feedback controllers to suppress the imparted
vibration simultaneously. Application of input shaping techniques is also discussed as an
add-on feedforward suppression technique for the data driven feedforward control design
methodology.

The data driven control design methodologies presented in this dissertation consider
multiple frequency response measurements of the actuator arms, coupling transfer function
imparting vibration, and the control input signals of the second actuator arm exciting the
coupling transfer function. Ability to consider multiple frequency response measurements
simultaneously ensures robustness of the control design. Common feedback and feedforward
controllers can be generated for multiple actuator arms with similar frequency responses.
Non linear behavior of an actuator can also be captured using multiple frequency response
measurements.

In chapter 1, an introduction and a brief literature review of the control problems in hard
disk drives was provided. The contributions of each chapter discussed in this dissertation
was then discussed. Finally, some preliminary definitions relevant to the dissertation were
glossed over.

In chapter 2, the structure and mechanisms of a dual stage hard disk drive and a multi
actuator drive were discussed. Each actuator arm of a multi actuator drive is made up of
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a dual stage servo assembly. The servo assembly comprises of a voice coil motor (VCM)
and a micro actuator (MA) connected in series. The read/write head is connected to MA.
The read/write head floats over a lubricated rotating disk. Each disk is made up of data
tracks. The hard disk drive operates in two major modes. First, the track following mode,
the read/write head follows a data track to read or write data. Second, the track seeking
mode, the actuator arm sweeps through data tracks to settle onto a new desired track to
begin track following. The track seeking process generates a lot of vibration, adversely
affecting the performance of a neighboring actuator arm in a multi actuator drive. The
control block diagram of a standard dual stage hard disk drive and a multi actuator drive
was also discussed in this chapter.

In chapter 3, a data driven feedforward control design methodology was presented to
design a feedforward controller to suppress vibration imparted by operation of a neighboring
actuator. The control input signal of the second actuator, the frequency response measure-
ments of the coupling interaction and the frequency response measurements of the actuator
plants were used to design the controller. Hy norm conditions were used to obtain controllers
to suppress the imparted vibration (Theorem 1). H,, norm conditions were used to obtain
initial stabilizing controllers. The H., norm condition was transformed into a necessary and
sufficient convex constraint (Theorem 2). Whereas, the Hy norm condition was transformed
into a locally convex objective function which was solved in an iterative manner. A mixed
locally convex Hy — H,, norm optimization problem was formulated to design the feedforward
controller to suppress the imparted vibration.

In chapter 4, feedforward controllers were designed for the track following actuator of a
multi actuator drive using the data driven control design methodology from chapter 3. A
sequential single-input single-output (SISO) control design methodology and a single-input
multi-output (SIMO) control design methodology were presented in this chapter. In the
sequential SISO approach, first a feedforward controller for VCM is designed to suppress the
entire imparted vibration, then, a feedforward controller for MA is designed to suppress the
residual vibration after VCM compensation. Whereas, the SIMO control design methodology
designs VCM and MA feedforward controllers simultaneously.

VCM has a higher stroke but a smaller bandwidth than MA. SIMO control design
methodology ensures that VCM focuses on vibration in the low frequency region and MA
focuses on vibration in the high frequency region. Whereas, in the sequential SISO control
design methodology VCM tries to suppress vibration across the entire frequency region. The
dual stage feedforward suppression performance of the SIMO design methodology is better
than the sequential SISO design methodology. But, single stage, VCM only, suppression
of the sequential SISO design methodology is better than the SIMO design methodology.
The sequential SISO control design methodology allows more independence to the controller
order of the VCM and MA. In SIMO control design methodology, the controller order of
VCM and MA needs to be the same.

In chapter 5, two joint feedback - feedforward data driven control design methodologies
are presented. The objective of the data driven feedback control design is to stabilize the
closed loop of the system and minimize the error of the output. H, norm conditions are
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used to guarantee the stability of the closed loop system and obtain an initial stabilizing
controller (Theorem 3). Hs norm objective function is used to minimize the error of the
output signal (Theorem 4). According to Parseval’s theorem, the total energy of the system
in the frequency domain should be equal to the total energy of the system in the time
domain. Therefore, H, norm constraints are also used to constrain the variance of signals in
time domain.

The alternating iterative data driven control design methodology, alternately optimizes
the feedback control design problem and the feedforward control design problem, to jointly
obtain feedback controller as well as the feedforward controller for an actuator. This process
allows the control design to account for the imparted vibration and corresponding feedfor-
ward suppression while designing the feedback controller. This idea is especially beneficial
in systems facing constant vibration disturbance from neighboring actuators like a multi
actuator drive.

