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Chapter 1 Introduction

Chapter 1

Introduction

1.1 Short history and definitions of industrial robots

A definition of an industrial robot is essential for understanding control of industrial robots. Therefore,
nowadays, some formal definitions are given for consideration. But before that, it is necessary to trace
back to the beginning that why robots were invented, and recall the development history of industrial
robots.

The word “robot” was introduced by a Czech novelist Karel Capek in a 1920 play Rossum s Universal
Robots. He used the Czech word “robota” to mean simply “work”. In the course of centuries, human
beings have constantly attempted to find out substitutes that would be able to mimic their behavior in
the various instances of interaction with the surrounding environment. They hope the substitute to do
jobs that are dangerous, repetitive jobs that are boring, stressful and laborintensive, and menial tasks
that human don’t want to do. Especially when humans are intolerable or impossible to survive in some
very special circumstances, they hope robots can complete the desired operations instead of them.

It may be precisely because of these motivations, in 1941, the Russian science fiction writer Isaac
Asimov first used the word "robotics" to describe a robot as an automaton of human appearance but
devoid of feelings. Its behavior was dictated by a “positronic” brain programmed by a human being in
such way as to satisfy tertian rules of ethical conduct. In the short story "Runaround™ of Isaac Asimov,
which was presented in 1942, a set of rules was introduced. The set of rules, as a symbol of the science
devoted to the study of robots, was called The Three Laws.

The Three Laws with a later added zeroth (forth) law are:

1. A robot may not injure humanity, or, through inaction, allow humanity to come to harm.

2. Arobot may not injure a human being or, through inaction, allow a human being to come to
harm.

3. A robot must obey the orders given to it by human beings, except where such orders would
conflict with the First Law.

4. A robot must protect its own existence as long as such protection does not conflict with the
First or Second Law.

From science fiction into reality, in 1954, George Devol and Joe Engleberger invented the first
programmable material handling arm, see Fig.1.1. With Joseph F. Engelberger, George Devol founded
the first company Unimation in 1956 to produce a robot that its main use at first was to transfer objects

from one point to another. Then, this later became the first industrial robot, completing spot welding
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Chapter 1 Introduction

and extracted die castings on an assembly line at General Motors in 1962 [1]. In the 1960s, the original
imagination and expectation of “robot” ultimately came true and since then, the world robotics

revolution began quickly along with the computer revolution.

PROCRAMMED ARTTCLE TRANSTER 0"’4[4 ”
O
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Fig. 1.1 The invention of industrial robot (an extract from [1])

Between the 1960s and 1980s, several representative events in the development history of industrial
robots shall be remembered [2].

In 1963, the first artificial robotic arm to be controlled by a computer is designed at Rancho Los
Amigos Hospital in Downey, California.

In 1969, a six-degree-of-freedom Stanford arm, which is the first successful electrically powered,
computer-controlled robot arm was created by Victor Scheinman, who was a mechanical engineering
student working in the Stanford Artificial Intelligence Lab. Scheinman’s concepts have strongly
influenced the subsequent designs of robots.

In 1973, the first industrial robot with six electric motor-driven axes known as FAMULUS, was born
in German robotics company KUKA. In the same year, the world’s first microcomputer controlled

electric industrial robot, IRB-6 was introduced by company ASEA (now ABB).

In 1974, Pf. Victor Scheinman, a developer of the Stanford Arm, invented the Silver Arm which was
a robotic arm that small part assembly using touch and pressure sensors to feedback information to a
microcomputer.

In 1977, a five axis vertically jointed, articulated type industrial robot MOTOMAN-L10 with a
capability of a maximum workload of 10 kg was introduced by Japanese company Yaskawa Elec.
Corp. A control system of the robot was equipped with a separate programming pendant used to record

the robot’s position one by one and had a magnetic memory which did not require a backup.
In 1978, a selective compliance assembly robot arm (SCARA) was invented by Hiroshi Makino of
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Yamanashi University, Japan. A ground-breaking four-axis low-cost design was perfectly suited for
small parts assembly as the kinematic configuration allows fast and compliant arm motions.

In 1981, Takeo Kanade built a direct drive arm. It is first to have motors installed directly into the
joints of the arm. This development makes joints faster and much more accurate than previous robotic
arms.

From 1980s, the industrial robot industry started to grow rapidly. With growing requirements for
industrial robots, many companies focused on industrial robots to evolve them to be used for more
extensive and complicated applications.

Then, what exactly is an industrial robot?

One of interesting definitions of manipulator which was adopted by JIRA (Japan Industrial Robot
Association) in 1986 is given as follows.

® A machine, the mechanism of which usually consisting of a series of segments jointed or sliding

relative to on another, for the purpose of grasping and moving objects usually in several degrees
of freedom. It may be controlled by an operator, a programmable electronic controller, or any
logic system (e.g. cam device, wired, etc.)
This definition is representative and includes general characteristics of other definitions in use. It states
a basic “structure” of a manipulator, “purpose” of use of manipulators and the most important
characteristic of a manipulator that is “programmable”.

