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Chapter 1

Introduction

1.1 Background
1.1.1 Periodicity and Aperiodicity in Filters and Controls

Periodicity repeats values in regular periods and results in a periodic signal composed of an infinite
sum of sine and cosine waves called Fourier series. To process the periodic signal, comb filters that can
eliminate the infinite sum of sine and cosine waves have been studied [1,2] and have been developed into
optimal filters [3,4]. Classical band-pass and band-stop filters can extract and eliminate a limited number
of sine and cosine waves but cannot handle the periodic signal. Unlike the band-pass and band-stop
filters, the comb filter can eliminate the periodic signal including the infinite sum of sine and cosine waves
by using delay elements. Consequently, comb filters have been practically used for pulsed radar systems
[5], video signal processing [6, 7], speech signal processing [8, 9], ultrasonics [10], and electronics [11—
13]. In addition to the periodic-signal elimination using a comb filter, decomposition based on both
periodicity and aperiodicity have also been considered. In the speech synthesis field, periodic/aperiodic
decomposition has been studied using the discrete Fourier transform [14—16], where a harmonic pulse
noise model defines a periodic signal and aperiodic signal as a limited number of time-varying harmonics
and the residual signal from an original signal, respectively [17-19]. Hence, the methods are nonlinear
and unfeasible for real-time calculation of control owing to the discrete Fourier transform. Furthermore,
they utilize only a limited number of harmonics, unlike the comb filters.

In the field of control, a periodic state has been controlled for high-precision control with repetitive

control (RC) [20-22]. The RC was proposed to eliminate errors caused by an exogenous periodic com-
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CHAPTER 1 INTRODUCTION

mand and disturbance [23,24]. The repetitive controller realizes an internal model of a periodic signal
including an infinite number of poles on the imaginary axis by using a delay element similar to the comb
filters. As industrial automatic systems typically work periodically and require precise operations, RCs
have been developed and applied to hard disk devices [25], ball-screw-driven stages [26], converters and
inverters [27-29], aircraft ground power unit [30], microgrids [31], and wind turbines [32].

In addition to the controls for a periodic state, periodicity time-varying systems have been studied [33—
35], and robust controls for the periodic systems were further proposed [36—38]. Similarly, a spatially
periodic system was considered [39]. As a practical application, a periodic system has been developed
for helicopter rotors [40]. According to the nonlinearity that the periodic system has periodically time-
varying system matrices, a lifting technique has been used to transform the periodically time-varying
system into a time-invariant system [41-—43]. These studies showed the usefulness of the lifting technique
for periodicity.

Frequency estimation of a periodic state has also been studied as adaptive filters and adaptive controls.
Adaptive notch filters have been studied for frequency estimation [44—46], and adaptive repetitive control
has been studied for frequency-varying periodic-disturbance compensation [47,48].

Since periodicity of a signal, state, and system is a usual phenomenon in automatic systems, comb
filters, RCs, and periodic systems have been studied. Moreover, the speech synthesis studies have focused
on not only periodicity but also aperiodicity of a signal as periodic/aperiodic decomposition. The comb
filters and RCs demonstrated that a delay element can express periodicity of a signal and state. Also, the
control studies for periodic systems showed that a lifting technique is a useful calculation approach to
handle periodicity, and the adaptive notch filters and adaptive repetitive controls showed that adaptivity is
useful to handle frequency-varying periodicity. However, controls for periodicity and aperiodicity were
not studied because the comb filters, RCs, and periodic systems only consider periodicity. Furthermore,
the periodic/aperiodic decomposition, which causes the nonlinearity, long calculation time, and limited

definition of a periodic signal, is not applicable to control.

1.1.2 Periodicity and Aperiodicity in Motion Controls

In the field of applied control, motion control systems such as mechatronics and robotics systems
have been studied for industrial and human support systems [49, 50]. Previous studies focused on and
controlled one of motion elements: velocity (position) [51-53], force [54-56], and impedance [57, 58]

in order to improve control performance: speed, precision, and adaptivity against humans and environ-
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CHAPTER 1 INTRODUCTION

ments. In the motion controls, there is a principle that only one of the motion elements can be controlled
by one-degree-of-control-freedom. Hence, the velocity, force, and impedance controls cannot be simul-
taneously achieved. To acquire multiple functions accomplishing multiple motion control objectives,
hybrid controls, that assign conflicting motion control objectives to independent control freedom such as
different axes and actuators, have been studied [59, 60]. Similarly, bilateral control based on a master-
slave structure has two-degree-of-control-freedom [61-63]. Optimal control adjusts and balances states
between conflicting motion control objectives but cannot achieve both the objectives simultaneously
[64,65]. Only when motion control objectives do not conflict as a velocity objective calculated from
a force objective, velocity and force responses can be simultaneously controlled [66]. Motion-copying
systems also control consistent position and force with one-degree-of-control-freedom [67-69], where
motion data that correspond to consistent position and force are stored through the bilateral control in
a motion-saving phase, and the data are reproduced with one-degree-of-control-freedom in a motion-
reproducing phase.

Consequently, one control objective for one-degree-of-control-freedom was a standard approach such
as position, force, and impedance controls in the motion controls. Alternatively, increase in axes and
actuators or use of consistent trajectories is required to achieve additional control objectives. Periodicity
and aperiodicity of motion had not been addressed for simultaneous achievement of multiple motion

control objectives.

1.1.3 Periodicity and Aperiodicity in Disturbances

The motion control systems are based on an acceleration control system (ACS) using a disturbance
observer (DOB) [70-72]. Classically, an inner acceleration controller compensates for disturbances, and
an outer motion controller adjusts the motion elements [73]. The DOB enables the separation of the
disturbance-compensation and tracking issues as a two-degree-of-freedom controller and has a Q-filter
that can design sensitivity and complementary sensitivity functions directly. The sensitivity function
corresponds to disturbance suppression performance, and the complementary sensitivity function corre-
sponds to robust stability and noise sensitivity. Accordingly, the sensitivity function is typically set to a
high-pass filter, and the complementary sensitivity function is accordingly set to a low-pass filter on the
basis of a tradeoff between the functions [74,75].

Industrial automatic systems are usually required to operate precisely and repetitively, but the repeti-

tive operations typically cause periodic disturbances including an infinite number of harmonics [76,77].
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CHAPTER 1 INTRODUCTION

Then, the periodic disturbances impair the precision of the industrial automatic systems [78,79]. In order
to eliminate the periodic disturbance, the high-pass characteristic of the DOB is not sufficient because an
infinite number of band-stop characteristics is necessary to eliminate an infinite number of sine and co-
sine waves. To overcome the problem of the DOB, high-order DOBs whose sensitivity function includes
several band-stop characteristics were studied [80, 81]. However, the high-order DOBs and their limited
number of band-stop characteristics are still not sufficient to eliminate the periodic disturbance.

The RCs are effective methods that can compensate for all harmonics of a periodic disturbance using
delay elements. However, the repetitive controllers are not two-degree-of-freedom controllers, amplify
aperiodic disturbances, and are difficult to design their complementary sensitivity functions. Although
RCs based on the DOB structure have been studied [82—84], they are not two-degree-of-freedom con-
trollers and their delay elements affect nominal stability. Besides, consideration of both periodicity and
aperiodicity of a disturbance is necessary for practical applications [85].

Since industrial automatic systems usually face periodic disturbances impairing their precision, periodic-
disturbance compensation is a significant issue for the industry. Although the previous studies proposed
the high-order DOBs as two-degree-of-freedom controllers and RCs for periodic-disturbance elimina-
tion, the high-order DOBs and RCs lack the periodic-disturbance suppression performance and two-

degree-of-freedom characteristic, respectively.

1.1.4 Periodicity and Aperiodicity in Industrial Inspection and Human Behavior

Periodicity and aperiodicity exist at inspection for food product packing. In our society, many foods
and drinks are provided after packing to secure their freshness [86]. However, package leaks, which
accordingly occur, expose safety of the products to danger and require product inspection to guarantee
the safety [87]. In particular, automatic production processes require automatic product inspection, where
products are periodically inspected for detecting aperiodic anomaly [88—90]. In a previous study, a haptic
leak detector was developed for inspection of all packages using anomalous force information due to a
leak [86]. However, the previous detection method lacks robustness against environmental changes,
which causes misdetection.

Besides, periodicity and aperiodicity also exist in human behavior. Recently, the number of stroke
survivors has increased as the number of older people has increased in the world. In the United States,
on average, someone has a stroke every 40 seconds [91]. Although stroke survivors usually need re-

habilitation to reacquire lost motor skills caused by brain injury, the number of therapists is limited.
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Consequently, automatic therapy and automatic clinical diagnosis using robots are required [92, 93].
Motor learning, which is a change of motor function based on brain plasticity, has been investigated with
healthy people according to the rehabilitation mechanism based on the motor learning [94-96]. Typi-
cally, the motor learning requires periodic practice, but human behavior is always variable aperiodically.
However, proficiency diagnosis based on the periodicity and aperiodicity had not been studied.

In industrial inspection for food product packing, inspection of all packages periodically measures
food products, and anomaly appears aperiodically. Besides, in motor learning, practice is periodic, and
human behavior is aperiodically variable. Therefore, there are possibilities that the concept of periodicity
and aperiodicity for filters and controls could practically improve the industrial inspection and diagnosis

of motor proficiency.

1.2 Motivation
1.2.1 Periodicity and Aperiodicity for Filters and Controls

I focused on control of a periodic/aperiodic state that includes both a periodic state and aperiodic
state. Although the previous studies proposed filters and controls considering periodicity of a state or
periodicity/aperiodicity of a speech signal, they were insufficient to control the periodic/aperiodic state.

The comb filters and repetitive controls proposed by the previous studies aim to eliminate a periodic
signal from a signal and do not define an aperiodic signal. Although the periodic/aperiodic decomposition
methods were proposed for periodic and aperiodic signals in a signal, they are difficult to be used for
control owing to the discrete Fourier transform. Furthermore, their periodic signal is nonlinearly defined
as a limited number of time-varying harmonics. Besides, the studies for the periodic systems were
different from the studies for the periodic/aperiodic state because the periodicity of a periodic system
belongs to a system.

My research began by definitions of the periodic state and aperiodic state, which compose the peri-
odic/aperiodic state [97]. On the basis of the definitions, I constructed a periodic/aperiodic separation fil-
ter (PASF) to separate the periodic/aperiodic state into the periodic state and aperiodic state. The PASF is
linear and feasible to control, unlike the conventional periodic/aperiodic decomposition methods. Then,
the PASF enabled to construct periodic/aperiodic state feedback control, which separately controls the
periodic and aperiodic states in a similar manner to classical state feedback control. I further revealed

that the control, observation, and separation of the periodic/aperiodic state can be independently de-
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signed through the separation principle. This facilitates the simple design of the periodic/aperiodic state
feedback control, and an additional proposition demonstrates that stability of the control can be designed
in a similar manner to classical state feedback control. In addition, I constructed a frequency estimator
based on an adaptive notch filter to enable to acquire a varying frequency of the periodic/aperiodic state

in [98].

1.2.2 Periodicity and Aperiodicity for Motion Controls

I expanded the concept of the periodic/aperiodic state feedback control into motion control as pe-
riodic/aperiodic motion control [99]. As the periodic state and aperiodic state can be separately con-
trolled by the periodic/aperiodic state feedback control, the periodic motion and aperiodic motion can be
separately designed under one-degree-of-control-freedom. This solved the problem that one-degree-of-
control-freedom can achieve only one control objective such as position, force, and impedance controls.
Two control objectives assigned to periodic motion and aperiodic motion can be simultaneously achieved
by the periodic/aperiodic motion control.

To this end, I used the PASF to separate velocity and force into periodic velocity, aperiodic velocity,
periodic force, and aperiodic force. Then, I designed six types of periodic/aperiodic motion controls that
assign position, force, or impedance control to periodic motion and aperiodic motion. Experiments using

a multi-axis manipulator validated the practicality of the six periodic/aperiodic motion controls.

1.2.3 Periodicity and Aperiodicity for Disturbances

I further focused on periodicity and aperiodicity of a disturbance, which is an exogenous signal, unlike
the state. In particular, periodic disturbances are an inherent problem for industrial automatic systems
because their repetitive works induce periodic disturbances that impair their precision.

The conventional methods: DOBs and RCs for periodic-disturbance compensation have problems that
the DOBs and RCs lack the periodic-disturbance suppression performance and two-degree-of-freedom
characteristic, respectively. To overcome the problems of the conventional methods, I constructed a
periodic-disturbance observer (PDOB) that uses both advantages of a DOB and RC [98,100]. The PDOB
can compensate for all of an infinite harmonic of a periodic disturbance similar to RC, and its delay used
for the compensation does not affect the nominal stability and command tracking performance on the
basis of the two-degree-of-freedom structure. In addition, I developed the PDOB into an enhanced PDOB

in order to enhance its aperiodic-disturbance compensation performance [101]. The enhanced PDOB
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consists of the PDOB and DOB that compensate for periodic and aperiodic disturbances, respectively.
The enhanced PDOB is more practical than the PDOB because both periodic and aperiodic disturbances

usually occur in actual applications.

1.2.4 Periodicity and Aperiodicity for Industrial Inspection and Human Behavior

I further addressed more practical problems in industry and rehabilitation using the periodicity and
aperiodicity. For package-leak detection, I found that repetitive inspection and package leak correspond
to periodicity and aperiodicity, respectively. I applied the PASF for the haptic package-leak detection,
which is one of the previous leak detection methods [86], to pick up aperiodic anomalous packages
from the periodic inspection process. The PASF improved the robustness of the detection against a slow
environmental change at measurement. The improved robustness was verified through 10,000 packages
inspection simulation based on 388 experimental yank data.

For motor proficiency diagnosis, I found that repetitive practice and variable human behaviors are
periodicity and aperiodicity, respectively. I further applied the PASF for motor proficiency diagnosis
to detect a small change of motor proficiency by eliminating aperiodic variations of human behavior.
To evaluate the effect of the PASF on the diagnosis, I designed a motor learning experiment based
on a logarithmic spiral drawing task with twenty subjects. According to the minimum jerk model of
motor control [102], an angular trajectory for the logarithmic spiral was designed to satisfy minimum
jerk. Then, the PASF was used to separate the drawn logarithmic spirals into periodic and aperiodic

trajectories and achieved to evaluate the drawing proficiency accurately.

1.3 Chapter Organization

According to the motivations and studies, I constructed the chapters of this dissertation as shown
in Fig. 1-1. Chapter 2 describes the basis of my studies. Section 2.2 shows definitions for the peri-
odic/aperiodic state and the PASF in [97]. Section 2.3 mentions a frequency estimator for fundamental
frequency estimation of the periodic/aperiodic state according to [97]. Chapter 3 is for control of the peri-
odic/aperiodic state. Section 3.2 constructs the periodic/aperiodic state feedback control using the PASF
and proves the separation principle for the periodic/aperiodic state feedback control according to [97].
The periodic/aperiodic motion control is described in Section 3.3 according to [99]. Chapter 4 is for peri-

odicity and aperiodicity in a disturbance. Section 4.2 constructs the PDOB for periodic-disturbance sup-
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Fig. 1-1: Chapters of this dissertation.

pression, and Section 4.3 develops the PDOB into the enhanced PDOB to improve aperiodic-disturbance
suppression performance. The PDOB and enhanced PDOB were proposed in [98,100] and [101], respec-
tively. Chapter 5 is for practical diagnoses based on periodicity and aperiodicity. Section 5.2 describes
the PASF-based haptic leak detection for practical package-leak inspection. Section 5.3 describes the
PASF-based proficiency diagnosis for motor learning evaluation. Finally, Chapter 6 concludes this dis-

sertation.




Chapter 2

Periodic/Aperiodic Separation

2.1 Outline

Chapter 2 focuses on periodicity and aperiodicity for separation.

This research begins by definitions of a periodic/aperiodic state and separation of the periodic/aperiodic
state into periodic and aperiodic states in Section 2.2. Subsections 2.2.1 and 2.2.2 describe the defini-
tions and the PASF for the separation, respectively. As the lowest-order infinite-impulse-response filter,
a first-order PASF is designed in Subsection 2.2.3. The concept and PASF are the basis of the studies for
the state control, disturbance compensation, and diagnosis based on periodicity and aperiodicity.

In order to adapt to frequency-varying periodicity, Section 2.3 describes frequency estimation for the
periodic/aperiodic state. Subsection 2.3.1 constructs a frequency estimator based on an adaptive notch
filter. Subsections 2.3.2 and 2.3.3 mention the adaptive algorithm and its convergence, respectively.

Frequency-estimation examples for design parameter evaluation are shown in Subsection 2.3.4.

2.2 Periodic/Aperiodic Separation Filter

2.2.1 Definitions for Periodic/Aperiodic State

A discrete-time state (¢) is defined to be a periodic/aperiodic state composed of a periodic state ()

and aperiodic state x,(t) as

x(t) = xp(t) + xa(t) € R™. (2.1)
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In the periodic state, a perfect periodic state is defined by
xp(t + 1) =z, (t). (2.2)

The perfect periodic state can be expressed by the Fourier series as

oo
= ?0 Z_: ap, cos (nwoTst) + by, sin (nwoTst)] , (2.3)
where
2
= . 2.4
wo 17T, (2.4)

ap, an, and b, denote Fourier coefficients, and wy, 11, and Ty denote the fundamental frequency, period

that is an integer, and sampling time, respectively. The lifting technique:
x, (k) = x(kIl+ 1) (2.5)
is introduced to transform the perfect periodic state into a constant state, where
x(t) = x(kII + 7). (2.6)
The perfect periodic state and lifting technique in (2.2) and (2.5) provide a lifted perfect periodic state
xp(k+1)=xp(k), 2.7

which shows the constant characteristic. Because the lifted perfect periodic state is a constant state as

Zp(0) = 7p(1) = xp(2) = - - -, the lifted periodic state and lifted aperiodic state are defined as
- Flxrp], fw<p
— —JwTsIlk _ Tph =
Flz- (k)] E x,(k)e { Flan), ifp<w ’ (2.8)

k=—00
where F[] denotes the the discrete-time Fourier transform. The lifted periodic state «,, and lifted
aperiodic state x,, are low-frequency and high-frequency elements of the lifted periodic/aperiodic state
x,, respectively. p is the separation frequency that is a boundary frequency between the lifted periodic

and aperiodic states. Fig. 2-1 illustrates the definitions of the periodic and aperiodic states.

~10-
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Flow of the Definitions
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2 ' Discrete Time Or""}; """" et (k)
? 0 i 2
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c
]
-
(7]
c
[o]
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Flow of the Construction

Fig. 2-1: Conceptual diagram of the periodic/aperiodic states, lifted periodic/aperiodic states, PASF, and
lifted PASF.

