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Summary

Modern mechanical systems such as machine tools, microelectronics manufacturing equip-
ments, mechanical manipulators and automatic inspection machines need precision mo-
tion control to achieve good positioning/tracking performance at high speed and high
accuracy. This results in increasing demands on higher productivity and product qual-
ity in the manufacturing industries. Thus, the requirements on motion control systems
become more and more stringent. But conventional control techniques can no longer
satisfy the increasingly stringent performance requirements of motion control systems.
Recently, intelligent learning control emerges as an effective way to meet the stringent
positioning requirements. In this thesis, intelligent learning control algorithms are de-
veloped to achieve better positioning/tracking performance in motion control systems.
In this thesis, linear motors as the mechanical servo systems are mainly studied. Lin-
ear motors are widely used for applications requiring linear motion at high speed and
high accuracy. The most attractive features of linear motors for precision motion control
include the high force density achievable, low thermal loss, simple mechanical structure,
high dynamic performance and improved reliability. However, the achievable perfor-

mance of linear motors is unavoidably limited by presence of the nonlinear effects and

Xiv



uncertainties present. The predominant nonlinear effects underlying a linear motor sys-
tem are the frictional force and force ripples. In some parts of the thesis, the intelligent
learning control schemes are proposed to compensate the friction and force ripples. Be-
sides the compensation of the nonlinear effects in linear motors using intelligent control
algorithms, this thesis proposes some new ideas that aim at solving the problems faced
in the field of the precision motion control. It includes the developments of the Iterative
Learning Control (ILC) for time-delay systems and predictive Iterative Learning Control
(ILC) for time-varying, linear and repetitive systems.

Firstly, an adaptive control algorithm is presented to suppress the force ripples in
Permanent Magnet Linear Motors (PMLMs). The model of force ripples is derived. The
idea is to use the Recursive Least Square (RLS) method to model and then reduce the
force ripples. Thus, linear regression form of the PMLM model is required. It means that
the frequencies of the force ripples should be determined before the implementation of
the adaptive control scheme. The displacement periodicity of the force ripple is obtained
by using a Fast Fourier Transform (FFT) analysis. Based on the full model, the control
algorithm can be commissioned which consists of a PID feedback control component,
an adaptive feedforward component for compensation of the force ripple and another
adaptive feedforward component based on the inverse dominant linear model.

Then, an Iterative Learning Control (ILC) scheme, a model-free approach, is proposed
to compensate the friction and force ripples in the linear motors to achieve good tracking

performance for high precision and repetitive motion control applications. It consists of

XV



a self-tuning Radial Basis Function (RBF) network and an Iterative Learning Control
(ILC) component. The RBF network is applied to model the tracking error over a cycle.
The ILC scheme is used to adjust the reference signal repetitively. The ILC component
further enhances the tracking performance, particularly over the section of the trajectory
where the RBF network is less adequate in its modeling function.

An online automatic tuning method of PID controller based on an Iterative Learning
Control (ILC) approach is presented in this thesis. The basic idea is to use ILC to
obtain a satisfactory performance for the system to track a periodic reference sequence.
A modified ILC scheme iteratively changes the control signal by adjusting the reference
signal only. Once the satisfactory performance is achieved, the PID controller is then
tuned by fitting the controller to yield a close input and output characteristics of the
ILC component.

Next, a new form of repetitive learning control (ILC) approach is proposed which is
applied to time-delay systems for the first time. In the thesis, a necessary and sufficient
convergence condition is derived for the new proposed repetitive control. Additionally, a
robust convergence analysis for the repetitive control under the existence of a time-delay
mismatch, initialization errors, disturbances and measurement noise is provided to show
the robustness of the new proposed approach.

Finally, a predictive Iterative Learning Control (ILC) algorithm is developed for time-
varying, linear and repetitive systems. An error model is introduced, which represents

the transition of the tracking error between two successive trials. Based on this model,

Xvi



a predictive iterative learning algorithm is derived, which is only based on the trial
number. In the thesis, a rigorous convergence analysis is provided. In addition, the
robustness of the algorithm against modeling errors, initial errors, as well as the presence
of disturbances are discussed.

Extensive simulation and experimental results are furnished to illustrate the effective-

ness of the proposed learning approaches.
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Chapter 1

Introduction

Although conventional control had a long history in theory and practice, it has encoun-
tered many difficulties in its applications to modern motion control systems. Modern
mechanical systems are often required to yield high productivity and quality at high
speed and high accuracy. Such an increasingly tight control performance requirements
pose a great challenge for researchers and engineers to seek novel algorithms beyond
the conventional control theory. Recently, intelligent controls become effective ways to
overcome the difficulties. In this thesis, the intelligent learning control approaches are

investigated for the precision motion control systems.
1.1 Precision Motion Control

Precision Engineering is the multidisciplinary study and practice of design for precision,
metrology, and precision manufacturing. Precision engineering is defined in [1] as the
‘set of systematized knowledge and principles for realizing high-precision machinery’.
Precision engineering can be generally defined at the micrometre scale which means the

accuracy of 1 micron at manufacturing. Currently, many researchers and engineers aim



at creating higher precision machines and manufacturings.

Nowadays, manufacturing industries are confronted with increasing demands of higher
quality and higher productivity. These demands can be achieved with high speed, highly
accurate motion and positioning. Performance of motion depends on electrical and
mechanical components, which are used in assembling of drives, as well as the motion
controller. Precision motion is an indispensable part of manufacturing, for example,
read/write head motion in disk drives, motion of chip placement actuators in surface
mount machines, laser drill motion in electronic packaging, scanning motion in confocal
microscope, etc. Precision motion is also critical for micro-assembly and Micro-Electro-
Mechanical-Systems (MEMS) actuation in applications to RF, micro-optic and micro-
fluidic devices. With the continuing demand on high performance and low cost, the
requirement on the precision motion control is ever more stringent.

Although a great deal of effort has been devoted to the field of precision motion con-
trol, some issues encountered in precision motion control attracted the researchers to
explore in this field. One such concern is the control of linear motion. In the real world,
many mechanical systems, such as machine tools, semiconductor manufacturing equip-
ment and automatic inspection machines, require linear motions. One common way to
realize the linear motion by rotary motors is to use gears, lead screw and other transmis-
sion mechanisms to convert rotary motion into linear motion. These mechanisms may
influence the speed, accuracy and dynamic response. Also it may introduce the effects of

contact-types of nonlinearities and disturbances such as backlash and frictional forces.



The linear motors, as a direct drive, can be used to eliminate the gears and other mech-
anisms, with accompanying of quietness and reliability. This can significantly reduce
the effects of contact-type nonlinearities and some disturbances such as backlash and
frictional forces and increase the reliability of the system. In recent years, linear motor
has received increased attention for use in applications requiring linear motion at high
speed and high accuracy.

In this thesis, two specific types of linear motors are investigated: Permanent Magnet

Linear Motors (PMLMSs) and Linear-Piezoelectric Motors (LPMs).

1.1.1 Permanent Magnet Linear Motor

Compared to the traditional rotary machines, the main benefits of a PMLM include the
high force density achievable, low thermal losses and most importantly, the high preci-
sion and accuracy associated with the simplicity in mechanical structure. The PMLM
shows superior performance over many conventional rotary motors. However, the non-
linear effects associated with the PMLM are inevitably arising. The more predominant
nonlinear effects underlying the PMLM are friction which is inevitably present as long
as there is relative motion between two bodies in contact, and force ripples, arising from
the magnetic structure of the PMLM and other physical imperfections. The two pri-
mary components of the force ripple are the cogging (or detent) force and the reluctance
force [2]. The cogging force arises due to the interaction of the permanent magnets in
the stator with the iron cores of the translator. This force exits even in the absence of

any winding current and it exhibits a periodic relationship with respect to the position



of the translator relative to the magnets. The reluctance force is due to the variation
of the self-inductance of the winding with respect to the relative position between the
translator and the magnets. The reluctance force also has the periodic relationship with
the translator-magnet position.

Friction and force ripples pose several difficulties to motion systems. Stiction, for
example, induces stick-slip motion. Limit cycle oscillations can also occur due to dis-
continuous nature of the frictional force with respect to velocity. Force ripples produce
“bumps” along the direction of motion, which may cause difficulties in achieving smooth
and yet high speed motion with linear control alone. Owing to the typical precision re-
quirements associated with the use of PMLMs, it is thus an important and challenging

task to effectively deal with these nonlinear effects.

1.1.2 Linear-Piezoelectric Motors

A piezoelectric motor is a type of actuator that uses mechanical vibrations in the ul-
trasonic range in a stator structure. Piezoelectric actuators are innovative manipulators
which have shown a high potential in applications requiring manipulation within the sub-
micrometer or even nanometer range. There are two main classes of linear-piezoelectric
motors (LPMs), classified according to the structures and driving principles. The first
class works on a direct-drive principle. Deformations of a piezoelectric element are di-
rectly used to drive the load for precision positioning [3][4][5]. This type motor has the
superior performance with high resolution and nanometer grade positioning precision,

short stroke and a high bandwidth. The second class of LPM is based on the indirect-



drive principle. The ultrasonic motor is a kind of this class. In a piezoelectric linear
ultrasonic motor, high frequency oscillation are generated by using the piezoelectric ef-
fect, and the rotor is driven by the frictional forces generated at the interface between
the stator and the rotor. The main characteristics of this ultrasonic motors are: high res-
olution, wide dynamic range of velocity, hold stability at power off and a small compact
structure. In this thesis, this type of indirect-drive LPM is the platform for experiments.

For this type of LPM, friction has been identified as the main problem to be addressed
[6]. The highly nonlinear features of friction associated with the servomechanisms pose
the challenges for the researchers and engineers in the control areas. The friction needs
to be compensated in order to improve the transient performance and to reduce steady-
state tracking error.

The nonlinear effects present in the liner motors can be minimized or eliminated
either through proper mechanical design or via the control algorithms. But the me-
chanical design often increase the complexity of the motor structure and the production
cost. Therefore more attention focuses on developing the control algorithms for the high

precision applications.

1.2 Intelligent Learning Control

Intelligent control is a highly multi-displinary technology where controllers are designed
that attempt to model the behaviors of human being. These behaviors include adapta-

tion, learning and making decision. Nowadays, the area of intelligent control tends to



include everything that is not covered in conventional control.

The automatic control has been used more than 2000 years since the Romans invented
a water-level control device [7]. The notable control invention was the steam engine
governor in 18th century. In the early 1920s, the development of control theory began
and the feedback controllers were widespreadly adopted in the applications. After that,
the Second World War brought tremendous impetus for the advancement of control.
From 1960s to 1980s, the developments of the modern control theory and real-time
digital computers had a significant impact on the control applications. The application of
more powerful computers played a key role in the implementation of more sophisticated
control strategies. With the demand for enhanced performance of the highly complex
systems, the linear control theory cannot address this demand solely. Intelligent control
has arisen as a collection of various control methodologies that have addressed to meet
this trend.

An important attribute or dimension of an intelligent control is learning. Learning
means that the controller has the ability to improve its future performance based on
past experience. In solving some control design problems, the available a priori model
information is so limited that it is difficult to design a control system that meets the
desired performance specifications. Intelligent learning control provides the solution for
this problem with flexibility. With the intelligent learning control, the control system
can be designed to on-line adjust itself automatically to suppress the uncertainty and

thus to enhance performance. Therefore, the intelligent learning control approaches are



developed for precision motion control systems in this thesis. Iterative Learning Control
(ILC) is mainly studied with respect to the different problems faced in the precision
motion control. Additionally, the adaptive control and Radial Basis Function (RBF)
network are also involved as the intelligent learning control approaches in this thesis.

Among the existing intelligent control approaches, the Iterative Learning Control
(ILC) has become popular approach, especially when dealing with repetitive tracking
control or periodic disturbance rejection problems. The concept of Iterative Learning
Control (ILC) began to flourish in 1984 by Arimoto et al. [8]. It is a technique for
improving the performance of systems or processes that operate repetitively over a fixed
time interval. The monograph by Moore [9] contains more details on the background of
the learning algorithm. A recent book [10] surveys the development of this research area
from inception till 1998. Nowadays, ILC has attracted some interest in control theory
and applications. It has been widely applied to mechanical systems such as robotics,
electrical systems such as servo motors, chemical systems such as batch reactors, as well
as aerodynamic systems, etc.

The goal of iterative learning control is to improve the tracking performance of a
repetitive operation where the system is designed to return to the same initial condi-
tion before beginning the next repetition. The concern in ILC is to find an appropriate
control input that forces the system output to follow the desired trajectory. The de-
sired trajectory and the trial length are defined for a fixed time interval. In contrast,

when system operates to track a periodic signal continuously in time, Repetitive Control



(RC), as one emerging area in ILC research, should be considered. Repetitive control
is concerned with canceling an unknown periodic disturbance or tracking an unknown
periodic reference signal [11]. Unlike ILC, in repetitive control system the terminal state
of previous trial is automatically the initial state of current trial. The early works of
repetitive control can be found in [12] and [13]. The summary of repetitive control works
can be referred in [14] [15]. There are differences between ILC and repetitive control.
However, they are not really different. In fact, there is a bridge between the ILC and
repetitive control. The repetitive control can be interpreted as “no-reset” ILC in [11]
[16] [17] and [18]. That means that the structure is same as in the ILC but the system
is not reset at the beginning of each iteration. Additionally, ILC and RC are bridged
with the ideas in Longman’s works [19] [20]. In this thesis, the ILC and repetitive con-
trol schemes are investigated to enable enhanced performance in motion control systems
used in the manufacturing industries.

In the control of linear motion via linear motors, the conventional Proportional-
Integral-Derivative (PID) control usually does not suffice in the high precision appli-
cation domain. It is an interesting and challenging problem to compensate the friction
and force ripples adequately. In the literature, a large number of methods has been pro-
posed. For friction reduction, model-based approaches are usually used. In [6], models
of varying complexity have been used to approximate the dynamics of friction. In [21],
a robust adaptive schemes were developed for friction compensation. In [22], an evolu-

tionary programming approach has been proposed to deal with the same problem. This



method can identify the friction by formulating the identification task as an optimization
problem. With regard to force ripple suppression, in the early years, it was achieved
in the system design phase through good hardware design. The force ripple may be
minimized by skewing the magnets [23] or optimizing the disposition and width of the
magnets [24] [25]. However, these techniques often increase the complexity of motor
structure and the production cost. Recently, the development of the advanced control
can compensate the undesirable nonlinear effects by the additional control effort. Some
researchers [26] develop the force ripple model and identify the force ripples with a force
sensor and a frictionless air bearing support of the motor carriage. In [27], a method of
force ripple identification was done in a closed position control loop by measurement of
the control signal for movements with respect to the different load forces without the
additional force sensors. In [28], a neural-network based feedforward assisted PID con-
troller was proposed. [29] presented a H., optimal feedback control scheme to provide
a high dynamic stiffness to external disturbance. The authors in [30] [31] [32] proposed
adaptive algorithms for the rejection of sinusoidal disturbances of unknown frequency.
In this thesis, it is an objective to compensate the nonlinear effect caused by the friction
and force ripples with intelligent approaches.

Moreover, one prominent challenge faced for industrial systems is the time delay,
a common characteristic of many industrial systems. It is an applied problem. Delay
systems can be classified as function differential equations which are infinite dimensional

and include information on the past history. Compared to the systems without time



delays, the difficulty of a control system design for time delay systems increases with
the value of time delay. It is because there exists time delay term in the characteristic
equation of the system. Survey papers provided the overview of the study of the time-
delay systems, such as [33] [34] [35] [36]. The book by Gu [37] investigated the stability
of linear time-delay systems in detail. In [38], the stability of a linear system with a
point-wise, time-varying delay was explored. Besides the stability analysis for linear
time-delay systems, many techniques were developed for the nonlinear systems with
time delays. In [39], stabilizing controller was designed for a class of nonlinear time-
delay systems, based on the Lyapunov-Krasovskii functionals. In [40], robust adaptive
control was proposed for a class of parametric-strict-feedback nonlinear systems with
unknown time delays. In the manufacturing industries, many tasks, such as batch job of
certain chemical processes, spray painting, and arc-welding, are repetitive and require a
controller that can track a given desired trajectory. For this issue in the motion control,
considerable advanced control algorithms are proposed to compensate the time delay. In
[41] and [42], the author investigated the time delay effects in Iterative Learning Control
schemes for state-delay systems. In these papers, the focus was the development of ILC
for state-delay systems. In [43] and [44], robust ILC design with the Smith Predictor
controller was proposed. In this thesis, repetitive learning control is extended to control
the systems with the input time delay.

Finally, another challenge confronted in the ILC is how to achieve a rapid and guaran-

teed reduction in the learning error. The normal ILC scheme, as a model-less approach,
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cannot guarantee the fast reduction in the error. Additionally, the normal ILC possesses
limitations in terms of achievable performance and tuning guidelines, especially in mul-
tivariable control problems, in [45]. To overcome these limitations, model-based ILC
approaches have been proposed. In [46], the authors introduce some of the ILC work
in the Sheffield group, especially in the area of optimal ILC. In [47], parameter opti-
mization through a quadratic performance index was proposed as a method to establish
a new iterative learning control law. In [48], the possibility of applying norm-optimal
ILC to non-linear plant models was investigated. In [49], a learning control scheme was
proposed to find a finite-time optimal control history that minimizes a quadratic cost.
In [50], an ILC algorithm was developed based on an optimization principle. In the
thesis, predictive ILC algorithm is developed. As a model-based approach, can estimate
the future signals through prediction and achieve better performance. Unlike the above
mentioned methods, in the proposed method, more than one cycle signals in terms of
the trial number are involved in the quadratic performance index, based on the derived

prediction model.