Several other definitions such as the definition adopted by RIA (USA Robotic Industries
Association):

® Arobotis areprogrammable multifunctional manipulator designed to move material, parts, tools,

and specialized devices through variable programmed motions for the performance of a variety
of tasks,
and the definition adopted by BRA (British Robot Association):
® Anindustrial robot is a reprogrammable device designed to both manipulate and transport parts,
tools, or specialized manufacturing implements through variable programmed motions for the
performance of specific manufacturing tasks,
state more precisely that robots are reprogrammable manipulators.
Most of the organizations nowadays agree more or less to the definition of industrial robots,
formulated by the ISO (International Standardization Organization).
® Anautomatically controlled, reprogrammable, multipurpose manipulator programmable in three
or more axes, which may be either fixed in place or mobile for use in industrial automation
applications.
In this definition, several key words: automatically controlled, reprogrammable, multipurpose, axes,
fixed or mobile shall be emphasized. These key words precisely and integrally interpret the essential

characteristics of the modern robots used for industrial applications. In details, it also can be
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understood that a robot shall be reprogrammable for automation without physical alteration of
mechanical structure and control system, shall be capable of being adapted to a different application

with physical alternations. It can be used in a fixed place or either in the form of mobile.

1.2 Current main applications and requirements for industrial robots

Up to now, after nearly sixty years of development of industrial robot manipulators, it is not a rare
thing to see that industrial robot manipulators are working instead of human beings. In six decades,
the industrial robot manipulators were mainly used in automotive industry. They served for welding,
car body painting, automobile parts cutting and so on; see Fig.1.2, [3]. At the same time, in general
industry, industrial robot manipulators are also extensively used for instance, conveyor line assembly,
silicon wafer transfer and so on; see Fig. 1.3, [3]. For different industrial applications, requirements
for industrial robot manipulators are of course different. Brief descriptions about several main

applications of industrial robot manipulators and their requirements are presented as follows.

(a) Welding

(c) Auto parts cutting
Fig. 1.2 Typical applications of industrial robots
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(b) Silicon wafer transfer

Fig. 1.3 Applications of industrial robots for general industry

Welding is one of the major uses of industrial robot manipulators. Generally, industrial robot
manipulators that are used for welding are called welding robots and welding robots are mainly
employed to complete two distinct types of welding operations, spot and arc welding. The former spot
welding is a process to join two contacting metal parts by the heat obtained from resistance to electric
current. The process uses two shaped copper alloy electrodes to concentrate welding current into a
small "spot" and to simultaneously clamp two contacting metal parts together. A welding robot used
for spot welding is required to have higher mobility and dexterity to permit the welding tool to be
aligned properly at the desired weld point without the gun coming into contact with other portions of
the metal parts. Meantime, in order to carry the reasonably heavy welding tools, large point-to-point
servo-controlled robot manipulators are normally used. The second arc welding is to create an electric
arc between an electrode and the base material by welding power supply, then, to melt the metals at
the welding point. In this case, a welding robot is required to have better weld consistency and decrease
cycle times of welding, in other words, high quality and high efficiency of welding. A continuous-path

servo-controller robot that is specially designed for this single application is most usually the choice.
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Industrial robot manipulators are also the best choice for spray-painting operation of car bodies,
which is a task that human beings should not perform due to the potential health risks. The major
benefit of using industrial robot manipulators for spray-painting is that the resultant coating will be far
more uniform than a human being could ever produce. This results in a higher-quality product, less
reworking of parts, and considerably less paint being used [4]. Almost for the same reason, industrial
robot manipulators are often used for parts cutting. The uses of parts cutting robots in a great extent
avoid potential fire hazard, and more importantly, higher quality of cutting can be expected.

Without considering potential dangerous factors of above shown operations, industrial robot
manipulators are also employed for completing repetitive jobs such as typical assembly and parts
transfer because human beings feel extremely tedious for these long time and repetitive jobs. In these
applications, industrial robot manipulators are taught the desired points and the sequence of operations.
Then, industrial robot manipulators are strictly required to work according to the taught sequence and
to complete entire operations of assembly or transfer. In these applications, certainly, human beings
hope industrial robot manipulators can assemble diverse parts or transfer some certain parts like
veteran workers, who have very good work efficiencies.

The various applications of industrial robot manipulators both in automotive industry and general
industry truly reflect initial hopes of human beings for industrial robots. As the substitute of human
labor, industrial robot manipulators are strongly expected to work at higher accuracy and with higher
efficiency. According to a study of the International Federation of Robotics (IFR) titled “Positive
Impact of Industrial Robots on employment”, the adoption rate of robots measured in number of robots
per 10,000 employees in manufacturing between 2008 and 2011 is on the rise. With more and more
adoption of industrial robot manipulators, the requirements of high accuracy and high efficiency for
industrial robot manipulators increasingly become more and more severe. Therefore, the achievement
of high productivity of industrial robot manipulators becomes an extremely important research topic.

In addition, in modern world, an industrial robot manipulator is also required to be able to cope with
a variety of operations. In other words, an industrial robot manipulator is not only able be used for
certain kind of operations, it must be capable of producing a variety of products, rather than a large

number of the same product models [5] [6].

1.3 Research topics and outline of the thesis

The field of robotics draws on a multitude of engineering disciplines. As a branch of robotics, the
industrial robot manipulator also covers very large technical areas such as mechanical, electrical,
software and control. To meet growing requirements for industrial robot manipulators, studies in
control area are conducted in this paper. From control perspective, there is no doubt that high
performance control of industrial robot manipulators is important and especially necessary for

productivity improvement and a variety of productions. High performance control is in fact a basic
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but broad concept. What exactly is high performance control? In this paper, high performance control
of industrial robots indicates high speed and high accuracy positioning control of industrial robot
manipulators.

To achieve high performance control of industrial robot manipulators, researchers have tried their
best to study some new control strategies for several decades. As a result, many effective control
strategies such as computed-torque control, trajectory tracking control and so on have been extensively
used nowadays, and the applications of these strategies have made the high performance control of
industrial robot manipulators to a new level. However, for the studies of control strategies, it can be
said to some extent that these studies have only concerned with control strategies. Some other factors
such as command and mechanical characteristics that are closely related to high performance control
have not been paid too much attention. In this paper, in addition to presentation of a new control
strategy, research topics that are related to command processing and mechanical characteristics are
also described. But before explaining the corresponding details, basic components of an industrial
robot system are given as follows for better understanding the research topics.