2.2.2 Construction of Periodic/Aperiodic Separation Filter

General Periodic/Aperiodic Separation Filter

A PASF is constructed to separate the periodic/aperiodic state x into the periodic state x;, and ape-

riodic state x,. Firstly, a lifted PASF, that separates the lifted periodic/aperiodic state a - into the lifted

—11 =
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periodic state -, and lifted aperiodic state x,, is constructed as

Erp(k) = Y [piderp(k — 1 — i) + giar (k — i)
{ Z%Ta(k‘) = mT(k% - ﬁij(k) ’ (29)

where the coefficients p; and ¢; perform a low-pass filter. [ and the symbol ~ denote the order of the PASF
and an estimated variable. As shown in the right diagram of Fig. 2-1, the lifted periodic state and the lifted
aperiodic state are low and high frequency elements of the lifted periodic/aperiodic state, respectively.
Hence, a low-pass filter is employed to extract the lifted periodic state from the lifted periodic/aperiodic
state, and the complementary high-pass filter extracts the lifted aperiodic state.

Next, the PASF is constructed from the lifted PASF. According to the lifting technique in (2.5), the

lifted periodic/aperiodic states in (2.9) can be inversely transformed into the states

&, (k) = &(kIT + 7) (2.10)
@r(k—1—1i) =2kl + 7 — IT — iII) (2.11)
@, (k — i) = &k + 7 — iI). (2.12)

By using these equations for (2.9), the lifted PASF becomes

(KT + 7) = L2 [paep (KIT + 7 — TT — iT0) + g (kI + 7 — ilT)]
@o (KT + 7) = (kI + 7) — dp (KIT + 7) ’

and (2.6) further transforms (2.13) into the PASF:
{ &p(t) = Yoy [pidp(t — I — dTD) + qia(t — 41I)] 2.14)
&a(t) = @(t) — 2y (1)
Fig. 2-1 illustrates a difference between the periodic/aperiodic state and lifted periodic/aperiodic state
and design flow from the lifted PASF to the PASF. A block diagram of the general PASF is shown in
Fig. 2-2.

(2.13)

First-Order Periodic/Aperiodic Separation Filter

As a design example for the general PASF, this dissertation shows a first-order PASF based on an

infinite-impulse-response low-pass filter. Consider the continuous-time low-pass filter

p
LPF(s) = . 2.15
() =2 @.15)
Using the bilinear transform
2 1-271

- 2.16
STUnL1+Z o (2.16)

—12 =
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(1)
a:(t) _|__\1
LI I_. R
qo q1 qi—1
+ 1+ Ay |2
+ J'r‘( - J'r‘( -
Pr—1 Pr—2 Po

y

Fig. 2-2: Block diagram of the general periodic/aperiodic separation filter.

the continuous-time low-pass filter is transformed into the discrete-time low-pass filter

pl T, + plI T, Z~1
(pIITy + 2) + (pIITy — 2) 21’

LPF(Z™Y) = (2.17)

which is the first-order lifted PASF. Z~! denotes the Z operator whose sampling time is II17;. Using
the first-order lifted PASF, relation between the estimated lifted periodic state &.,(k) and the lifted

periodic/aperiodic state x, (k) is

. 2 — pllTy . pIIT; pIIT;
= — k—1 ——x (k) + —————x-(k—1). 2.18
:BTP( ) 2+pHTSmTp( ) + 2+pHTSwT( ) + 2+pHTS:BT( ) ( )
According to the lifted PASF in (2.9), coefficients of the first-order lifted PASF are
2 — pllT,; I17; 117,
M= = = (2.19)
+ plIT; 2 4 pllT; 2 + pllT;

By substituting the coefficients for the PASF in (2.14), the first-order PASF is derived as
. 2 — pllTy | plI Ty Pl Ty
)= "—5 S () 4 S
o) = 5 T oWt
Lo (t) = x(t) — Zp(t)
Transfer functions of the first-order PASF are

&p(z71) = F(z (21
{ ia(z_l) = [1 — F(Z_l)]m(z_l) ) (2.21)

(t — II) (t — II)

(2.20)

where

pII'Ty + pHTszin
(PUITs + 2) + (pIITs — 2)2~ 1

A block diagram of the first-order PASF is shown in Fig. 2-3.

F(z Y = (2.22)

— 13—
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x(t) _Za(t)
_|_
Z_H Z_H <—I
pll pll 2 — pll
2+ pll 2+ pll 2+ pll
7 ++l &, (t)
>0 >0 ® >

Fig. 2-3: Block diagram of the first-order periodic/aperiodic separation filter.

Design of Separation Frequency

The separation frequency p defines a boundary between periodic and aperiodic states as in (2.8). Bode
diagrams of the transfer functions of the periodic-state extraction F'(z~') and of the aperiodic-state
extraction 1 — F'(z~1) are shown in Fig. 2-4 with variations in the separation frequency p, respectively.

The period of the target periodic state is
07, = — = 2m, (2.23)

and the fundamental frequency and harmonics of the target perfect periodic state are wg = 1 and nwy,
respectively. The Bode diagrams indicate that a periodic state &, is extracted only around frequencies
of a perfect periodic state, and an aperiodic state x, close to a state « is extracted, in a case of a small
separation frequency such as p = 0.01 rad/s. In a case of a large separation frequency such as p =
10 rad/s, a periodic state x;, close to a state x is extracted, and an aperiodic state  far from frequencies
of a perfect periodic state is extracted. Therefore, a periodic state that is consistent with our image of
periodicity may be provided by a small separation frequency.
The separation frequency p also determines a time constant 7. of the first-order PASF as
T. = 1 (2.24)
p

because the separation frequency is used as a cutoff frequency of the low-pass filter in (2.15). Fig. 2-5

shows the four convergence examples of the first-order PASF with four separation frequencies (a)p =

14—
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(b) Aperiodic-state extraction 1 — F/(z~1).

Fig. 2-4: Bode diagrams of the extraction characteristics of the first-order PASF with variations in the
separation frequency p. The fundamental frequency is wy = 27 /IITy = 1 rad/s.

10 rad/s, (b)p = 1 rad/s, (c)p = 0.1 rad/s, and (d)p = 0.01 rad/s. The time constants (a)T, = 0.1 s,
)T, = 1s, (c)I. = 10 s, and (d)T. = 100 s can be confirmed. s denotes the second, which is the
base unit of time. (2.24) and the convergence examples indicate that rapid convergence requires a large
separation frequency.

According to the above requirements, there is a tradeoff between the proper periodic-state extraction

and rapid convergence. The tradeoff provides the following design strategy of the separation frequency

— 15—
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(d) p = 0.01 rad/s.

Fig. 2-5: Four convergence examples of the periodic state 2, using the first-order PASF. The input signal
is sin(4mt).

p. The desired time constant 7, determines an upper limit of the time constant as
Te < Tax- (2.25)

Using (2.24), the inequality is transformed into

1
< p. 2.26
.S P (2.26)
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Since the proper periodic-state extraction requires a minimum separation frequency, the separation fre-

quency can be determined as

1
Tinax ‘

o= (2.27)

In order to realize both proper separation and rapid convergence, two separation frequencies for transient

response and steady-state response can be used.

Interference Between Estimated Periodic and Aperiodic States

The lifted periodic state -, and lifted aperiodic state x,, are defined as low-frequency elements and
high-frequency elements of a lifted periodic/aperiodic state x,, respectively. Although the lifted PASF is
designed based on a low-pass filter, it is impossible to separate the lifted periodic/aperiodic state ideally
because only an ideal low-pass filter can extract low-frequency elements ideally. Consequently, an actual
PASF based on an actual low-pass filter causes interference between the estimated periodic state &, and
estimated aperiodic state &,. The interference can be approximately confirmed as an estimated aperiodic
state of an estimated periodic state &,, and an estimated periodic state of an estimated aperiodic state

Zpa. They can be calculated as

Zap(z71) = [1 = F(z" )| F(zNa(=7Y)
{ Epa(z7") = F(z~H[1 = F(z H]x(z"") (2.28)
and
Zap(27") = Epa(z 7). (2.29)

Fig. 2-6 shows Bode diagram of [1 — F(27!)]F(z~!), which is an interference transfer function from
the state z(z1) to the interferences 2, and #p,. The gain of the transfer function is —5dB at the most;
hence, the interference is usually smaller than estimated periodic and aperiodic states. In addition, the
Bode diagrams indicate that the interferences of p = 0.1 rad/s and p = 1 rad/s are larger than those of
p = 0.01 rad/s and p = 10 rad/s. Fig. 2-7 shows a separation example using p = 1 rad/sif t75 < 20's
and p = 0.01 rad/s if 20 s < ¢T. The inputted signal was

x(t) = sindnTst + v(t) + w(t), (2.30)
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Fig. 2-6: Bode diagram of the interference transfer functions [I — F/(271)]F(271). The fundamental
frequency is wy = 27 /11T = 1 rad/s.

where
if 5. < . ‘ < ‘
u(t) = 1 1f500§_tT5<50150r2OOOs_tTS<2001s 231
0 otherwise
N(0, 0.1) if10s <tTy < 13s0r25s < tTy < 28
wit) ~ { N(0, 0)  otherwise . (2.32)

The PASF converged between O s and 5 s. The separation example shows that the interference was
smaller than the estimated periodic and aperiodic states. Furthermore, the interference of p = 0.01 rad/s
(5 s — 20 s) was smaller than that of p = 1 rad/s (20 s — 30 s) consistent with the suggestion from the
Bode diagram in Fig. 2-6. Therefore, the small interference may be typically ignorable. However, it

should be noted that the interference can not be eliminated without using an ideal low-pass filter.

2.2.3 Separation Examples

Separation of Single Sine Wave

Different separation characteristics using the different separation frequencies p = 10 rad/s, p =
1rad/s, p = 0.1 rad/s, and p = 0.01 rad/s were verified through separation examples using a sine
wave, as shown in Fig 2-8. The initial separation frequency was set to 1 for fast convergence of the PASF

int < 5 s. The original signal shown in Fig. 2-8(a) was

2(t) = sindrTyt + v(t) + w(t), (2.33)
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Fig. 2-7:
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(d) Estimated aperiodic state Z .

p=1rad/sif tTg < 20sand p = 0.01 rad /s if 20 s < 7.

where

(t) B 1 if10.125s < ¢T3 < 10.135s
YW= 0 otherwise

w(t)w{ N(0, 0.1) if15s <tTy < 17s .

N(0, 0)  otherwise

The separation frequencies are

(2.34)

(2.35)
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In the case of the largest separation frequency p = 10 rad/s, the periodic signal was much affected by
the pseudo impulse signal v(¢) in 10.125 s < tTy < 10.135 s and by the pseudo white noise w(t) in
15 s < tTy < 17 s. In the case of the smallest separation frequency p = 0.01 rad/s, the sine wave
sin 47t was accurately extracted as the periodic state. Thus, the time range, in which the effects remain

after the pseudo impulse signal and pseudo white noise, increases as the separation frequency increases.
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Fig. 2-8: Estimated periodic states &, of four separation examples using the first-order PASF with varia-
tions in the separation frequency p. The input signal is (2.33).
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(b) First-order PASF in (2.21).

Fig. 2-9: Separation example of the multiple sine waves in (2.36) using the first-order PASF.

Separation of Multiple Sine Waves

The first-order PASF was compared with low-pass and high-pass filters, band-pass and band-stop

filters, and comb filters through separation of multiple sine waves. The original signal shown in Fig. 2-

9(a) was

where

10
z(t) =) 0.1sin(4miTit) + v(t) + w(t),
=1

o(t) = 1 if10.00s < tT; < 10.01s

| 0 otherwise

wit) ~ N0 00) i 155 < T <175
N(0, 0)  otherwise '

The low-pass and high-pass filters were

Ty + pTsz=t
(uTs +2) + (uTs — 2)z71
HPF(z ') =1 - LPF(z7 1),

LPF(z7!) =

(2.36)

(2.37)

(2.38)

(2.39)

(2.40)
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the band-pass and band-stop filters were

2uTy(1 — 271)
(WBT2 +2uTs +4) + 2(wW3T2 — 4)27 1 + (WBT2 — 2Ty + 4) 22
BSF(z7') =1 - BPF(z}), (2.42)

BPF(z!) =

(2.41)

and the comb filter proposed by [13] extracted an aperiodic signal and its complementary filter extracted
a periodic signal. u of the low-pass filter and that of the band-pass filter are cutoff frequency and design
frequency, respectively. The separation results using the first-order PASF are shown in Fig. 2-9(b), and
the separation results using the classical filters are shown in Fig. 2-10. The low-pass and high-pass filters
only separated the original signal into the low-frequency and high-frequency waves, respectively, and the
band-pass and band-stop filters separated it into the sine wave and the others, respectively. Consequently,
they were impossible to extract the periodic signal, which includes a fundamental wave and harmonics.
The comb filter could extract the periodic signal, but the extracted periodic signal was much affected
by the pseudo impulse signal v(¢) and pseudo white noise w(t). Only the first-order PASF achieved to
separate the original signal into the periodic signal Z}gl 0.1sin(4millt) and the aperiodic signals v(t)

and w(t).
2.3 Frequency Estimation

2.3.1 Frequency Estimator

This study developed a frequency estimator to estimate a fundamental frequency wq of a periodic state

Tp in a periodic/aperiodic state. Firstly, the band-pass filter:

29, Ts(1 — 271)

BPF(="", d0) = (WBT2 + 2guTs +4) + 2(03T2 — 4)2~ 1 + (Q2T2 — 29, Ts + 4)272 | (2.43)
is used to extract a fundamental wave x{,w from the periodic state xp, including harmonics as
i = BPFuy, (2.44)
where
wf)“’ = ay cos (woTst) + by sin (woTst) (2.45)

according to (2.3). :f:f)w denotes the estimated fundamental wave of the periodic state x,. The design

frequency gy, governs the bandwidth, as shown in Fig. 2-11. Since the role of the band-pass filter is to
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(a) Low-pass filter and high-pass filter in (2.39) and (2.40)
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(c) Comb filter in [13].

Fig. 2-10: Separation examples of the multiple sine waves in (2.36) using the classical filters.

extract the fundamental wave, the parameter g;, needs to be small when amplitudes of harmonics of the

periodic state are much larger that of the fundamental wave. The estimated fundamental wave m}f)w is
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10
Frequency [rad/s]

Fig. 2-11: Bode diagram of the band-pass filters with variations in gy.
wo = 100 rad/s and Ty = 0.1 ms.

inputted into an adaptive notch filter:

A(t) = a(t)é(t) + B(t)

a(t) = —ri(t — 1) + 2 (t — 1)

B(t) = —r®i(t — 2) + &5 (t) + 2 (t — 2)
£(t) = =2 cos[Tuo (1)),

The other parameters are

(2.46)
(2.47)
(2.48)
(2.49)

where 7)(t), £(t), r, and @(t) denote the output, adaptive variable, notch parameter, and fundamental

frequency estimated by the adaptive notch filter, respectively. The notch parameter r variesin 0 < r < 1

and governs the bandwidth of the gain, as shown in Fig. 2-12. The adaptive variable £ (t) is modified by

the adaptive algorithm:

_ P(h—1)a(h)
90 = 3P = D)
e(h) = 0~ i(h)
() = &(h — 1) + glh)e(h)
P(R) = 5 [P(h 1) ~ g(R)a(m)P(h ~ 1]

(2.50)
2.51)
(2.52)
(2.53)

h is the discrete-time using the sampling time 7},, which is a slower sampling time than 7 as

Th = HTS

0< k.

(2.54)
(2.55)
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Fig. 2-12: Bode diagram of the notch filters with variations in r. The other parameters are
¢ = —2cos(1007%) and Ty = 0.1 ms.
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Fig. 2-13: Convergence of the notch filters with variations in the notch parameter 7.

The aim of the adaptive notch filter is to estimate an unknown band-stop frequency of an unknown notch
filter that eliminates the fundamental wave. To calculate the error in (2.51), the steady-state output of the
unknown notch filter: (k) = 0 is used. However, as shown in Fig. 2-13, a notch filter needs a transient
response for the convergence. Thus, the adaptive algorithm is calculated under another sampling h,
that is slower than ¢, to calculate e = n — 77 = 0 — 7 using steady-state output of the adaptive notch
filter. Derivation of the adaptive algorithm is shown in Section 2.3.2. The fundamental frequency @y (%)

estimated by the adaptive notch filter is calculated from the estimated adaptive variable f (t) as

Qo(t) = % cos H—0.5¢()]. (2.56)

s

Then, the frequency is inputted into a low-pass filter because wy(¢) is usually oscillate

wo = LPFwy, (2.57)
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Fig. 2-14: Calculation flow of the frequency estimator.

where

_ gTs + gTszi1
LPF(z"1) = ) 2.
S % Iy 7 g e (2:38)

Finally, wy () is the estimated fundamental frequency. An initial frequency for the estimated fundamental
frequency needs to use a frequency closer to the fundamental frequency than those of harmonics to avoid
convergence at a harmonic frequency. The estimated fundamental frequency is used by the band-pass

filter BPF (21, &) in (2.43). An estimated period is calculated by the estimated fundamental frequency

as
A 2
Il = w(:; (2.59)
Overview of the frequency estimator is shown in Fig. 2-14.
2.3.2 Adaptive Algorithm
The ideal notch filter that eliminates the fundamental wave :i;f;v is defined as
0=n(n) = a(n)é + (n) —w(n), (2.60)
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where w(n) is the effect of extraction errors at the band-pass filter in (2.43). The adaptive algorithm

estimates the ideal adaptive variable £(h). The error of the adaptive algorithm is calculated by (2.51) as

a difference between the ideal output 7 = 0 and the output of the notch filter 7

where
i(h) = a(R)é(h — 1) + B(h).
The adaptive algorithm is based on the cost function for a recursive-least-square algorithm:
h ~
J(h) =Y A e(n)]” + 6N [E(h))?
n=1

IE PR

0<é

(2.61)

(2.62)

(2.63)

(2.64)
(2.65)

according to [103]. A and ¢ denote the forgetting factor and the regularization parameter, respectively.