1.3 Contributions

This thesis aims at developing the intelligent learning control approaches for the motion
control systems to achieve satisfactory performance. The adaptive control algorithm
and the RBF network are designed to compensate the nonlinear effects in the linear

motors. As the focus of the thesis, not only the normal Iterative Learning Control (ILC)
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is addressed but also some new forms of ILC and repetitive control are proposed for the
different system characteristics.
Adaptive feedforward compensation of force ripples in linear motors

The presence of force ripples is a highly undesirable phenomenon in the realization
of precision motion control in PMLMs. Therefore in this thesis, an adaptive control
scheme is proposed to suppress force ripple effects impeding motion accuracy in Per-
manent Magnet Linear Motors (PMLMs). In the literature, many methods have been
proposed to deal with the force ripples by identifying the force ripple model. However,
in reality, it is much more complex to model. The force ripples are periodic with dis-
placement along the motor. The ripple can be viewed as a sum of sinusoidal functions
with unknown frequencies and amplitudes. Therefore, in this thesis, the displacement
periodicity of the ripple is obtained by using a Fast Fourier Transform (FFT) analysis,
based on the experimental result. It is a soft approach to identify the frequencies in the
closed-loop by analyzing the control signals. The control method is based on Recursive
Least Squares (RLS) identification of a nonlinear PMLM model which includes a model
of the force ripple. Based on this model, the control algorithm can be commissioned
which consists of a PID feedback control component, an adaptive feedforward compo-
nent for compensation of the force ripple and another adaptive feedforward component
based on the inverse dominant linear model which can serve to expedite motion tracking
response. Simulation and experimental results are presented to show the effectiveness

of the proposed method for high precision motion tracking applications.
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Iterative reference adjustment for high-precision and repetitive motion con-
trol applications

Friction is another prominent nonlinear effect associated with the PMLM. It is highly
nonlinear in nature and difficult to model. In order to compensate the friction and
suppress the force ripple, an Iterative Learning Control (ILC) scheme is proposed in
this thesis, which is suitable for high precision and repetitive motion control applica-
tions. The proposed method is a model free approach and no explicit modeling effort is
necessary. It comprises of a self-tuning radial basis function (RBF) network operating
in parallel with an iterative learning control (ILC) component. The proposed scheme
iteratively adjusts the reference signal. The RBF network is employed as a nonlinear
function estimator to model the tracking error over a cycle, and this error model is
subsequently used implicitly in the iterative adaptation of the reference signal over the
next cycle. The ILC component further enhances the tracking performance, particularly
over the sections of the trajectory where the RBF network is less adequate in its mod-
eling function. Simulation examples and real-time experimental results are provided to
elaborate the various highlights of the proposed method.
Online automatic tuning of PID controller based on an Iterative Learning
Control approach

Proportional-Integral-Derivative (PID) controllers are popularly used in various pre-
cision motion control systems. Modern industrial controllers are becoming increasingly

intelligent due to more stringent requirements. This thesis proposes an approach for
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closed-loop automatic tuning of PID controller based on an ILC approach. The method
does not require the control loop to be detached for tuning. A modified Iterative Learn-
ing Control (ILC) scheme iteratively changes the control signal by adjusting the reference
signal only. The PID controller is tuned, based on the satisfactory performance achieved.
The proposed method is a model-free approach since no more model effort is necessary.
Simulation and experimental results are furnished to illustrate the effectiveness of the
proposed tuning method.
Repetitive control for time-delay systems

Time-delay systems are difficult to control to achieve satisfactory performance and
stability. In this thesis, a new form of repetitive learning control is proposed which
is applicable to the systems with time-delay. A convergence condition which is neces-
sary and sufficient is derived for the proposed scheme. In addition, a robust convergence
analysis for the learning control under the existence of a time-delay mismatch, initializa-
tion errors, disturbances and measurement noise is also derived to show the robustness
of the proposed approach. Simulation example illustrates the practical applications of
the results for the systems with time delay.
Predictive and Iterative Learning Control algorithm

An Iterative Learning Control algorithm enhanced with predictive features is devel-
oped in this thesis. An error model is introduced which can represent the transition
of tracking error in two successive trials. Based on this model, a predictive and Itera-

tive Learning Control algorithm is derived which is only based on the trial number (or
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repetitive index). A rigorous analysis of the convergence is provided. In addition, the
robustness analysis of the algorithm against the modeling error, initial error and distur-
bances is discussed. To show the effectiveness of the proposed method, an simulation

example is provided.

1.4 Organization of thesis

The thesis is organized as follows.

Chapter 2 presents an adaptive control scheme to reduce the force ripple effects in
Permanent Magnet Linear Motors. A mathematical model of the linear motors is in-
troduced first. Then, a frequency analysis method is developed to derive the dominant
displacement periodicity pertaining to the force ripple. Based on the obtained frequency
information, the adaptive control scheme is proposed, including the control configuration
and the online estimation method. Finally, the simulation and experimental results are
provided, respectively.

In Chapter 3, a learning control scheme is proposed which combines the Radial Basis
Function (RBF) neural network with Iterative Learning Control (ILC) together to realize
the precision motion control. In this chapter, the proposed control scheme is explained in
detail. Then, a convergence analysis for learning algorithm in the discrete-time domain
is provided. Following that, the simulation and experimental results are presented to
elaborate the viability of the proposed control scheme.

Chapter 4 describes an approach for closed-loop automatic tuning of PID controller
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based on an ILC method. The detailed tuning procedure is elaborated in this chapter.
Based on the achieved satisfactory performance with ILC approach, the PID controller
is then tuned. The simulation and experimental results are discussed to reinforce that
the proposed PID tuning method is applicable.

Chapter 5 extends the learning control approach to the systems with time delay. The
repetitive control configuration for the time-delay systems is discussed first. Then, the
general convergence analysis are derived respectively. In the consideration of the model
error, disturbances and measurement noise, the robust convergence analysis is further
derived in this chapter. Finally, the simulation examples are presented to illustrate the
effectiveness of the proposed method.

In Chapter 6, a predictive Iterative Learning Control algorithm is developed. An
error model is introduced first. Based on this model, the predictive iterative learning
algorithm is derived. Then, the convergence analysis is investigated in this chapter.
Simulation examples are given to show the effectiveness of the proposed algorithm.

Finally, conclusions and suggestions for future work are discussed in Chapter 7.
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Chapter 2

Adaptive Feedforward
Compensation of Force Ripples in
Linear Motors

2.1 Introduction

Permanent Magnet Linear Motors (PMLMSs), as a specific type of linear motors, are
widely used in applications requiring linear motion at high speed and high accuracy.
As described in Chapter 1, it is known that the nonlinear effects in PMLMs have a
significant effect on the system performance. In the realization of precision motion
control in PMLMSs, the presence of force ripples is a highly undesirable phenomenon
which degrades the achievable positioning accuracy. The force ripples are generated
due to the magnetic structure of PMLMs. Figure 2.1 shows the velocity-time response
of a PMLM manufactured by Linear Drives Ltd (U.K.) for a constant input voltage
signal. Figure 2.2 shows the real-time open-loop step response with the input voltage
of 1.2v. From the responses, the presence of force ripples is self-evident and they are

periodic with displacement along the motor. These ripples yield problems in achieving
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Figure 2.1: Open-loop velocity-time response with input voltage of 0.8V

a smooth and precise motion profile using conventional feedback controllers, since the
ripples create “bumps” along the direction of motion.

Some effort has been devoted to suppress the force ripple. A force ripple model was
developed and identified with a force sensor, and a feedforward compensation component
was used to reduce force ripple [51]. In [28] and [52], a neural-network based learning
feedforward controller was applied in the linear motor motion control system. In [53]
and [54], an adaptive robust control scheme was proposed for the high speed and high
accuracy motion control. In [55] a robust adaptive approach is proposed to compensate
the friction and force ripple. In [56], the iterative learning control was applied.

The force ripple phenomenon has been described via a sinusoidal function of the po-
sition x [28]. However, in reality, it is much more complex to model. The ripple can

constitute the sum total of a number of sinusoidal functions with unknown frequencies
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and amplitudes. In this thesis, the displacement periodicity of the ripple is determined
using a Fast Fourier Transform (FFT) analysis. However, in this case, the periodicity
is with respect to displacement and not time. A displacement to time mapping is thus
pre-performed in order to directly apply FFT in the usual way. With the spectrum
available from the FFT analysis, the dominant frequency components can be extracted.
Then, based on an inverse mapping, the displacement periodicity can be derived. Thus,
a more accurate model of the force ripples can be built. With the displacement period-
icity information available, a model of the PMLM can be posed in the linear regression
form to facilitate the application of the Recursive Least Square (RLS) estimation al-
gorithm to identify the remaining model parameters. Based on the model, the control
algorithm can also be commissioned. It comprises of a PID feedback control compo-
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nent, an adaptive feedforward component which compensates for the force ripple, and
another adaptive feedforward component based on the inverse dominant linear model
which serves to speed up the motion tracking response. Simulation and experimental
results demonstrate the effectiveness and robustness of the proposed control scheme.
This chapter is devoted to develop an adaptive control method to reduce the force
ripple based on the identified frequency information. First, the mathematical model of
the PMLM is introduced. Then, a frequency analysis method is developed to derive
the dominant displacement periodicity pertaining to the force ripple. Next, the pro-
posed overall control scheme is described, including the control configuration and the
online estimation method used to identify the parameters. Finally, the simulation and

experimental results are furnished respectively.

2.2 Modeling of the Linear Motor

In this section, a model of the linear motor with parameters specific to an LD series
linear motor (LD 3810) is presented. A simplified model which combines the mechanical

dynamics and the electrical dynamics is given in [54] and [57]:

u(t) = K.i+ Ri(t)+ Ldi(t)/dt, (2.1)
f(t) = Kyi(h), (2.2)
f@t) = MEQ@) + frippie(®) + Frrie(®) + fu(?), (2.3)

where u(t) and i(t) are the time-varying motor terminal voltage and the armature cur-

rent, respectively; z(t) is the motor position; f(¢) represents the developed force; fpi.(Z)
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Table 2.1: Linear Motor Parameters
Motor Units | LD 3810

Force Constant (K y) N/A 130
Resistance(R) Q 16.8
Back EMF(K.) V/m/s 123
Length of Travel mm 2054
Moving Mass(M) kg 5.4
Armature Inductance(L) mH 174
Electrical Time Constant msec 1.03
Peak Force(F},) N 1300
Peak Velocity m/sec 2.6
Peak Acceleration m/sec? 140
Continuous Current A 2.5
Continuous Force N 326
Continuous Working Voltage | V d.c. 320
Continuous Working Power W 700

and fripe(x) denotes the friction and ripple force; f,;(t) represents the combined force
effects arising from other uncertainty and disturbances present in the linear motor. The
physical parameters of a PMLM (LD 3810) are listed in Table 2.1 [58].

Specially, since this chapter focuses on the compensation of the force ripples, ffc(%)
and fy(t) in (2.3) are ignored. The model of the linear motors for this chapter is

simplified as

u(t) = Ket+ Ri(t)+ Ldi(t)/dt, (2.4)
) = Kyi(l), (2.5)
ft) = Ma(t) + frippe(). (2.6)

Since the electrical time constant is low and much smaller than the mechanical one,

the delay of electrical response can be ignored. Here Thus, the following equation can
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be obtained

. KiK.. K
i = (= ult) = frippie()) /M. (27)
R R
Let
KK,
= 2.8
o = L1t (28)
Ky
= . 2.
b iEi (2.9)
Thus, it can be written as
. . 1
I = —a® + bu(t) — Mfripple(x)' (2.10)

Generally, the force ripple can be represented as a sum of a series of harmonics:

J
frippie(z) = Z Aprpsin(2mhkwr + @), (2.11)

k=1

where J is the numbers of harmonics and w is the fundamental frequency.

2.3 Frequency Analysis

One approach to identify the parameters of the ripple model is to conduct experiments
with a force sensor as presented in [51]. However, this is a tedious process and is also
arguably not effective since it is known that the amplitude of the force ripple varies
with velocity. It is also possible to identify these parameters more efficiently via a soft
approach by analyzing the control signals in the closed-loop. To this end, the Recursive
Least Square (RLS) estimation algorithm (to be highlighted in Section 2.4.2) can be

used which requires the model to be posed in a linear regression form. The parameter
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which causes difficulty to enable such a formulation is the displacement periodicity w in
the ripple model. It is thus necessary to predetermine it.

It may appear that a frequency analysis method may be used for this identification.
However, it should be noted that the force ripple is a function of displacement x and
not time. If the constant velocity is used in the experiment of frequency analysis, there
exists a simple relationship between displacement x and time. A displacement to time
mapping should be done prior to direct application of these tools. A direct mapping
can be achieved if the motor is run at a constant and low velocity of say 1mm/s. If
the constant velocity can be maintained for sufficiently long travel of the motor, then
displacement and time clearly exhibit a direct relationship. An experiment is carried
out to demonstrate this point. By running a linear motor at 1mm/s, the control signal
versus time plot is almost identical to the control signal versus displacement plot as
shown in Figure 2.3 and Figure 2.4 respectively. There exists only a slight difference
between these two figures due to small fluctuations of the velocity from the constant
value.

Now, applying the FFT to the control signal, it can be obtained as

N—-1
up = fr = F,e2m(k)/N (2.12)
n=0
1 N—-1
F, = <> fre 210N (2.13)
N k=0

where control signal u is a length N discrete signal.

The frequency spectrum of the control signal can be derived as shown in Figure 2.5
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Figure 2.5: Power spectral density of the control signal

in which the DC value is ignored. From the spectrum, the dominant frequency is seen
to be 0.0143H z, although other harmonics at 0.00477Hz and 0.0572Hz also appear
in the spectrum, but these are less significant in amplitude being less than 10% of
the dominant frequency. Therefore, only the dominant frequency is considered in the

construction of the ripple model. Since it has a direct mapping from displacement to

time, the dominant displacement periodicity is simply given by 0.0143mm™'. Please
note that the displacement x is in the unit mm.
The model of force ripple can thus be described as:
Jripple = Asin(2m x 0.0143z + ¢)
= Aqsin(2m x 0.0143z) + Aocos(2m x 0.01432) (2.14)

where A,; and A,, are the amplitudes which have yet to be identified. Thus, the model
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of the system (2.11) can be rewritten as:

T = —at + bu(t) — [A1sin(2m x 0.0143x) + Ascos(2m x 0.0143x)], (2.15)
where Ay = A1 /M and Ay = Ao/ M.
2.4 Proposed Control Scheme

The proposed adaptive control scheme is designed based on the system model. In what

follows, the scheme is described systematically in details.

2.4.1 Configuration

Overall, the designed controller is composed of a feedback control component and two
adaptive feedforward components. The feedback component is a PID controller which
is basically used to ensure nominal stability. The overall feedforward component wys
can be divided into two parts. One part is based on the inverse linear model and this

part essentially speeds up the tracking motion response. The other part functions as a

compensator for the force ripples. The control signal can be represented as

u(t) = wupp+up

= Uffinverse + Uy f ripple + U fp, (216)

where U inverse 15 the feedforward control based on the inverse linear model; w ¢ rippie 1S

the feedforward control for the force ripples; uy, represents the feedback control.
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Substituting the contributions from the various components, it can be obtained as

1 1
u(t) = E[ﬁjd + aty] + E[Alsm(%r x 0.0143z) + Ascos(2m x 0.0143x)]
¢
+ [Kp(.Td - 33') + Kd(id - .T) + KZ/ (.Td — .T)dt] (217)
0

Note that the parameters, a, b, A; and A,, are unknown and to compute the control
action, their estimates are necessary. Replacing these parameters with their estimates

(same variables with hat), it follows
1 . .
u(t) = g[ﬁjd + aiq + Ajsin(2m x 0.0143x) + Agcos(2m x 0.0143z)]
t
+ [Kp(l'd - 33') + Kd(id - 33') + KZ/ (.Td — l’)dt] (218)
0

It should be noted that b must be non-zero. In order to identify the parameters on-
line, the Recursive Least Square (RLS) parameter identification can be used. Figure 2.6
shows the full configuration of the proposed method. The whole procedure in the dotted
box can be transferred to a smart device which just needs the u and z signals as inputs
and outputs the additional control signals (g ippie a0d Uffinverse). The identification
algorithm can described in details in the next section.

Substituting (2.18) into (2.15), the closed-loop system is obtained as
1 - .
¥ = —at+ b[g(id + aiq + Aysin(2m x 0.0143z) + Agcos(2m x 0.0143z))
¢
b K (rg— ) + Kalita — &) + K, / (24 — 2)d1]
0
— [Asin(27 x 0.0143z) + Agcos(2m x 0.0143x)]. (2.19)

Ideally, the parameter estimates converge to the real parameters perfectly. Then,

introducing the tracking error e by replacing © = x4 — e, it follows that the closed-loop
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Figure 2.6: Configuration of the proposed method

is reduced to
t
é = —aé — b(Kye+ Kqé + Ki/ edt). (2.20)
0
This nominal system is a linear one. It remains to design the PID parameters to ensure

nominal stability and performance.

2.4.2 Identification

The parameter identification is based on the model as described in (2.15). With the
displacement periodicity identified, the model can be posed in the linear regression

form with the parameter vector @ = [a b A; A,)T, and the regression vector ¢ =

[—i u — sin(27 x 0.0143z) — cos(2m x 0.0143z)]”. The standard RLS identification
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algorithm [59] is used which is described by the following equations:

6(t) = 0(t—1)+K(@t)(&— " (1)0(t—1)) (2.21)
K(t) = P()¢(t) = P(t—1)o(t)(I +¢" (t)P(t—1)p(t)) " (2.22)
P(t) = P(t—1)—P(t—-1)¢t)I +¢" ()Pt —1)¢(t) "¢ (t)P(t - 1)

= (I-K@t)¢"t)P(t—1). (2.23)

The choice of the initial values of 8(0) and P(0) follow the usual convention. 8(0) can
be chosen as [0 1 0 0]7 if no other prior information is available. In order to guarantee
the convergence of the RLS algorithm, P(0) should be positive definite and sufficiently
large.

Since in real-time applications, usually only the position measurement is available from
the optical encoder, the velocity signal needed in the identification cannot be obtained
directly. It is not recommended that the velocity is derived using a pure differentiation
of the position owing to the presence of measurement noise. The following approach
is adopted to make the RLS identification viable without the availability of velocity
measurements [60].

Equation (2.15) can be expressed in a general form:
A(p)z(t) = bu(t) — [Arsin(27 x 0.0143z) + Ascos(2m x 0.0143x)], (2.24)

where A(p) = p?+ ap, and p is the differential operator p = d/dt. The model (2.15) may
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thus be rewritten as:

Hi(p)A(p)z(t) = Hs(p)bu(t) — Hp(p)[Aisin(2m x 0.0143z)

+Ascos(2m x 0.0143z)), (2.25)

where H(p) is a stable transfer function with a pole excess of two, and it functions as
a filter.