An industrial robot manipulator system is given in Fig. 1.4. The basic components of an industrial
robot manipulator system are:
® Command generation system
® Controller system

@ Industrial manipulator

» Command
Generation
System

» Controller
System

» Industrial
Manipulator

Fig. 1.4 Industrial robot manipulator system
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Strictly speaking, sensory devices should be also included in an industrial robot manipulator system.
In this paper, the most usual welding applications of industrial robot manipulators are mainly taken
into account. The high performance control study objects are assumed to be welding robots. Generally,
welding robots are not equipped with sensory devices that are used for observing spatial positions due
to two reasons. One is high cost of sensory devices. The other is that the very poor working conditions
of welding robots are not suitable for using sensory devices. Hence, sensory devices are not taken into
account in this paper.

High accuracy is one of important parameters for high performance control of industrial robot
manipulators. The factors of accuracy improvement are improvement of the actuators, speed reduces
and encoders, progress of the calibration and control methods, and application of external sensors [7].
In other words, the improvement of control performance of industrial robot manipulators should not
rely on study of single aspect. From this perspective, this paper differs from traditional literature of
high performance control. The achievement of high performance control is considered in three aspects;
command processing, control strategy and identification of mechanical characteristics.

Generally, command is firstly essential for no matter what kind of completion of operation. The
application of command processing technique contributes to high quality of completion of operation
because in some cases the processed command becomes smooth and easy for tracking of industrial
robot manipulators. In addition, mechanical characteristics fundamentally dominate performance of
industrial robot manipulators. Meantime, they are also closely related to control performance. Clearly
understanding some special mechanical characteristics probably advances control performance. So,
good results are expected in which command processing and mechanical characteristics are studied
together with study of control strategy.

Specifically, first, in some cases industrial robot manipulators must be moved along the desired
trajectory (e.g. arc welding robots, painting robots). However, due to some hardware limitations such
as low computing performance of command generation system, a series of digital commands output
from command generation system may be not the most suitable form for the follow-up performance
of arc welding or painting robots. The unsuitable digital commands perform longer sampling cycle
due to lower computing speed of command generation system. As a result, a multi-rate sampling
problem occurs between command generation system and controller system and it mostly leads to
appear of control delay and deterioration of tracking performance. Therefore, to reduce the control
delay and improve the tracking performance of industrial robot manipulators, the original digital
command is usually processed by using a technique called interpolation. The interpolated command
becomes smooth and easy for tracking. Especially, it becomes possible to be used for achieving perfect
tracking control [8], which is a digital feed-forward control algorithm to track desired time varying
signals. In many interpolation techniques, Spline interpolation is considered to be the best and it has

been extensively used in usual cases. But, Spline interpolation technique has some shortcomings in
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the case of interpolation of position command, which may be very critical for positioning control of
industrial robot manipulators. To resolve the problems, a simple and successive command processing
technique titled “A new interpolation methodology for position” is studied for high-speed and high-
accuracy control of industrial robot manipulators in this paper.

The second topic is related to control strategy, which is decoupling control of industrial robot
manipulators. For the control problem of spot welding robots, it is different from arc welding or
painting robots. The control problem is concerned with moving the control object from one point to
another. This type of robots are usually called Point to Point (PTP) robots. From the perspective of
accuracy, the transient path to the final point is not important in control of PTP robots. Therefore, the
coupling effect that normally results in small vibration of end effector of a spot welding robot during
the transient path is not taken seriously. Especially, in traditional high-speed control applications,
control input may be large enough that coupling torque between two links of an industrial robot
manipulator will be small in comparison and may not significantly affect control results. Conversely,
if a small control input is used to obtain precise movement, in some instances, the coupling torques
reduce the control input to a point where no motion results. According to [7], the accuracy has been
improved from 1mm to 0.5mm~0.3mm in the case of large robots, and from 0.1mm to 0.005mm in
the case of small robots. In the case, decoupling control becomes especially important, no matter for
accuracy or efficiency. The goal of the decoupling control is to give a spot welding robot an ability to
perform fast, precise movements and links of the spot welding robot can perform independently
without influence of coupling effect. In this paper, a new decoupling control strategy by using Model
Following Control is proposed.

The last topic is an identification problem of friction. Friction is a very important mechanical
characteristic for control. For industrial robot manipulators, friction is an old but new subject.
Researcher have studied friction for a long time since the industrial robot manipulators was produced.
Friction research is also new for industrial robot manipulators because new and effective friction
models have been proposed continually with development of understanding of friction. Therefore, the
corresponding identification of friction with new friction model is important for the high performance
control of industrial robot manipulators. In this paper, a new identification strategy for friction is
proposed in order to effectively and accurately identify the friction of gear transmissions, which has
not been studied so far.

This paper is arranged in five chapters

In chapter 2, a new interpolation methodology of position command is proposed and described in
details. The description begins with in comparison with spline interpolation, which is considered to be
the most effective interpolation technique and frequently used for command interpolation. With the
proposed interpolation algorithm, simulations are employed to show that the new interpolation

methodology is a successive interpolation technique and better than Spline interpolation, and it is
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characterized by the high interpolation accuracy.