The algorithm for the adaptive variable é (h) is obtained in accordance with the minimization of the cost

function in (2.63) with respect to 13 (h). Using the transformed cost function:

A" [e(n)]? + SNE ()]

e

J(h) =

3
Il
,_.

N (t) — a(t)E() — B + NE R,

I
M=

3
I
—

the condition, which satisfies the minimization of the cost function in (2.63), is calculated as

aJ(h)

=0
0¢(h)

h
=2 Z A= a(n)[n(n) — a(n)é(R) — B(n)] + 26M"E(h).
n=1

Using

1
S Ana2(n) 4+ AR

P(h) =

(2.66)

(2.67)

(2.68)
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250 _
9¢(h)

the £(h) satisfying 0 is calculated from (2.67) as follows

h
0=-2) Na(n)ln(n) — a(n)é(h) — B(n)] + 20X"E(h)
n=1

h h
23 Nt (m)é(h) + 20\ (h) =23 N a(m)n(n) - ()]
n=1 n=1

h

h
[Z NP (n) + A" E(h) = Y A a(n)In(n) — B(n)]
n=1 n=1

h

£(h) = P(h) Zl N =ra(n)n(n) = B(n))-
From (2.68), the recursive P~1(h) is
P h) = AP YHh—1) + *(h),
and P~Y(h — 1) is
P~ Y(h—1)=X"P7L(h) — o?(n)].
(2.72) is further transformed into a recursive equation as follows
E(h) = P(h) i A" a(n)[n(n) — B(n)]

h—1
= P(h) Y _ N "a(n)[n(n) — B(n)] + P(h)a(h)[n(h) — B(h)]
n=1

h—1
= P(MAY_ A" a(n)[n(n) = B(n)] + P(h)a(h)ln(h) - B(h)]

(2.69)

(2.70)

2.71)

(2.72)

(2.73)

(2.74)

h—1
= P(MAP™ (h=1)P(h = 1) Y A" ""a(n)[n(n) — B(n)] + P(h)a(h)n(h) — B(h)]
n=1

= P(MAP™ (h = D)é(h — 1) + P(h)a(h)[n(h) — B(h)]
= P(MMT [P (h) = &P (R)E(h = 1) + P(R)a(h)[n(h) — B(h)]

(2.75)
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The calculation of £(h) for the algorithm is obtained as

£(h) = &(h— 1) + g(h)e(h), (2.76)
with the gain g(h):

g(h) = P(h)a(h) (2.77)

g(h) P(h = 1)a(h) (2.78)

T A+ P(h—1)a2(h)

From (2.73), P(h) is further rewritten into

1
P(h) = AP~1(h—1) + a2(h)
_ P(h-1)
X+ P(h—1)a2(h)
1 A
= 3T P( - Dyaz(ny
_ L[, P(h—Da(h) o) Plh—1)

A A+ P(h—1)a%(h)
= 111 - g(ha(h) P(h—1)

[P(h — 1) — g(h)a(h)P(h — 1)]. (2.79)

> =

The adaptive algorithm was thus obtained. A calculation flow of the adaptive notch filter is shown in

Fig. 2-15.

2.3.3 Convergence of Adaptive Algorithm

This subsection evaluates convergence of the adaptive algorithm under a stationary environment that

assumes a unity forgetting factor A = 1. Existence of the estimated fundamental wave is assumed as
N (t) # 0. (2.80)
In addition, this evaluation assumes
()] < |2 (®)], (2.81)

because the steady-state output 7j(h) of the notch filter is smaller than the estimated fundamental wave

:i:g"(t) according to Fig. 2-12. Moreover, 7 is designed in 0 < r < 1. The evaluation firstly considers
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Unknown notch filter

v(t)
n(t) = a(t)é(t) + B(t) —w(t) A
M =01 o) = —rm(t — 1) + 2 (t 1) —llx
B(t) = —r’n(t —2) + &b (¢) + &b (¢ — 2)
e(t) N
—o" N&() Adaptive notch filter
() = a(t)S(t) + B(t)
L a(t)=—rij(t—1)+ a5 (t—1)
n(t)
B(t) = —r®i(t — 2) + &7 () + 257 (t — 2)
B O [ alt, ... \ _________________
Sampler Holder
}

P(h —1)a(h)

90 = T PH = Dz ()

Eh) = E(h — 1) + g(R)e(n)

P(R) = {[P(h—1) = g(h)a(h) P(h — 1)]
{Adaptive algorithm | _Holder |
(1)
o(t) = J{Scos_l[—o 5¢(t)]
1@0(75)

Fig. 2-15: Calculation flow of the adaptive notch filter.

convergence of 1/ [22:1 a?(n)] as

o Zn:l «Q (n)

1

= lim .
hvoo S [—rij(n — 1) + 28 (n — 1)]2

According to (2.81), rij(n — 1) and @f,w(n — 1) are not equal and provide

0<

[—rij(n — 1) + &5 (n — 1)]%.

(2.82)

(2.83)
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This derives the convergence of (2.82) as

= lim = L = 0. (2.84)
W S () W S rin— 1) a(n = DP
According to (2.84) and (2.65), P(h) converges at zero
1
lim P(h) = lim =0. (2.85)
h—00 h=oo S a2(n) 46
Also, the gain g(h) in (2.77) becomes zero
lim g(h) = lim P(h)a(h) =0, (2.86)
h—o00 h— o0
and the estimated adaptive variable calculated by (2.76) becomes
(h) =&(h—1). (2.87)

In conclusion, P(h), g(h), and £(h) are convergent.

Next, the estimation accuracy is discussed. Although the band-pass filter in (2.43) extracts a fun-
damental wave of a periodic state z, the extraction errors v(h) deteriorates accuracy of the adaptive
variable estimation. Usually, the extraction errors v(h) include harmonics and aperiodic disturbances,

and the error affects the output of the unknown notch filter in (2.60) as
w(k) =[—rw(k —1) +v(k — 1)]¢ = *w(k — 2) + v(k) + v(k — 2). (2.88)

By substituting 1 for the forgetting factor A, (2.71) is transformed into

Yoy ) ln(n) — B(m)]

S TR

(2.89)

This is further transformed as follows
sy _ Somer a(m)[a(n)é + B(n) — w(n) — B(n)]
= Y1 @ (n) +6
_ Yo am)a(n)é — w(n)]
Yono1a?(n) + 6
ZZ 1 a’(n) ZZ  (n)

- Z'ﬁ:;ﬂ(n) +4 £ EﬁzlzZ(n) n 5w(”>- (2.90)

A h
In order to let £(h) converge to the true value £(h), Z%:":l 3(2 (;LJ)F 5 and é" L a(y?u))ﬁ:? need to be 1 and 0,
n=1 "1 n=1%

respectively. The regularization parameter ¢ adjusts them in the tradeoff: a small J sets the first term to 1

and a large ¢ reduces the influence of w(n). Alternatively, modification of the band-pass filter in (2.43)

can directly reduce amplitude of w(n).
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Frequency [rad/s]

Time Tt [s]

(&3]

Fig. 2-16: Step frequency estimations for the frequency-varying sine wave in (2.91) with variations in
r. The standard parameters are wy(0) = 100 rad/s, K = 10, A = 0.999, § = 1000, g = 1000 rad/s,

g» = 1000 rad/s, and Ty = 0.1 ms.
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Fig. 2-17: Step frequency estimations for the frequency-varying sine wave in (2.91) with variations in
k. The standard parameters are wy(0) = 100 rad/s, r = 0.7, A = 0.999, 6 = 1000, g = 1000 rad/s,

g» = 1000 rad/s, and Ty = 0.1 ms.
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Fig. 2-18: Step frequency estimations for the frequency-varying sine wave in (2.91) with variations in
A. The standard parameters are wy(0) = 100 rad/s, r = 0.7, K = 10, 6 = 1000, g = 1000 rad/s,

g» = 1000 rad/s, and Ty = 0.1 ms.

2.3.4 Frequency-Estimation Examples

The frequency estimator has the six design parameters: r, s, A, J, g, and g,. The effects of the

variations in the parameters on the frequency estimation are shown with examples.
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Fig. 2-19: Step frequency estimations for the frequency-varying sine wave in (2.91) with variations in
0. The standard parameters are wy(0) = 100 rad/s, r = 0.7, K = 10, A = 0.999, g = 1000 rad/s,
g» = 1000 rad/s, and Ty = 0.1 ms.
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Fig. 2-20: Step frequency estimations for the frequency-varying sine wave in (2.91) with variations
in g. The standard parameters are wy(0) = 100 rad/s, r = 0.7, k = 10, A = 0.999, § = 1000,
g» = 1000 rad/s, and Ty = 0.1 ms.
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Fig. 2-21: Step frequency estimations for the frequency-varying sine wave in (2.91) with variations in
9. The standard parameters are @p(0) = 100 rad/s, r = 0.7, Kk = 10, A = 0.999, § = 1000,
g = 1000 rad/s, and Ty = 0.1 ms.

First, the frequency estimator is used to estimate a fundamental frequency of the frequency-varying
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Fig. 2-22: Step frequency estimations for a periodic state including harmonics in (2.92). The other
parameters are wy(0) = 100 rad/s, r = 0.7, k = 10, A = 0.999, § = 1000, and T = 0.1 ms.

sine wave:

(1) :{ sin(1007st) Tst < 3's (2.91)

sin(11074t) 3 s < Tyt
Fig. 2-16 shows the oscillate response and slow convergence when the notch parameter r is large and
small, respectively. Using r and Fig. 2-13, the multi-rate ratio x can be determined to wait for the
convergence of the notch filter. According to Fig. 2-17, a very small « induces an oscillating response.
The forgetting factor X is typically selected as a positive value close to, but less than, unity. A small
A deteriorates the transient response, as shown in Fig. 2-18. A small J realizes high-speed response
and a large J smooths the estimated frequency, as shown in Fig. 2-19. In Figs. 2-20 and 2-21, the cutoff
frequency g of the low-pass filter suppresses oscillations of the estimated fundamental frequency, and the
design frequency gy, of the band-pass filter changes the transient response. However, the two parameters
should be designed in accordance with the example of the fundamental-frequency estimation from a
periodic disturbance including harmonics.
Next, the frequency estimator is used to estimate a fundamental frequency of the frequency-varying
multiple sine waves:

n=1

S0 sin(n100Tut) Tit < 3's
t) = 2.92
z(t) { S0 sin(nl1073t) 3s < Tyt (252)

including ten harmonics. Fig. 2-22 shows the estimation results using five combinations of g and gy,.
The cutoff frequency g and design frequency g, modify the oscillations and steady-state offset caused
by the harmonics, respectively. The cutoff frequencies g and gy, are determined with consideration of the

characteristics and the convergence time.
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2.4 Summary

In Section 2.2, the periodic/aperiodic state was transformed using the lifting technique into the lifted
periodic/aperiodic state, in which a constant element was defined as the lifted perfect periodic state. The
low-frequency elements were defined as the lifted periodic state, and the high-frequency elements were
defined as the lifted aperiodic state. A boundary frequency between the lifted periodic and aperiodic
states is called the separation frequency. Based on the definitions, the lifted PASF that separates the
lifted periodic/aperiodic state into the lifted periodic and aperiodic states was constructed, and the inverse
lifting derived the PASF that separates the periodic/aperiodic state into the periodic and aperiodic states.
As a design example of the PASF, this section showed the first-order PASF. Then, the design of the
separation frequency and interference of the first-order PASF were discussed. Finally, the separation
examples using a sine wave validated the effect of the separation frequency, and the separation examples
using multiple sine waves compared the first-order PASF with classical filters.

In Section 2.3, the frequency estimator was constructed based on an adaptive notch filter. The band-
pass filter was used to extract a fundamental wave from a periodic/aperiodic state. Then, the adaptive
notch filter estimates a fundamental frequency of the fundamental wave, and the low-pass filter attenu-
ates oscillation of the estimated fundamental wave. The adaptive algorithm for the adaptive notch filter
was derived in accordance with the minimization of square estimation error, and its convergence was
analyzed. Finally, the frequency-estimation examples were shown with variations in six design param-
eters. Although the frequency estimator can be used for acquiring an unknown frequency for the PASFE,
this dissertation discusses the PASF without the frequency estimator. This is because the PASF is linear
despite the nonlinear frequency estimator. In order to analyze the PASF under the linearity, the period

used by the PASF is assumed to be constant or be given by a steady-state frequency estimator.
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Periodic/Aperiodic State Control

3.1 Outline

Chapter 3 focuses on periodicity and aperiodicity of state control.

Section 3.2 constructs periodic/aperiodic state feedback control for the periodic/aperiodic state by us-
ing the PASF. Subsection 3.2.1 describes the structure of the periodic/aperiodic state feedback control
based on the PASF. Then, a separation principle and design proposition for the periodic/aperiodic state
feedback control are proved as Theorem 1 and Proposition 1, respectively in Subsection 3.2.2. The sepa-
ration principle and proposition guarantee the simplified design of the periodic/aperiodic state feedback
control.

Section 3.3 constructs periodic/aperiodic motion control by developing the periodic/aperiodic state
feedback control into motion control framework. Subsection 3.3.1 designs an ACS using a DOB for
disturbance compensation, and Subsection 3.3.2 constructs six periodic/aperiodic motion controls by
assigning velocity, force, and impedance controls to periodic and aperiodic motions upon the ACS. Sub-
section 3.3.3 shows experiments that validated practical performance of the six periodic/aperiodic motion

controls.
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3.2 Separated Periodic/Aperiodic State Feedback Control
3.2.1 Control System

Consider the discrete-time linear time-invariant system
3.
where

z(t) e R, y(t) e R™, u(t) e R, A e R™" BeR"P C e R™" DeR™P, (3.2)

x(t) is the state variable, y(t) is the output, and w(t) is the input. A, B, C, and D are the system

matrices. The system is assumed to be controllable and observable. A state observer
+ Du(t) (3.3)
T

is used to estimate the state of the system, where e(t) and L € R™ ™ are the estimation error and
observation gain, respectively. The PASF is used to extract estimated periodic state &, (¢) and estimated

aperiodic states &, (t) from the estimated state &(¢) as
£) = S [ (t — T — ilD) + g (t — i10)]
Lp(t) : (3.4)

where €(k) is the separation error. The control input is calculated by using the estimated periodic and

aperiodic states as

w(t) = up(t) + ua(t), (3.5)

where
up(t) = —Fpozp(t) (3.6)
Us(t) = —Fo&,(t). 3.7

up(t), ua(t), F, € RP*", and F, € RP*" are the periodic input, aperiodic input, periodic feedback
gain, and aperiodic feedback gain, respectively. A block diagram of the periodic/aperiodic state feedback

control is shown in Fig. 3-1.
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Fig. 3-1: Block diagram of the periodic/aperiodic state feedback control.

3.2.2 Separated Stabilities

Preliminaries

A lifted periodic/aperiodic state feedback control system is calculated as preliminaries using (2.5).

The lifted linear discrete-time system is

x.(k+1) = Az, (k) + Bu, (k) 3.8)

yr(k) = Cx.(k) + Du,(k) ’ '

where
=ykll+71) € R™ 3.9
u(kIl 4 1)
w(kIl 4+ 7+ 1) -
€ RP (3.10)
w(kll 47 T 1)

A= Al e R (3.11)
B=[ A-'B AU—2B ... B]eR™PI (3.12)
C=CecR™™" (3.13)
D=[D 0 --- 0]eR™?I (3.14)

The lifted state observer is

{ & (k+1) = Ad (k) + Bur(k) + L{n. (k) — 0. (k)}
9r(k) = Ci, (k) + Du. (k) : (3.15)
e(k) =z, (k) —x.(k) e R"
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where
y- (k)
e (k) = y”f(k) e R (3.16)
yT+H'—1(k)
L=[] A" A"-2f ... L[]eRr™m (3.17)
The lifted PASF is

Zrp(k) = S0 iy (k — 1 — 4) + qior (k — )]
— &rp(k) : (3.18)

and the lifted separation error €. (k) is expressed as

[ e (k—1+1)
: e R™ (3.19)

€(k—1)

er (k)

& (k)

(ke
¢ +:1( )| ¢ gon (3.20)

i £T+H.—1(k)

Assumption 1 is set to prove Theorem 1.

Assumption 1. The PASF ideally separates the estimated state &(¢) into the separated periodic state

Zp(t) and separated aperiodic state &, (t) as

(1) = 020 [pidep (t — T1 — 410) + g (t — i11))]
{ Za(t) = &(¢) 0—]:91313 t) ! ; (3.21)

if the initial lifted separation error €(0) is zero.
Separation Principle

The separation principle for the periodic/aperiodic state feedback control is established.

Theorem 1. The pole placement of the lifted periodic/aperiodic state feedback control system is equal
to the independent pole placements of the closed-loop dynamics: (A—B Fp)H for the lifted periodic state
x,p(k), (A— BF,)! for the lifted aperiodic state Z,,(k), (A — LC)™ for the lifted periodic estimation
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error e, (k) and lifted aperiodic estimation error e,,(k), and P for the lifted periodic separation error

E-p(k) and lifted aperiodic separation error 2, (k).