Let

xz(t) = Hy(p)x(t)
ur(t) = He(p)u(t)
sing(t) = Hy(p)sin(2m x 0.0143x)

cos¢(t) = Hy(p)cos(2m x 0.0143z). (2.26)
The model can be rewritten as

Ap)zp(t) = bus(t) — Aysing(t) — Ascosy(t) (2.27)

= Ty = —ais+bus(t) — Aising(t) — Ascos(t). (2.28)

Hence, the parameter vector remains as @ = [@ b A; Ay])”. The regression vector be-
comes ¢y = [~y uy —siny —cosy]’. The controller is still implemented as described
in the earlier section. Figure 2.7 shows the proposed scheme of the identification with
the filters H;(p) and controller. In the figure, w = 27 x 0.0143. In the simulation study
of the next section, the simulation results will be provided to show the performance of

the proposed method.
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Figure 2.7: Block diagram of overall scheme with filter and control

2.5 Simulation Study

In this section, simulation results are provided pertaining to the performance of the
proposed scheme. MATLAB/SIMULINK was used to carry out the simulation work.
The simulation study was conducted with respect to the model description (2.15) with
Ky =130N/A, K. =123V/m/s, R =16.8Q, M = 5.4kg, L = 17.4mH according to the
manufacturer specifications for a PMLM (model LD3810) from Linear Drive, thus giving
a = 176.2566 and b = 1.433. The force ripple is also considered with an amplitude of

8N and a periodicity of 0.0143mm™!, i.e.,
fripple = 8sin(27m x 0.0143x).

The initial values of #(0) and P(0) are chosen as [0 1 0 0] and 10°I. The filter is

designed as

2400
s2 4+ 110s + 2400

Hy(s) =
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The desired trajectory is chosen as

24(7) = a3 + (1 — 1) (157% — 67° — 107%), (2.29)

where 7 = t/(t; — t) and the various parameters are set as: initial position z;, = Om,
final position z; = 0.3m, ¢, = 0s and t; = 3s. The desired trajectory is shown in Figure
2.8.

Figure 2.9 shows the tracking error incurred with only PID control. Figure 2.10 shows
the tracking performance with the proposed method. Compared to Figure 2.9, order of
1072 reduction in error can be achieved. Figure 2.10 shows significant improvement ob-
tained in the control performance. Figure 2.11 further confirms the parameter estimates
are obtained accurately with a = 176.259, b = 1.433, A; = 1.481 and A, = 0.

In the above study, no unstructured modeling error is considered. To verify the robust-
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ness of the proposed control scheme under practical conditions, four kinds of disturbances
in the model are introduced and simulated. First, the full model for the actual system
(2.4)-(2.6) is simulated, although the reduced model (2.10) continues to be used for the
control design. Secondly, measurement noise is deliberately simulated in the system.

Thirdly, an actual force ripple phenomenon is simulated, which is given by

fripple = 85in(2m x 0.01437) + 0.4sin (27 x 0.0286), (2.30)

although the simpler single sinusoidal function continues to apply to the control system.

Finally, possible errors arising from a FFT analysis is allowed and it is assumed that

1

the displacement periodicity of the force ripple is determined to be 0.015mm™" instead

of 0.0143mm 1.
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Figure 2.12 shows the tracking performance under the presence of these uncertainties
and disturbances. Compared to Figure 2.9, order of 107! reduction in error is achieved.
Figure 2.13 shows the estimates of the parameters. The proposed control continues to
achieve satisfactory tracking performance, demonstrating a satisfactory robust perfor-

mance.

2.6 Experimental Results

To illustrate the applicability of the control scheme to a real system operating under
practical conditions, experiments are conducted based on an actual PMLM (LD 3810)
manufactured by Linear Drives Ltd (U.K.). The motor components of an LD consist
of the thrust rod, thrust block and robotic motor cable. The aluminum thrust block

contains a series of cylindrical coils, forming the stator of the motor. The thrust rod
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contains high-energy permanent magnet pieces within a stainless steel tube. For the sys-
tem studied, a PWM amplifier with built-in electronic commutation is used to produce
a force proportional to the control signal. This is the same motor for which the FFT
analysis was done earlier to extract the displacement periodicity. The control scheme
is implemented on a dSPACE AlphaCombo system, which is a multiprocessor system.
The DS1004 Alpha Board is the main computational platform while a DS1003 DSP
Board handles the I/O tasks. A C-coded S-Function is written to perform the control
algorithm. Additionally, the proposed algorithms can be downloaded to a dedicated
computing device or DSP card. A sampling frequency of 2.5kHz is configured. The

resolution of the Renishaw optical encoder used is 1um. In the real-time experiments,
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Figure 2.14: Experimental set-up

the PID feedback controller is coarsely tuned with parameters K, = 0.045, K; = 0.035
and K4y = 0.0001. Figure 2.14 shows the experimental set-up.

Since the nonlinear effects due to friction is not considered in the proposed scheme, it
is an additional source of modeling error especially when the motor is run at high speed.
Thus, to demonstrate the adequateness and robustness of the proposed scheme, the
experimental results for low-velocity and relatively high-velocity scenarios are illustrated
respectively. In addition, the experimental results with only inverse control for the linear
dynamic model are provided to help show the effectiveness of the force ripple component
by comparison with the complete proposed control method.

The desired trajectory for low speed motion is shown in Figure 2.15. In this case, a
maximum velocity iS Ve, = 0.094m /s and maximum acceleration is d,n., = 0.096m/s?.
The tracking error with only PID control is shown in Figure 2.16 with a maximum

tracking error of 15.4um.
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The initial parameter estimates are chosen as 8(0) = [6.5 3 0.21 — 0.12]7, and the
initial P matrix is fixed at P(0) = 10*I. Since the actual dynamics of the simulated
model and the experimental setup are slightly different, the different filter used in the

experiment is

500
s2 4+ 60s + 500

Hy(s) =

Figure 2.17 shows the tracking error only with the inverse control based on the dom-
inant linear model. The tracking error with the complete proposed control scheme is
shown in Figure 2.18, and Figure 2.19 displays the parameters estimates under this
scheme. Compared to Figure 2.16, order of 0.4 x 10° reduction in error is achieved.

For performance comparison, the RMS (root-mean-square) tracking error egprs and
the absolute maximum tracking error e;;4x can be used as an indicators to evaluate the
tracking performance over the full cycle. A comparison among the three methods (PID
only, inverse control for the dominant linear model, and the complete proposed method)
is done in terms of ey;ax and egprg. Figure 2.20 and Figure 2.21 compare the maximum
tracking error and the RMS tracking error respectively. The figures show that significant
improvement, in terms of both maximum and RMS error, can be obtained with the
complete proposed control scheme. Additionally, they also verify that the adaptive force
ripple compensator is effective towards enhancing the tracking performance.

For the high speed case, the desired motion trajectory is shown as Figure 2.22. It
gives rise to a maximum velocity of v, = 0.75m/s and a maximum acceleration of

Umae = 4.62m/s?. The same 6(0) and P(0) are applied to the adaptive controller.
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The tracking error incurred by the respective control schemes are shown in Figure 2.23,
Figure 2.24 and Figure 2.25. Compared to Figure 2.23, order of 0.4 x 10° reduction in
error is achieved.

Figure 2.26 shows the parameter estimates under the proposed scheme. Similar to
the low speed case, a comparison in terms of maximum and RMS error is given in
Figure 2.27 and Figure 2.28 respectively. In terms of RMS error, the proposed scheme
continues to exhibit the best performance among the three schemes. However, in terms
of the maximum error, it does not perform better than the inverse control based on the
dominant linear model. This phenomenon may be attributed to the variation of the
amplitude of the force ripple with velocity. According to [28], force ripple has a high
frequency at high speed which can fall beyond the control bandwidth of the system.

Under this circumstance, the adaptive method cannot cope effectively, so that a larger
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maximum error arising during the transient phase can occur. However, the average
tracking error over the entire cycle still remain to be the lowest for the proposed scheme.

Moreover, the result performance can be further analyzed in terms of baseline error [61].
2.7 Conclusions

In this chapter, an adaptive control scheme has been developed to reduce force ripple
effects impeding motion accuracy in Permanent Magnet Linear Motors (PMLMs). The
control method is based on Recursive Least Square (RLS) identification of a nonlinear
PMLM model which includes a model of the force ripple. Based on this model, the

control algorithm can be commissioned which consists of a PID feedback component,
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an adaptive feedforward component for compensation of the force ripple and another
adaptive feedforward component which may serve as the inverse model of the dominant
PMLM model. Simulation and experimental results have been presented which ver-
ify the effectiveness of the proposed control scheme for high precision motion tracking

applications.
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Chapter 3

Iterative Reference Adjustment for
High Precision and Repetitive
Motion Control Applications

3.1 Introduction

In Chapter 2, the development of the adaptive controller concentrates on the reduc-
tion of the force ripples. Actually, friction is also a highly undesirable phenomenon in
PMLMs. In this chapter, all the nonlinear effects as shown in (2.1)-(2.3) are considered
in the control algorithm design. Friction may be reduced to some extent via the use of
more efficient bearings, such as air or magnetic bearings. The force ripples, which may
cause oscillation and yield stability problems [2], may be minimized via a reduced-iron
magnetic core design, usually at the expense of a lower generated force.

In high precision application domains, conventional Proportional-Integral-Derivative
(PID) control usually does not suffice since the need to adequately compensate the
nonlinear dynamics of the system become even more important in these applications.

Although model-based control strategies to deal with the modeling of these nonlinear
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effects can be considered, it is generally acknowledged that it is a difficult and challenging
to model these nonlinear effects explicitly and accurately. Alternatively, self-learning
schemes may be considered [28] [56] [62]. This chapter presents a learning control scheme
which is suitable for high precision and repetitive motion control applications, such
as those encountered in pick and place precision assembly, or fixed sequence robotic
machining processes. For example, in automated manufacturing or assembly, such as
flip-chips assembly, high precision repetitive pick and place operations are necessary
to yield high density devices. For the proposed method, no explicit modeling effort is
necessary. It comprises a Radial Basis Function (RBF) network operating in parallel
with an Iterative Learning Control (ILC) component. In the literature, there are some
works about iterative learning control based on neural network. In [62], an iterative
learning controller using neural network was proposed for the robot trajectory tracking
problem. In this work, the neural network was trained off-line iteratively. In [63],
a learning feedforward controller was developed based on the B-Spline network. The
learning feedforward controller was updated by the filtered feedback control signal. The
network was used to derive the filter. For the proposed method, the RBF network is
trained on-line. Moreover, the actions of RBF and ILC components iteratively adjust
the reference signal, which was discussed by Longman in [15]. This is a useful practical
feature deliberately put in place here, since most off-the-shelf industrial controllers do
not allow any manipulation of the control signal which is mostly closed to the users.

Many of them, however, permit user specification of the reference signal, and its online
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modification to facilitate correction processes such as those used for the compensation
of machine geometrical errors and/or encoder errors. Thus, the proposed approach may
be more easily incorporated into existing control systems. The proposed scheme uses a
RBF network [64] to model the tracking error over a cycle which is subsequently used
implicitly in the iterative adaptation of the reference signal over the next one. In this way,
the learning requirements on the ILC component to achieve a certain degree of tracking
accuracy can be reduced, thus speeding up the overall convergence speed. The weights
of the RBF are recursively adjusted online based on the remnant tracking error from
cycle to cycle. The ILC component further enhances the tracking component, especially
over the sections of the trajectory where the RBF network does not approximate the
error well.

Simulation examples and experimental results are provided to demonstrate the effec-

tiveness and practical viability of the proposed control scheme.

3.2 Proposed Control Scheme

The overall configuration of the proposed control scheme is shown in Figure 3.1.

It comprises a basic feedback-feedforward controller (shown in the shaded portion of
Figure 3.1), typically found in standard industrial motion control systems, as well as a
Reference Adjustment Mechanism (RAM) comprising of a combined RBF-ILC system
which adjusts the reference signal from one cycle to the next. The basic feedback-

feedforward controller is termed as the Standard Controller henceforth. In the following
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Figure 3.1: Proposed combined RBF-ILC strategy (RBF-ILC scheme)

sections, PD controller is utilised as the feedback controller while the inverse of the
linear model is designed as the linear feedforward controller. The RAM represents the
learning mechanism for the control system, and it constitutes the main contribution
from the thesis. The main function of RAM is to learn and model the remnant tracking
error which the standard controller cannot adequately compensate, and use the model
to modify the reference signal to achieve a tighter tracking performance.

In what follows, the functions of the RBF network and the ILC component in the

RAM is separately explained, followed by an elaboration of the RBF-ILC combination.

3.2.1 Radial Basis Function Network

The proposed control system assumes that the system is essentially time-invariant and
the desired trajectory is a periodic one with period 7;,. Thus, with the standard controller
in place, the remnant tracking error is a periodic signal with the same period 7,,.

Define f.(t) as the remnant tracking error incurred under the standard controller. A
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key motivation of the proposed control scheme is to approximate and model f.(t) over
a cycle of the operation and use this model to modify the desired trajectory for the
standard controller in the subsequent cycles, so as to significantly reduce the tracking
error. The remnant tracking error f.(t) is expected to be a highly nonlinear function of
time. An adequate modeling tool for nonlinear functions should thus be considered.
The RBF neural network is a type of feedforward neural network. It has been shown
that under mild assumptions, RBF networks are capable of universal approximations
[64], i.e., approximating any continuous function over a compact set to any degree of
accuracy. Therefore, RBF networks is used to approximate the nonlinear functions
associated with the tracking errors. These errors may be viewed as arising from the
nonlinear and uncertain dynamics which have not been adequately addressed by the
standard controller. In a way, the RBF network can be viewed as functioning as a
nonlinear reference corrector to improve on the tracking accuracy. Generally, the RBF

network can be represented as

F(x) = Z%‘%(H z—ci|), (3.1)

where {¢;(||x — ¢;||)} are the basis functions, L represents the number of weights of
the network, {w;} are the linear weights and {c;} represent the centers of the radial
basis functions. A common form of the RBF is the Gaussian function described by
oi(llz —¢l) = exp(—%) 2], [65], where {o,} represent the spreads of the basis

function.

Figure 3.2 shows the use of the RBF network to modify the desired trajectory under the
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standard control strategy. Let zggr denote the output of RBF network. The remnant

tracking error f.(t) can thus be represented as

fe(t) = zrBR(t) + € (3.2)

with |e| < ey where € is a bound on the tracking error residual which is not captured
by the RBF model.

The reference input to the standard controller is the modified desired trajectory x), =
xq+xrpr(t), where x, is the user specified desired trajectory. This RBF network models

a nonlinear time function. Thus, the output of the RBF network zzpr(t) is given by

L

zrpr(ty) = Z%’%’(‘tr —¢l)
=0
L

t, —cil?
= S wemp(- Gl (3.3
- (o
j=0 J

where t, (0 < ¢, < T,) represents the time instant relative to the beginning of each

tracking cycle.

Choice of RBF network parameters:
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Before a RBF network can be trained and used, a number of structural parameters
have to be specified or pre-determined.

The selection of the number of weights L is linked to the complexity of f.(¢) and the
required accuracy threshold of the model €,,;. Although a larger L normally results in a
better fitting model, it also incurs higher computational requirements in order to update
the weights within a specific time frame of the application. Thus, a tradeoff in update
speed and modeling accuracy is always needed. Typically, an acceptable error bound
enr is specified and L can be chosen just large enough to meet this accuracy threshold
specification, while still meeting the time requirement to carry out the online update.

For practical applications of RBF networks, {c;} and {o;} are mostly fixed as constants
[66]. A practical rule of thumb is to spread the centers evenly over the time period
[0,7,], and the spread to be selected as o; = %, V7, where d is the distance between
intermediate centers [67].

Once these structural parameters are fixed, the RBF network is ready to be trained.
The weights {w,} of the RBF can be trained online using the backpropagation learning
rule [67]. They are adjusted in the direction of the steepest descent with respect to error,
to minimize the squared error of the network. The cost function to quantify the fitness

of the RBF network is chosen as

B = 310 = S wslltr — )P (3.4)

o4



The energy gradient is given by

Aw;(t) = —7%
= ’Y[fe(t)—ijd)j(!tr—cj\)]@(!tr—Cj\)- (3.5)

Since the neural network is trained on-line, it is direct to use the actual tracking error as
the training signal so that it is possible to perform the learning process with the system
under closed-loop control. In this case, the actual tracking error is expected to approach
zero [68]. Therefore, replacing [f.(t) — Zf:o w;o;(|t; — ¢;])] with the actual tracking

error e(t), the weights adaptation rule in the form of (3.5), is thus obtained as:
wi(t +1) = w;(t) + ve(t)exp(—|t, — cj\2/20]2-), (3.6)

where v is a learning gain satisfying 0 < v < 1. A small learning gain results in a more
stable weight convergence at the expense of a slower learning rate. On the other hand, a
large learning gain speeds up the learning rate with a relative loss in stability. Therefore,
the learning gain + is selected as a tradeoff between stability and learning rate.

In the precision control application of concern in this chapter, it may be noted that
drastic changes of error can occur, commonly encountered during a directional change
in motion when the frictional effects can vary in a discontinuous manner. The RBF
network does not possess a structure to cope with such discontinuities. For further im-
provement on the tracking performance, an ILC component can be further augmented to
the configuration of Figure 3.2. With an ILC augmented to complement the constraints

of the RBF network, the proposed control scheme can also be more tolerant of a less
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appropriately chosen structure for the RBF network. The basic and RBF-augmented

ILC schemes are elaborated in Section 3.2.2 and Section 3.2.3 respectively.

3.2.2 Iterative Learning Control

Iterative learning control (ILC) was proposed by Arimoto et al. to achieve a better
system performance of repetitive systems over a finite time interval [8]. The main idea
associated with the use of the ILC is to enhance the system performance by using the
information from the previous cycle in the next cycle over a period of time until the
performance achieved is satisfactory [56] [62] [69] [70]. ILC is a memory-based control
scheme that needs to store the tracking errors and control efforts of previous iterations
so that the control efforts of the present cycle can be constructed. In this chapter,
the P-type update law is adopted for the ILC [69] [70]. An independent ILC scheme,
without using the RBF error model, is given in Figure 3.3 to modify the command to
the feedback-feedforward controller [69)].