In chapter 3, the proposed decoupling control of 2-link manipulator by using Model Following
Control will be presented. The derivation of Lagrange’s equation is reviewed firstly to contribute to
the derivation of the coupling model of a 2-link manipulator. Then, designs of feed-forward loop and
feedback loop of Model Following Control are shown respectively in details. At last, several
simulations are conducted to verify the effectiveness of the proposed decoupling control strategy.

The content of identification of gear transmissions’ friction will be shown in chapter 4. As the applied
friction model of this paper, LuGre friction model is presented firstly. Then, the problems of
identification of industrial robot manipulators are listed and the respective resolutions are given. With
the identified LuGre model, simulation results are employed to compare with the experimental results,
to verify the effectiveness of the proposed new identification methodology.

The conclusions of this paper are shown in chapter 5. The successful points and problems of whole

research, and future study will be described.
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Chapter 2

A new interpolation methodology for position command

2.1 Interpolation technique

Interpolation is used to estimate a value of a function between two discrete known position
commands. With interpolation technique, the function that passes through all the original discrete data
points will be found. One of typical applications of the interpolation technique is curve fitting and a
well-known Spline interpolation [9] [10] is mostly used for curve fitting.

Due to the superior characteristic of Spline interpolation that is much fit for original data points,
Spline interpolation is conventionally used in the optimum trajectory planning of industrial robot
manipulators [11] [12]. Moreover, Spline interpolation technique has also been extensively studied
and used in high-speed and high-accuracy control for industrial robot manipulators. It has been
demonstrated very good effect of improving control speed and accuracy [13]-[16].

However, there are several shortcomings in the case of position command interpolation using Spline
interpolation.

Q) Spline interpolation is not an efficient interpolation manner in the case of digital position
command interpolation. In high performance control of industrial robot manipulators, interpolation
can be seen as a medium, which connects command output and command execution and plays the role
of command processing. An efficient interpolation technique shall be able to realize successive (means
one by one) interpolation when the digital data point of command is output one by one from command
generation system. Controller system of industrial robot manipulators is thereby able to instantly
obtain the processed digital data point of command and begins to execute command. However, Spline
interpolation is inapplicable to successive position command interpolation because Spline function
that is a function to connect all digital data points of command will not be found if all digital data
points of position command are not known. As a result, control process of controller system is delayed
and finally Spline interpolation results in deterioration in whole control performance.

2 Position command interpolation using Spline interpolation has an overshoot problem, which
is the most unacceptable problem in high-speed and high accuracy positioning control for industrial
robot manipulators. An interpolation example of the position command using Spline interpolation is
shown in Fig. 2.1. Notice that the interpolated position command vibrates around the goal position
(0.05m). The vibration around goal position is most likely to lead to the overshoot of a position
response when the interpolated command is originally used. Hence, Spline interpolation is not a proper

interpolation technique for the interpolation of position command.
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3) Enormous computation complexity of algorithm of Spline interpolation makes Spline
interpolation difficult to be put into practice. Especially, it is nearly impossible when the digital
position command of industrial robot manipulators is too long. In fact, general industrial robot
manipulators are not and also not able to be equipped with high performance computing systems
(controller system) due to an issue of cost. Therefore, taking computation complexity of Spline
interpolation and capacity of computing systems into account, Spline interpolation is too complex for
general industrial robot manipulators.

With above considerations, there is no doubt that it is necessary to study a new interpolation
methodology which is capable of interpolating position command in successive manner. The new
methodology should be able to avoid the overshoot problem and be simple for practical application.
In this paper, the new interpolation methodology for position command is proposed.
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Fig. 2.1 Overshoot problem in Spline interpolation

2.2 Basic function used for a new interpolation methodology

A function is introduced in the new interpolation methodology. The function is called basic function
in this paper and it is given by

f=t"N(t-T,)",

where t is a time variable, T, is a sampling time of position command generation system (i.e. a
high-order controller), N is the natural number. Three essential properties of the basic function are

given as follows in order to better understand details of the new interpolation methodology presented
later.
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Property 1: The basic function f isa functionof t and is continuous and symmetric over
intervalof [0 T_].

Property 2: The basic function f isintegrable over interval of [0 T_,]-
Property 3: The basic function f is continuously differentiable over interval of [0 T_,].
The basic function f with its integral and differential are shown in Fig. 2.2. Notice that integral

and differential of the basic function are also functions of time variable t and both are continuous
over interval of [0 T_,]. The new interpolation methodology is based on above three properties,

which will be presented in detail in next section.
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Fig. 2.2 Basic function, integral and differential

2.3 Policies and algorithm of a new interpolation methodology

In this section, policies and algorithm of the proposed new interpolation methodology will be
illustrated. But first of all, for simplicity, the process of interpolation will be illustrated with Fig. 2.3.

Digital data point of position command X, (1), X, (2), X, (3) and so on are generated in a
high-order controller of an industrial robot manipulator. The sampling time of the high-order controller
is usually longer than the sampling time of a low-order controller (i.e. servo controller). The sampling
time of a low-order controller is shown as T, in Fig. 2.3. Each digital data point is output to low-
order controller (i.e. servo controller) in chronological order. Interpolation between two digital data
points will be implemented in low-order controller (i.e. servo controller) with sampling time of T,
during time interval from 0 to T,,. The same process continues till the interpolation between the

last two digital data points is completed.
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Fig. 2.4 Position command and interpolation

An ideal successive interpolation manner is supposed to be like that to conduct the interpolation
between two digital data points in the servo controller instantly when the second of two digital data
points is output from the high-order controller. In contrast, the new interpolation methodology have
achieved the successive interpolation manner by using information of three digital data points. An idea
of the new successive interpolation is illustrated as follows with Fig. 2.4.