The simultaneous data driven control design methodology obtains feedback as well as
the feedforward controller jointly through one optimization problem (Theorem 5). The
advantage of the simultaneous control design problem is the conciseness of the problem
formulation achieving similar results as the alternating iterative data driven control design
methodology.

In chapter 6, feedback and feedforward controllers are designed for the track following
actuator of a multi actuator drive. The mixed Hy — H,, norm optimization problems are
formulated for the feedback control design, feedforward control design and the joint feedback-
feedforward control design using the simultaneous design methodology. The feedback control
design results show that the closed loop transfer functions meet the H,, norm constraints
posed. It was also observed that the variance of the position error signal of the read/write
head was minimized with each iteration until the variance converged. The time domain
simulations of the closed loop vibration affecting the position of the read/write head and
the feedforward signal suppressing the vibration for multiple seeking scenarios were shown
in this chapter. It was observed that a feedforward suppression upto 8x was observed for
most parts meeting the industry requirements with a good margin.

The performance of the feedback control design and the feedforward control design was
compared for the alternating iterative approach and the simultaneous control design ap-
proach. Both the approaches converged to the same feedback controllers. But, the per-
formance of the alternating iterative feedforward controller was slightly better than the
feedforward controller obtained using the simultaneous control design approach. The time
simulations of the feedforward suppression showed that the alternating iterative feedforward
suppression achieved five percent more vibration suppression in the high frequency region.
The feedforward controllers obtained for the simultaneous control design and the alternating
iterative control design varied slightly in the high frequency region. Overall, both approaches
performed well meeting the industry requirements with a fair margin.

In chapter 7, input shaping techniques were discussed as an add-on tool to the data
driven feedforward controllers. A zero vibration (ZV) input shaper [54] and a zero vibration
derivative (ZVD) input shaper [54] were used to reshape the input signal of the seeking
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actuator arm exciting the coupling vibration transfer function and imparting disturbance
to the track following actuator arm of the multi actuator drive. Input shaping suppresses
certain frequencies from the excitation signal ensuring that the resonant frequencies of the
coupling transfer function are not excited. The disadvantage of this approach is that it adds
a slight delay to the seeking process, by extending the seeking input signal. The input shaper
cannot be used independently as it does not suppress the bias and other frequencies of the
vibration spectrum. Only a handful frequencies can be chosen to be suppressed to ensure
the added delay is as small as possible. A frequency search is conducted across the frequency
response of the coupling transfer function to choose the frequencies to be suppressed while
adding the slightest delay as possible.

The ZVD input shaper is more robust to variations in the suppressed frequencies than
the ZV input shaper. But, the ZV input shaper adds smaller delay than the ZVD input
shaper. It is upon the designer to choose the number of frequencies to be suppressed and
which input shaper to be used. In the results shown in chapter 7, two resonant frequencies
were suppressed.

Finally, feedback and feedforward controllers for the multi actuator drive were obtained
using the joint feedback - feedforward data driven control design methodology, and an add-
on input shaper was designed to aid the feedforward suppression. The data driven control
design methodology was obtained for multiple frequency response measurements of the track
following actuator and coupling vibration and, multiple excitation signals simultaneously.

8.2 Future Work

The data driven control design methodology was obtained for multiple frequency response
measurements simultaneously in chapter 3 and 5. A good extension to this theory is designing
a clustering technique to obtain clusters of similar frequency response measurements. One
common feedforward and feedback controllers can be designed for each cluster. Sometimes,
the coupling vibration might change under certain temperature or physical conditions. The
clustering technique can be coupled with a control switching technique to ensure smooth
controller operation.

The online computational capabilities of devices is increasing now a days, allowing more
complex operations and design online. As the data driven control design technique obtains
one common controller for multiple actuator arms simultaneously, it cannot perfectly sup-
press the imparted vibration. An online low order adaptive feedforward controller or an
online low order model predictive control can be designed to suppress any residual vibration.

The feedforward data driven methodology uses the frequency response of the excitation
signal during the design process. Traditionally, adaptive controllers require an accelerometer
to obtain vibration signals in real time. But, for the multi actuator drives, the excitation
signal is known as the control input signal of the neighboring actuator. Hence, allowing the
use of future excitation inputs to design a non-causal adaptive controller.
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