Under this configuration, during the ¢th ILC iteration, the modified desired trajectory

26



Ty, s given by
Tq,(t) = za(t) + 2rrca(t), (3.7)

where t is the discrete time index. The update law for the ILC is

Trroit1(t) = xrpeq(t) + Kei(t + 1), (3.8)

where K is the learning gain. For the P-type ILC, a sufficient condition for learning
convergence can be found in [71] which also provides guidelines for the choice of K. A
more thorough analysis of convergence and stability for sampled-data ILCs can be found
in [72]. Under this basic ILC configuration, the tracking error and the output of the
ILC during the previous cycle are used to update the output of ILC during the present

cycle.

3.2.3 Combined RBF-ILC System

The proposed control scheme of Figure 3.1 combines the advantages of the RBF net-
work and the ILC control components. The RBF network is used to facilitate fast
initial compensation of the tracking errors while the ILC can iteratively induce further
improvement when the self-tuning RBF network ceases to yield further tracking error
reduction, a situation which can occur due to scenarios such as an under-sized structure,
or inherent limitations of the RBF in modeling the discontinuous part of the tracking
€rrors.

Thus, compared to the basic ILC scheme, the proposed control scheme has a higher

convergence rate owing to the RBF network in place. Compared to a RBF-only scheme,
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the proposed scheme is able to yield an additional margin of improvement in tracking
performance, especially over portions of the trajectory where the RBF network does not
model the error well. These portions include the directional changeover points and load
change instances. The combined structure also means that the requirements on either
component can be less stringent to achieve the same performance, e.g., a smaller RBF
network or a smaller learning gain can be used.
Under this proposed configuration, during the ith ILC iteration, the modified trajec-
tory zj;; is given by
2y (1) = x4(t) + 2rpri(t) + 210c(t). (3.9)
Zrrc,; is the output of the ILC during the ith iteration. The structure and the function
of the RBF network remains the same as the one presented in Section 3.2.1. The update

law for the ILC also remains the same as (3.8).

3.3 Convergence Analysis of Proposed Control Scheme

In this section, the discussion of the convergence analysis is based on the model (2.1)-
(2.3) shown in Chapter 2. Additionally, the frictional force is also considered in the
model. In consideration of the frictional force, the model can be similarly simplified by

ignoring the delay of electrical response

_K%Kef’?“ + %u(ﬂ — Frippte(®) = Frric(@) — fu(t))/M. (3.10)

Z =
Let K = (KfK./R) and Ky = (K¢/R). Thus, it can be written as

r=——I+ _u(t> - %(fripple(x) + ffmc(x) + fnl(t)) (311)
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As proposed in the above section, the control u is given by

u(t) = k;[l‘d(t) + ZL‘[LC’Z‘(t) + xRBF,i(t) - ZL‘(t)]

+ Kj[ta(t) + Trrci(t) + Erpri(t) — @(1)], (3.12)

where k; and &/, are the PD control parameters, respectively. The closed-loop system,
consisting of the feedback controller and the linear motor, is considered as the compen-
sated system.

Substituting u into (3.11) yields

Ksk, K, Kk,

T o= 7" (M + 7)x+
Kyk! ]
Mp (xrrei + katroes)

- %[ffmc(x> + fr'ipple(x> + fnl]

K ) )
+ MQ[%(% + TrBr) + ky(ta + TrBE)], (3.13)

where kq = ky/k,,.
The state space form of the compensated system may be described as:

Xi(t) = Axi(t) + Bri(t) + D;(t)
zi(t) = Crxi(t) (3.14)
Ti(t) = Cox(t),
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where

0 1
Xi = [mal’, A=| ok,
_ Mp _(%_i_KAfd)
0
B = [ Kok, ,C1=1[10], Cy=101]
M
Di(t) = [0d"
1 )
d = _M[ffric(x) + fTipple(x) + fnl]
K2 / /A .
T M[kp(xd + TrBF) + ky(Ta + TrBF))- (3.15)

In (3.14), 7(t) = xrrc,i + kaTrrc,i, Di(t) represents the nonlinear part of the compen-
sated system, and ¢ denotes the ith repetitive operation of the system. The trajectory
is considered as a periodic one, i.e., t € [tg, o + Tp).

Lemma 3.1. (Theorem 5.D4 of [73]). The time-invariant dynamic linear system z(k+
1) = ®z(k) is asymptotically stable if and only if all eigenvalues of ® have magnitudes
less than 1, i.e., |\;(P)] < 1.

Theorem 3.1. For the system (3.14) with the assumptions that || x;(to) — xi—1(t0)] <

bx07 HDz(t) — Dz—l(t)H S bD, and

I —-C0 —Ci6k,
<1
| —Cs0 I — Cy0ky | ’
where 6 = fOT A7 dr BK, given the desired trajectory z4(t) over the fixed time in-

terval [to,to + T}, by using the learning control law (3.16), then, the tracking error is

bounded

. U(b 0 bD)
lim [le;]| < s ,
lim e \/(1 = o (P)
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where p and P are defined in (3.50) and (3.43), respectively. Moreover, the tracking
error e(t) is converge uniformly to zero at the sampling instants ¢ = ¢y, ts, ..., ty, where
t; — t;—1 = const, as 1 — oo when by, and bp — 0.

Proof. The proof includes two steps. The first step is to derive the convergence in the
case of D; = 0 and the control system (3.14) to be exactly re-initialized at x(#y). The
second step is to prove the boundedness of the error under the proposed control scheme
in the case of ||D; — D;_1]| < bp and ||xi(to) — xi—1(to)|| < bo.

Step 1. The case of D; = 0: It is also assumed that the control system (3.14) is
exactly re-initialized at x(¢p). Consider a sampling period T" where t;, — t;,_; = T and
give a set of sampled data of the desired output trajectory z,4(tx),k € {0,1,2,..., N}.
The control objective is to design a sampled-data iterative learning controller such that
when starting from an arbitrary initial state x;(t), the output z;(tx) at each sampling
instant approaches to x4(ty), i.e., x;(tx) — z4(t) as i — 0.

To derive the convergence, the following sampled-data learning law is used

zroei(ty) = xrpcioi(te) + Keimi(tiga), (3.16)

where xrrc(tg) is the output of the ILC, xrrc(t;) denotes the constant input for the
compensated system for ¢ € [ty,tx11] and &k = 0,1,...N — 1. Here K is a constant
gain. In this sampled-data iterative learning algorithm, the error history is sampled at
to,t1, ..., tx, and stored in the memory. The system is analyzed at each sampling instant

via a discrete approach. The solution of the state space (3.14) at the sampling instant
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t, can be written as

t1
Xi(tk+1) _ €A(tk+1_t°)xi(t0)+[/ €A(tk+1_7)dTBTi(t0)

to

lkt1
+.. 4+ / A=) dr Bri(t,)]. (3.17)

173
The tracking error e;(tx41) at the ith repetition is that e;(tx11) = zq(tkr1) — xi(tryr)-

From this definition, the following output error equation can be obtained

ei(thr1) = Ta(trr1) — vic1(teyr)
—(@i(tks1) — Tim1(trs)) (3.18)
= ei—1(tes1) — Cr(Xi(ths1) — Xic1(teg1))-
Substituting (3.17) into (3.18) yields

ei(tir1) = e i(tiyr) — Cre 17100 Ay, (¢)

t1
—Cl [/ €A(tk+17T)d7'BA7’Z'(t0) 4 ...

to

tet1
- / A=) dr BAr (1)), (3.19)

tk
where Ax;(to) = xi(to) — xi—1(to), and Ar(ty) = ri(te) — rica(te) = zroci(ts) —
Trrcio1(te) + ka(Troei(te) — Troci-1(tk)) = Keim1(teer) + kaéizi (tes1)-

é;(tx+1) can be written as

éi(thr1) = Taltisr) — o1 (tegr)
—(&i(ths1) — Tic1(trgr))
= éi_1(ter1) — Ca(Xi(thg1) — Xi—1(te41))
= &1 (tppr) — Coe 1) Ay (to)
t1
_02[/ A= dr BAr(to) + ...

to

tht1
+ / eA(t’““_T)dTBATi(tk)]. (3.20)

173
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Let

trt1
Ek+1)=1- C’l/ eAt1="dr BK,

173

lkt1
E(k+1) = —C’l/ A= dr BKky

ty

_ let1
Ek+1)=1-0C, / A=) dr BKky,

tg
_ tet+1
E(k+1) = -0y / A1 ="dr BK, (3.21)
tg
where [ is a unit matrix. At the time point ¢, since the previous controls Ar;(ty),

Ari(ty), ... Ar;(ty) are available, by the assumption, substituting the control law (3.16)

into (3.19) yields

tet1
ei(tk+1) = [I - Ol/ €A(tk+1_T)dTBK]€Z'_1(tk_H)

173

t1
—Cl [/ €A(tk+17T)dTB(K€Z‘_1 (tl) + k’dKéi_l (tl))

to

tet+1
+.. + / A= A By K é; 1 (try)]- (3.22)

tg

éi(tks+1) can be written as

tht1
éi(tk-i-l) = [I - 02/ GA(tk"'l_T)dTBk’dK]éi_l(t]H_l)

173

t1
_02 [/ €A(tk+1_T)dTB(K€i_1(t1) + deéi—l(tl))

to

to
+/ GA(tk"'l_T)dTB(K@i_l(tQ) + deéi_l(tg))

t1

lkt1
+...+ / €A(tk+17T)dTBK6i_1(tk+1)]. (323)

tk
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For t = t; at the th iteration, the above equation becomes

t1
€i(t1) = [I — Cl/ €A(t17T)d7'BK]€i,1(t1)

to

t1
—Cl / €A(t277)d7'BKl€déZ’,1(t1)

to

= B(Deir(ty) + E(1)és_1(t1)

t1
€Z(t1) = [I - 02/ €A(t1_T)dTBK]€d]éi_1(t1)

to

t1
_02 / €A(t2 _T)dTBKGZ‘_l (tl)

to

= E(1)éi1(th) + E(1)eia (1),

where

t1
E(1) =-C / A2 dr BKky,

to

t1
E(1) = -Gy / A" dr BK.

to

For t = t, at the ¢th iteration, it can be obtained as

ei(tg) = E(Q)ei_l(tg) + E(Q)lez_l(tg)

t1
—Cl / GA(tQ_T)dTB[Kei_l(tl) + Kk‘dez_l(tl)]

to
Let

t1

Eyy = —01/ e dr BK,
to
t1

By, = —C / e dr BKkg.
to

(3.25) can be rewritten as

€Z‘(t2) = E(2)61_1(t2)+E(2)'61_1(t2)

+Es1ei1(t1) + Eiléi—l(tl)‘
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Similarly, it is obtained as

€Z(t2) = E(Q)@Z_l(tQ)+E(2)/61_1(t2)

+E§,1€z‘—1(t1) + Ea1éi-1(t1). (3.28)

Similarly,

ei(ty) = E(N)e;_1(tn) + E(N) éi—1 + Exie;-1(t1)
+ Eyiéio1(t) + Engeii(ta) + Eyoéii(ta) + ...
+ Enn-1€i-1(ty-1) + EEV7N_1éi—1(tN—1) (3.29)
éi(ty) = E(N)éi_i(tn)+ E(N)eioy + Eyeimi(t)

+ EN,léi—l(tl) + E§\772€i—1(t2) + E_'Nygéi_l(tg) + ...

+ E_’;v,quifl(thl) + E_’N,Nfléifl(thl)a (330)

where

t;

ENJ‘ = —Cl/ €A(tN_T)dTBK, E;VJ‘:EN,ikd
t;i—1

Ey;, = —C, / '™ drBK, En; = El ka,
t;—1

i = 1,.N—1. (3.31)

The above equations can be written as a composite form

e, = Eei,l, (332)
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)
[ E(1) E(1)

0 0 .. 0 0 |
E(1)Y E?2) 0 0 0 0
Eyy E}y, E(2) E(2) 0 0
E=| EbYy Ex E2) E2) 0 0
Evi Ey, En2 Ey, .. E(N) E(NY
| Eyy Eni By, Eng .. E(N) E(N) |

Since K is a constant sequence matrix, k; is a constant, and C ftZ X eAtini=7)dr B,
Cy féil eAtini=NdrB k=0,1,..N—1;7=0,1,2,..N — 1 and j < k are the constant
matrices for given N sampling patterns, each element of E is a constant matrix with
respect to the iteration ¢. Thus, the system becomes a discrete time-invariant system.
According to Lemma 3.1, e; is convergent if E is stable, i.e., all |\;[E]| < 1.

Since the matrix E is a lower block triangular, it can be obtained as
_ E(G+1) E(G+1)
N[E] = UM | 2 _ : 3.33
ORGSR AN AR (5.33)
E(j+1) EG+1)

: . for each j = 0,1,2,..N—1
(j+1) E(j+1)} CEEIT RS

This implies that e; is convergent if {

is a stability matrix.

Note that for a constant sampling

ti+1
E(G+1) = 1—01/ A1 =" dr BK
t,

J

T
= 1-C / AT drBK. (3.34)
0

I-C0 —Ci0k,

1,where 6 = [ eAT-7drBK.
Y I—Cgﬁkd]H< ,where 6 = [ e dr

Thus, e; is convergent if || l
This completes the proof of Step 1.

Step 2: In the above development, convergence is established without considering

disturbances. In the following, it shows the uniform convergence of the system against
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state disturbances, and reinitialization error at each iteration. Consider the repetitive

system (3.14) with uncertainty and disturbance.

The solution of (3.14) can be obtained as follows:

Xi(terr) = ey (t)

tet+1
+ / eAtet1=7)qr By, (tr)

to

tet+1
+ / eAltet1=7) D, (1)dr.

to

For the error model, it can be obtained as

eiltii) = eis1(tper) — Cre =) Ay (1)
trt+1
—C’l/ eA(t’““_T)dTBAri(tk)
to

tet+1
o / eA(t’““*T)ADZ-(T)dT

to

Eiltirn) = éina(tes) — Coe 170 Ay (1)
tet1
—C, / eA(t’““*T)dTBA?“i (tk)
to

tet+1
—02 / €A(tk+177)ADi(7')d7'.

to

(3.35)

(3.36)

(3.37)

Taking a similar procedure as the proof in Step 1 and applying the control law (3.16) at

to, t1, ...ty to (3.36), it can be written as

e; = Ee;,_, — HiAy;(0) — Hy,

67

(3.38)



where e;, E are given in (3.32), and

[ CheAlti—to)
C,eAlti—to)

H, = : (3.39)
Cl eA(tN _tO)
CQ€A(tN _tO)

eX L;l eAM=AD; (1)dr

Ca [, A AD;(1)dT
A = : . (3.40)
C1 ftN AUN=TIAD;(T)dT
| Cs ftN A=) AD;(7)dr.

Notice that

| Bl =\ Aaa (T H) < /| T

< (Il + lICel)e N VN, (3.41)

| Hall = \/Ama (BT Hy) < /| HE B |

IN

(IC1 | + |Co|NTeMINT /N, (3.42)

Since || — C’fOT eATdrBK|| < 1, it is shown in Theorem 3.1 that the constant matrix E

is stable. Thus, the following Lyapunov equation holds,
E'PE - P = —1I, (3.43)

where P is positive definite matrix, and [ is the unit matrix. Consider the Lyapunov

function L; = el Pe;. Then along the solution of (3.38) it can be obtained as

ALiy1 = Lit1 — L = e}, Pe;jy1 — €] Pe;
= _HeiH2 - QQiTETP[HlAXHl(O) + ﬁ2]

R o
+2AXiT+1(O)H1TP[H2 + EHIAXiJrl(O)] + HI'PH,. (3.44)
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Using —2a73 < (aTa + % BT 3 where ( is an arbitrarily positive constant, with the help

of (3.41), (3.42) and (3.44), the following inequalities hold:

— QGZTETP[ﬁlAXZJrl(O) + HQ] S CeiTei

+ %{mxiﬂ(m + )7 (PEE" P)[H,Axi (0) + 7y

1
Clles? + ZIPEIFICall + [Callel 1TV R

IN

+ (||Cy]| + |Co|NTeMMITV/ Nb 2. (3.45)

Using the definitions of the norm, the following inequalities hold

\)

_ 1 _ _ 1. -
AXEA OV AT P 4+ 5 i (0)] < 21 Pbyo[1 7] + 51 o)
< 2N(ICl + IC I Pl Do

1
LG+ NG NT by 4+ S + 1ol by

HyPH, < |HjP|(]|H:)

N

< NG+ IC DT op || PN Cull + | Call) T T bp]. (3.46)

Incorporating the above inequalities produces

ALy < —(1=¢)leill* + o(byo, bp), (3.47)
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where

ooanbo) = ZIPEIPIICH+ o)V by
IO+ )TNV R
+AN(IGH] + |G PN
[0+ s lTel v,
5 (IC+ ol VT
+ NG+ IGITMIN b | P

LIl + I CalNTe by, (3.48)

and 1 > ¢ > 0 constant.

Since Apin(P)]|€i]|* < Li < Mnaz(P)||€;i]|?, it can be obtained as

1-¢
Lign— L < — L; byo,bp). 4
+1 = )\m(m(P> + U( X0 D) (3 9)
Rearranging terms, it can be written as
Lig < [1 1_€]L+ (ba0, D)
i+l = )\max(P) 7 0020, 0D
= pLz + O'(bxo, bD), (350)
where p=1— #IEP)' The choice for ¢ to make |p| < 1 is obvious, i.e.,
1= Mnae(P) < <1 if Muae(P) < 1 (3.51)
0<C<1if MNpaz(P)>1. (3.52)
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Finally, one can easily find that

‘ 1—pt
Li S szo + 1 _p O'(bx(), bD), hm Lz S O'(i)(%’ZD) (353)
lim ||e;]| < 7 (b0, bp) (3.54)
imoo T\ (1 = p)Amin(P)

This implies that the output error is bounded for ¢ € [0, N], and even the uncertainties

o(bx0,bp)

T (P) whose size depends on the bounds of

that exist converge to a residual set
byo, bp. Furthermore, lim;_, ||€;|| = 0 if byo, bp — 0.