The new interpolation methodology also attempts to achieve high-accuracy interpolation of position
command in addition to achievement of a successive interpolation manner. Thus, interpolation of
acceleration and velocity are also carried out. To complete acceleration and velocity interpolation,
acceleration and velocity of each data point of position command must be known in advance. In new
interpolation methodology, acceleration and velocity of each digital data point is defined and is
considered to be acceleration and velocity command of interpolation. The definitions are based on
position information of three digital data points, hence, the achievement of the new successive

interpolation manner is based on three digital data points.
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Specifically, assuming that three digital data points of position command X, (k), X, (k+1) and
Xt (K+2) are output from the high-order controller to the servo controller, the new idea for
successive interpolation is to conduct the interpolation between two digital data points ( X, (K),
Xief (K+1) ) when the third digital data point ( X, (k+2)) is output. Acceleration and velocity
command become possible to be defined when the third position command point ( X, (K+2)) is
output. Therefore, the interpolation between two digital data points X (k) and X, (k+1) isable
to be completed until the high-order controller outputs the third digital data point X, (K +2) . With
position information of X, (K+2), a successive interpolation is ultimately able to be implemented.

The relevant details are presented subsection 2.3.1

2.3.1 Policies
Three policies of the new interpolation methodology are summarized as follows. For simplicity, the

basic function and its integral and differential are called function A, function B and function C.

Policy 1: Specify acceleration and velocity command of digital data point Xrei(k+1).
Policy 2: Do acceleration interpolation between Xrei(k) and Xrei(k+1) by using function B.

Policy 3: Calibrate velocity and position errors by using function B.

The definitions of acceleration and velocity command of X, (k +1) are the beginning of the new
interpolation methodology. Acceleration command of X, (k+1) is specified for acceleration
interpolation and velocity command is specified for calibrating velocity errors. With specified
acceleration command, the acceleration interpolation is implemented by using function B. Function B
is continuous and smooth over interval of [o T,,]. it can be thereby used for obtaining a smooth
acceleration interpolation.

After acceleration interpolation, as a matter of fact, there are errors between actual velocity and
velocity command, actual position and position command. The errors must be corrected. Function B
is employed to correct the velocity and position errors. The reason why function B is employed for

correcting velocity and position errors is that to avoid the interaction among three policies.
Acceleration is generated when function B is used to correct velocity error. The generated

acceleration is the differential of function B, which is also function A. Referring to Fig. 2.2 (a), notice
that value of function A is zero when tisequal to 0 and Tg,. It indicates that the calibration of the
velocity error with function B will not cause any value errors to acceleration interpolation. It can be
also said that policy 2 does not interact with policy 1.

Velocity and acceleration are generated when function B is used to correct position error. The
generated velocity and acceleration are function A and function C. Values of function A and C are also
zerowhen t is 0 and Tg,. It also means that calibration of the position error with function B will
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not have any influence on previous acceleration interpolation and calibration of velocity error.
Consequently, it can be said that three policies do not interact with each other. Acceleration, velocity

and position can be accurately interpolated by using these three policies.

2.3.2 Algorithm
In order to realize the three policies, an interpolation algorithm is provided as follows. There are
five steps in the algorithm.

(1) Define acceleration and velocity command.

In the new interpolation methodology, velocity and acceleration command are respectively defined

as follows.
Vi (K+1) = Xra (K +22T)su_ Xrer () RSP RRO 22)
Xret (K+2) = X 5 (K+1) ~ Xret (K+1) = X5 (K)
Uy (k+D)= Tsy - Tsy R 23)

su
where Vi (K+1) and U, (k+1) arespecified velocity and acceleration command. Initial velocity
and acceleration command is assumed to be zero in the new interpolation methodology.

In definitions, notice that three digital data points X, (K), X, (K+1) and X, (k+2) are used.
The definitions of velocity and acceleration command offer an explanation for that why three digital
data points of position command are necessary for the new interpolation methodology. In addition,
values of velocity and acceleration command are the values of average velocity and acceleration
between X, (k) and X, (k+2). It means that motion between X, (k) and X, (kK+2) is
assumed to be the uniform motion when velocity command is specified. Motion between X, (k)
and X, (k+2) isassumed to be the uniformly-accelerated motion when acceleration command is
specified. The specified velocity and acceleration command in Eq. 2.2 and Eq. 2.3 also obey the laws

of physics; velocity is equal to the acceleration multiplied by the time,

Ve (K1) = U g (K D) Ty oeeemmesemsenssssmieee i (2.4)

(2) Implementation of acceleration interpolation.
With specified acceleration command, the interpolation of acceleration will be implemented by using

function B. An example of the basic function is given by

f :tA(t_Tsu)4v ............................................ (2.9)

where
t=iT, =012, (oo, (2.6)

An integral of the basic function is
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630[ f dt=701° ~ 3157t + 540157 — 4201315 +126T4t° , -+rvvvvseoe (2.7)

where the integral is multiplied by 630 for simplicity of calculations and a constant of integration is
considered to be zero.

Assuming that the value error between U, (k) and U4 (k+1) is given by

Uy =U g (K1) =U g (K), oo (2.8)
then, according to policy 2, the integral of the basic function is used to calculate U,

TSU
U, =caessojO fdt

—C,[70t° ~3157,t* + 540727 — 420T2t° + 1267245 [,

....................................................... (2.9)
where C, isa constant and
C, - Urer (K +1)9_Uref (k)
TSU
Acceleration interpolation shown as a... can be obtained as
Arer =Upr (K)+UL L (2.10)

Velocity and position are generated by U, and the generated velocity V, and position X, can

be obtained by following calculations.