Proof. First, closed-loop dynamics of the PASF are considered with the lifted separation error €, (k) in
(3.18). According to the separation of the lifted PASF in (3.18) and the ideal separation in (3.21) without

the lifted separation error, the dynamics of the lifted separation error are calculated as follows

€r(k) = Trp(k) — T7p(k)
-1 -1
= Ipidrp(k = 1= i) + qir(k — 0)] = D [pirp(k — 1 — i) + gy (k — 4)]
i=0 1=0
-1
=Y pie(k—1—1). (3.22)
i=0
(3.22) is rewritten as
& (k+1) = P& (k), (3.23)
where
[0 I 0 0 ]
P=| o ... o 1 o |ertm (3.24)
0 e 0 0 I
L pi—1 L prol -+ pil pol |
Moreover, (3.23) is transformed into
E-(k+1) = PE,(k), (3.25)
where
P 0 0
0 . T Al xnlll
P = _ eR . (3.26)
: P o0
O ... 0 P

(3.25) is transformed by the discrete-time Fourier transform and definition in (2.8) into

(3.27)

= | FlEpk+D)], fw<p [ FIPE,K)], ifw<p
ﬂ“f(k“)]_{ FEm(k+1)], ifp<w )| FIPEW(k)], ifp<w
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The inverse discrete-time Fourier transform of (3.27) derives

{ 2ok +1) = PEp(k)

Era(k +1) = PEra(k) (3.28)

Next, closed-loop dynamics of the lifted estimation error e, (k) of the lifted state observer in (3.15)

are considered. Dynamics of the estimation error e(t) are calculated using (3.1) and (3.3) as follows
e(t+1)=x(t+1)—x(t+1)
— Ax(t) + Bu(t) — A#(t) - Bul(t) - L{y(t) - §(t)}
= Ae(t) — L{y(t) —9(t)}

= (A — LC)e(t). (3.29)

Then, dynamics of the lifted estimation error e, (k) are

er+1(k) = (A — LC)er(k), (3.30)
and
e ri(k) = (A — LC)e (k). (3.31)
i satisfies
0<i<IL (3.32)

e-+i(k) is transformed by the discrete-time Fourier transform and definition in (2.8) into

(3.33)

Flervi(k)] = { Fleqtiplk)l, fw<p _ { FI(A—-LC)ep(k)], ifw<p

Fleqrialk)], ifp<w Fl(A—-LC)en(k)], ifp<w ’

The inverse discrete-time Fourier transform of (3.33) derives the dynamics of the lifted periodic estima-

tion error e(,), (k) and lifted aperiodic estimation error e(, 1), (k) as

e(rtip(k) = (A — LC)'erp(k)
{ 6(<T;)>a(k) =(A-— LC)ieTz(k) : (3.34)
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In addition, the lifted estimation error e (k + 1) can be calculated using (3.8) and (3.15) as follows

er(k+1) =a (k+1) — &, (k+1)

= Az, (k) + Bu, (k) — A, (k) — Bu.(k) — L{n, (k) — 0. (k)}

II-1
= Ale (k) - Y A" LCe (k)
=0
-1 ‘ ‘
= Alle (k)= > AT 'LC(A - LC)'e(k)
=0
= (A - LC)"e, (k). (3.35)

The discrete-time Fourier transform and definitions in (2.8) and the inverse discrete-time Fourier trans-

form lead to

[ Flenpk+1)], fw<p [ (A-LC) Flep(k)], ifw<
Flelk+1)]= { Fleatk + 1, ifp<o = { (A~ LOPFlenh)], itp<i O
and
erp(k+1) = (A = LC)lle (k)
{ era(k+1) = (A~ LC)"er. (k) (337

Finally, the closed-loop dynamics of the periodic and aperiodic states are considered. From the defi-

nitions of the errors:

e(t) = dp(t) — Fp(t) (3.38)
e(t) = z(t) — &(t), (3.39)

Tp(t) = xp(t) —ep(t) — €(t) (3.40)
o (t) = @, (t) — ea(t) + €(t). (3.41)
The control input in (3.5) with (3.6), (3.7), (3.40), and (3.41) expresses the state (¢ + 1) of the system

in (3.1) as

z(t+1) =(A — BF,)x,(t) + (A — BF,)x,(t)

+ BF,{ey(t) + €(t)} + BF,{e,(t) — €(t)}, (3.42)
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and the lifted state - (k) becomes

2ri1(k) =(A — BF)@rp(k) + (A — BE,)zro(k)

+ BFy{e,(t) + e (1)} + BFu{ena(t) - &()}.

(3.43) is transformed by the discrete-time Fourier transform and definitions in (2.8) as

f[w(T—l—l)p(k + 1)]7 fw<p

,7:[513(7_;_1)(]{: +1)] = { -F[w(r—‘,-l)a(k +1)], ifp<w

_ { (A = BF,)Flzr (k)] + BE,Flerp(t)] + B(Fp — Fa) Flerp(t)], ifw <p
| (A= BEF,)F[z:(k)] + BFE,Flesa(t)] + B(F, — Fy)Flera(t)], ifp<w

and inverse discrete-time Fourier transform provides

[l )= (4= Bjant)+ Blen() + B~ Rjenlt
Z(rp1)a(k+1) = (A — BF,)x (k) + BF,e.a(t) + B(F, — Fa)era(t)

(3.43)

(3.44)

(3.45)

T (74i)p(k + 1) and (1), (k + 1) can be calculated using @, 1), (k + 1) and (7 41y (k + 1) as

~.
I
—

x(7+i)p(k) =(A- BFp)inp(k) + (A - BFp)FlijBFp(A - LC)jeTp(k)

+ (A - BFp)i_l_jB(Fp - Fa>€(7+j)p(k)

=,
= o

<
Il

|
—

)

T(riiya(k) = (A= BF,)'z.(k) + » (A— BF,)" " 7BF.,(A— LC) e (k)

.S
Il
= o

+) (A—BF,) "/B(F, — F.)e(rj(k).

<.
o

They can be simplified as

{ m(T+i)p(k) =(A- BFp)ipr(k) + MipBi]:ipNieTp(k) + MipBi(Fip — Fia) RiErp(k)

m(T—&-i)a(kj) = (A - BFa)im‘ra(k') + MiaBi-’F'iaNieTa(k’) + MiaBi(j:ip - Tia)R

where
B 0 0
5 0o .. .. Jp—
.. B 0
0 0 B

-
1=—ITa

(3.46)

(3.47)

(k)

(3.48)

(3.49)
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F, 0 0
Fip = e S
: . F, 0
0 0 F,
[ F, © 0
Fa=| " | emein
. . F, 0
o 0 F,
[ I
(A—LC) .
Ni: ) eRann
| (A-Lo) !
M, =[ (A-BF,)""! ... (A-BF,) I]eR"™™
M =[ (A-BF,)"! ... (A-BF,) I]eR"™
R=[0 0 I]eRr™
R 0 0 0 0
R, = 0 R o c Rm’xnll_[
. .0t o0
O --- 0 RO --- 0

Bo=Fop=Foa=No=Mg,=Mp,=Rp=0

RE (k) = e (k)

e (k)

RE, (k) = er+1(k)

€rvi—1(k)

(3.50)

(3.51)

(3.52)

(3.53)
(3.54)
(3.55)

(3.56)

(3.57)
(3.58)

(3.59)

From the lifted system in (3.8) and the control input in (3.5) with (3.6), (3.7), (3.10), (3.40), and (3.41),

@, (k + 1) can be calculated as follows

w-(k+1) :Ava(k) + E[qu(k‘) + wra(k)]

Trp(F) Tra (k)
~ _ & ooy (k _ Foripalk
—Az (k) - BFu, | “:)p( D BEL| T i "
Z‘UJ(T-i-l_[—l)p(k) 53(7+H—1)a(k)
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-1

:Avpr(k') + Amfa(k) — Z AH_I_iB[Fp-’i(T—H)p(k) + Fai(T-l-i)a(k)]
=0
II-1 ‘
=Az (k) = > ATV BF@ (), (k)
=0
-1 '
+ Az (k) =Y AV BF®@ . (k)
=0
-1 A
+ Z AH_I_ZB[Fp6(7+i)p(kI) + Fae(7+i)a(k)]
=0
-1 ‘
+ Z AH_I_ZB(Fp - Fa)e(7+i)(k)'
=0

Using (3.20), (3.34), and (3.48), (3.60) is expressed as

II-1

z-(k+1) =A"x (k) - > A" "'BF,(A - BF,)'z(k)
=0
1I-1 4 '
+ Az, (k) - Y A" BF,(A — BF,) x.(k)
1=0
+ B.'F'Hp./\/’n - Z AH_I_ZBFpMipBi.'FZ‘pNi] eTp(k‘)
=1
+ B.’FHaNH — Z AHllBFaMiaBifiaNi] eTa(k)
i=1

+ E(}_Hp — Fia) RuE- (k)
-1 4

— Z AHfl*zBFpMipBi(:Fz‘p - j:ia)RiETp<k)
i=1
II-1 )

> A" BFMuBi(Fip — Fia)RiBra(k).

i=1
Moreover, the equation is simplified into
x (k+1)=(A - BF,)"z,,(k) + (A — BF,)"x,,(k)

+ ®perp (k) + Baera(k) + OB (k) + UE (k)

(3.60)

(3.61)

(3.62)
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where

®, = BF,(N1n—S,) (3.63)
®, = BF, (N1 — Sa) (3.64)
¥, = B(Fup — Fr)Ru — BFmp T (3.65)
U, = B(Fup — Fria)Ru — BFaTa (3.66)
[ 0
M, B F o N
S, = PP e Rxn (3.67)
| Mm-1ypBr1F -1pN -1
[ 0
M B1F 1N -
Sa= _ € RMIxn (3.68)
| Mu—naBar-1) F a-1)aN (1-1)
[ 0
M B {Fi, — Fia}R
T, = wBH{F1, = Fia R e Rrxnll (3.69)
| Ma—ypBr-H{F a-1p — Fa-nat Ra-1)
I 0
T = MuBi{Frp = FroJRa e Rl (3.70)
| Ma—naBa—y{F a-1p — Fa-1a) Ri-1)

Finally, (3.62) is transformed using the discrete-time Fourier transform and definition in (2.8) into

J—"[xT(k—i—l)]_{ Flerp(k+1 ]: if w<p

)
Flerak+1)], ifp<w

_ [ (A= BF )z, (k) + ®pe.p(k) + O B (k), ifw<p 3.71)
(A — BFE) "z (k) + ®uera(k) + o Bra(k), ifp<w ’ :
and
m7'p(k + 1) = (A - BFP)HwTP(k) + q)peTp(k) + lI’pETp(k) (3 72)
Tra(k+1) = (A — BF) Yz (k) + ®aera(k) + CaE (k) '

From (3.28), (3.37), and (3.72), the whole closed-loop dynamics of the lifted periodic/aperiodic state
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feedback control system are

@k +1) ]

Tra(k +1)

erp(k+1) | _

eralk+1) |

E,p(k+1)

Eralk+1) |

(A - BF,)1 0 o, 0 U, 0 7[ xpk) ]
0 (A - BF,)" 0 o, 0 v, xra(k)
0 0 (A—-LO)! 0 0 o erp(k)
0 0 0 (A-LC)" 0 o era(k)
0 0 0 0 P O Ep(k)
0 0 0 0 0 P || Enak) |

(3.73)

The eigenvalues of (3.73) are those of (A — BF,)!l, (A — BF,)"!, (A — LC)", and P because it

is an upper triangular matrix. Therefore, poles of the lifted periodic/aperiodic state feedback control
system can be designed by placing the poles of (A — BF},)!, (A — BE,)!, (A — LC)", and P.
Furthermore, the pole placements of (A — BF,)! for the lifted periodic state z,,(k), (A — BF,)!

for the lifted aperiodic state @, (k), (A — LC)! for the lifted periodic estimation error e, (k) and

lifted aperiodic estimation error e, (k), and P for the lifted periodic separation error =, (k) and lifted

aperiodic separation error 2., (k) are independent.

O

Proposition 1. The closed-loop dynamics in (3.73) are stable when the dynamics A — BF},, A— BF,,
A — LC, and P are stable.

Proof. The eigenvalues of (3.73) are

{Agl,...,Agn}, LA AT O At}

when eigenvalues of A — BF,,, A— BF,, A — LC, and P are

Hence, \

pe’ “taw?

HAH AH

{)\pla ey )\pn}a {)\ala ceey Aan}a {)\017 ey )\on}a {)‘fla o a)‘fnll_[}-

and \g; satisfy

01’

AL <1, (A S LG <1, (Al <1,

(3.74)

(3.75)

(3.76)
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if and only if
Apil <1, ail <1, Al <1, [Ag| < 1 (3.77)

Therefore, the eigenvalues of (3.73) are stable if and only if the eigenvalues of the dynamics: A — BF;,,
A — BF,, A — LC, and P are stable, because the stability condition for a linear discrete-time system
is [A| < 1 for every poles.
O
According to Theorem 1 and Proposition 1, stability of the periodic/aperiodic state feedback control
can be independently designed by A — BF,, A — BF,, A — LC, and P, in which the closed-loop
dynamics: A — BF},, A — BF,, and A — LC have the same structure as the closed-loop dynamics:
A — BF and A— LC of the classical state feedback control system. P determines stability of the PASF.

3.3 Periodic/Aperiodic Motion Control
3.3.1 Acceleration Control System

An ACS based on a DOB is employed to address a tracking issue and disturbance compensation issue
separately. The periodic/aperiodic motion control and the acceleration control handle the tracking issue
and disturbance compensation issue, respectively.

For ACS design, consider the motor system:

v(z"h) = e |1’ (=" H = f(z™h) (3.78)
~1

f(Z_l) — f)e((z’zl))aref(z—l) 4+ feXO(Z—l) (379)

U TH = vz —ny(z7h (3.80)

FUETY = fTh =T, (3.81)

where
_ -1
D(z!) = Tzi - 2_1 (3.82)
Zo(z7h) DB (3.83)
¢ D(z~1)’ ’

v(z ™), v () f (2T, fO ) FOO (2T, Ko ML I(2 7, @ (27 me (27 1) me(271), D(z ),

Zo(z71), D, and K denote the velocity, output velocity, force, output force, exogenous force, thrust
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Fig. 3-2: Block diagram of the ACS.

constant, mass, current, acceleration reference, velocity noise, force noise, discrete differentiator, envi-

ronmental function, viscosity, and stiffness, respectively. A DOB:

1 = Q(z ) [KunI(z7") = MyD(z" o™ (z7)] (3.84)

Q(Z_l) _ gdost + gdostzi1
(.gdost + 2) + (ngbTS - Q)Z_l

(3.85)

is used to eliminate f(z~!) from v(271) in (3.78). Q(z~1), I°™P, ,, and gq.1, denote the Q-filter, com-
pensation current, nominal variable, and cutoff frequency, respectively. The ACS uses the compensation
current as

M,
=21 [Karef + Icmp} . (3.86)
tn

A block diagram of the ACS is shown in Fig. 3-2. The ACS, which compensates for disturbances such as
external force and modeling errors, can be approximately expressed by assuming complete disturbance

elimination as

v(z™) = D(zl_l)aref(z_l) (3.87)
o1
fzh = %((Zl))afe%z‘l) + fo0zh), (3.88)

which is the approximate ACS used to construct and design the periodic/aperiodic motion control.
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Table 3.1: Six control objectives for the six periodic/aperiodic motion controls.

Control Periodic motion Aperiodic motion

PVAF vemd — 5, =0 fomd — f =0

PFAV omd _ =0 vs™ — 6, =0

PVAI vgmd — b, =0 M, o™ + Dyog™ + K, [ og™dt = f,
PIAV M cmd 4 D ,Ucmd 4 K ftf Cmddt fp Ucmd _ @ =0

Cmd £ cmd cmd ty cmd

PFAI o= =0 Myog™ + Dyog™ + Ky [ dt = fa
PIAF M Cmd + D vcmd + K ftf Cmddt fp ;md L= 0

3.3.2 Six Periodic/Aperiodic Motion Controls

Six Control Objectives and Construction
This study defines periodic/aperiodic velocity and periodic/aperiodic force as

v =vp + Vs (3.89)

f:fp+faa (3.90)
where v, va, fp, and f, denote the periodic velocity, aperiodic velocity, periodic force, and aperiodic
force, respectively. Six types of periodic/aperiodic motion control are constructed by designing position,

force, or impedance control for the periodic velocity, aperiodic velocity, periodic force, or aperiodic force

as follows.

e Periodic velocity and aperiodic force (PVAF) control

Periodic force and aperiodic velocity (PFAV) control

Periodic velocity and aperiodic impedance (PVAI) control

Periodic impedance and aperiodic velocity (PIAV) control

Periodic force and aperiodic impedance (PFAI) control
e Periodic impedance and aperiodic force (PIAF) control

Six motion control objectives for the six periodic/aperiodic motion controls are summarized in Table 3.1,
where ©md, M,, Dy, and K, denote a command variable, virtual mass, virtual viscosity, and virtual

stiffness, respectively. Accordingly, this study designs the six periodic/aperiodic motion systems, as
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cmd cmd —
Up / VU, +é

f;md/ f}():md

)

_______

cmd cmd —
Up /Ua +

cmd / ,,cmd
Ua / Up

\J

-+ M,D? 4+ D,D + K,

(b) PVAI/PIAV controls
Ucmd / vcmd
a - K _ﬁSUt/@gut out
v + 1
D, + £} O
f;md/f;md _i 1
+ M,
fout

(c) PFAI/PIAF controls

Fig. 3-3: Block diagrams of the six periodic/aperiodic motion control systems.

shown in the block diagrams in Fig. 3-3. The velocity controls use the proportional and integral velocity

controller:
Cy = Ki/s + Kp, (3.91)

where K1 and Kp denote the integral gain and proportional gain, respectively. The force controls use the

proportional force controller K, and impedance controller realizes virtual mass M., virtual viscosity
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Dy, and virtual stiffness K. Moreover, the first-order PASF in (2.21) and (2.22) separates the output
velocity and force into the estimated periodic velocity ﬁg“, estimated aperiodic velocity 121, estimated

periodic force g“t, and estimated aperiodic force f0U as

@gut(zfl) —_ F(Zfl)uout(zfl)

{ 0271 = [1 — F(z71)Joeut(z71) (3.92)
fgut(z—l) _ F(z—l)fout(z—l)

{ Agut(zfl) — [1 _ F(zfl)]fout(zfl) (3.93)

The input-output periodic/aperiodic transfer functions of the six periodic/aperiodic motion control sys-

tems are calculated as follows

PVAF control:
% = (PplvafF[CV(U;md + fivp) + K (fa = 20 + )] (3.94)
o= (U P)ZICU™ i) 4 57— 5 4 ) (3.95)

PFAV control:
fo= soplfav FZo[Ke(f&™ — & + iugy) + Cy (03 + )] (3.96)
U = @plfav (1 — F)[Ee(fo — & + i) + Cy (05 + )] (3.97)

PVAI control:
% = soplvai FC[H, (o™ 4 vg™ 4 ) = [+ g (3.98)
b= Soplvai (1= F)O[Hy (v + v 4 ny) = f2° + figa] (3.99)

PIAV control:
o = sopliav FCH, (o™ +vg™ 4 ) = [ + ] (3.100)
Ua = SOpliav (1- F)CV[HV(vgmd Foemd o) — fsxo + gy (3.101)

PFAI control:
fo= 9Ol:faiFZe[ omd _ X0 e Zy (v + fiya)] (3.102)
Ua = 903fa1(1 — F)[fgmd — O 4o 4 Zv(vgmd + )] (3.103)
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PIAF control:

where

1

@p — . fF[ZV(’U;md +,,¢va) + ;md _ fexo —I—’I’Lf]
pia

A 1

fa — - f(l . F)Ze[Zv(Ugmd'f'ﬁvp) + ;:md . fexo_’_nf],
pia

H, =MD+ Z,

Ky
ZV :Dv+3

The characteristic equations are as follows

PVAF control:

PFAV control:

PVAI control:

PIAV control:

PFAI control:

PIAF control:

gopvaf(z) =Dz + KfZe + (CV — KfZe)F

Optav(2) = Dz 4+ Cy + (K¢ Ze — Cy)F

Qppvai(«z) = (DZ + CV)HV + CVZe(l — F)

¢piav(2) = (Dz + Cy)Hy + Cy Z F

Opfai(2) = MyDz + Zo + Zy(1 = F)

Opiaf(2) = MyDz + Z + Z,F.