Remark 3.1. Ast — oo, the RBF is trained well. This implies that Axgpp;
approaches to a small number. This also implies that o decreases. From (3.54), it is
observed that this may help to reduce the error. On the other hand, the ILC may help

to achieve a bounded error as shown in (3.54), as ¢ — co. The bounded error depends

on the disturbance bound and RBF training.
3.4 Simulation Study

The proposed control scheme is simulated on a PMLM, decribed in (2.1)-(2.3). The
parameters of the PMLM can be found in Table 2.1 in Chapter 2.
In the simulation study, the frictional force is considered as a combination of Coulomb

and viscous friction. The friction model may be written as

Frrie(@) = (fe + fol#])sign(@), (3.55)

where f. is the minimum level of Coulomb friction and f, is the viscous friction para-

meter. Note that the friction force acting is discontinuous when 2 changes sign which
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Figure 3.4: Desired trajectory, z,4
corresponds to when the motion changes direction. In the simulation study, these pa-
rameters are chosen as:f, = 10N, f, = 10N. They are simply estimated by a spring
balance in the experimental study.

The force ripple, dominant in PMLMs; is also considered in the simulation, and it is
described as a periodical sinusoidal type signal, with an amplitude of 8.5N ([28]) and a
spatial period of 71.2mm, i.e., frippe = 8.5sin %x, where x is expressed in um.

The desired trajectory is chosen as (2.29). The desired trajectory with the period
T, = 6s is shown in Figure 3.4. The PD controller parameters are tuned, using the
Ziegler-Nichols frequency response method, to be k, = 0.15 and k; = 0.00024. The

design of the feedforward controller is based on the second-order linear model. Figure

3.5 shows the tracking error incurred over one cycle when only the standard controller
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Figure 3.5: Tracking error with the standard controller
is used. This is the remnant tracking error which the proposed control method is aim
to model and subsequently reduce by modifying the reference signal.

In terms of the RMS tracking error and the absolute maximum tracking error, the
standard controller yields egprg = 11.63pum with a maximum error ey 4x of 20.49um.
These errors are thus representative of performance achievable by standard motion con-
trollers, and can be used as benchmarks to compare the performance of various control

schemes.

3.4.1 Tracking Performance- RBF-only Scheme

In this part, the RBF network is used as a parametric model for the tracking error shown
in Figure 3.5. Following the parameter selection guidelines described in Section 3.2.1,

101 centers (i.e., L = 101) are chosen. Thus, the time period [0, 6] is split into 100 equal
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Figure 3.6: Tracking error with the RBF-only scheme
intervals. The center width is chosen as o = 0.042, and the learning gain is fixed at
v = 0.015. Figure 3.6 shows the tracking error incurred during the 1st, 5th and 20th
cycles when the RBF is additionally used to modify the reference signal.

The RBF network shows a strong capability to approximate the remnant tracking error
over the entire period. With egpg reduced to 3.2pum at a maximum error of 9.02um
after only one cycle, it is clear that the tracking error can be reduced significantly with
the RBF enhancement.

Figure 3.7 shows the RBF network output during the 20th cycle, compared to the
actual remnant tracking error with the standard controller. The RBF network is able to
approximate the remnant tracking error very well, except at the directional changeover

point at t = 3s when the discontinuity in frictional force is experienced. The disconti-
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Figure 3.7: Approximation of tracking error by the RBF network
nuity appears at zero velocity at t = 3s. It is because the friction force as a function of
only velocity is not specified at zero velocity.

Figure 3.8 shows the tracking performance of this scheme over subsequent cycles. It
should be noted that with the RBF network alone, while the tracking error has been
reduced significantly, it can be observed that incremental improvement tapers and slows
considerably after the 5th cycle. The limitation of RBF network in approximating the
discontinuous part of the time function at t = 3s is also rather evident, as this portion
of the error remains even after a large number of cycles have lapsed as seen in Figure

3.7. This limitation can be overcome with an additional ILC component.
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Figure 3.8: Iterative convergence performance with L=101 in terms of ey;4x and egnrg

3.4.2 Tracking Performance- ILC-only Scheme

To illustrate the advantages of using a RBF-ILC combination, the tracking performance
with only ILC is first simulated to serve as a basis for comparison. Following reported
guidelines [71] on the choice of the learning gain, K = 0.15 is selected. Figure 3.9 depicts
the tracking error incurred with only ILC component during the 1st, 5th, and 20th cycle.
Compared to Figure 3.6, the tracking error with ILC converges relatively more slowly
in the absence of the RBF network.

Although it is clear in Figure 3.8 that the ILC-only scheme can yield iterative improve-
ment, the high initial convergence rate offered by the RBF network component cannot
be achieved. However, it is able to reduce the maximum tracking error iteratively, and

the improvement yield is especially evident at the directional changeover points. This
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Figure 3.9: Tracking error with only ILC
fares favorably compared to the RBF-only scheme where the incremental improvement
after the initial few cycles is limited. The merits of both schemes would be combined in

a RBF-ILC hybrid scheme to be presented in the next subsection.

3.4.3 Tracking Performance- RBF-ILC Combined Scheme

The combined scheme is thus expected to exhibit a fast error convergence rate (conse-
quent of the RBF network component) and also to incur good tracking performance over
time (consequent of the ILC component). Figure 3.10 shows the tracking error incurred
with the combined RBF-ILC scheme. The number of weights used remains fixed at
L = 101 and the ILC learning gain remains at K = 0.15 for a fair comparison. Figure
3.8 compares the learning convergence with RBF-only and the ILC-only scheme. The

fast initial convergence rate of the RBF-only scheme is retained, yet the hybrid scheme is
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Figure 3.10: Tracking error with the RBF-ILC combined scheme
able to yield further tracking improvement even when the performance of the RBF-only
scheme tapers off after the initial few cycles.

It is interesting to also verify that such an RBF-ILC combination is able to relax the
requirements on the individual RBF and ILC components. The simulation is re-run with
L = 51 which is only 50% of the RBF network size earlier considered. After 48 cycles,
the proposed scheme is able to meet or better the performance obtained earlier at the
20th cycle with L = 101, as shown in Figure 3.11. The combined scheme is thus more
tolerant of less appropriate parameter selection on the individual components, being
able to compensate with more learning cycles.

In order to provide the clear information of every component, Figure 3.12 presents the

outputs of Xgrpr, X;rc, the feedback controller and the feedforward controller in the
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Figure 3.11: Iterative convergence performance with L=>51 in terms of ey;4x and egnrg

last cycle.
3.5 Experimental Results

In this section, actual experimental results are provided to illustrate the effectiveness
of the proposed method. Experiments were conducted based on an actual PMLM (LD
3810) described in Section 2.6.

The desired trajectory remains the same as in Figure 3.4. Figure 3.13 shows the
tracking error in following the desired trajectory over one cycle with the performance
indicator as egprg = 12.49um at a maximum error of 23.8um.

In what follows, the performance achieved under the various schemes is presented. It

should be pointed out that similar trends to the simulation results are observed.
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Figure 3.12: Outputs of components in the 20th cycle (a). Xgrpr; (b). Xize; (c).
feedback controller; (d). feedforward controller
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Figure 3.13: Tracking error with standard controller

80



30

Tracking Error (um)

3 ) 6
@ Time (s)

Tracking Error (um)

Tracking Error (um)

(c) Time (s)

Figure 3.14: Tracking error with RBF enhancement (a). during the 1st iteration (b).
during the 10th iteration (c). during the 40th iteration

3.5.1 Experimental Results- RBF-only Scheme

The RBF network is now augmented to the standard controller. 101 weights are selected
to enable an efficient online update of the weights within the allowable sampling period.
The initial values of the weights are set to zero, the center width is chosen as 0 = 0.042,
and the learning rate set to v = 0.0018, all in accordance to the guidelines presented in
Section 3.2.1. Figure 3.14 shows the tracking error incurred during the 1st, 10th and 40th
cycles. The performance indicator has improved with egy ¢ = 10.3um at a maximum
error of 21.2um after the first cycle. Figure 3.15 shows the good approximation of the
tracking error with the RBF network during the 40th cycle.

Figure 3.16 shows the convergence performance of the proposed schemes over 40 cycles.
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Figure 3.15: Approximation of tracking error by the RBF network
While the improvement with the RBF network addition is self-evident, it can also be
noted that the incremental performance begins to taper off after the 10th cycle. After the
10th cycle, eprax = 5.19um and erprs = 1.84um. During the 40th cycle, eprax = 3.9um

and egryrs = 1.63um, indicating slight improvement attained.

3.5.2 Experimental Results- ILC-only Scheme

For the ILC only scheme, the learning rate is chosen as K = 0.039, and zero initial
conditions are used. Figure 3.17 shows the tracking error during 1st, 10th and 40th
cycles. The tracking error can be reduced with each incremental cycle. However, the
amount of initial error reduction is significantly less than the corresponding reduction
when a RBF network is used.

Figure 3.16 shows the performance of this scheme over 40 cycles. While the absolute
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error reduced is less than the RBF-only scheme, the ILC-only scheme is able to persist

to attain a more consistent incremental error reduction even after the 10th cycle.

3.5.3 Experimental Results- RBF-ILC Combined Scheme

From the above experiment results, it may be noted that the RBF and the ILC compo-
nents offer rather distinct advantages. Similar parameters are retained, with L = 101,
K = 0.039, and zero initial conditions. Figure 3.18 shows the tracking error incurred
during the 1st, 10th and 40th cycles. The convergence performance of the scheme is
also shown in Figure 3.16. Under this RBF-ILC combined scheme, the performance
indicators improve from egry;s = 1.74pum after the 10th cycle to egyrs = 1.1322um after
the 40th cycle. The maximum error also reduces from 4.64um to 3.05um. Compared
to the performance of RBF only, a slight improvement is obtained. It is partially due
to the restrictions in the measuremetn resolution. The tracking error cannot reduce
further. In addition, the experimental setup has smaller friction than expected. So In
the RBF+ILC scheme, ILC takes relative slight effect on the performance. However, in
terms of both absolute error reduction and error reduction rate, this scheme exhibits the

best performance among the schemes experimented.

3.6 Conclusions

A learning control scheme is developed which is suitable for high precision and repetitive
motion control applications. It uses a Radial Basis Function (RBF) network as a model

for the tracking error, and an Iterative Learning Control (ILC) component to further
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improve on the error model. Unlike the usual ILC scheme which adapts a feedforward
control signal to achieve improved tracking performance over time, the proposed scheme
iteratively adjusts the reference signal. The RBF network speeds up the initial error
convergence while the ILC component can yield further improvement with time. Simu-
lation examples and experiment results presented have verified the desirable features of

the proposed method.
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Chapter 4

Online Automatic Tuning of PID
Controller Based on an Iterative
Learning Control Approach

4.1 Introduction

Proportional-Integral-Derivative (PID) controllers are now widely used in various in-
dustrial applications where the tracking and regulation of time-continuous variables is
necessary. The strong affinity with industrial applications is due largely to its simplicity
and the satisfactory level of control robustness which it offers. Apart from possible minor
structural differences, the distinct factor governing how well the controller performs is
the tuning method adopted. To-date, many different approaches are available for tuning
the PID controller (e.g., [74] [75] [76]). In more recent times, automatic tuning methods
have evolved (e.g., [77] [78] [79]), where the user of the industrial controller only needs
to provide simple performance specifications, initiate the tuning process with a push
button, and the PID controller can be tuned satisfactorily. These tuning approaches

can be generally classified under offline and online approaches. In the latter case, the
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controller is tuned while it is still performing the control function, with no loss in pro-
duction time. From economy, practical usage and application domain viewpoints, the
closed-loop online approach is an attractive approach.

To-date, however, a specific PID tuning approach is typically limited to certain classes
of systems only. It also typically requires a linear model of the system, in an implicit
or explicit form, based on which the controller is tuned. It is unrealistic to assume that
the system of concern fits the assumed model well, since all systems encountered in
practice are nonlinear in nature. As a result, the final control performance can be rather
limited and unacceptable when the user requirements become stringent. Under this
situation, one response may be to develop a more complex version of the PID controller.
In [80], an adaptive PID controller based on the model reference technique is proposed.
In [81], a direct adaptive PID control scheme has been proposed for both off-line and
on-line tuning of PID parameters. In [82], a learning-enhanced nonlinear PID controller
has been developed specifically for nonlinear systems. Central to all these work is a
model that becomes more complicated and unwieldy, in order to yield the incremental
performance needed. Correspondingly, the entire control design procedure also becomes
complicated.

This chapter presents a new scheme to tune the PID control parameters based on
an Iterative Learning Control (ILC) approach. The basic idea is to use ILC to derive
the ideal control signal for the system to track a periodic reference sequence. This

reference sequence can be the natural reference signal for the control system when it is
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executing repetitive operations, e.g., a servo-mechanical system executing repeated pick
and place operations. It can also be a deliberate periodic sequence purely for tuning
the PID controller, after which the natural reference sequence can be applied. This
deliberate excitation signal can be derived, for example, by subjecting the closed-loop
system to relay feedback and inducing steady state oscillation signal at an interesting
frequency of the closed system. In [83], the author proved that for each causal linear
time-invariant ILC, there is an equivalent feedback that achieves the ultimate ILC error
with no iterations. In this chapter, the PID controller is directly constructed from the
ILC algorithm, which is preferred in pratice. In this chapter, deliberate effort is put
in to ensure that the tuning is done online, i.e., the tuning procedure is carried out
while closed-loop operations is in progress. To this end, the ILC deviates from the
usual configuration ([84]), by iteratively changing the reference signal rather than the
control signal. Most industrial control systems do not allow the control signals to be
changed, although the reference signal can be subject to user specifications. Thus, the
method represents an approach which can be more readily incorporated into existing
closed-architecture systems.

Once the ILC yields a satisfactory overall control signal, as far as a selected function
of the tracking error is concerned, the PID controller is ready to be tuned. A system
identification approach is adopted where the PID parameters are adjusted such that the
best fit to the overall input and output signal of the ILC-augmented control system is

obtained. For this purpose, it is possible that a higher order controller is adopted instead
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Ao PID1 | System 3

Figure 4.1: Basic PID feedback control system

of the PID controller. The proposed method is a model-free approach since no model,
implicit or explicit, is assumed, and at no time, is the controller detached from the
system. In this chapter, the proposed method is subject to simulation-based evaluation

as well as real-time experimental tests on a piezoelectric linear motor.

4.2 Proposed Approach

In this section, the proposed tuning approach of the PID controller tuning using an ILC
approach is elaborated. The entire procedure is essentially carried out over two phases.
In the first phase, a modified ILC procedure is carried out to yield the ideal input and
output signals of the overall ILC-augmented control system. The second phase is to use
these signals to identify the best fitting PID parameters with a standard Least Square

(LS) algorithm. In the following subsections, these two phases are elaborated.

4.2.1 Phase 1: Iterative Refinement of Control

Figure 4.1 shows the system under PID feedback control (PID;). The controller PID;

is described by:

u(t) = Kpe(t) + Ki /Ot e(t)dt + K dz(tt)' (4.1)
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An ILC component is now added to the basic control system to iteratively obtain
enhanced control signals for tracking of the periodic reference signal. Figure 4.2 shows
the configuration with the ILC augmentation. Instead of the usual approach of refining
the control signal which may not be permitted in the typical closed-architecture control
system, the ILC component modifies the desired reference signal through successive
trials to improve the tracking performance. In this chapter, the P-type update law is
adopted for ILC. Under the configuration shown in Figure 4.2, during the i-th iteration,

the modified desired trajectory 3”:1,@ is given by

x:;l,i(t) = x4(t) + Awg,(t), (4.2)

where t is the discrete time index. The update law for the ILC is

A.ﬁl?dﬁurl(t) = Al'd,z(t) -+ )\el(t + 1), (43)

where A is the learning gain. For the P-type ILC, a sufficient condition for learning
convergence can be found in [71] which also provides guidelines for the choice of A\. A
more thorough analysis of convergence and stability for sampled-data ILC can be found
in [72]. Under this ILC configuration, the tracking error and the output of the ILC
during the previous cycle are used to update the output of ILC during the present cycle.

Figure 4.2 can be configured in the equivalent form as shown in Figure 4.3(a), where
the ILC structure for enhancement of the reference signal can be viewed instead as a
parallel learning controller to PID;, comprising of a ILC component and PID; in series.

When a satisfactory level of control performance has been achieved, the ideal input e
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Figure 4.2: Iterative Learning Control block diagram

and output Awu for a cycle of the reference signal would have been available for the next

phase.

4.2.2 Phase 2: Identifying New PID Parameters

In this phase, an equivalent PID controller PID, is derived in place of the parallel
ILC+PID; component, so that Figure 4.3(b) is as close to Figure 4.3(a) as possible, as
far as the response of the signal Au to e is concerned.

The PID, controller can be expressed as:

de(t)
dt -

Au(t) = Kpe(t) + Ko /t e(t)dt + Kao (4.4)

The standard least Square (LS) algorithm is used to obtain the parameters of PIDs.

Equation (4.18) can be written in the linear regression form:
Au(t) = ¢ ()0, (4.5)

where 0 = [Kp3 Kiz Kgo]" and o7 fo t)dt de(t)/dt]. In practical applica-
tions, the derivative signal is seldom obtained via direct measurement, and measurement
noise is amplified if it is derived via direct differentiation. In this chapter, the differential
filter is used to derive the derivatives [60]. Figure 4.4 shows the block diagram of the

estimator with filters H¢(p), where p = d/dt represents the differential operator.
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Equation (4.18) can be expressed in a general form:
Au(t) = A(p)e(t), (4.6)
where A(p) =p+ % + 1. With the additional filters H;(p), (4.6) can be rewritten as:
Hy(p)Au(t) = Hy(p)A(p)e(t), (4.7)

where the filter H;(p) is a stable transfer function.