V, =IOTS”UAdt

= %hmlo — 70T, t° +1357T2t8 12013t + 42T;‘t6]§“ ,

u

.......................................... (2.11)
TSU
X, =L (jUAdt)tit
- % harit - 777, T2+ 1657278 ~165T2TE + 66TAT [
.......................................... (2.12)
The real value of velocity and position of interpolation at X, (K+1) are
Vieatl (K+21) =Vier (K) +U s ()T, Vo s o (2.13)
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1
Xrea (K +2) = X e (€) + Vi (KToy + 5 U (KT + Xy oo (2.14)

(3) Calibration of velocity error.
After acceleration interpolation, velocity error will be calibrated. According policy 4, the integral of
the basic function is applied to calibrate the velocity error. Velocity error between V. (k+1) and

Viear(K+1) is given by

VREF :Vref (k +1) _Vrea|(k +1) PN (2.15)

Then, with integral of the basic function, velocity error is corrected by

TSU
Vier =c:v630j0 fdt

—C,[rot? —3157,t° + 5407247 — 4207215 +126T 415,

........................................ (2.16)
where
C = Vref (k +1) _Vreal(k +l)
V ™
The generated acceleration and position are given by
d su
a, = Veer =63, [t (t-To) s o 2.17)
TSLI
Xy = _[0 Vier dt
=%[14th —70T,t° +13572t°% —120r3t" + 42T 8 |
.................................................. (2.18)

In Eqg. 2.17, notice that the value of a, iszero when t isequalto 0 and Tg,. This demonstrates
that the calibration of the velocity error with function B do not cause any value error to acceleration
interpolation.
(4) Calibration of position error.

After the calibration of velocity error, position error is corrected by using function B. After the second

and third step, position error is obtained as

XREF =Xref (k+1)_xrea|(k +1)_XV ............................. (2.19)

Also with the integral of the basic function, position error is corrected by
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TSU
X er =cX630j0 fdt

—C, [70° 3157, t° + 540T2t7 — 420T2t° +126T 445 [

................................................. (2.20)
The generated acceleration and velocity are given by
_ d2 _ 3+ 4 4oy 3 |'su
a, —WXREF =630C, [4t°(t—T,,) +4t"(t—T )L oo (2.21)
d s
Vy = = Xegr = 630C, [t —T) P oo (2.22)

In Eqg. 2.21 and Eq. 2.22, the value of the generated acceleration a, and velocity V, iszero when
t isequalto 0 and T,. This also demonstrates that the generated acceleration and position do not
cause any value errors to acceleration interpolation and velocity error calibration.

(5) Derivation of final acceleration, velocity and position.

At last, final acceleration, velocity and position of interpolation are obtained as

Ar AR F A, T AL, e (2.23)
Vi =V +Veer Vo i, (2.24)
Xi = X+ X XREE s eveneneniieeeiiereeea (2.25)

where a;, V; and X; are the final acceleration, velocity and position of interpolation.

Up to here, three policies and an algorithm of the new interpolation methodology have been presented.
However, the new interpolation methodology for position command is imperfect for practical
applications because of two problems.

One is an interpolation problem of initial three digital data points. Initially, digital data point X ¢ (2)
must be provided by the high-order controller, then, servo controller can start the interpolation of the
first two digital data points X, (0) and X, (1) . During the time interval of waiting for X, (2),
control process during time interval from 0 to T, is unable to proceed in servo controller. As a
result, industrial robot manipulators perform no motion during time interval of [0 2Tsu]. Because
of this result, control systems of industrial robot manipulators judge that there is a mechanical failure
and the whole system of industrial robot manipulators may be urgently shut down. Considering that
time delay arises from the interpolation of initial three digital data points may lead to mechanical
failure, to avoid this misrecognition, some kind of countermeasure is necessary.

In the new interpolation methodology, initial digital data points are processed to cope with the time

delay problem. The process includes two steps and with Fig. 2.5, two steps will be illustrated.
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Fig. 2.5 Initial processes

The first step is to assume a X ¢ (2), which is shown in Fig. 2.5 (b). Without waiting for output of
the actual X ¢ (2), a virtual X ¢ (2) shown by X _a5,(2) is assumed, which is in fact X (1) .
The second step is to generate a new X (1) , which is shown in Fig. 2.5 (c). The new X, (1) is
shown by X _new@ . Inthe first step, X, (1) is assumed to be the virtual X ¢ (2) . Anew X, (1)
needs to be generated for interpolation. To obtain a smooth interpolation between X (0) and
Xref—asp(2) , which is in fact the interpolation between X, (0) and X, (1), the new X, (1) is
generated by

xref (0) + xref —asp(z)
2 .

X ot o) = X o (0) + — 2 = 2remasni™) . (2.26)

With above process, initial time delay problem can be resolved. With the interpolation between

Xt (0) and X,¢_new(@), control process between 0 and T, can start instantly when X (1) is
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provided. Ultimately, the misrecognition problem can be avoided.

After interpolation of X, (0) and X, _nen@, the real position command X, (2) is output.
With the new generated X« _ne,(1) , the interpolation between Xig _pey(D) and  Xg_555(2)
continues and finally, the interpolation between X, (0) and X (1) is completed.

The other problem is an interpolation problem of the last two digital data points of position command.
In Fig. 2.6, it is assumed that X, (N) is the last digital data point. Due to the absence of the next
digital data point of position command, the interpolation between X, (N-1) and X, (N) is
unable to be completed. To complete the interpolation of X, (N —-1) and X, (N), the presence of
one more digital data point is assumed. With the assumed digital data point X, (N +1), three digital
data points of position command that are necessary for interpolation between X, (N-1) and
X, (N) are collected.