(3.104)

(3.105)

(3.106)
(3.107)

(3.108)

(3.109)

(3.110)

(3.111)

(3.112)

(3.113)

By using Assumption 1 for the periodic velocity vy, aperiodic velocity v,, periodic force f},, and aperi-

odic force f,, the input-output transfer functions in (3.94) — (3.105) become as follows

PVAF control:

. Cy d . -

= pira, B )

Fo_ KfZe cmd £exo ~
o= bt ko7 U A )

(3.114)

(3.115)
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PFAV control:
Fo_ KfZe cmd £exo ~
=5z U bt )
. Cy .
a= Dz + C (Ugmd i)
PVAI control:
. C a4 . -
o= gy U5
CV m ~ ~ CV 1 rex ~
D2+ RC, "t fiva) = D RO, H, e )
PIAV control:
Cy emd N N Cy 1 fexo _ o
Drr ko, T ) =t = e (e )
) C md -
g )
PFAI control:
.« Z. fex R
LT e AL
Zo (v 4 fiye) — RHy 0 = (f° — figa)
PIAF control:
Zy (v + fryp) — RHy by = (f&° — fugy)
. 7 . .
b v P A M LY
v e
where
Ze
R=14+ —/.
+ .

(3.116)

(3.117)

(3.118)

(3.119)

(3.120)

(3.121)

(3.122)
(3.123)

(3.124)
(3.125)

(3.126)

The approximate input-output transfer functions based on Assumption 1 in (3.114) — (3.125) are the

same as transfer functions of the classical velocity, force, and impedance controls. Hence, the gain and

impedance parameters: K1, Kp, Kv, My, Dy, and K of the six periodic/aperiodic motion controls can

be designed in a similar manner to the classical velocity, force, and impedance controls.
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Robust Stability

Robust stability of the six periodic/aperiodic motion control systems, which guarantees stability under
various uncertainties, is evaluated through their complementary sensitivity functions. A modeling error

A of the motor system in (3.78) and (3.79) is defined by

Ktn

v(z™h) = (1 +A)MH'D(2*1) +ZeI’ (3.127)
The modeling error A consists of the weighting function W (s) and variation J(s) as
Az =W (z"hHo(z™h, (3.128)
where the variation satisfies
16(zH)]loo < 1. (3.129)

If the periodic/aperiodic motion control system and the modeling error are nominally stable, a robust

stability condition is
W ()T ()]0 < 1 (3.130)

according to the small-gain theorem. Nominal stability of the six periodic/aperiodic motion control sys-
tems can be designed and evaluated by using the characteristic equations in (3.108) — (3.113). Comple-
mentary sensitivity functions 7'(s) of the periodic/aperiodic motion control systems, which are indexes

to evaluate the robust stability, are as follows

PVAF control:
D K¢Z C, - KiZ)F
Tpvaf(z) _ _ C_Ql Z+ K5le +( v f e) (3131)
Dz+ M, (1-Q)Ze + K¢ Ze + (Cy — Kt Zo)F
PFAV control:
D C K¢z, —C,)F
T () = — cgl z+ Cy + (Kt Ze — Cy) (3.132)
Dz+ My, (1-Q)Zc+ Cy + (K¢ Ze — Cy)F
PVAI control:
H,D C,H, +C,Z.,(1 - F
Tpvai(2) = — QI D2+ T O Ll ) (3.133)

[Dz+ My'(1 - Q)Ze + Cy|Hy + Cy Zo(1 — F)
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PIAV control:
HVD CVHV CVZ F
Thiav(2) = — Q_l s + CvZe (3.134)
[Dz+ My (1 —Q)Ze + Cy|Hy + Cy ZF
PFAI control:
M,D o+ Z,(1—F
Toai(2) = — < - 2+ Ze ¥ 2l ) (3.135)
My[Dz+ My (1 - Q)Ze]| + Ze + Zy(1 — F)
PIAF control:
M,Dz + Zo + Z,F
Tyint(2) = — QM. D= + 2 + (3.136)

My[Dz + My (1 — Q) Ze) + Zo + ZyF"
To satisfy the robust stability condition in (3.130), the cutoff frequency g4, of the DOB and control
parameters for the periodic/aperiodic motion controls: Ki, Kp, Kr, My, Dy, and K, can adjust the
complementary sensitivity functions. Figs. 3-4 — 3-9 show Bode diagrams of the complementary sensi-
tivity functions with variations in the environmental parameters: the viscosity D and stiffness K. The
Bode diagrams illustrated that the periodic/aperiodic motion control systems are robustly stable against

usual modeling errors, which occur for high frequencies.

3.3.3 Experiments
Setup

Six experiments were conducted for the proposed six periodic/aperiodic motion controls. A six axes
manipulator: MOTOMAN YR-UPJ3-B00 was used, as shown in Fig. 3-10. Manipulator angle responses
were measured by position encoders and torque responses were estimated by reaction torque observers
(RTOBs). The controlled joints, initial posture, and parameters are summarized in Table 3.2. The sepa-
ration frequency p of the first-order PASF was set to 1.0 if £ < 10 s for fast convergence, and 0.01 oth-
erwise for proper separation. The controllers were implemented using the real-time application interface
for Linux, where the source code for the controllers was written in C++. Each control was implemented
with the ACS in the joint space. The experimental control commands were set as follows

PVAF control:

’Ul‘;md/s = 50[1 — cos(7t)] mm (3.137)

—100 N if36s<t<38s
cmd __ <
= { 0 N otherwise (3.138)
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Fig. 3-4: Bode diagrams of the complementary sensitivity functions of the PVAF control system in
(3.131). The other parameters are M, = 0.3, Ky, = 0.24, K1 = 6400, Kp = 240, Kr = 5, M, = 0.1,
D, =50, Ky =800, p = 1rad/s, and II = 27 s.
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Fig. 3-5: Bode diagrams of the complementary sensitivity functions of the PFAV control system in
(3.132). The other parameters are M, = 0.3, K¢, = 0.24, K1 = 6400, Kp = 240, Ky = 5, M, = 0.1,
D, =50, Ky =800, p = 1rad/s, and II = 27 s.
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Fig. 3-6: Bode diagrams of the complementary sensitivity functions of the PVAI control system in
(3.133). The other parameters are M,, = 0.3, K, = 0.24, K71 = 6400, Kp = 240, Kr = 5, M, = 0.1,
D, =50, Ky =800, p = 1rad/s, and II = 27 s.
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Fig. 3-7: Bode diagrams of the complementary sensitivity functions of the PIAV control system in
(3.134). The other parameters are M, = 0.3, K, = 0.24, K7 = 6400, Kp = 240, Kr = 5, M, = 0.1,
D, =50, K, =800, p = 1rad/s, and II = 27 s.
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Fig. 3-8: Bode diagrams of the complementary sensitivity functions of the PFAI control system in
(3.135). The other parameters are M, = 0.3, K¢, = 0.24, K1 = 6400, Kp = 240, K¢ = 5, M, = 0.1,
D, =50, Ky =800, p = 1rad/s, and II = 27 s.
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Fig. 3-9: Bode diagrams of the complementary sensitivity functions of the PIAF control system in
(3.136). The other parameters are M,, = 0.3, K, = 0.24, K71 = 6400, Kp = 240, Ky = 5, M, = 0.1,
D, =50, Ky =800, p = 1rad/s, and II = 27 s.
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PFAV control:

PVAI control:

PIAV control:

PFAI control:

PIAF control:

;md = 50[1 — cos(mt)] N

emd { 50sin{0.57(t —36)} mm if36s <t <38s
ogmd /s —

0 mm otherwise

v;gld/s = 50[cos(7t) — 1] mm

vgrynd/s = 50sin(7t) mm

v /s = 0 mm
f;’md = 50[1 — cos(mt)] N

cmd —0ON.

a

(3.139)

(3.140)

(3.141)
(3.142)

(3.143)

(3.144)

(3.145)

In the PVAI and PFAI control experiments, an operator contacted the manipulator at approximately 36

s to verify their impedance characteristics. The operator moved the manipulator at all times during

the experiments for the PIAV and PIAF controls. During the experiments on the six periodic/aperiodic

motion controls, the position, force, or impedance control was used if ¢ < 10 s for the convergence of

the PASF. The PVAF and PVAI controls used the position control, PFAV and PFAI controls used the

force control, and PIAV and PIAF controls used the impedance control. The periodic/aperiodic motion

controls were applied otherwise.

Results

In the graphs of the experimental results, the position or force command signals for the impedance

controls were calculated from the force (torque) or position (angle) responses and virtual impedance

parameters in Table 3.2.
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Controlled Joint

S = Controlled Joints ~ *©
- iy

b

Controlled Joints . ¢ ‘ - >
(a) Force control posture. (b) Position control posture. (c) Impedance control posture.

Fig. 3-10: Initial postures of the experimental manipulator.

Table 3.2: Parameters for the periodic/aperiodic motion control experiments.

Description Symbol PVAF PFAV PVAI PIAV PFAI PIAF
Controlled joint 1st 1st 1st, 2nd, 3rd 2nd, 3rd 1st 1st
Initial posture from Fig. 3-10 (a) (a) (b) (c) (a) (a)
Sampling time T [ms] 0.1
Length L [m] 0.26, 0.27, 0.09
Gear ratio G, 192, 120, 80
Torque const. Kin [Nm/A] 0.59, 0.59, 0.238
Inertia Jy [Kgm?] 1.28 1.28 7.3,0.86,0.008 0.86,0.008 1.28 1.28
Period II [s] 2
Separation freq. p [rad/s] 1.0if t < 10 s, 0.01 otherwise

Cutoff frequencies [rad/s]
Pseudo derivative for velocity 1000
RTOB for torque estimation 500 500 100, 100, 100 300, 300 500 500
DOB 500 500 100, 100, 100 300, 300 500 500

Control parameters

Integral gain Ki 6400 6400 400, 400, 400 400, 400 - -
Differential gain Kp 160 240 40, 40, 40 40, 40 - -
Proportional gain Kp 5 2 - - 3 3
Virtual inertia J, [Kgm?] - - 3,2,0.1 2,0.1 0.5 0.5
Virtual viscosity D, [Nms/rad] - - 100, 50, 0.5 50, 5 10 10
Virtual stiffness K [Nm/rad] - - 600, 400, 1 300, 100 1000 1000

e PVAF and PFAV controls

According to Figs. 3-11(b) and 3-12(c), the periodic position tracking and aperiodic force tracking were
realized by the PVAF control, while the aperiodic position and periodic force were not handled by the
PVAF control according to Figs. 3-11(c) and 3-12(b). Conversely, the periodic force and aperiodic

position were controlled by the PFAV control according to Figs. 3-13 and 3-14.
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e PVAI and PIAV controls

Figs. 3-15 — 3-18 show the representative experimental results for the second joint of the manipulator.
The simultaneous realization of the periodic position and aperiodic impedance controls was validated as
Figs. 3-15(b) and (c), and that of the periodic impedance and aperiodic position controls was validated

as Fig. 3-17(b) and (c).
e PFAI and PIAF controls

According to Fig. 3-20(b) and (c), the PFAI control achieved force and impedance controls for periodic
and aperiodic motions. Conversely, the PIAF control achieved periodic impedance control and aperiodic
force control according to Fig. 3-22(b) and (c).

The experiments showed the simultaneous realization of two periodic/aperiodic motion control objec-
tives, and there is a limitation that only one of periodic motion controls and only one of aperiodic motion

controls can be realized.

3.4 Summary

Section 3.2 constructed the periodic/aperiodic state feedback control using the PASFE. Then, the sep-
aration principle for control, observation, and separation of the periodic/aperiodic state was proved in
Theorem 1. Furthermore, this section proved Proposition 1, which indicates that stability of the peri-
odic/aperiodic state feedback control can be designed in a similar way to the classical state feedback
control design.

Section 3.3 expanded the periodic/aperiodic state feedback control into the motion control framework.
The ACS using a DOB was constructed to suppress disturbances that impair the periodic/aperiodic mo-
tion control. Then, the six periodic/aperiodic motion controls that assign position, force, and impedance
controls to periodic motion and aperiodic motion were constructed and analyzed in terms of the input-
output transfer functions and robust stability. The experiments validated the practicality of the six peri-

odic/aperiodic motion controls.
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Fig. 3-11: Experimental position results of the PVAF control.

—67 -



CHAPTER 3 PERIODIC/APERIODIC STATE CONTROL

(b) Periodic force.

------ Command — Aperiodic response —Error

0 1020 30 a0 B0 Tho
Time [s]
(c) Aperiodic force.

Fig. 3-12: Experimental force results of the PVAF control.
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Fig. 3-13: Experimental position results of the PFAV control.
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Fig. 3-14: Experimental force results of the PFAV control.
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Fig. 3-15: Experimental angle results of the PVAI control.
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Fig. 3-16: Experimental torque results of the PVAI control.
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Fig. 3-17: Experimental position results of the PIAV control.
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Fig. 3-18: Experimental force results of the PIAV control.
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Fig. 3-19: Experimental position results of the PFAI control.
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Fig. 3-20: Experimental force results of the PFAI control.
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Fig. 3-21: Experimental position results of the PIAF control.
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Fig. 3-22: Experimental force results of the PIAF control.
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Chapter 4

Periodic/Aperiodic Disturbance
Compensation

4.1 Outline

Chapter 4 focuses on periodicity and aperiodicity of a disturbance.

Section 4.2 describes periodic-disturbance compensation. The PDOB, which estimates and compen-
sates for a periodic disturbance, is constructed for improvement in precision of periodically working
automatic systems in Subsection 4.2.1. Subsection 4.2.2 shows comparative experiments that compared
the PDOB with a DOB and RC using a multi-axis manipulator.

Section 4.3 develops the PDOB to estimate and compensate not only for a periodic disturbance but
also for an aperiodic disturbance because the periodic and aperiodic disturbances typically occur simul-
taneously in practical applications. Subsection 4.3.1 mentions the issue of the PDOB concerning an
aperiodic disturbance. To improve the aperiodic-disturbance suppression performance of the PDOB, the
enhanced PDOB is constructed on the basis of the combination design of the PDOB and DOB in Sub-
section 4.3.2. Experiments that compared the enhanced PDOB with the PDOB and DOB are shown in
Subsection 4.3.3.
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Sample ¢

Fig. 4-1: Conceptual diagram of the periodic disturbance model.

4.2 Periodic-Disturbance Compensation

4.2.1 Periodic-Disturbance Observer

Periodic-Disturbance Model

A periodic disturbance d},(t) is modeled by

dp(t +1I) = dp(t) + dpo(t) 4.1)
i) ={ 9 1L @2)

based on the perfect periodic state in (2.2). The periodic-disturbance model is illustrated by Fig. 4-1 and
is Z transformed into

1

dp(Z_1> = ﬁdpo(z_l). (43)

A PDOB is constructed to compensate for the Z transformed periodic disturbance.
Q-filter

Consider the general DOB shown in Fig. 4-2(a), and the equivalent nominal structure shown in Fig. 4-
2(b) is used to construct the PDOB. 7, y, n, P(z71), P,1(271), and Q,(271) denote the reference,
output, noise, plant, inverse nominal plant, and Q-filter of the PDOB, respectively. The DOB struc-
ture compensates for the periodic disturbance as [1 — Qp(271)271]d, according to Fig. 4-2(b), and the

compensated periodic disturbance is expressed by

_ 1-— Qp(zfl)zfl
11—z

[1—Qp(z~H2"1d, dpo(271). 4.4)

In order to set the compensated periodic disturbance in (4.4) to zero when II < ¢, a control objective for
the Q-filter design is designed as
1-Qp(zh)

= dpo(271) = vdpo(271). 4.5)
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(b) Nominal equivalent structure.

Fig. 4-2: Block diagrams of a DOB.
This is based on
vdpo(t) =0, if IT < ¢, (4.6)
which is caused by
dpo(t) =0, if II <t (G

because of (4.2). ~ is a design parameter that is an integer. In the control objective, z~% of [1 —

Qp(z71)271]d,, is ignored to make the Q-filter causal. The Q-filter of the PDOB is derived from the
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control objective in (4.5) as follows

[1 = Qp(z" Dldpo(z~") = (1 = 27 Mydpo(z7") (4.8)
—Qp(z Nepo(z™1) = (1 = 27 M)ydpo(27") = dpo(=71) (4.9)
—Qp(z ) =(1 -2y -1 (4.10)

Qp(z™hH) =1—7(1 -2, (4.11)

As shown in Fig. 4-2(b), 1 — Qp(zfl)z*1 is a sensitivity function, which is a disturbance suppression

characteristic, and Q,(271)z7!

is a complementary sensitivity function, which is sensitivity for noise
and robust stability. Bode diagrams of the sensitivity and complementary sensitivity functions using the
Q-filter in (4.11) are shown in Fig. 4-3. The sensitivity function 1 — Q,(271)2z~! realizes a high-pass
characteristic and an infinite number of band-stop characteristics, which eliminate a constant element,
fundamental wave, and harmonics of a periodic disturbance. However, the complementary sensitivity
function lacks a low-pass characteristic. Consequently, the stability of the Q-filter is not robust against

modeling errors and is sensitive to noise at high frequencies. To improve the complementary sensitivity

function in the high-frequency range, a low-pass filter g, (z71) is added into the Q-filter in (4.11) as

Qp(z™") =gz H[L —~y(1— 2] (4.12)

This study employs the first-order low-pass filter

1 gpTs + ngsz*1
= 4.13
aw(z7) (9pTs +2) + (gpTs — 2)27 1 (13)

where gy, is the cutoff frequency of the low-pass filter for the PDOB. Bode diagrams of sensitivity and
complementary sensitivity functions using the modified Q-filter in (4.12) are shown in Fig. 4-4. Although
the periodic-disturbance compensation performance deteriorates in the high-frequency range, the gain
of the complementary sensitivity function is attenuated in the high-frequency range. Finally, a block

diagram of the PDOB is shown in Fig. 4-5.

Modified Calculation of Delay

The use of a low-pass filter has a problem that frequencies of the band-stop characteristics are moved

as shown in Fig. 4-6 when the delay II is calculated by

2

II= )
Tiwo

(4.14)
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Fig. 4-3: Bode diagrams of the sensitivity and complementary sensitivity functions of the PDOB without
the low-pass filter g,(271) in (4.13). The parameters are wy = 100 rad/s, v = 0.5, g, = 1000 rad/s,
and Ty = 0.01 ms.

To correct the frequencies, 11 is calculated as

_ 2Ty — wo

II (4.15)
ngpWO’Y
(4.15) can be derived as follows. First, a correct delay 11 is defined as
27
II= 1 4.16
(o) 4.16)
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(b) Complementary sensitivity function Q,(2~1)z71.