Let

Aug(t) = Hy(p)Au(t)

er(t) = Hy(p)e(t). (4.8)
Thus, (4.7) can be written as:
¢ der(t
0
Hence, the parameter vector remains as 6 = [Kp2 Ki» Kg|'. The regression vector
becomes
¢ des(t)
A0 = le®) [ epa <20
0
1
= [Hy(p)e(t) ];Hf(p)e(t) pH(p)e(t)). (4.10)
Define:

> = , (4.11)



where N is the number of data used in the estimation. Thus, the least squares estimates

of the parameters can be determined efficiently as:
0= (o70)'oTU. (4.12)

Once the best fit PIDs controller is identified. the final PID controller is the combi-

nation of PID; and PID, which can be written as:

de(t)
dt

u(t) = (Kp+ Kpe(t) + (Ka + Ki) /t e(t)dt + (Ka1 + Ka2)

de(t)
dt

= Kpe(t)+ K; /t e(t)dt + Ky (4.13)

where K, K; and K, are the three overall parameters of the final PID controller. In
this way, the PID controller is tuned in the closed-loop.

It should be noted that the approach is applicable to control systems where the natural
reference signal may not be a repetitive signal. In these cases, a deliberate periodic
sequence, at an interesting frequency of the control system, can be injected purely for
tuning the PID controller, and the above mentioned steps remain applicable. Thereafter,

the deliberate signal can be replaced by the natural reference signal of the system.

4.3 Simulation Results

In this section, simulation study is conducted to verify the effectiveness of the proposed
tuning method. The simulation example adopts the model described in Section 2.2 for

precise repetitive positioning applications. The following specific system model is used
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in the simulation:

543 = —35.10 + 8.1U — frric — fripple — Jal- (4.14)

The force ripple in (4.14) is described as a sinusoidal function with a period of 71.2mm

and an amplitude of 3N i.e.,

Frippte = 3sin(2mx/71200). (4.15)

The frictional force model can refer to Section 3.4. According to the friction model in
Equation (3.55), the model parameters of the friction force used in the simulation study

are given as:

fe=3N, and f, = 10N.

In the simulation study, a sinusoidal desired trajectory is chosen with a frequency of
0.25Hz as shown in Figure 4.5. The initial feedback controller PID; has parameters
Ky, = 0.045, K;; = 0.03 and K4 = 0.0002. In order to test the robustness of the
proposed tuning method under practical conditions, measurement noise is introduced to
the system in the simulation study. Figure 4.6 shows the tracking error incurred under
the feedback controller PID;.

As shown in Figure 4.6, the initial PID controller (PID;) alone yields egys = 12.9um
and eprax = 28.3um in terms of the absolute maximum tracking error and the RMS
tracking error.

Next, the ILC scheme, as discussed in Section 4.2, is applied to the system to further

reduce the tracking error, and in the process, yields the input and output signals neces-
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Figure 4.6: Tracking error with the feedback controller PID,
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signal Au(v)
sary for the tuning of the new PID controller. The learning gain is chosen as A = 0.14.
The result is shown in Figure 4.7 after 20 iterations. The tracking performance is en-
hanced significantly with egys = 0.82um and eyax = 2.1um. Figure 4.8 shows the
convergence performance of the ILC scheme over 20 cycles.

At this stage, it is ready to compute the parameters of PID,. The tracking error e(t)
and the control signal Au(t), during the 20th cycle, are used as the input and the output
signals to determine the parameters. These signals are first filtered using the low pass

filter Hy(s). The filter H;(s) is designed as

1600
52 + 80s + 1600

Hy(s) = (4.16)

The least square algorithm is used to determine the estimates of the PID, parameters.
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The best fitting parameters are calculated to be

Ky = 0.7436, Kj» = 0.2612 and K42 = 0.0051.

(4.17)

Thus, the final PID controller is tuned with the parameters: K, = 0.7886, K; = 0.2912

and K; = 0.0053. Figure 4.9 shows the tracking performance when the tuned PID

controller is applied to the system without any ILC component. A good performance

with erys = 0.81um and epax = 1.63um is achieved. The maximum tracking error is

reduced significantly, compared to the ILC scheme shown in Figure 4.7. This is possible

as the PID controller can suppress the noise in the system effectively, whereas the ILC

is well-known to be sensitive to noise and sharp changes in reference commands.

Next, a non-repetitive reference signal is used to simulate the case where the natural

reference signal is a non-periodic one, such as step-types of reference signal for non-
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repetitive point-to-point positioning. Figure 4.10 shows the performance comparison for
the setpoint following. The circled parts in the figure are enlarged as shown in Figure
4.11. From the figures, it can be observed that good performance can be achieved with
the proposed PID tuning method, achieving shorter rise time and settling time. Note

that the vertical scale is in terms of 10*um, so the improvement is significant.
4.4 Experimental Study

In order to demonstrate the effectiveness of the proposed PID tuning method, exper-
iments were conducted on a single axis stage manufactured by Steinmeyer. A SP-8
piezoelectric motor is used to drive the stage. Table 4.1 shows the specifications of the
stage and the motor. The experimental studies were conducted on a dSPACE DS1102

control board. MATLAB and SIMULINK were the control platforms used for the ex-
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Table 4.1: Specifications of Piezoelectric Linear Motor
Travel | Velocity(Max) | Resolution | Output force(Max)
200mm | 250 mm/s 0.1p m 40N

Figure 4.12: Setup of the linear-piezoelectric motor

periment. The control scheme is implemented in the form of a C-coded S-function.
A sampling frequency of 1kH z is configured. Figure 4.12 shows the experimental test
platform.

A sinusoidal reference signal is used in the experimental study with a period of 3s,
shown in Figure 4.13. The parameters of the initial feedback controller PID; are set
as: K, = 0.009 K;; = 0.021 and K4 = 0.000001. Figure 4.14 shows the tracking
error incurred under the initial feedback controller PID;. The above experimental result
yields erpyrs = 102.99um and epax = 245.71pum.

Next, the ILC scheme is applied to the system to reduce the tracking error further
and achieve the input and output signal for the tuning of the new PID controller. The

learning gain is chosen as A = 0.04. Under the ILC scheme, the result is shown in Figure

101



0.02

0.018 - q

0.016 - q

0.014 - 4

o
4
N
T
I

©
<
T
I

0.008 - B

Desired trajectory(m)

0.006 - b

0.004 - b

0.002 - q

Figure 4.13: Desired trajectory used in the experimental study

250

200

150

100

Tracking error(um)
(9
o o

o
=]

-100

-150

-200

-250

Figure 4.14: Tracking error with the initial feedback controller PID,

102



Tracking error(um)

1
0.5 1 1.5 2 25 3
Time(s)
(a)
15 T

Control signal Au(v)

1
0 0.5 1 15 2 25 3
Time(s)

(b)

Figure 4.15: Tracking error during the 30th cycle (a). tracking error (um) (b). control
signal Au(v)
4.15 after 30 iterations. From the figure, it can be observed that the tracking performance
is clearly enhanced with the learning scheme, compared to the initial feedback controller
alone. In the 30th cycle, the performance indices of erys = 34.34um and epyax =
107.72um are achieved. The tracking convergence is shown in Figure 4.16. Note that
the blip in Figure 4.16(b) is due to the initialization transience associated with the ILC
law.

With the information obtained from the 30th cycle, the parameters of PID, can be
estimated. In the experimental study, the low pass filter is still designed as in (4.17).

The best fitting parameters are determined as

Ky = 0.0186, K;2 = 0.0282 and K42 = 0.0000105. (4.18)
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The final PID controller is thus obtained with K, = 0.0276, K; = 0.0492 and K; =
0.0000115. Then, the final PID controller is applied to the system without the ILC
component. The tracking performance is shown in Figure 4.17 with egys = 39.3um
and eprax = 93.4um. Improved tracking performance is obtained with the tuned PID
controller. Similar to the phenomenon observed in the simulation study, the maximum
tracking error is reduced significantly.

In the experimental study, tracking results for non-repetitive setpoint following are
also observed. Figure 4.18 shows the performance for the setpoint following. In order
to present the performance clearly, the circled parts in the figured are magnified and

shown in Figure 4.19. Improved performance is observed when compared to the initial
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PID controller. Note again that the vertical scale is in terms of 10*um.

4.5 Conclusions

In this chapter, a new approach for closed-loop automatic tuning of PID controller based
on an Iterative Learning Control (ILC) approach is proposed and developed. The method
does not require the control loop to be detached for tuning purposes, but it requires the
input of a periodic reference signal. Such a reference signal can be the natural reference
signal of the control system when it is used to execute repetitive operational sequence, or
it can be an excitation signal purely for tuning the PID controller. A modified iterative
learning control scheme iteratively changes the control signal by adjusting the reference
signal only. Once a satisfactory performance is achieved, the PID controller is tuned

by fitting the controller to yield a close input and output characteristics of the ILC
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component via a standard least squares algorithm. Simulation and experimental results

verify the effectiveness of the proposed tuning method positively.

107



Chapter 5

Repetitive Control for Time-Delay
Systems

5.1 Introduction

Time delays are inevitable in many manufacturing processes. For example, in the steel
rolling process, the thickness measurement point is often located at a distance from
the hard press point, giving rise to a measurement delay. Compared to systems without
delay, time-delay systems are well-known to be difficult to control to achieve satisfactory
performance and stability. Many authors deal with the control of the time-delay systems
via current state feedback controllers [85][86][87]. These approaches are sensitive to
parameter uncertainties, and they assume that bounds on these uncertainties are known
and available prior to the control design.

The diffences and connections between iterative learning control and repetitive control
are pointed out in Chapter 1. Repetitive Control (RC) is a learning controller applicable
to execute repetitive operations, although it has yet to achieve the same level of effective-

ness for time-delay systems as for delay-free systems. The RC in its current state cannot
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yield satisfactory error convergence for time-delay systems even if a small learning gain
is used, when the systems are not pre-compensated with some dead-time compensation
schemes which require a full process model. In many cases, divergence can occur despite
the use of a small gain. However, for delay-free systems, RC has become popular, and its
potential has been demonstrated in real industrial applications. RC is able to utilize the
system’s repetition to compensate or reject uncertainties and disturbances, and hence
able to track a prescribed periodic trajectory. RC can be considered as “no-reset” ILC.
Several important findings of ILC for linear systems have appeared in the open literature
[8][88][89][90][91]. For nonlinear systems, robust ILC schemes have been proposed by
Horowitz et al. [92], Xu and Qu [93], Xu et al. [94] and Chen et al. [95]. However, stud-
ies which consider the presence of time delay in the input signal have been scarce. This
is a reason why the application of ILC or RC to process control problems has been rarely
reported. This phenomenon motivates some effort to develop RC schemes for time-delay
systems. Chen et al. [96] investigated a robust control problem of state-delay systems
using the ILC algorithm. In [43] and [44], robust ILC designs under the framework of
a Smith predictor controller is proposed, where the time-delay is compensated via the
Smith structure so that the compensated system appears as delay-free to the ILC.

In this chapter, a modified RC configuration is proposed, which is more general than
currently reported ones, and which is applicable to extended classes of processes, includ-
ing time-delay processes. A key and prominent feature of this new RC is the inclusion of

a time shift block to allow the scheme to be adapted to systems with a large time-delay
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and phase lag phenomenon. Via the time shift block, this new and modified RC con-
figuration is able to provide time-delay compensation during the learning phase. A new
necessary and sufficient condition is derived to ensure convergence of the tracking error
under this configuration. In addition, a robust convergence analysis is provided to study
the convergence of the RC under time-delay modelling error, initialization errors, dis-
turbances and measurement noise. In the chapter, simulation examples illustrating the

practical application of this repetitive control to process control problems are provided.

5.2 RC Configuration for Time-Delay Systems

In this chapter, the system under consideration possesses an input time delay. Figure 5.1
shows the standard RC configuration. Unfortunately, while this configuration works well
for robotic and servo control applications with relatively small time delays, it fails in the
realm of industrial control applications and requirements due to the typical presence of
time-delay and large phase lag. When the usual RC is applied to the time-delay system,
the error at k£ time instant is used to calculate the next RC output. However, due to
the time lag phenomenon, the actual system output can be affected only after a time
duration. This typically results in large or even divergent tracking errors, even if a small
learning gain is used. To-date, RC systems which are applicable to industrial control
applications are very rarely reported.

A new RC configuration is proposed as shown in Figure 5.2 which is suitable for

industrial control applications. The system under control is represented by Go(s)e 1,
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Figure 5.1: Learning Control block diagram
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Figure 5.2: Learning control structure for the time-delay system

where L is the time delay present in the input. Unlike the standard RC scheme, an
additional time delay component is included to delay the tracking error e(t) by a time
duration of L before it is fed to the RC. An appropriate design of this delay can achieve
the effect of time-delay compensation for convergent RC tuning. An analysis is provided
to show this key aspect of the modified RC.

In the figure, the dotted block denoted by G,,(s) represents an optional reference
model for the closed-loop which can then be used to generate the tracking error more
effectively. G,, can be fixed as G,, = 1 (i.e., no G,, block at all) or a simple rational
function to obtain a continuous and more realizable reference signal. In the subsequent
developments in the chapter, unless otherwise specified, the development is illustrated

by using G,, = 1 with no loss in generality.
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In the state space form, the time-delay system with input delay can be described by:

(5.1)

Correspondingly, in the discrete-time domain, it can be obtained

x(k+1) =

Fx(k) + Gu(k — N), x(0) = xo

Fx(k) + GqNu(k),

z(k) = Cx(k),

where F = e G = foh e"Bdt, N = L/h, and h denotes the sampling interval.

For the new proposed configuration, the RC updating law, including the time delay
e s is given by

uir1(k) = ui-1 (k) +yei(k — N + 1),

(5.3)

where the subscript ¢ represents the ith iteration cycle, e; = x4 — x; and

Theorem 5.1. Consider the system described by (5.2). Using the RC law (5.3) with

N =T — N where T = % and T, is the period of the reference signal, a necessary and

sufficient condition for error convergence is given by

|Zl72| = |1 — ”}/CG| < 1.
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Proof:
In the idea of repetitive control, consider a discrete-time system with the plant initial
conditions carried over from previous iteration. Consider the ith repetitive cycle with

k=0,1...T, the system (5.2) can be described [97] as

2;(0) = 2i1(T) = Cxi-1(T)

z; = Moxo+ Mq Nu;

= Moyxo + Mu;, (5.5)
with
[ CF
CF?
M, = e (5.8)
Relaa
CG 0 0
CrG oG .. 0
| CFT\G .. CFG COG
M = Mq™N. (5.10)

The error, during the i-th cycle, is given by e; = [e;(1) €;(2) ... &;(T)]". With this defin-

ition, the output error equation can be obtained as
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€i+1 = Tg — Ti41
= Xg— Ti—1 T Tim1 — Tit1
= 1+ Moxi-1(0) + Mu;_y — Moxi1(0) — Mugiq
= et + M(uim1 — wir1) + Mo(xi-1(0) — Xi11(0)). (5.11)
Using the RC updating law (5.3), (5.11) can be rewritten in terms of the error variable

only as

€iy1 = €1 — YMq Ve + Mo(xi-1(0) — xi4+1(0)),

= e —yMqg NNV, 4+ Mo(xi-1(0) = xi41(0)). (5.12)
Using N =T — N, (5.12) becomes

eiy1 = e —yMqg e+ Mo(xi=1(0) — xi41(0)),
= e;1 —yMe;i—1 + My(xi-1(0) — xi+1(0))

= (I —vM)e;—1 + Mo(xi-1(0) — xi+1(0)). (5.13)

Here, the residual part My(;—1(0)—xi+1(0)) can be considered as disturbance, which has
no influence on the convergence. Since M is a lower triangular matrix, the difference
equation (5.13) in term of iteration axis for £k = 1,2...7" has the same characteristic

equation

22— (1-~0G) = 0. (5.14)

114



If all the roots of the characteristic equation lie within the unit circle, the error e; is
convergent as ¢ — o0o. Thus, the necessary and sufficient condition for convergence is
given by

‘2172| = |]_ —’}/OG| < 1.

The proof is completed.

Remark 5.1. Note that this condition is similar to the convergence condition for delay-
free systems, and it is obtained without a need to have a model-based error prediction

mechanism in place.

Remark 5.2. Note also that with the modified RC configuration, error convergence
can be achieved, via only a time shift, for time-delay systems without any error predic-
tion requirement ahead of time (i.e., e;(t + N)). Only prior knowledge of the time-delay
L is necessary, but not the full process model which is the case when ILC is used in

conjunction with a Smith predictor controller [43].
5.3 Robust Convergence Analysis

Since L is a parameter needed in this repetitive control scheme, it is interesting to explore
the convergence in the face of error in the modelling of L, as well as the existence of
initialization errors, disturbances and measurement noise. Note that the conventional

RC (i.e., L = 0) applied to delay systems is thus a special case of this analysis, with the
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time-delay modeling error of

AL=T, - L. (5.15)

In this section, the robust convergence analysis of the proposed method is presented.
Uniform error convergence can be shown to be attainable when disturbances and uncer-
tainty tend to zero.

The following time-delay system with disturbances and measurement noise is consid-

ered

xi(k+1) = Fxi(k)+ Gui(k — N) 4+ w;(k)

where w;(k) and v;(k) represent the disturbances and the measurement noise respec-
tively. Considering a modeling error in time-delay, let N = T — (N + AN), where
AN = %, and AL represents the modeling error in the estimate of the time-delay L.

The following assumptions are made

Assumptions:

(1). The initialization error is bounded, i.e.,

H Xd(O) - XZ(O) HS ona V.

(2). The desired output z4(k) is realizable. This implies that for a given bounded
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x4(k), there exists a unique bounded desired input uy(k), k € [0, T] which satisfies

xa(k+1) = Fxa(k)+ Guq(k — N),

zak) = Cxalk). (5.17)
(3). The disturbance w;(t) and the measurement noise v;(t) are bounded, i.e.,

A A
by = sup || wi(k) ||,by = sup [l vi(k) | .
ke[0,T) ke[0,T]

Definitions:

The following norms are used in this chapter. They are defined as

Fgll = max |gl,
a1 = @g<21|m,j ik (5.18)
]:

where g = [g1, g2, ...gn]" s a vector and H = [h; j]mxy 1S @ matrix.

Define a =|| F' ||. The A norm is defined as

| f(k) [Ix=sup a || f(k) |, (5.19)

ke[0,T

where f(k) (k = 0,1,2..T) is a discrete-time vector. A is chosen as | A |[> 1 and the
choice of the sign depends on a, i.e.,

A>0 if a>1
A <0 if a<l.
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Theorem 5.2. Consider the system described by (5.16) which satisfies the above as-
sumptions. Given a realizable trajectory x,4(.), there exists a 4 which results in the

output error ¢;(k), and input error Au;(k) being bounded under the proposed scheme.