In Fig. 2.6 (b), X, (N +1) is specified as follows

Xet (NF2) = Xrer (N) L oo, (2.27)

As a matter of fact, X, (N +1) is specified as the same with X, (N). It is reasonable because
industrial robot manipulators perform no motion after the execution of the last digital data point of
position command. In other words, industrial robot manipulators terminate all operations and
permanently stop at the goal position. So, if the next of the last digital data point exists, it shall be

assumed to be the same with the last digital data point of position command.

| ®x,
! |

IXref (N-1 I
! |
| |
W-nr, NT, t

su

v

(&) The last two position commands

" Ao
! ®x ) WX, (N +1)
| | !
Ly, v-1) ! !
I I
| | .
(N-DT,, NT,, N+DT, t

(b) Assumption of position command X, (N+1)

Fig. 2.6 Last processes
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With initial and last processes of position command, the entire presentation of the new interpolation
methodology is given. To verify the effectiveness of the new interpolation methodology, several

simulations are conducted with results reported in section 2.4.

2.4 Simulation verifications

In subsection 2.4.1, some simulation results will be offered to evaluate the effectiveness of the new
interpolation methodology with sampling time reported in Table. 2.1. In subsection 2.4.2, an
interpolation application for perfect tracking control is given and with the simulation result,

advantages of the new interpolation for improvement of control performance will be presented.

Table. 2.1 Sampling time

Parameters Value Unit
Ty, 2 [msec]
T, 125 [usec]

2.4.1 Position command interpolation

Without loss of generality, two types of position command are taken as original position command,
which will be interpolated by using the new interpolation methodology. The two types of position
command are ramp and parabola, which respectively represents typical uniform motion and uniformly-
accelerated motion. In addition, a random position command is also employed to represent random
motion. Results of simulations are given in Fig. 2.7, where the results of Spline interpolation are also
offered to compare with the results of the new interpolation methodology.

Intuitively, the common thing in the simulation results is that interpolated command obtained by both
the new interpolation methodology and Spline interpolation accurately pass through original digital
data points. It at least indicates that the new interpolation methodology is not worse than Spline
interpolation in interpolation accuracy. However, the interpolated command obtained by the new
interpolation methodology differs from Spline interpolation in ramp position command. For instance,
in the result of ramp position command, the difference is the interpolation between the initial and the
last two digital data points. In the case of Spline interpolation, the most suitable interpolation curve
that is ramp is finally found only when servo controller obtains the last digital data point of position
command. In contrast, in the case of the new interpolation methodology, interpolation proceeds
successively. The interpolation curve between the first two digital data points is instantly obtained
when the second digital data point is output from the high-order controller. The interpolation curve is
not a ramp due to the initial process. The interpolation curve between the last two digital data points
is also not a ramp due to the last process. The new interpolation methodology works as the same with
Spline interpolation in addition to the interpolation between the first and the last two digital data points

because the interpolation curve is a ramp between the second and the sixth digital data point.
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Fig. 2.7 Simulation verification for interpolation
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Simulation results shown in Fig. 2.8 are employed to confirm the overshoot problem of both Spline
interpolation and the new interpolation methodology. In contrast, the improved interpolation results
obtained by using the new interpolation methodology are shown in Fig. 2.9.

In Fig. 2.8 (a), rest time is assumed in ramp position command, which is time between 0 and 0.002
second and time between 0.01 and 0.012 second. In practical situations, the rest time means that an
industrial robot manipulator holds original point before operations or keeps stationary condition after
operations. As the same with Fig. 2.8 (a), an interpolation example of the typical step command with
rest time is given in Fig. 2.8 (b). In the simulation results, a conspicuous overshoot problem exists in
both the new interpolation methodology and Spline interpolation although the amplitude of overshoot

is smaller in the simulation result of using the new interpolation methodology.

10% 107
0 position command :
+ new interpolation

8| + Spline interpolation

(@]
H

Position [m]
I~

[he]
T

“0 00 0004 0006 0008 D001 0012
time [s]

(&) Ramp position command with rest time

Position [m]

position command

+ new interpolation

r : : + Spline interpolation

0 0002 0004 0006 Q008 0O 002
time [s]

(b) Step command

Fig. 2.8 Simulation verification for overshoot problem
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Fig. 2.9 Simulation verifications for improvement of interpolation

As it is stated in section 2.1, overshoot is absolutely not allowed behavior for interpolation of position
command. To resolve the overshoot problem, some improvements have been made in the new
interpolation methodology. For the position command points that are in rest time, values of velocity

and acceleration command are specified to be zero,
Vref -0 :Vref_goal = O ....................................... (2.28)

Urer -0 =Urer—goal =0 ++rrereremeeememminimimmeseeneeecen (2.29)

where Vigr o, Vret_goas Urer—o and Upg g4 are velocity and acceleration command of the digital
data points that are positioned in rest time. The specifications are based on consideration that industrial
robot manipulators perform no motion during the rest time and therefore, velocity and acceleration are
zero. Naturally, a premise of the above specifications is that types of position command are known in
advance. In comparison with Fig. 2.8, overshoot phenomenon disappears in the simulation results of

using the improved new interpolation methodology.
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2.4.2 An application for control
In this section, an application of the interpolated command is presented. The interpolated command
is used in a perfect tracking control. For simplicity, a second order system is assumed to be the control
object, which is given by
X()_ 1
F(s) Ms®'
where X(s) represents a displacement output and F(s) represents a force input, M is the mass
of the system. Supposing that the feedback controller already exists, the closed-loop transfer function

is expressed as
X(s) _ Ky
Xt ()  s2+Kys+K, |

where X, (S) represents the position command, K; and K, are feedback gains.
To realize the perfect tracking control, a feed-forward controller is designed as