Fig. 4-4: Bode diagrams of the sensitivity and complementary sensitivity functions of the PDOB with
the low-pass filter g,(271) in (4.13). The parameters are wy = 100 rad/s, v = 0.5, g, = 1000 rad/s,
and Ty = 0.01 ms.

where o is a small variation satisfying |27o| < 1 caused by the low-pass filter g,(2~') in (4.13). The
variation o decreases as the cutoff frequency g, increases. For the frequency adjustment, an objective

for the sensitivity characteristic at the fundamental frequency wy is set as

1— Qye 70Ty — 0, 4.17)
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L—y(1-2z"1) qp(zl)jg

Fig. 4-5: Block diagram of the PDOB.
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ngpWO’Y _-
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Frequency [rad/s]

Fig. 4-6: Effect of the delay calculation in (4.15) on the frequency change of the sensitivity function
1 — Qp(271)27! around the fundamental frequency, which is caused by the low-pass filter ¢, (27 !) in
(4.13). The parameters are wy = 100 rad/s, v = 0.5, g, = 1000 rad/s, and Ty = 0.01 ms.

where 2! is ignored. By substituting the Q-filter in (4.12) for (4.17) and for ¢y, an approximate

9o +Jw
objective is given as

- =0. (4.18)
Jp + Jwo
Using the approximation of the time delay element
e—jonsH _ e—j27re—j27ra — e—j27r0 ~1— j27TO' (419)

based on (4.16) and |27o| < 1, the objective in (4.18) is further approximated as

J2mgpyo + jwo

- =0, (4.20)
gp + Jwo

and this provides
2mgpyo + wo = 0. (4.21)

The modified delay calculation in (4.15) is derived by solving (4.16) and (4.21) in terms of the delay II.
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Transfer Functions

Six transfer functions of the PDOB from r, d},, and n to y, u, and cfp are

Yy 1 PI%QD(l +A)Z_1
U — PNPDQDZ_l
d ¢ —PNQNAPDZ_l

where the characteristic polynomial is

—P{(Qp —Qnz"H)(1+A) PxOnPo(1+A)z7! r
PnQnPp(14 Azt QnP3z7! dp |,

PNQNPD(l + A) QNP]% n
(4.22)

¢(z7') = PxPp(Qp + QnAz ), (4.23)
and the modeling error and system polynomials are defined by
Pz = (1+A)Ru(27) (4.24)
Py(z7 1 = AN (4.25)
(Z Po(=71)
-1 Ty + g Ty 1—y(1—2"1
( ) (9pTs +2) + (ngs —2)z~
P, denotes the nominal plant. Nominally, the transfer functions become
y 1 PiQpz~"  —Pi(Qp —Qnz7') PxQnPpz7! r
u | = PyPpQpzt PxQnPpzt QP21 dp |, (4.27)
dp ! 0 PyOnPp QnP3 n
where the nominal characteristic polynomial is
¢n(27") = PyPoQp. (4.28)

Nominal Stability

According to the nominal characteristic polynomial in (4.28), nominal stability depends on a numera-

tor polynomial of a nominal plant Py, denominator polynomial of a nominal plant Pp, and denominator

polynomial of the Q-filter:

Qp(z71) =

A pole of Qp = 0 can be calculated as follows

Qp(z"") =
(gpTs +2)z =

(gpTs +2) + (gpTs — 2)27 % (4.29)
(gpTs +2) + (gpTs —2)27 1 =0 (4.30)
—(gpTs — 2) (4.31)
2 — g, 1%
= %. (4.32)
pts
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The numerator of the pole in (4.32) is smaller than the denominator of the pole as

12 = gpTs| < |2+ gpT5| (4.33)
because
0 < gpTs. (4.34)
2—gpTs -
Hence, the pole z = 5 +g§Ts is stable because
2 - ngs

=|——| <1, |2=gpT5 <2 T:l. 4.35
‘ | '2+ngS ) | 9p b’ | + 9 s| ( )

Therefore, the PDOB is nominally stable if and only if a plant does not have unstable zeros and poles.

Optimal Design Parameter

The low-pass filter is set to ¢, (2~ 1) = 1 and the Z-operators z~ ' in 1 —Qp(z~1)2 71 and Q,, (27 1) 271
are ignored to simplify design of y. The design parameter ~ especially affects 1 — Q,, (2 !) and Q,(271)

at the frequencies wyp; and wpo:

Whl = (2%)%, Wha = (2n—|— 1)?, n=0,1,2, ..., (4.36)

as shown in Fig. 4-7. At the frequencies wy,; and wyg, the gains of the functions

11— Qpe %) = ‘2'7 sin <—H2Tsw> ’ (4.37)
Qule ™)) = ‘\/ Lty (= Dsin? (1) @39
become as follows
11— Qp(e 7 T5)| =0 (4.39)
|1—-Qp«f4“w7ﬂ!—-mv\ (4.40)
|Qp(e 7 T5)| = (4.41)
|62p(e‘jWb¢R>!-—|1 —29]. (4.42)

The minimum complementary sensitivity characteristic at wpa: |Qp (e ~7“»27%)| = 0 provides the optimal

design parameter:

N =05 (4.43)
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(b) Complementary sensitivity function Q,(271)z71.

Fig. 4-7: Bode diagrams of the sensitivity and complementary sensitivity functions of the PDOB with
variations in the design parameter . The parameters are wy = 100 rad/s, g, = 1000 rad/s, and
Ts = 0.01 ms.

Design of Cutoff Frequency

The design parameter  is set to 0.5 and the Z-operators 2~ in 1 — Q,(271)27 and Q,,(271)2 ! are
ignored to simplify design of g,. The cutoff frequency g, of (4.13) is designed in accordance with two
objectives: fundamental-wave attenuation and robust stability.

First, a lower limit for g, is given by the fundamental-wave attenuation performance. At the funda-
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Fig. 4-8: Fundamental-wave attenuation performance of the PDOB with variations in wq/gp.

Qp(z_l)z_l

Az

Fig. 4-9: Equivalent block diagram of the DOB structure in Fig. 4-2(a).

mental frequency, the gain of 1 — Q,(e77*°T%) using (4.15) is

{1 — cos <2w0> } + 2@ {wo — sin (2wo>}
9p 9p UYp 9p
2 bl
201+ <w°>
9p

which depends only on wp/ g, Fig. 4-8 shows the gain variation in (4.44) with respect to wo/gp. A lower

1= Qpe7?0)| =

(4.44)

limit for wy /g, can be determined with the required precision from Fig. 4-8.
Next, an upper limit for g, is determined in accordance with the robust stability based on the equivalent
block diagram of the PDOB for the small-gain theorem in Fig. 4-9. The modeling error consists of the

weighting function W (z~1) and the variation 6(z~1)
Az =W(E"Hs™, (4.45)
where the variation satisfies
16(z" 1) |loo < 1. (4.46)

By assuming a nominally stable PDOB and modeling error, the robust-stability condition based on the

small-gain theorem and Fig. 4-9 is

IW(zQp(z )2 oo = W (2 Qp (27|l < 1. (4.47)
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Fig. 4-10: Comparative Bode diagrams of the PDOB and DOBs. The parameters for the PDOB are
wo = 100 rad/s, v = 0.5, g, = 1000 rad/s, and Ty = 0.01 ms. The cutoff frequencies for DOB1 and
DOB2 are 25 rad/s and 100 rad/s, respectively.

It can be rewritten as

9p —jwTsIIN  —jwT: Jp 1
—0.5(1 + 7 )T IV | < —| < . , Yw. 4.48
Jp + jw ( ) 9p —i—jw’ ‘W(e—WTs) ( )
Hence, its sufficient condition is
9p 1
< . , 4.49
gp + jw ‘ ‘ W (e=IwTz) (49

which determines the upper limit for g,,.
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Table 4.1: Parameters of the comparative experiments for the PDOB.

Parameter Symbol Value (1st, 2nd, 3rd) Joint
Sampling time Ts [ms] 0.1
Proportional gain Kp 400, 400, 400
Differential gain Kp 40, 40, 40
Nominal inertia Jn [kgm?] 7.0, 3.0, 0.3
Nominal torque constant Ky [Nm/A] 0.59, 0.59, 0.238
Gear ratio G, 192, 120, 80
Length L [m] 0.26, 0.27, 0.09
Identified fundamental freq.  wp [rad/s] 3,3,3
Design parameter v 0.5, 0.5, 0.5
Cutoff freq. for the PDOB gp [rad/s] 200, 200, 200
Cutoff freq. for the DOB — 200, 200, 200
Cutoff freq. for the RC — 30, 30, 30

Comparisons with Disturbance Observers

The sensitivity and complementary sensitivity functions of the PDOB are compared with those of
DOBs: DOB1 and DOB2, as shown in Fig. 4-10. In the sensitivity functions shown in Fig. 4-10(a),
the PDOB achieves the lowest gain against the periodic disturbance, which consists of a fundamental
wave at 100 rad/s and harmonics at 200, 300, --- rad/s. Compared with DOB1, the sensitivity function
of the PDOB includes not only a high-pass characteristic but also an infinite number of band-stop char-
acteristics. Thus, the PDOB improves the sensitivity function only at the frequencies of the periodic
disturbance in the tradeoff between sensitivity and complementary sensitivity functions. Moreover, the
periodic-disturbance suppression characteristic of the PDOB is better than that of DOB2, and the gain of
the complementary sensitivity function of the PDOB has an infinite number of band-stop characteristics
in addition to the low-pass characteristic same as DOB2. Thus, both the periodic-disturbance suppression

characteristic and robust stability of the PDOB are better than those of DOB?2 in the tradeoff.

4.2.2 Experiments

The PDOB was comparatively validated by the experiments using the multi-axis manipulator shown
in Fig. 3-10. The experimental parameters are summarized in Table 4.1. The experiments compared
the PDOB with a DOB and RC under proportional and derivative position control. The PDOB and RC
were implemented with a DOB because they do not compensate for aperiodic disturbances. The position

commands for X and y axes in the workspaces were set as
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Fig. 4-11: Results of the comparative experiments for the PDOB.
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To mm ift<0.5
emd/ ) mo+100(f —0.5) mm if 0.5 <% < 1.0
rT(E) = zo + 50 mm ifl0<t<1.5 (4.50)
ro+100(2.0 —f) mm if 1.5 < £ < 2.0
Yo Mmm if £ < 0.5
emd/ ) Yo+ 100(—0.5) mm if 0.5<¢<1.0
Yy = Yo + 50 mm if1.0<f<15 “.51)
Yo + 100(2.0 — ) mm if 1.5 < £ < 2.0
t = Tyt mod 2. (4.52)

Error results of the comparative experiments for the PDOB are shown in Fig. 4-11, where the PDOB+DOB
performed the best precision in the three methods. In the frequency domain calculated by the discrete
Fourier transform shown in Fig. 4-12, the fundamental wave and harmonics attenuation can be confirmed

at3nrad/s, n=1,2,3 ...

4.3 Aperiodic-Disturbance Compensation
4.3.1 Problem of Periodic-Disturbance Observer

The PDOB, which was designed to estimate and compensate for a periodic disturbance, has a problem
regarding aperiodic disturbances. According to the Q-filter in (4.12), sensitivity function S(z~!) and

complementary sensitivity function 7'(z~1) of the PDOB are

SN =1-Qyz 2 =1— gz H{1 —y(1 —z71)}27! (4.53)

T(=) = Qolz )z = o= {1 —7(1 — =)}, (4.54)

Substituting the first-order low-pass filter:

-1 ngs + ngsZi1
- 455
©E ) = T ) (g~ 2T (459

for qp(z_l), the sensitivity and complementary sensitivity functions become

—1y 1 9pLs ‘*'ngsZ_1 . Iy -1
S(z7) =1 (oTs + 2) + (guTs —2)2 1 {1-~v1—-2"")}z (4.56)

B goTs + goTuz™ ! _ B
Tl — P P 1—~(1— 2Tt 4.57
(Z ) (ngS + 2) + (ngS _ 2)2_1{ 7( z )}Z ) ( )
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—DOB —RC+DOB —PDOB+DOB X-axis

0O 10 20 30 40 50 60 70 80 90 100
Frequency [rad/s]

(b) Enlarged view.

Fig. 4-12: Discrete Fourier transform results of Fig. 4-11 between 20 s and 100 s.

and frequency characteristics are

9pTs + gpTse™ jTs

S(e Ty =1 — R P {1 —y(1 — e WMy} g deTs (4.58)
T(e %) = (90T ip;r) : ?pTTe —.C;)S ol = (1 — e e, (4.59)

Based on the bilinear transform:
.
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e~J%Ts can be approximately transformed into

» 2 —Tsjw
_JWTS ~ 78 . 4 1
c 24+ Tyjw (“4-61)
Using (4.61), the low-pass filter ¢, (271) in (4.55) is approximated into
q(e79T) _ (4.62)
1+j0
Q= —, (4.63)
9p
and (4.62) changes (4.58) and (4.59) to
—ijs ~ Q —ijS — 1 _ 1 _ 1 _ —ijSH —ijS 4. 4
S(EH) & S(EH) = 1= {1 =91 e (4.64
T(e %) ~ T(e 7T = {1 —~(1 — e 3T W Ty, (4.65)

1459,
To emphasize the other major frequency characteristic rather than the one sampling delay 2!, frequency

characteristics of the approximate sensitivity and complementary sensitivity functions are derived by

ignoring e~«7Ts as

G oI\ ay G0 — I 1 | _ eI 4

S(e™h) = S(jw) TN + 1+jQp7( € ) (4.66)

T(e77%T) ~ T(jw) = 1— (1 — e @Iy 4.
(e ) = T(jw) 1+jQp{ y(l—e )} (4.67)

The sensitivity function S (jw) has different frequency characteristics in the different frequency ranges

as follows
Qp<1:
lim S(jw) = (1 — e ¥ (4.68)
Qp—0
Q=1
(L= e
= 4,
1<y
lim S(jw)=1. (4.70)

Qp—+o0
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In the low frequency range satisfying {2, < 1, the sensitivity characteristic satisfies

1S (jwn1)] = 0 @.71)
1S (jwwa)| = 1291, (4.72)
where

wp1 = (271)% (n=0,1,2,...) (4.73)
Wy = (2n+ 1) (n=0,1,2, ... 4.74)

This is because
e Jwp1 Tl _ efj(Zn)‘%oTsH _ e—j(2n)%Ts TSZO _ e d2nm _ g (4.75)
e—iwne Tl _ ,—j(@n+ 1) RTI _ —in+ )P T Tens _ e—i@n+)m _ —j2nm —jr _ _q (4.76)

(4.71) and (4.72) indicate that the PDOB can eliminate disturbances at the frequencies of w1, which
are fundamental and harmonic frequencies of a periodic disturbance. In contrast, the PDOB does not
attenuate disturbances at the frequencies wy2, which are frequencies of aperiodic disturbances. Although
the PDOB cannot compensate for disturbances at wyz, the PDOB has a high-pass characteristic. The

sensitivity function in (4.68) can be expressed by Taylor series as

lim §(jw) =~(1 - e_ijSn)

Qp—0
—jwTLII)? —jwTLIT)3
= (T — ( J“’QS ) 3“35 ) — ), i, < 1L 4.77)
Using
WL = 272 (4.78)
wo
the sensitivity characteristic in (4.77) approximately satisfies
= 2
lim S(jw) ~ j——w, if Qp < 1and 21— < 1, (4.79)
Qp—0 wo wo
and gain of (4.79) is
21y 27y . wo
20log |j—w| = 20log |—| 4+ 20log |w| [dB], if @, < 1 and w < —. (4.80)
wo wo 2w
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This frequency characteristic performs a differentiator including 20 dB/decade gradient when frequency
of a disturbance w is much smaller than wq /27 in the frequency range 2, < 1. The cutoff frequency is

the minimum positive solution of

(JJO -1 1
Weut = — sin — ], 4.81
cut T <2\/§7> ( )

which can be calculated from the following transformation:

|v(1— e_j“’c‘”Tsn)| =|v[1 — cos (weut TsIT) + j sin (weut TID)]|

:|7\/[1 — €08 (weut TsID)]? + sin® (weu TL1T) |

=|y \/1 — 208 (Weut TIT) + €082 (Weut TeIT) + sin® (weut T1T)|
:\7\/2[1 — €08 (Weut TIT)]|
:\7\/4[81112 (0.5weut TEIT)]|

=[2 sin (0.5weut T311))|

=[2y sin (7| (4.82)
wo
. Weut 1
2vsin (m——)| =— 4.83
|27 sin ( 0 )| 7 (4.83)
. Weut 1
2vsin (m——) =——= 4.84
vy sin ( " ) 7 (4.84)
Weut .1 1
T =sin —_— 4.85
wo <2ﬂ7> @5
wo -1 ]_
Weyt =— sin — . 4.86
cut T <2\/§’7) ( )
If the design parameter ~y is 0.5 according to (4.43), the cutoff frequency is
w
Wt = ZO‘ (4.87)

Therefore, the PDOB can attenuate low-frequency aperiodic disturbances in the frequency range satis-
fying w < gp and w < “ < 52. However, if a fundamental frequency wy of a periodic disturbance is in
the low-frequency range, the PDOB cannot attenuate the low-frequency aperiodic disturbances because
aperiodic-disturbance suppression performance of the PDOB is (4.72) even if the cutoff frequency g, is
in the high-frequency range. This indicates that the aperiodic-disturbance suppression performance of
the PDOB depends on a fundamental frequency of a periodic disturbance. In order to compensate for the
low-frequency aperiodic disturbances regardless of the fundamental frequency of a periodic disturbance,

this study constructed an enhanced PDOB.

—97—



CHAPTER 4 PERIODIC/APERIODIC DISTURBANCE COMPENSATION

- _ Yy
9 B e S ey e
_ n
______ Qi j P
1le
| 1—~(1- ziH) qp(zfl) |
________________ -'?_ Pn_l(z_l)
s ipp=nt
Ll oNC
(a) Basic structure.
d
{
1-— Qp(zfl)zfl n
i }
1—Qa(z" )27 @71z = Qp(z7HQa(z71)2 2 + Qu(z7 1)z

rz
N\
AR

| P(z"1) 23 :

(b) Nominal equivalent structure.

Fig. 4-13: Block diagrams of the enhanced PDOB.