Proof: Accounting for the modeling error in the time-delay, the control update law

can be written as

wir1(k) = wi—1(k) +~vei(k—N+1)

Assume that e is continuous and differentiable. According to Lagrange’s Theorem, there

exists a 7 value such that e; _1(k+ N 4+ 1+ AN) can be written as

Define
e =vANe, (7).
Since e is continuous and differentiable, € is bounded as
sup || € ||< be.
ke[0,T

(5.20) can this be written as

ui+1(l€) = Ul',l(k) + ")/61‘,1(]{ + N + 1) + €. (522)

Bound on Input Error:
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Define Au;(k) = uq(k) — u;(k) such that

Auipi(k) = ug(k) — uir1(k)
= Auz_l(k) — vei_l(k + N+ ].) — &
= Au; (k) =9[Oxa(k+ N +1) = Cxia(k+ N +1) — vy (k+ N+ 1)]

—¢. (5.23)

By referring to (5.16) and (5.17), (5.23) can be written as

Augr (k) = Aui_y(k) — y[CFxa(k + N) + CGug(k) — CFxi1(k + N) — CGu_1 (k)]
+v7Cw;—1(k+ N) +yvi—1(k+N+1)—¢
= Auii(k) — Y[CF (xalk + N) = X1 (k + N)) + CGAu;_y]
+7Cwi—1(k+ N) +yvia(k+ N +1) —¢
= [[ =1CG|Au;_1(k) =7CF(xa(k + N) = xi-1(k + N))

Taking norms for (5.24) gives

I Auia (k) | < | T =~ CG ] Auia(F) ||
+ [ YCF Il xa(k + N) = xia(k + N) ||

by || YC || +byy + be. (5.25)
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Xa(k) — x:(k) can be written in terms of the control signal by referring to (5.5)

k-1
xa(k) = xi(k) = F"(xa(0) — x:(0)) + ZFk_l‘jG(ud(j —N) —u(j — N))
k-1
=3 P (k). (5.26)

Thus, it can be obtained as

Xa(k+N) = xisa(k+ N) = F*™V(x4(0) — x;-1(0))

k+N-—-1
+ > FFNTEG(ug(j — N) = i ( — N)
Jj=0
k+N-—1
— > PRV (). (5.27)
Jj=0

Taking the norm for the above equation yields

I xalk+N) = xicai(E+N) | < a"™ [ xa(0) = xi=1(0) |

k+N-1
+ Y d NG wa(G = N) = wia (G = N) ||
5=0
k+N-—-1
+by Y dMNT (5.28)
5=0

Define || I —7CG ||< p < 1, bc =|| C || and bg =|| G ||. Therefore, (5.25) can be written

as

I Auiea(k) | < p | Auiea (k) || +9bea™ by,

k+N-—-1
+ybobaa Y d TN | Auiy (- N ||
j=0
k+N-—1
+ybubea Y N by bo + byy + b (5.29)
§=0
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Multiplying a=** to both sides of (5.29), it can be obtained as

| Auir (k) v < pll Auimi(k) ||y +70cby,a™ ™ sup (a™*a")

ke€[0,T]
k+N-1
+bobga sup a™ " NI Au (= N) |
kel0,T] =0
k+N—1
+ybybea sup a” M Z a" NI ybybe 4 byy + be. (5.30)
ke€[0,T] =0
At this stage, it is noted that
sup (a ") = a. (5.31)
ke[0,T
Let us define
k+N-1
b = vbcbXOaN+2 + ybybea sup a M Z "N 4 A be + byy + b
ke€[0,T] =0
Additionally, it follows that
k+N-1
vybebga sup a Z a" N Aug_ (5 — N) |
ke[0,T] =0
k+N-1
= Abbg sup a”ADF Z a0V Ay (j — N) || aXDU=N)
ke0,T] =0

beb H (k’) H —(A=1k ((Z(Al)k 1)
< A, sup a _
>~ 7Y0¢cOag 1 A ke[0.1] —1 1

1 — a—(A—l)T)

= 7bcbe || Aui-1 (k) || (ﬁ (5.32)

1—a~O=1D(T+N)

Define by = vybcbe <W> Substituting (5.32) into (5.30), it can be obtained
as

I Auipa (k) [ < (p4b2) | Auica(F) [lx +01. (5.33)
Define p = p + by. Thus, (5.33) can be written as

| Auii () Ix < ] Au—i(k) |5 +b1. (5.34)
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Since p < 1, there exists a sufficiently large | A | which makes p < 1. Applying Lemma

A.0.2 in [98], it can be obtained

by
1—p

lim || Aw;(k) [x= (5.35)

Since by is bounded, (5.35) shows that the input error is bounded Vi in [0, 7. Also
when all the disturbances tend to zero, the input error tend to zero.
Bound on Output Error:

Next, it is proven that the output error is also bounded with appropriate choice of the

learning gain . Following (5.28), it can be written as

Fei®) I < 1 C NI xa(k) = xa(k) |l

< bed® || xa(0) = x:(0) |

k—1

+be Y a1 | G wali — N) = wi(j — N |
j=0
k+N—-1
Fhebu Y (5.36)
j=0

Multiplying a=** to both sides of (5.36),

lei(k) [x < beby, sup (a=*a)

ke[0,T]
k—1
+beb sup @M b [ ug(j = N) —wi(j — N) |
ke[0,T =0
k—1
+bcby,y, sup a” Zak’l’j. (5.37)
ke€[0,T] =0
Define
k—1
bs = b.b,, sup a M Z af=177.
ke€[0,T] =0
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According to (5.32), it follows that

lei(k) Ix < bebyoa
(A=1)(k—N)-1
a
+bch AUZ‘_ k A sup a_(N'H)a—()\—l)k: (—)
I 1(k) || Sup ——
~+bs
< beby,a

—AN _ —~(A=DT-N
+bebaa" || Aui_1 (k) [|x (a i )

a1t —1

+bs. (5.38)

Define by = b.by,a + bs. Taking the limit as ¢ — oo and using (5.35), it can be obtained

as

' by a=— MV — g~ A-DT-N
Jim ([ ik + N) lx= bs + beboa™" — 5 ( pre— : (5.39)

The output error is bounded as i — co. The proof is completed.

5.4 Simulation Examples

In this section, simulation examples are given to demonstrate the effectiveness and per-
formance of the proposed algorithm in comparison with the usual RC. Consider the

following second-order system with time-delay

G(s) = e 2. (5.40)

In the simulation study, the reference signal is chosen to be a sinusoidal signal with a
period of 4s, as shown in Figure 5.3.
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Figure 5.3: Reference signal

5.4.1 Usual RC

When the usual RC algorithm is applied, a divergent trend may be observed, even when
a small learning gain v = 0.05 is chosen. The divergent performance is shown in Figure
5.4. Additionally, Figure 5.5 also reveals the divergent phenomenon under the usual RC

which can be attributed to the input time-delay present in the system.

5.4.2 New RC

The new proposed RC scheme is applied to the same system by first assuming the delay
is known exactly. Tracking convergent performance can be achieved over 30 cycles with
a learning gain of v = 0.4, as shown in Figure 5.6. ejyax (maximum absolute error)
is reduced from 1.83 in first cycle to 0.021 in the 30th cycle, while egys (root-mean-

square error) is reduced from 1.05 to 0.014 correspondingly. This gain of v = 0.4 is
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Figure 5.4: Divergent tracking performance under the usual RC
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Figure 5.5: Tracking performance comparison under the usual RC (a). error in the first
cycle (b). error in the 30th cycle
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Figure 5.6: Convergent tracking performance under the new proposed RC

eight times the gain of v = 0.05 used for the earlier simulation with the usual RC,
yet error convergence is attainable. The initial blip appearing in Figure 5.6(b) reflects
the transient period for initialization of the iterative learning to complete. Figure 5.7
shows the comparison of the tracking errors in the first cycle and 30th cycle. From the
figures, it is clear that the new proposed RC algorithm can yield a satisfactory tracking

performance for the system with time-delay.

5.4.3 Robust Performance

Finally, in order to verify the robustness of the proposed method, the simulation was
conducted by deliberately including measurement noise and a modelling error in the
time-delay. The time-delay is chosen as 2.8s in the simulation, representing a 40%

modelling error. Figure 5.8 shows the convergent tracking performance over 30 cycles
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Figure 5.7: Tracking performance improvement with the new proposed RC (a). error in
the first cycle (b). error in the 30th cycle

with the same learning gain of v = 0.4. ejprax (maximum absolute error) is reduced from
1.83 in first cycle to 0.155 in the 30th cycle. Correspondingly, erys (root-mean-square
error) is also reduced from 1.05 to 0.054. The new RC has shown a satisfactory resilience
to the effects of disturbance and modelling error.

Figure 5.9 shows the comparison of the errors in the first cycle and 30th cycle. From the

figures, it is clear that the new proposed RC algorithm is robust to these uncertainties.

5.5 Conclusions

In this chapter, a new form of repetitive learning control has been proposed which
is applicable to an extended class of systems, including time-delay systems. A new

convergence condition which is necessary and sufficient has been derived for this new
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Figure 5.8: Convergent tracking performance with the system experiencing disturbances
and modelling error
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Figure 5.9: Tracking performance comparison with the system experiencing disturbances
and modelling error (a). error in the first cycle (b). error in the 30th cycle
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RC. In addition, a robust convergence analysis for the RC under the existence of a time-
delay mismatch, initialzation errors, disturbances and measurement noise has shown the
robustness of the new proposed approach. Simulation examples have also verified viable

practical applications of the new RC to motion control problems.
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Chapter 6

Predictive and Iterative Learning
Control Algorithm

6.1 Introduction

Since the ILC method was proposed in 1984, many of the ILC algorithms are based
on generic structures which do not explicitly contain the system models [99] [100][56].
The “model-free” approach, however, possesses limitations in terms of achievable perfor-
mance and tuning guidelines, especially in multivariable control problems [45]. To over-
come this limitation, model-based ILC algorithms have been proposed in [101][102][89][103].
With a model-based approach, estimates of future signals become available through pre-
diction, and predictive ILC control has been suggested to achieve better performance
and exhibit better convergence properties as compared to the basic ILC algorithms with
inevitably less ‘foresight’ [104] [105]. In [104], an iterative learning algorithm with pre-
dictive control is developed, in which the predictor is designed in the time domain. For
a repetitive process, however, it is often more interesting of the predictor design which

is based on the trial number instead of continuous time. In [105], an optimal predic-
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tive ILC controller for linear systems is presented, in which the predictor is constructed
based on the trial number (or repetitive number). The full state feedback is introduced
in their proposed algorithm. However, in most applications, many state variables are not
directly measurable and must be estimated [91]. In [106], an optimal ILC algorithm is
proposed for non-minimum phase systems with the interpretation of frequency domain.
In addition, as indicated in the conclusion of [105], the robustness issue has not yet been
adequately addressed in their results.

Based on the above considerations, this chapter is dedicated to develop a novel pre-
dictive iterative learning algorithm for time-varying, linear and repetitive systems. This
algorithm is simpler compared to that of [105], while keeping the basic predictive control
features. An error model that represents the transition of the tracking error between
two successive trials is first introduced. Based on this model, a predictive and iterative
learning algorithm is derived which is only based on the trial number (or repetition
index). The convergence properties of this algorithm is investigated rigorously in this
chapter. In addition, the robustness of the learning system against the modeling errors,
initial errors, and the presence of disturbances are derived by using a sup-norm approach
rather than the traditional A—norm [107] towards convergence analysis. An example is

given to demonstrate the effectiveness of the proposed algorithm.
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6.2 Problem Formulation

Consider a repetitive linear discrete-time system with uncertainty and disturbance as

follows

zi(t+1) = A(t)xi(t) + B(t)u;(t) + w;(t), (6.1)

yi(t) = Ct)z(t), (6.2)

where i denotes the ith repetitive operation of the system; z;(t) € R, u;(t) € R", and
y;(t) € R™ are the state, control input, and output of the system, respectively; w;(t)
is uncertainty or disturbance; ¢ € [0, N| represents time; and A(t), B(t), and C(t) are
matrices with appropriate dimensions.

The problem is stated as follows: Find an update mechanism for the input trajectory
of a new repetition based on the information from the previous repetitive operation so
that the controlled output converges to the desired reference over the time horizon [0, V.

Due to the cyclic nature of the repetitive processes, it is convenient to pack the infor-

mation in each cycle (or trial) together. The equation (6.1) becomes

z;(1) = A(0)z;(0) + B(0)u;(0) + w;(0),

zi(2) = A(1)A(0)x;(0) + A(1)B(0)u;(0) + B(1)u; (1) + A(1)w;(0) + wy(1),

zi(N) = T A(K)z:(0) + TP A(K) B(0)u;(0) + ... + B(N — 1)wu;(N — 1)

HTLY P A(R)wi(0) + ... 4w (N).
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Packing the results in a matrix form for the time steps within a repetition, it can be

obtained as
yi = Gu; + Gox;(0) + wi, (6.3)

where y; = [yiT(l)ayiT(Q)v "'7yiT(N)]T7

C(1)A(0)
C(2)A()A(0)

(NI A(R)

| C(N)I S A(k)wi(0) + ... + C(N)w;(0)
W= [uf (0),u] (1), uf (N = D).

i caey i

In the above, i denotes the ith repetitive operation of the system and w; represents the
batch-wise independent error (including measurement noises). G is an impulse response
matrix which can be derived through identification or linearization of a nonlinear model.

In the framework to be developed, the following norms are used.

n

I F1 = max|fil, ||S||=1g8<i>;n(2lsijl),
]:

where f = [f1,..., fu]" is a vector, and S = [s;;] € R™ " is a matrix.
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6.3 Predictive and Iterative Learning Control Algo-
rithm

In this section, the formulation of the predictive and learning algorithm is described.
6.3.1 Predictor Construction

Once the state space model is available, the subsequent steps for predictor construction

is straightforward. The output error at the (i + 1)th iteration can be written as:

€i+t1 = Yd —Yi+1
= € — (Yit1 — ¥i)

= €; — GAllH_l - GOAZ‘H—I(O) - Awi—l—l‘ (64)

The structure of error model (6.4) can be useful in formulating predictive controllers. In

order to do this, a prediction model may be defined as follows:
éiJrl = él — GAuZ-H, (65)

where €;,1 denotes the error predicted at instant ¢ for instant ¢ + 1. This model is
redefined at each sampling instant ¢ from the actual error vector previously applied,
that is ¢; = e;. Comparing (6.5) with (6.4), one may observe that the disturbance
noise vector is not included since it is assumed to be unknown. In addition, Az;1(0)

is omitted as it may complicate the control formulation. Applying the equation (6.5)
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recursively, it follows that

éi+2 = €, — GAUH_Q - GAllH_l, (66)
éi+3 = €; — G(AUH_?, + AUH_Q + Aui+1), (67)
éiJrh = €; — G(AuHh + AuHh,l + ...+ Auz‘+1>’ (68)

where h is the prediction horizon.

6.3.2 Derivation of Algorithm

A linear quadratic performance index is considered which may be written in the following

form:

J = [éz‘T+jéz‘+j + WAuZ-THAqu} ) (6.9)

1

h
=
where 7 > 0 is a control weight and h is a prediction horizon. Note that this criterion
includes not only the error associated with the next trial, but also those associated with
the next h trials, as well as the corresponding changes in input. The weight parameter
7 > 0 determines the relative importance of more distant (future) errors and incremental
inputs compared with the present ones. By including more distant signals, the learning
algorithm becomes less ‘short sighted’ [105].

The complexity introduced by the equations (6.5)-(6.8) is basically the result of the

number of unknown control sequence Au;y;. One way of reducing the number of un-

knowns is to predetermine the form of the control sequence. It has been proven useful

135



to impose a step control sequence together with a cost function such as the one given
in the equation (6.9), thus reducing the number of unknowns to a single one [108][109].
The control sequence can be imposed to be constant over the prediction interval, i.e.,
Au; 1 = Au; o = ... = Au,; . Now, the prediction equations over the i 4 h horizon can

be obtained.

éi+1 = €; — GAllH_l, (610)
éi+2 = €; — QGAUZ‘_H, (611)
éi+3 = €; — 3GAUZ‘+1, (612)
éiJrh = €; — hG’AuiH. (613)

The optimization problem becomes
h
J = Z é;‘r_;_jéi-‘,—j + ’}/AUZHAUZ‘_H, (614)
j=1

where v = h7¥. Substituting (6.10)-(6.13) into (6.14) yields

€11
A . . €12 T
J = (€iy1,€it42, ..., €i1n) : +7Aui+1AUz‘+1

€itn

INm INm INm INm

Inm 20N, Inm 21N m

= | N e — N GAuq]" N e — N GAu,44]
[Nm hINm [Nm h[Nm

+ ’}/AUZHINTAUZ‘_H,

where Iy, and Iy, are the Nm x Nm and Nr x Nr unit matrices, respectively. Imposing
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aJ

the condition on the gradient, 3 Aui

= 0, the control action can be derived as:

Aui“ = (GTFlTFlG —I—var)_lGTFlTFgei, (615)

where Fy = [Inm, 2Inm, -y M|t and Fy = [Inm, Inm, -, Inm]? . In this equation, it is

noted that
INm
20N
FIF = [T, 2Inm s ] | (6.16)
hINm
= (1+2°+ ...+ ") Inm = alyn,, (6.17)
where a = $h(h + 1)(2h + 1). It is also noted that
INm
FiFy = [Inm, 2Inm, - hInm) . (6.18)
INm
= (1424 ...+ h)Inm = blnm, (6.19)
where b = 2h(1 + h). Thus, (6.15) becomes
Wiy = w; + b(aGTG +yIn,) *Gle;, (6.20)

where v > 0.