4.3.2 Enhanced Periodic-Disturbance Observer

Combination Design for Enhanced Periodic-Disturbance Observer

A periodic/aperiodic disturbance d is defined to be composed of a periodic disturbance d;, and an

aperiodic disturbance d, on the basis of (2.1) as
d(t) = dp(t) + da(t). (4.88)

According to the control objective of the PDOB in (4.5) and Fig. 4-2(b), the PDOB can compensate for

the disturbance as
[1—Qp(z 1)z 1d(z™") = vdpo(z™) + [1 = Qp(z™ 1)z da(z 7). (4.89)
(4.6) modifies (4.89) as

[1—Qp(z™ Nz 1d(z™") = [1 = Qp(z™ )z da(z71), f IT < ¢. (4.90)
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In order to estimate and compensate for the remaining aperiodic disturbance:
do = (1= Qp(a™1)z da(z™h), 4.91)

a classical DOB is additionally used and combined with the PDOB, as shown in Fig. 4-13(a). Q-filter of
the DOB uses a first-order low-pass filter

—1 -1 gaTs + gaTsZ_l
a = @, = , 4.92
Qe o = e “92)

and the DOB compensates for the remaining aperiodic disturbance d,, through the high-pass filter (sen-
sitivity function) 1 — @Q,(27!)z~1. The enhanced PDOB, which is the combination of the PDOB and

DOB, is thus constructed.

Frequency Characteristics of Enhanced Periodic-Disturbance Observer

Sensitivity and complementary sensitivity functions of the enhanced PDOB are

S(z_l) =[1- Qp(z_l)z_l][l — Qa(z_l)z_l] (4.93)
T(z) = Qp(z71)2 7 = Qp(: Qa2 + Qu(z7Y), (4.94)

as shown in Fig. 4-13(b), which is the nominal equivalent block diagram of the enhanced PDOB. The
complementary sensitivity function reflects the effects of the entire enhanced PDOB, including both the
PDOB and DOB. The sensitivity function is approximated and expressed using the Q-filters of the PDOB
in (4.12) and (4.13) and the DOB in (4.92) as

SET) R8T ={1- Qe HHI - Qu(z™")}
2(1 — 274 gpTs + gpTez™!
(gaTs + 2) + (gaTs - 2)2_1 (ngs + 2) + (ngs -2

)2—17(1 — Z_H).

(4.95)
By using the approximation in (4.61) based on the bilinear transform, the frequency characteristic of the
sensitivity function becomes

JioN 1

G(o—IWTsY ny G(i0y) — 1— 1 4.96
where
0, = — (4.97)
9p
Q, =2 (4.98)
Ga,
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Consequently, the frequency characteristics in the frequency ranges are as follows

Qp K1
lim S(jw) = Il y(1 — e W (4.99)
Qp—0 1+ 59, '
Qp =1
Z - 7 (1= e 79T 4
= 4.1
SUgp) = 1 PN T (4.100)
1<y
. o - _ an
Q}l)lglooS(jw) BEETOR (4.101)
At wy and wps in (4.73) and (4.74) satisfying €} < 1, the gain of (4.99) becomes
1S (jewn)| = 0 (4.102)
_ Q,
|S (4.103)

jw =2y—
(Jwba)| v m
In comparison of (4.103) with (4.72), the enhanced PDOB additionally realizes the high-pass characteris-
Qq

V1402’

show Bode diagrams of sensitivity and complementary sensitivity functions of the PDOB, DOB, and en-

tic which is able to attenuate the remaining aperiodic disturbance da. Figs. 4-14, 4-15, and 4-16
hanced PDOB, respectively. A number of band-stop characteristics of the PDOB at wy,; and band-pass
characteristics at wpo can be confirmed in Fig. 4-14. By combining the PDOB shown in Fig. 4-14 and
the DOB shown in Fig. 4-15 as the enhanced PDOB, the gain of the sensitivity function of the enhanced
PDOB acquires both the band-stop characteristics and high-pass characteristic, as shown in Fig. 4-16.
This enables the suppression of both periodic and aperiodic disturbances. An enlarged view of the Bode
diagrams is shown in Fig. 4-17, which shows that the enhanced PDOB realizes the multiple performance

of the PDOB and DOB.

Design of Cutoff Frequencies

This dissertation suggests designing the cutoff frequencies g, and g, as the same value g, = ga
because the same value of the frequencies enables to simplify effects of the frequencies on the sensitivity

and tradeoff between sensitivity and complementary sensitivity functions.

—-100 -



CHAPTER 4 PERIODIC/APERIODIC DISTURBANCE COMPENSATION

)
S,

c

T

O

=

(6]

S,

()]

[7)]

@©

i 180 T | L 2l L 3l ul L 1

102 10" 10° 10" 107 3 4 10°

Frequency [rad/s]

(a) Sensitivity function 1 — Qp(271)z71.

Phase [deg] Gain [dB]

102 10" 10> 10" 102 10° 10* 10°
Frequency [rad/s]

(b) Complementary sensitivity function Qp,(z~1)271.

Fig. 4-14: Bode diagrams of the PDOB. The parameters are wy = 100 rad/s, v = 0.5, g, = 1000 rad/s,
and Ty = 0.01 ms.
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Fig. 4-15: Bode diagrams of the DOB. The parameters are g, = 1000 rad/s and Ty = 0.01 ms.
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Fig. 4-16: Bode diagrams of the enhanced PDOB. The parameters are wy = 100 rad/s, v = 0.5,
gp = 1000 rad/s, g, = 1000 rad/s, and Ty = 0.01 ms.
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Fig. 4-17: Enlarged view of the sensitivity functions of the PDOB, DOB, and enhanced PDOB in

Figs. 4-14(a), 4-15(a), and 4-16(a).

First, the sensitivity and complementary sensitivity functions of the enhanced PDOB in (4.93) and

(4.94) can be transformed into

— 02 4+ jQy(1 — e WIS

S(iw) = 1+ Q)2

- 14402 — (1 — e W)

Tjw) = (14 Q)2
Q:=Q, =,

and they are expressed as follows in the frequency ranges

Q<1:
. &, iy, WL
lim S = 1—e 790
aim S(w) =7 5q 7 —e )
C F 1 J8 T
lim T = 2 — ~(1 — e IWIs
Jim (Jjw) 1520 + 1 +j29[ 1(1—e )]
Q=1
50 YL — e I%h) 4
S(Jgp) = B
= 2 — (1 —ed9L)] —
T(jqy) = 2=
1< Q:
. =, 70.5Q 1 5 W
1 S = (1 — Jwis
ol SUw) = 0me T T josaa ¢ )
- 1 Y — T
1 T = |1 - =(1— Jwis .
i TUw) =15 oaglt — o —e )
Using the design parameter: v = 0.5 according to (4.43) and
_ oWl —jwTsIl
1—e 7 3+e <1
2 4 -

(4.104)

(4.105)
(4.106)

(4.107)

(4.108)

(4.109)

(4.110)

@.111)

(4.112)

(4.113)
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an inequality for the sensitivity function in the low-frequency range and that for the complementary

sensitivity function in the high-frequency range can be obtained as

N<kl:
. = jQ 1 — e 7y
| = < 4.114
180w = | 25— | <180 @114
1<« Q:
= 1 34 e ISl ~
li T(5 = < |T(j 4.11
i 170 = | g | < 1Tl @113
where
- i) w
S(w) = 7 ijﬂ gi]w (4.116)
~ i 2
T(jw) = — g 4.117)

Fig. 4-16 compares Bode diagrams of the functions: S(z~1), S(s), T(z~'), and T'(s). These indicate
that the gain of the sensitivity function S is approximately smaller than that of S in the low-frequency
range. Also, the gain of the complementary sensitivity function T’ is approximately smaller than that of
T in the high-frequency range. Therefore, the cutoff frequency g of the enhanced PDOB can be designed
with S and 7 in a similar manner to a classical DOB. A lower limit for g can be determined by a required
cutoff frequency of the high-pass characteristic S for disturbance compensation, and an upper limit for
2¢ can be determined by a required cutoff frequency of the low-pass characteristic 7" for robust stability.
It should be noted that the approximate sensitivity function S (s) and the approximate complementary
sensitivity function 7'(s) do not satisfy the upper limits of the original sensitivity function S(z~') and
original complementary sensitivity function T'(z~!) around the cutoff frequency g, as shown in Fig. 4-
16. Accordingly, the approximate sensitivity and complementary sensitivity functions satisfy the tradeoff

S + T = 1 only in the low and high frequency ranges except around the cutoff frequency g as follows

wKg:
lim [S(jw) + T(jw)] = 1 (4.118)
w—0
w=g
S - 1+ 52
S T(jg) = <1 4.119
(79) + T(59) = i3 (4.119)
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Fig. 4-18: Block diagram of the position control system using the enhanced PDOB.
Table 4.2: Parameters of the comparative experiments for the enhanced PDOB.
Parameter Symbol  Value (1st, 2nd, 3rd) Joint
Sampling time T 0.1 ms
Proportional gain Kp 100, 100, 100
Differential gain Kp 40, 40, 40
Nominal inertia Jn 7.0, 3.0, 0.3 kgm?
Nominal torque constant Kin 0.59, 0.59, 0.238 Nm/A
Gear ratio Gy 192, 120, 80
Length L 0.26, 0.27, 0.09 m
Fundamental frequency wo 3, 3, 3rad/s
Design parameter 0 0.5, 0.5, 0.5
Cutoff frequencies 9p 200, 200, 200 rad/s
Ja 200, 200, 200 rad/s
v 1000, 1000, 1000 rad/s
Jace 500, 500, 500 rad/s
lim [S(jw) + T (jw)] = 1.
w—r00
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4.3.3 Experiments

Experiments were conducted to compare the enhanced PDOB with the DOB and PDOB using the

multi-axis manipulator shown in Fig. 3-10. The workspace position commands:

To mm ift<0.5
emd ) @0+ 100(f —0.5) mm if 0.5 << 1.0
T =9 20+ 50 mm i1.0<f<15 (4.120)
xo + 100(2.0 — f) mm if 1.5 << 2.0
Yo Mm ift <0.5
emd/ ) Yo—100(f —0.5) mm if 0.5 << 1.0
v =9 0 = 50 mm if1.0<i<15 (4.122)
Yo — 100(2.0 — {) mm if 1.5 < < 2.0
t = Tyt mod 2 (4.123)

were used by transforming into the joint space to control angles of the motors. A block diagram of
the position control system based on the enhanced PDOB is shown in Fig. 4-18, and the experimental
parameters are shown in Table 4.2. gy, Gace, Jn, Kin, Gy, 004, gres gres gref ppdis adis - ypemp,
and 72“"P denote the cutoff frequency for the velocity calculation, cutoff frequency for the acceleration
calculation, nominal inertia, nominal torque constant, gear ratio, angle command, angle response, angu-
lar velocity response, angular acceleration response, periodic-disturbance torque, aperiodic-disturbance
torque, periodic compensation current, and aperiodic compensation current, respectively.

Errors of the experimental results are shown in Fig. 4-19. Fig. 4-19(a) shows the largest errors of
the DOB in the three methods owing to the periodic disturbance. The PDOB solved the periodic dis-
turbance problem and improved the steady-state performance, but the transient errors deteriorated and
low-frequency disturbances still remained, as shown in Fig. 4-19(b). The enhanced PDOB improved the
transient performance and low-frequency errors and achieved the best performance, as shown in Fig. 4-
19(c). The discrete Fourier transform results shown in Fig. 4-20 clarify the steady-state difference of the
DOB, PDOB, and enhanced PDOB. The DOB could not sufficiently eliminate the periodic disturbance,
whose fundamental frequency was 3 rad/s, and the PDOB successfully suppressed the periodic distur-
bance, but low-frequency errors exist under 3 rad/s. The enhanced PDOB realized the suppression of

both the periodic disturbance and low-frequency errors.
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4.4 Summary

Section 4.2 constructed the PDOB for periodic-disturbance compensation. The model of a periodic
disturbance was firstly constructed. The Q-filter of the PDOB was designed to be able to eliminate the
periodic disturbance on the basis of the model. Since the PDOB needs to determine the delay II, design
parameter -, and cutoff frequency g,,, the design of the parameters was discussed with the sensitivity and
complementary sensitivity functions. The nominal stability analysis based on the characteristic equation
clarified that the delay does not affect the nominal stability of the PDOB. According to the compari-
son with the classical DOBs using sensitivity and complementary sensitivity functions, the improved
periodic-disturbance suppression performance and robust stability in the tradeoff were confirmed. The
experiments validated the practicality of the PDOB.

Section 4.3 developed the PDOB into the enhanced PDOB. Firstly, the problem of the aperiodic-
disturbance suppression performance of the PDOB was shown. Then, the enhanced PDOB was con-
structed by the combination design of the PDOB and DOB to overcome the problem. The enhanced
performance was evaluated through the sensitivity and complementary sensitivity functions, and the de-
sign strategy for the functions was demonstrated. The experiments validated the improved practicality of

the enhanced PDOB compared with the DOB and PDOB.
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Fig. 4-19: Results of the comparative experiments for the enhanced PDOB.
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Fig. 4-20: Discrete Fourier transform results of Fig. 4-19 between 10 s and 100 s.
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Chapter 5

Periodic/Aperiodic Diagnosis

5.1 Outline

Chapter 5 focuses on periodicity and aperiodicity of industrial inspection and human behavior.

Section 5.2 focuses on periodicity and aperiodicity of the industrial inspection for the food product
packing, and this study applied the PASF to the haptic leak detection. In particular, this study focuses on
yank (differential force) information from packages, which represents leak effects due to holes or sealing
errors on packages. The PASF is applied to separate measured yank into periodic yank and aperiodic yank
because the periodic yank typically corresponds to a normal product and slow environmental change,
and the aperiodic yank accordingly corresponds to an anomalous product. Subsection 5.2.1 describes
a detection flow of the PASF-based haptic leak detection, and Subsection 5.2.2 shows 10,000 packages
inspection simulation based on experimental package data.

Section 5.3 focuses on periodicity and aperiodicity of human behavior for the motor learning, and
this study applied the PASF to motor proficiency diagnosis. The PASF-based proficiency diagnosis
enables to evaluate the motor learning accurately by eliminating aperiodic behavior. Subsection 5.3.1
describes the setup for the motor learning experiment based on a drawing task of a minimum-angular-
jerk logarithmic spiral, and Subsection 5.3.2 shows evaluation results that the PASF-based proficiency

diagnosis facilitated the accurate proficiency diagnosis.
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5.2 Aperiodic Leak Detection

5.2.1 PASF-Based Haptic Leak Detection
Package-Leak Model

Periodic normal package condition is modeled by the ideal gas law:
PV =nRT, (5.1
and aperiodic anomalous condition of a leaked package is

_ L0 < n —
PV:{ (n— LTg)RT if0<n— LTt . (5.2)

0 otherwise

P,V,n, R, T, and L denote the pressure, volume, number of moles, universal gas constant, temperature,
and leak coefficient, respectively. This study focuses on the time range satisfying 0 < n — LTgt. LTt
corresponds to the leak effect, which reduces amount of the contained air. A haptic detector using a

linear motor measures reaction force F'(t) with a detection area S from a package as

F(t) = —=SP(t) + F™'(t)
SRT

= —(n — LTt) =~ + F™(0), (5.3)

where

SRT  SRT,[1 + AT(t)]

Vo VAl +AV(2)]
SRT,
= +4(t) (5.4)
SRT,L[AV(t) — AT(t)]
o(t) = 5.5
®) Vall + AV ()] (53)
n, R, S, L, Ty, T, V), = constant. (5.6)
Consequently, the reaction force F'(¢) and one-sample-period-ahead reaction force F'(t + 1) are
Flt) = —(n— £y 210 _ (0 21ys(t) + P (r) 57
Ty T
F(t+1)=—(n— LTt) S‘]j + ETSS% — (n— LTst)d(t + 1) + LTs0(t + 1) + F(t + 1).
(5.8)

Fet(t), Ty, AT(t), Vi, and AV (t) denote the external force, nominal temperature, temperature change,

nominal volume, and volume change, respectively. The amount of contained air n, gas constant R, and
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the detection area S are constant, whereas the temperature 7' changes on the basis of the four seasons and
measurement environment. The external force F°** represents mechanical wear of the haptic detector.

Finally, yank ) measured by the haptic detector is

Ft+1)—F(t SRT,
yiy= FEED=FO SR (5.9)
T Va
S(t+1)—06(t) F™(t+1)— F=(¢
Alt) = £5(t+ 1) — (n— £1t) L +T) ®) , F7 +IZ ® (5.10)
using (5.7) and (5.8). Hence, the aim of the haptic leak detection is to pick up the leak term ES%

from the yank ) (¢) under the disturbance term A(t). The temperature change AT, volume change AV,
and external factor such as mechanical wear F'*** are empirically slow changes in the case of the leak
detection. Thus, the disturbance term A(¢) and the leak term LS‘IE;T correspond to the periodic element
and aperiodic element, respectively. Therefore, this study used the PASF to pick up the aperiodic leak

term as aperiodic yank from the yank )(¢) under the periodic disturbance term A(t).
Detection Flow

Overview. This study developed the PASF-based haptic leak detection shown in Fig. 5-1. The detection
flow is composed of five steps: pushing package, yank measurement, aperiodic yank extraction, mean
yank calculation, and detection.

Pushing Package. In the pushing package step, the haptic leak detector using a linear motor shown
in Fig. 5-2 pushes packages. The linear motor is controlled by velocity control in accordance with the

following processes.

1. (Approaching) The velocity command is 100 mm/s until the reaction force F' from a package

becomes stronger than —60 N.
2. (Contact) The velocity command is 0 mm/s for 0.4 s.

3. (Disengaging) The velocity command is —100 mm/s until the linear motor reaches the initial po-

sition before approaching.

Yank Measurement and Aperiodic Yank Extraction. During the contact, the reaction force of a

package is measured using a reaction force observer (RFOB), and yank is calculated as follows.

2-1. The RFOB estimates 800 reaction force samples under the sampling time: 0.25 ms in the steady

state from 0.2 s to 0.4 s from a package.
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Fig. 5-1: Overview of the PASF-based haptic leak detection.
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Fig. 5-2: Haptic leak detector using a linear motor.

Table 5.1: Parameters of the preliminary experiments.

Parameter Symbol Value Parameter Symbol Value
Sampling time T4 0.25 ms Proportional gain Kp 200
Integral gain K 10000 Nominal mass M, 2 kg
Nominal thrust constant Kin 53.1 Nm/A  Cutoff freq. for DOB Jdob 250 rad/s

Cutoff freq. for RDOB Grfob 3000 rad/s Cutoff freq. for velocity Gy 2000 rad/s

2-2. A pseudo differentiator whose cutoff frequency is 30 rad/s calculates the yank Y (800i), ..., Y (800i+

799) from the reaction force of the i + 1th package.
2-3. The first-order PASF extracts the aperiodic yank Y, (800i), ..., Y5(800: + 799) from the yank.

Mean yank calculation. Mean yank for the ¢ 4+ 1th package is calculated using the aperiodic yank as

799
1
MY, = — s L+ 7). 11
— j}zojy (800i + ;) (5.11)

Detection. The conditional expression judges whether the package is normal or anomalous
MY; < a, (5.12)
where a denotes a threshold.

5.2.2 Package Inspection Simulation

As preliminaries, this study measured 188 package data from normal packages and 200 package data

from anomalous packages caused by artificial 5 mm holes. The experimental parameters are summarized
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in Table 5.1.
using the Mersenne Twister, which is a pseudo random number generator for uniform distribution. The
ratio between normal packages and anomalous packages was set to 95:5. Using the generated reaction

force data, this study designed the three simulations in terms of the disturbance term A; as follows:

Simulation 1

Simulation 2

1988 1989 1990 1991 1992 1993 1994 1995 1996

Time [s]
(a) Yank.
— 40F
@
520
5T
>0 &8
1988 1989 1990 1991 1992 1993 1994 1995 1996
Time [s]
(b) Periodic yank.
— 4
0
5203
~-20f TR T T T T
1988 1989 1990 1991 1992 1993 1994 1995 1996
Time [s]
(c) Aperiodic yank.

Fig. 5-3: Yank waveforms between 1988 s and 1996 s in Simulation 1.

Random reaction force data composed of 10,000 packages for 2,000 s were generated

A; = 0.0005¢
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1 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Trials
(a) Mean yank calculated from the yank.

2000 3000 4000 5000 6000 7000 8000 9000 10000
Trials
(b) Mean yank calculated from the aperiodic yank.

T 1000

Fig. 5-4: Mean yank values in Simulation 1.

Simulation 3
A; = 2.5sin (0.000277). (5.15)

The disturbance term A; for the ¢ + 1th package was inserted into the calculated yank as (5.4) in the
simulation phase. Each simulation was conducted 61 times to investigate different 61 thresholds.

Fig. 5-3(a) shows the yank waveforms between 1988 s and 1996 s in Simulation 1. The PASF extracted
the aperiodic yank in Fig. 5-3(c) by eliminating the periodic yank in Fig. 5-3(b). Fig. 5-4(a) and (b) show
the mean yank values calculated from the yank and aperiodic yank, respectively. The yank waveforms of
Simulations 2 and 3 are shown in Figs. 5-5 and 5-6, respectively, and their mean yank values are shown
in Figs. 5-7 and 5-8, respectively. Simulations 2 and 3 verified robustness of the PASF-based haptic
leak-detection against the disturbances: (5.14) and (5.15). The mean aperiodic yank in Simulations 2
and 3 could provide similar results to Simulation 1 because the aperiodic yank attenuated the disturbance
effects, as shown in Figs. 5-7 and Figs. 5-8. To compare the haptic leak-detection without the PASF and

the proposed PASF-based haptic leak-detection, this study used the true positive rate and false positive
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Fig. 5-5: Yank waveforms between 1988 s and 1996 s in Simulation 2.

The number of detected normal packages

True positive rate =
P v The number of normal packages

False positive rate =
P v The number of anomalous packages

The number of undetected anomalous packages

(5.16)

(5.17)

The evaluation indexes describe a receiver operating characteristic (ROC) curve, as shown in Fig. 5-
9. The true positive rate and false positive rate vary between 0 and 1, and true positive rate = 1 and
false positive rate = O indicate perfect detection. According to Fig. 5-9, both the detections with and
without the PASF showed the high detection accuracy in Simulation 1, whereas the detection without
the PASF was not robust against the disturbances A; and deteriorated the accuracy in Simulations 2 and

3. In contrast, the proposed PASF-based haptic leak-detection maintained the detection accuracy even in
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Fig. 5-6: Yank waveforms between 1520 s and 1528 s in Simulation 3.

Simulations 2 and 3. Therefore, the robustness of the proposed method was thus verified. In addition, the
PASF-based haptic leak detection was compared with anomaly detection using a variational autoencoder
(VAE) composed of 9 layers [104—-106]. Dimensions of the layers from the input layer to the output layer
were set to 800, 800, 600, 400, 20, 400, 600, 800, and 800, respectively. The VAE was trained by the
188 measured normal package data with 300 epochs, and a mean of the reproduction errors of the VAE
was used to detect anomaly. Since the VAE was trained by the normal packages, the errors become large
when the VAE reproduces an anomalous package. The ROC curve also shows the results of the VAE,
and the VAE performed the worst results at all simulations. The difficulty of the VAE in reproducing

time-series data might cause the worst results at Simulation 1. Moreover, the VAE, whose performance

depends on the training data, did not have the robustness against the disturbances.
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Fig. 5-7: Mean yank values in Simulation 2.
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Fig. 5-8: Mean yank values in Simulation 3.
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Fig. 5-9: Comparison of the detection performance with and without the PASF using the ROC curve.

Table 5.2: Accuracy indexes when the separation frequency was p = 0.01 rad/s.
Threshold a=10 aoa=15 a=20 oa=2.5 a=3.0
Simulation 1  0.986919 0.989395 0.9954955 0.9684685 0.9572072
Simulation 2 0.946944 0.988351 0.9909122 0.9842342 0.9684685
Simulation 3 0.954584 0.993093 0.9839059 0.9617117 0.9459459
Average 0.962816 0.990280 0.9901045 0.9714715 0.9572072

Accuracy of the PASF-based haptic leak-detection depends on the separation frequency of the PASF

p and threshold a.. They can be determined on the basis of the accuracy index:
Accuracy index = True positive rate x (1 — False positive rate). (5.18)

The accuracy index varies between 0 and 1, and accuracy index = 1 means perfect detection. According
to Fig. 5-10, the small separation frequency p = 0.01 rad /s realized the widest accuracy in terms of the
threshold at all Simulations 1, 2, and 3. Furthermore, Table 5.2 summarized the high accuracy indexes
from Fig. 5-10 and showed that o = 1.5 performed the best accuracy on average. According to the above
accuracy evaluation, the optimal separation frequency p = 0.01 rad/s and optimal threshold o« = 1.5

are determined.
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Fig. 5-10: Accuracy index for threshold design.
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Fig. 5-11: Counter-clockwise logarithmic spiral trajectory for the motor learning experiment.

5.3 Periodic Proficiency Diagnosis

5.3.1 Proficiency Diagnosis for Motor Learning

Minimum-Angular-Jerk Logarithmic Spiral

A motor learning experiment was designed using a drawing task of a minimum-angular-jerk counter-

clockwise logarithmic spiral, as shown in Fig. 5-11. The spiral was defined in the polar coordinate system

as
_ af
r = rge®, (5.19)
where
1
_ In(rt/ro) (5.20)
O
0 <rg, 1, Of (5.21)
ro < T¥. (5.22)

ro, T¢, 0, and 0 denote the initial radius, final radius, spiral angle, and final angle, respectively. A

minimum-angular-jerk trajectory for the angle € was derived by solving the variational problem:
min / 02dr
s.t.0(0) = 0, 6(7;) = 6, 0(0) = o, O(7¢) = b, H(0) =0, 6(r¢) =0, (5.23)

where this study used the spiral parameters shown in Table 5.3. 7 denotes the continuous time. Using
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Table 5.3: Counter-clockwise logarithmic spiral parameters.

Parameter Symbol Value  Parameter Symbol Value
Initial radius 0 0.01 m Final radius Tt 0.1 m
Final angle O¢ 7mrad Initial angular velocity 0o 3 rad/s
Final angular velocity 0 3rad/s Trial time T 6s

an Euler equation:

&5 _

a9y
the minimum-angular-jerk trajectory was calculated as

0(r) = Leors Lottty o
T a0 Ty Tt AT

where

0 0 0

C1 = 720~ — 360 — 360—
T Tt T

0 0 0
Oy = —360— + 19270 + 168
T¢ T¢ T¢
0 0 0
C3 = 60— — 36— — 24—+
Ty T¢ Tg

Cs = 6.

Consequently, the position, velocity, and acceleration of the spiral were as follows:

Position:
r(t)= roe?(7)
o0(r)= %0017'5 + iCQTzl + %037'3 + Cs1
Velocity:
(1) = roafe®®(7)
0(r)= iCﬂA + %0273’ + %037'2 + Cs
Acceleration:

P(1)= roafe® ™) 4 rya262e20(7)
9(7’) = éClT3 + %027'2 + Cs1

(5.24)

(5.25)

(5.26)

(5.27)

(5.28)

(5.29)

(5.30)

(5.31)

(5.32)

Fig. 5-12 illustrates the trajectories. The spiral trajectory was used by transforming into the orthogonal

target target
s and y; "

coordinate system as the target spiral: x s
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Fig. 5-12: Angle, angular velocity, angular acceleration, and angular jerk waveforms of 6 satisfying the
minimum-angular-jerk in (5.23).

Experimental Setup

In the experiment, participants held a stylus attached to the end effector of the robot in a power grip,

as shown in Fig. 5-13. They are instructed to draw the spiral as accurately as possible in terms of the
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Fig. 5-13: Experimental system.
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Fig. 5-14: Schedule of the drawing practice.

path and time course. The robot was used to measure the stylus position. Twenty students participated
in the experiment and practiced according to the practice schedule, which is composed of evaluation and
practice phases including 3 and 25 trials, respectively. The two phases were alternately conducted, as
shown in Fig. 5-14. In the practice phases, participants performed the drawing task and received visual
feedback of a written spiral after each trial. In the evaluation phases, participants performed the task

without the visual feedback.

5.3.2 PASF-Based Proficiency Diagnosis

A drawn spiral was calculated by measured stylus position x; and y; at all trials. The spiral was

spatially numbered from 0 to 2399, as Fig. 5-11. Along the number, the spirals were separated by the
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Fig. 5-15: Twenty subjects’ trial errors.

first-order PASF into periodic and aperiodic trajectories. A trial error, which is a difference between the

target spiral ;" and y;****" and the spiral z; and y; in Fig. 5-11, was calculated as
| 299
Trial error = 3200 Z \/(xgarget —zi)? + (4" - )% (5.33)
i=0
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(a) Phase errors of the spirals.

(b) Phase errors of the periodic trajectories.

(c) Phase errors of the aperiodic trajectories.

Fig. 5-16: Twenty subjects’ phase errors at the evaluation and practice phases. The error bars stand for
SDs, and the symbols ***, ** * and n.s. stand for the statistic results: p < 0.001, p < 0.01, p < 0.05,
and 0.05 < p, respectively.
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Trial errors for the periodic trajectory xp; and y;,; and aperiodic trajectory x,; and y,; were calculated as

2399

target ) 2 target N2
Trial error = —2400 Z \/ —xpi)? + (y; Ypi)?, (5.34)

and

2399

Trial = — \/ x2 .
rial error = 2400 ot yal, (5.35)

respectively. Fig. 5-15 shows transition of the trial errors and Fig. 5-15(b) illustrates that the trial errors
of the periodic trajectories continuously decrease by eliminating the variable aperiodic trajectories shown
in Fig. 5-15(c). From the trial errors, a phase error that is a mean of the trial errors at each phase was

calculated, as shown in Fig. 5-16. Each subject’s phase errors at the evaluation phases were calculated

by

3
1
Phase error = 3 Z Trial error;, (5.36)
j=1

and those at the practice phases were calculated by

25
Phase error = Z Trial error;. (5.37)
] 1

In Fig. 5-16(a) for the spirals, the phase errors at E2 and E4 were significantly smaller than those at E1
and E2, respectively. In Fig. 5-16(b) for the periodic trajectories, the phase error at E3 was addition-
ally significantly smaller than that at E2. Therefore, the PASF-based proficiency diagnosis enabled to
detect the small change from E2 to E3. In details, Figs. 5-17-5-25 shows one subject’s spirals, periodic
trajectories, and aperiodic trajectories at each trial. Compared to proficiency transition of the spiral in
Figs. 5-17, 5-18, and 5-19, continuous improvement in the periodic trajectories in Figs. 5-20, 5-21, and
5-22 can be confirmed as a result of eliminating the aperiodic behavior shown in Figs. 5-23, 5-24, and

5-25.

5.4 Summary

Section 5.2 showed the PASF-based haptic leak-detection for the inspection of food product packing.
Firstly, the package-leak model and detection flow were explained. Then, the 10,000 packages inspection

simulation, that was generated by randomly connecting the 388 experimental reaction force data, was
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Fig. 5-17: One subject’s spirals in E1, P1, and E2.

conducted. The simulation validated that the PASF-based haptic leak-detection has the robustness against
the disturbance effects owing to the PASF.

Section 5.3 showed the PASF-based proficiency diagnosis. The minimum-angular-jerk trajectory and
practice schedule for the motor learning experiment were mentioned. Then, the trial errors, phase errors,
and drawn spirals were shown. According to the trial errors and drawn spirals, the periodic trajectories
enabled to evaluate continuous improvements in motor proficiency. According to the phase errors, the
periodic trajectories enabled to detect the small change from E2 to E3. Therefore, the PASF-based

proficiency diagnosis may be able to detect small proficiency improvement accurately.
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Fig. 5-20: One subject’s periodic trajectories in E1, P1, and E2.
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Fig. 5-21: One subject’s periodic trajectories in P2, E3, and P3.
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Fig. 5-22: One subject’s periodic trajectories in E4, P4, and ES5.
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Fig. 5-23: One subject’s aperiodic trajectories in E1, P1, and E2.
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Fig. 5-25: One subject’s aperiodic trajectories in E4, P4, and ES.
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Chapter 6

Conclusions

This dissertation described the periodicity and aperiodicity for the separation, state control, distur-
bance compensation, and diagnosis. The basic concept was the periodic/aperiodic state composed of
a periodic state and aperiodic state, where the lifted periodic and lifted aperiodic states were uniquely
defined as low-frequency and high-frequency elements of the lifted periodic/aperiodic state, respectively.

The proposals described by this dissertation are as follows.
e Periodic/aperiodic separation filter (PASF)
e Periodic/aperiodic state feedback control
e Separation principle for periodic/aperiodic state feedback control
e Periodic/aperiodic motion control including six types
e Periodic-disturbance observer (PDOB)
e Enhanced periodic-disturbance observer
o PASF-based haptic leak detection
o PASF-based proficiency diagnosis

Chapter 2 described the periodic/aperiodic separation. In Section 2.2, the periodic/aperiodic state, pe-
riodic state, and aperiodic state were defined by using the lifting technique. The periodic/aperiodic state

was transformed using the lifting technique into the lifted periodic/aperiodic state, in which a constant
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element was defined as the lifted perfect periodic state, and the low-frequency elements were defined as
the lifted periodic state. Accordingly, the high-frequency elements were defined as the lifted aperiodic
state. Based on the definitions, the lifted PASF that separates the lifted periodic/aperiodic state into the
lifted periodic and aperiodic states was constructed, and the inverse lifting derived the PASF that sep-
arates the periodic/aperiodic state into the periodic and aperiodic states. In Section 2.3, the frequency
estimator was constructed based on the adaptive notch filter as a supplementary method for estimating
an unknown or varying frequency of the periodic/aperiodic state. The frequency estimator used a band-
pass filter to extract a fundamental wave from the periodic/aperiodic state, and the adaptive notch filter
estimates a fundamental frequency of the fundamental wave. Oscillation of the estimated fundamental
wave was attenuated by a low-pass filter.

Chapter 3 described the periodic/aperiodic state control. In Section 3.2, the periodic/aperiodic state
feedback control was constructed by using the PASF. Then, the separation principle for control, observa-
tion, and separation of the periodic/aperiodic state was proved. In Section 3.3, the periodic/aperiodic state
feedback control was developed into the motion control framework. Then, the six periodic/aperiodic mo-
tion controls that assign position, force, and impedance controls to periodic motion and aperiodic motion
were constructed.

Chapter 4 described the periodic/aperiodic disturbance compensation. In Section 4.2, the PDOB was
constructed for periodic-disturbance compensation. Based on the model of a periodic disturbance, the Q-
filter of the PDOB was designed to be able to eliminate the periodic disturbance. Moreover, the nominal
stability analysis based on the characteristic equation showed that the delay of the PDOB does not affect
the nominal stability. Furthermore, according to the comparison with classical DOBs, the improved
periodic-disturbance suppression performance and robust stability in the tradeoff were confirmed using
the sensitivity and complementary sensitivity functions. In Section 4.3, the PDOB was developed into the
enhanced PDOB to enable to compensate for both the periodic and aperiodic disturbances. The enhanced
PDOB was constructed by the combination design of the PDOB and DOB.

Chapter 5 described the periodic/aperiodic diagnosis. In Section 5.2, the PASF was applied to the food
packing inspection as the PASF-based haptic leak-detection. The 10,000 packages inspection simulation,
that was generated by randomly connecting the 388 experimental yank data, was conducted. The sim-
ulation validated that the PASF-based haptic leak-detection has the robustness against disturbances and
achieves accurate anomaly detection. In Section 5.3, the PASF was applied to the motor proficiency eval-

uation for the drawing task of the minimum-angular-jerk logarithmic spiral. The PASF-based proficiency
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diagnosis enabled to detect a small change of the drawing proficiency.

Therefore, my research has integrally designed the filter, controls, and diagnostic methods for the
industry and humans on the basis of the periodicity and aperiodicity. The research might open up a new
vista that facilitates the separated design and analysis for periodic/aperiodic phenomena in the field of
the integrated design engineering.

Despite the novelty and improvements of the proposals, they still have limitations regarding inter-
ference between the estimated periodic and aperiodic states by the PASF. An ideal PASF is impossible
to realize because the lifted periodic state was defined as low-frequency elements of the lifted peri-
odic/aperiodic state. In other words, the ideal separation is impossible because an ideal low-pass filter
cannot be causally constructed. Consequently, the interference occurs and affects the controls and diag-
noses based on the PASF. However, the interference is not dominant and could be ignorable according
to Subsection 2.2.2. Besides, my research has future works on consideration of continuous-time and
sampled-data systems in addition to the discrete-time system. The works could expand the applicable
range of the proposals.

The proposals are expected to have an impact on the society. The periodic/aperiodic motion control
can realize periodic velocity and aperiodic impedance control, which is suitable for repetitive robot op-
erations under sudden human contacts. The control enables a robot to achieve repetitive and precise
operation and soft contact with humans. The enhanced PDOB based on the PDOB, which can sup-
press periodic and aperiodic disturbances, is significant for industrial applications. This is because most
industrial machines work repetitively and induce periodic and aperiodic disturbances. Moreover, the
PASF-based haptic leak detection has already demonstrated its usefulness to the industrial application.
Finally, the PASF-based proficiency diagnosis, which has already performed the accurate motor profi-
ciency evaluation for healthy young people, has the potential to evaluate also rehabilitation of stroke

survivors accurately.
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