Remark 6.1. The proposed ILC scheme has a feedforward structure, and the ith cur-
rent input is generated by the earlier data at the ¢ — 1th trial. One advantage of this
algorithm is that it takes the same dimensionality of the matrix as the non-predictive
ILC with a quadratic criterion [91], thus achieving a prediction capability while keeping

the basic predictive control features.
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Remark 6.2. When the system disturbances and noises present become significant,

a similar observer algorithm as that of Lee et al. [91], may be considered:

U1 = Uy + b((lGTG + ’}/INT)_IGTéZ‘/Z‘, (621)

where €;/; is the estimate of e;. The following observer is used for obtaining €;/;:

€i—1 = €11 — GAu,, (6.22)
€/ = €1+ K(e;—¢i1), (6.23)

where K is the filter gain matrix which can be obtained through various means, such as

the pole placement and Kalman filtering techniques.

6.3.3 Convergence and Robustness of Algorithm

For the proposed control laws, the following convergence properties can be established.
Theorem 6.1. Consider the system (6.4) under the assumptions that w;; 1 — w; = 0,
2i+1(0) — 2;(0) = 0 and G is full row rank. Given the desired trajectory y, over the
fixed time interval [0, N], by using the learning control law (6.20), the tracking error

converges to zero for h > 1 as i — o0.

Proof: To analyze the convergence, the closed-loop system could be derived. Sub-
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stituting (6.20) into (6.4) produces a closed-loop

€1 = [INm - bG((lGTG + /}/INT)_IGT]GZ‘

b
= [Ivm — -GGG+ L1y,) " G e

a a

Let
_ b T v —1 AT
E=1In,— -GG G+ =In,) G (6.24)
a a

Applying the matrix inversion lemma ([110]) leads to

a

T i 1 a? T, T —1

a

= Tl - GT(GGT + gINm)*G].

Applying this formula to (6.24) yields:

E = Iym— SG(GTGJr T Iv) 6T
= Inm %[GGT GGT(GGTJrgINm)‘lGGT]
— Iy %[GGT(GGT + INm) HGGT + ngm) — GGT(GGT + %)‘1GGT]
= Inm SGGT(GGT + INm)

Since G is full row rank, GGT is positive definite and non-singular (can be obtained

directly from the Singular Value Decomposition (SVD)). Thus, it follows that

E = Iyn——[(GGT + 7JNm)(GGT)*l]*l

@|®

S

— Iy — ~[Iym + H(GGT)
a a
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For the convergence analysis, it is necessary to know the eigenvalues of FE.

MN(E) = me—gmw+%@mﬂl]%:1—gmmw+g@mﬂﬂl}

. !
o {1+ MGG T}

Since GGT is positive definite and non-singular, this implies that \[(GGT)™!] > 0.

This implies that 1 + 2\;[(GGT)~!] > 1 since v > 0,a > 0. Further, this implies that

0< W < 1. Also, since 0 < 2 = %ﬂ < 1 for the prediction horizon h > 1,
this together with 0 < m <1 y1€1dS
1

0

< pEgpn T GET T} < 1. (6.25)

Notice that F is a constant matrix. This implies that |[A\;(E)| < 1. The conclusion
follows.

Another advantage of the proposed ILC is the availability of tuning parameters like
the input weighting matrix + and prediction horizon h which can be used to enhance
the robustness against model uncertainty. This feature can be shown by considering a
case where (G contains uncertainties.

The error evolution equation for the true system is written as:
e =e — G"Au 1 = e — (G+ AG)Augy, (6.26)
where G is the nominal matrix, and AG is the perturbation matrix. Assume that
I AG [[< ¢, (6.27)

where ¢ is a constant. The upper and lower bounds on ¢ are to be found such that if ¢

is within these bounds, the error convergence still holds.
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Since F is an asymptotically stable matrix as shown in the proof of Theorem 6.1, the

following Lyapunov equation holds:
ETPE — P = —Inpn, (6.28)

where P is a positive definite matrix. This equation is used in the proof of the following

theorem.

Theorem 6.2. Consider the system (6.26) under the assumptions that w;; 1 — w; = 0,
2;+1(0) —2;(0) = 0 and the nominal matrix G is full row rank. Given the desired trajec-
tory y4 over the fixed time interval [0, N], by using the learning control law (6.20), the

tracking error converges to zero for h > 1 as i — oo, if

—c—Vc2+d —c+vVet+d

p <p< y (6.29)

where
c = | ETP Il (aGTGjL’y[NT)_lGT I, (6.30)
d = | (aG’TG%—VINT)_lGT ||2H P . (6.31)

141



Proof: Substituting (6.20) into (6.4) gives
e = e — (G4 AG)Au;
= [Inm — bG(aGTG + vIn,) ' GTe; — bAG(aGT G + yIn,) *GTe;
= FEe; — bAG(aGTG + ~vIn,) 'GTe;.
For simplicity, denote H = (aGTG + vIy,) 'GT. Define the Lyapunov function Vi =
e/, Pe;;1 and it follows that
AVigm, = Vi —Vi= eiT+1pez'+1 - eiTPez'
= (Ee; — AGHe;)" P(Fe; — AGHe;) —e] Pe;
= e/ (E"PE — P)e; — 2¢] E"PAGHe; + e H'AG" PAGHe;
< —lleill*+20 | E'P ||l H [[Il e I +¢* | H Il Pl e: || (6.32)
From the definitions of (6.30) and (6.31), it can be obtained that

AVipr < (=14 2cp + do?)|lei] |

= - EYER o TETYE e (o)

It is obvious that if ===¥<*+< ijQer < p < metvedtd W, then dp? + 2cp — 1 < 0. This together

with d > 0, implies that the convergence is achieved. The proof is completed.

In Theorem 6.1 and Theorem 6.2, the convergence properties are established without
considering the measurement noises, disturbances, and initialization errors. In practical
applications, the robustness of ILC algorithms against these uncertainties is an impor-

tant issue which should be addressed.
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For ease of presentation, the following notations for abbreviation purposes are defined:

)‘Go = Amax(GngO)a )\P = )\max(p)a PGO = HGgPH’

)\GOE = )\max[(Gng>(ETPGO>]a Ap = )\max[(PE)(ETP>]

Theorem 6.3. Consider the system (6.4) under the assumptions that ||w; — w;_|| <
buw, [|£:(0) — 2;-1(0)|| < by and G is full row rank. Given the desired trajectory y, over
the fixed time interval [0, N], by using the learning control law (6.20), the tracking error

converges to the following bound for h > 1 as 1 — oo,

. g(b:v07bUJ)
— 34
lim leif| < \/(1 — ) Amin(P)’ (6.34)

where g(b,o, by,) is constant proportional to constants b, and b,,. Moreover, lim;_ ., ||e;|| =

0 if byo = by = 0.

Proof: The error model is derived according to the current conditions.

€11 = [INm — bG(CLGTG + ’}/[Nr)ilGT]ei — GoA.TiJrl(O) — AWiJrl

= Eel- — GoA.TiJrl(O) — AWZ'Jrl.

Similar to the proof in Theorem 6.2, the Lyapunov function can be selected as V; =
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e! Pe;. Then, it can be shown that
AViyr = Vip —Vi=e/  Pe;1 —e] Pe;
= [Fe; — GoAzi1(0) — Awi 1]  P[Ee; — GoAziy1(0) — Awyyy] — el Pe;
= e/ (E"PE — P)e; — 2e] ET PGyAz;,1(0) — 2e] E" PAw,; 4
+ 2A21,(0)GE PAW, 1 + Azl (0)G PGoAr;i11(0) + AW, PAW; 4
= —e;e;—2e; ' PGyAx;11(0) — 2] E" PAw, 1 + 2Ax] 1 (0)G{ PAWw, 4
+ Azl (0)G PGoAzr;i41(0) + AW, PAW,; 1. (6.35)
Since —2a”3 < na’a + %ﬁTﬁ where 7 is an arbitrarily positive constant, the following
inequalities hold:
9T ET PGyAzi1 (0) < neler + %AxiTH(0)(G§PE)(ETPGO)A33¢H(O)
< alledP + - Anael(GF PE)ET PGl
—2eTETPAW, < el + %Amax[(PE)(ETP)]b?U.
It is also noted that
Azl (0)GTPGoAZ11(0) < Apaw(GE PGV,
AWiTHPAWiH < Mnaz (PO,
20z 1 (0)'GEPAW, 1 < 2||GL P||beob.
According to the definition of the sup-norm, e/'e; > ||e;||>. This implies that —e}e; <

—||e;||?. Then, it follows

AV < (1= 2n)|les||* + g(bso, bu). (6.36)
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where g(b:v07 bw) = ()‘Go + %/\GOE)bio + 2PGob:v0bw + ()\p + %/\E)b?v

From Apin(P)|]€]|? < Vi < Mnae(P)||€i][?, it follows

1—-2n

Vili =V < —/\7(]3)‘/; + g(b:v07 bw) (6-37)
1-2
V;Jrl S [1 - )\7(;3])]‘/; + g(bxm bw) = p‘/z + g(bxm bw>7 (638)

where the value of 1 is chosen as

1 — Apaz (P)

5 <N <1/2 if Mpae(P) < 1, (6.39)

0<n<1/2 if Amaz(P) > 1, (6.40)

such that 0 < p < 1. Finally, the following inequailities can be established:

i

Vi < oo+ 1__[; 9(bz0,bw), (6.41)
lim V; < M, (6.42)
. g(bxm bw)
lim [[e;|| < (6.43)
o0 (1 = p)-Amin(P)
Hence, lim; . ||e;|| = 0 if by0, by — 0. The proof is completed.

Remark 6.3. This chapter provides a novel predictive ILC scheme. The algorithm
is simple while maintaining the basic predictive control structure. The proposed learn-
ing control law (6.20) differs from the results of Lee and Lee [104] and Amann et al.
[105]. The following differences are noted:

In [104], a model-based predictive iterative learning law is proposed based on a quadratic
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criterion, and the predictor is designed in the time domain.

Sup(t) = (G™TQG™ + R)™'\G™ Qey(t), (6.44)

One difference between the algorithm of Lee and Lee [104] and the proposed algorithm
is that the predictive learning control in the former works along the time domain, while
the proposed predictor design is based on the trial index. It is clear that if the prediction
is based on the trial number, the ILC control performance can be improved since the
ILC is inherently a learning process based the trial number.

In [105], an optimal iterative learning algorithm which is also based on the trial num-
ber for linear time-invariant systems is given. The control scheme requires a full state
feedback, and the solution of a Riccati equation and a recursive equation. However, in
most applications, state variables are not directly measurable and must be estimated
. In addition, solving a Riccati equation and a recursive equation results in additional
computational burden for ILC control, especially for time-varying systems. Also, as
indicated in the conclusion of Amann et al. [105], robustness has not been adequately
addressed in their results. The proposed algorithm is able to circumvent the above-
mentioned difficulties, i.e., no state estimate is necessary for the algorithm. This is the
main difference from the result of Amman et al. [105]. Specifically, the robustness of the
proposed algorithm against modeling errors, initial state errors, and the presence of dis-
turbances, is also analyzed in details, showing the effects of various types of disturbances

on the final error bound.

146



02

@ f / I

§ WOV W 01

E g B Bz Bz &

i= @

T = ;}( ;{ fll{ /

s 3 e = |

E o

= =

8 o1}

'_
L L L L —_ng L L L L
0.2 0.4 0.6 08 0 0.2 0.4 0.6 08

Time{s) Time{s)

Figure 6.1: Tracking performance by the proposed controller: No uncertainty is consid-
ered.

6.4 Simulations

An injection molding problem for ram velocity control is considered [111]. The following

equation describes the dynamics of the system:

2.144 x 104

(s +125)(s + 1138)[(s + 383)2 + 11352]" (6.45)

G(s) =

A discrete-system state equation in the time domain may be obtained directly from (6.45)
with zero-order hold and the sampling time 7" = 0.005s. Since the injection molding is a
cyclic process, it is attractive to use a learning controller. In this section, the proposed
learning controller is used for the cycle-to-cycle control of the injection molding process.
First, to illustrate the performance of the proposed controller, simulations are presented
with the prediction horizon h = 4. In this case, the selection of v = 0.05 is made.
Figure 6.1 shows the control performances at the 1st, 2nd, 3rd, and 10th cycles. It is
observed that the proposed predictive ILC scheme can yield a good set-point tracking

performance as the cycle number increases.
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Figure 6.2: Tracking performance by the proposed controller: Modelling error is consid-
ered.

To test the robustness of the proposed algorithm, it is assumed that there is a modeling
error in the identified and actual models. The learning controller is designed based on

the nominal model derived from

2 x 1011
(5 -+ 100)(s + 1100)[(s + 383)2 + 11352]

Gon(s) = (6.46)

which has a large model uncertainty compared to the actual model (6.45). Figure 6.2
shows the control result of the proposed predictive learning algorithm. Clearly, the
control can achieve satisfactory tracking performance even under perturbation of the
model parameters.

To further test the robustness of the proposed algorithm, measurement noise is in-
troduced into the system. Now the uncertainties include both the modeling error and
measurement noise. The control performance is shown in Figure 6.3. Additional distur-
bance is added to the system, a repetitive one given by sin(0.0314t). Figure 6.4 shows

the control performance. The error convergence and robustness of the control system
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Figure 6.3: Tracking performance by the proposed controller: Modelling error and mea-
surement noise are considered.
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Figure 6.4: Tracking performance by the proposed controller: Modelling error, measure-
ment noise and repetitive disturbance are considered.

are favorably verified.

To show the better performance of this scheme, a comparison with the pure ILC
scheme without any predictive feature is done. Figure 6.5-6.7 shows the performance of
the pure ILC scheme with a learning gain of 0.5 simulated under the same scenarios as
the predictive-ILC scheme. A better performance from the proposed scheme is observed

in all the comparisons.
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6.5 Conclusions

An iterative learning control algorithm enhanced with predictive features has been de-
veloped in this chapter for time-varying linear systems. An error model is introduced
which can represent the transition of tracking error in two successive trials. Based on
this model, a predictive and iterative learning control algorithm is derived which is only
based on the trial number (or repetition index). A rigorous analysis of the convergence
of this hybrid algorithm is provided. In addition, the robustness of the algorithm against
modeling errors, initial errors, as well as the presence of disturbances are discussed. An
example on injection molding is provided which has verified the applicability of the

proposed approach under various non-ideal scenarios.
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Chapter 7

Conclusions

7.1 Summary of Contributions

As the micro and nanotechnology is gradually penetrating the development of the mod-
ern manufacturing industries, high speed, high accuracy positioning systems become
essential to yield higher quality products with a higher productivity. The increasingly
stringent requirements pose an great challenge for the controller design. The researchers
attempt to seek the new and novel control algorithms to meet these demands beyond
the traditional control theory. In this thesis, intelligent learning control algorithms are
developed to achieve better performance for the precision motion control systems.

First, an adaptive control is presented to reduce the force ripple effects. The displace-
ment periodicity of the force ripples is obtained by using FF'T analysis. With a full
model structure, the Recursive Least Square (RLS) estimation algorithm is designed
to identify the parameters. The adaptive feedforward controller is formed to fulfill the
objective.

Then, an Iterative Learning Control (ILC) scheme is developed which is suitable for
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high precision and repetitive motion control applications. Unlike the usual ILC scheme
which applies a feedforward control signal to improve the tracking performance, the
proposed control scheme is used to adjust the command to the feedback controller. The
weights of RBF network are tuned online based on the remnant tracking error from cycle
to cycle. The ILC component further enhances the tracking performance.

Subsequently, this thesis presents an approach for closed-loop automatic tuning of PID
controller based on an Iterative Learning Control (ILC) method. A modified iterative
learning control scheme iteratively changes the control signal by adjusting the periodic
reference signal. With the obtained satisfactory performance, the PID controller is
tuned by fitting the controller to yield a close input and output characteristics of the
ILC component.

Following that, the repetitive control scheme is extended to a class of systems with time
delay. The convergence condition is derived for the new repetitive control. Additionally,
a robust convergence analysis is discussed in consideration of the time-delay modeling
error, initialization error, disturbances and measurement noise.

Finally, a predictive Iterative Learning Control (ILC) algorithm is developed for time-
varying linear systems. An error model is introduced, which represents the transition of
the tracking error between two successive trials. Based on the error model, the predictive
and iterative learning algorithm is derived. The convergence and robust convergence
analyses are discussed respectively.

In this thesis, the proposed intelligent learning control algorithms are supported by
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the simulation and experimental results.

7.2 Suggestions for Future Work

The thesis has presented the research works on the intelligent learning control for the
precision motion control systems. Further research topics in this field are suggested as
follows.

In Chapter 4, the Iterative Learning Control (ILC) is applied to tune the PID con-
troller. It is realized by fitting the input and output signal obtained by ILC. The
equivalent PID controller is chosen as a linear controller. The final PID controller is
tuned to be the closest to the obtained input and output signals by best fitting. ILC,
as a model-free method, can reduce the tracking error as small as possible even though
in the presence of the nonlinear effects in the system. However, in this case, although
the ILC scheme can achieve almost perfect performance, the finally tuned linear PID
controller cannot obtain the same performance as ILC, attributed to the presence of the
nonlinear effects. Thus, there is a compromise between the achieved ILC performance
and the PID tuning. In order to solve this issue, in the ongoing and future work, a
nonlinear PID controller is suggested as the equivalent PID controller to achieve the
further improvement.

In Chapter 5, the repetitive learning control method is extended to the time-delay
systems. Good convergence performance can be obtained with the modified RC method.

It is naturally expected that the idea in Chapter 4 can be extended to the systems with
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time delay. Thus, a new PID tuning method can be obtained for the time-delay systems.
This represents one direction of the future research work. Additionally, in Chapter 5, the
proposed method is verified by the simulation study. Time delays can be found in many
manufacturing industries. The proposed method provides a new view of controlling the
systems with time delay. The experimental study is helpful in practical implementation.
It is suggested that an experimental study can be conducted in the ongoing work for the
time-delay systems.

In some chapters of this thesis, the designs of the control algorithms are conducted on
the single axis linear motors. However, the proposed intelligent learning controls are not
confined to the single axis linear motors. They can be extended to the gantry systems.
Gantry systems are widely used in machining industries, such as lathes and milling
machines, and semiconductor manufacturing industries. Among the various gantry sys-
tems, the XY table and H-type are most popular positioning systems. For the gantry
systems, the consideration of the design focuses on the control of the individual motors
to track the desired motion trajectories and the synchronization. The intelligent learn-
ing controls can help the gantry systems operate efficiently with high speed and high

accuracy.
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