1 K
Fee (S) =(?52 +?2s+1jxref (S) ) oo (2.32)
1 1

where Fg-(S) represents a feed-forward output. Fe-(S) is expressed in the form of discrete time,
then,

Fee (k) = 1 X e (K) LS) X et (K) + X e (K) « v, (2.33)

Kl Kl

Notice that a differential and a second-order differential of the position command are necessary for
completing perfect tracking control of the second order system. The differential and second-order
differential of position command can be directly obtained from the interpolated position command
because the velocity (differential) and acceleration command (second-order differential) have been
specified in the process of interpolation. Hence, one of the merits of the new interpolation
methodology is the convenience of implementing the perfect tracking control for the second-order
system.

An improvement of control performance by using the perfect tracking control is explicit and the
improvement will be not presented in this paper. In addition to the merit of convenience, the new
interpolation methodology can be also compared with Spline interpolation in the improvement of
control performance. The new interpolation methodology and Spline interpolation are respectively
applied to a simulation of perfect tracking control. The simulation results are shown in Fig. 2.10 and
Fig. 2.14. The initial, transient and steady state is respectively shown in Fig. 2.11, Fig. 2.12 and Fig.
2.13; Fig. 2.15, Fig. 2.16 and Fig. 2.17. Comparing Fig. 2.11 with Fig. 2.15, notice that vibration
occurs in the initial state of position response of using Spline interpolation. In contrast, a smooth
position response is obtained in the case of the new interpolation methodology. In Fig. 2.12 and Fig.

2.16, differences of both are not obvious and nearly the same tracking performances can be seen.
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Referring to Fig. 2.13 and Fig. 2.17, in steady state, the common problem in both is the overshoot
problem, which is also a general problem of applications of the perfect tracking control. In the case of
Spline interpolation, bigger amplitude of overshoot occurs in position response. The only reason of
this is considered to be that the overshoot in Spline interpolation itself is causes bigger amplitude of
overshoot of position response. Therefore, it can be said that the new interpolation methodology is

more suitable than Spline interpolation for positioning control of industrial robot manipulators.
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Fig. 2.10 Control results of using the new interpolation methodology
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Fig. 2.11 Enlarged view between 0.016 and 0.024 second
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Fig. 2.14 Control results of using Spline interpolation
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2.5 Conclusions

A new interpolation methodology for high-speed and high accuracy control of industrial robot
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manipulators has been proposed in this chapter. Several results achieved by using the proposed
methodology are

Q) Successive interpolation manner has been achieved by using the new interpolation
methodology. Due to this, time delay problem caused by position command interpolation in the case
of Spline interpolation has been resolved and the proposed interpolation methodology has made great
improvement of efficiency of a whole control process.

)] The critical overshoot problem of by using Spline interpolation has been also resolved by
the proposed interpolation methodology.

3) In comparison with Spline interpolation, the algorithm of the proposed interpolation
methodology is much simpler and less computation is also a very good merit for practical application,

especially for general-purposed servo control systems.
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Chapter 3

Decoupling control by using Model Following Control

3.1 About decoupling control

In order to make an industrial manipulator track a specified trajectory at a high speed and with higher
accuracy, various studies have been made. Decoupling control theory has been established in 1980s
which has been considered to be one of effective ways to realize high-speed and high-accuracy control
of industrial robot manipulators.

In most cases, some theoretical decoupling controls have been planned and developed for the typical
direct drive (DD) robot shown in Fig.3.1. Fround [17], Iwakane and Inoue [18] proposed a decoupling
control method that compensates for the coupling forces between two links of a 2-link manipulator
according to the dynamic equations. Decoupling control considered in robust control area [19] with
disturbance observers has been also reported in [20] - [22]. Moreover, Ito and Shiraishi [23] used a
feed-forward (abbreviated as FF) control loop combined with a disturbance observer to accomplish
simple robust decoupling control for articulated robots. In these literature, decoupling control strategy
are based on a model of rigid system because the control objects are DD robots. For the industrial
robot manipulators equipped with flexible joints (usually are gear transmissions), they have not offered
a discussion. Nakashima et al. [24] considered that the elasticity of the flexible joints is non-negligible,
and firstly presented that the coupling forces do not directly act on actuators due to the elasticity and
offered a decoupling control strategy in which each link of the industrial robot manipulator is modeled

by a 2-inetia system.

Link L —» <+— Link U

Fig. 3.1 Direct drive robot manipulator
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In all above presented decoupling control literature, the basic control manner is feedback control and
decoupling control strategies are conducted in basic feedback control (abbreviated as FB). However,
with the growing stringent requirements of high performance for industrial robot manipulators, a sort
of advanced control manner that is Model Following Control (MFC) has been gradually adopt. For
MFC, its purpose is to force the dynamic response of a plant to follow the response of a reference
model by a correction mechanism within itself. The MFC technique has been widely described in the
literature [25]-[27]. Under condition of knowing the exact dynamics of industrial robot manipulators,
decoupling control strategy that is based on MFC has achieved very good result [28]. However, the
decoupling strategy in [28] is complex and difficult to be implemented in practical application. In this
paper, an industrial robot manipulator with flexible joints is taken as decoupling control object and a
new decoupling control strategy is proposed, which is based on MFC.

In addition, in comparison with conventional decoupling strategies, some favorable aspects of the
decoupling control by using the Model following control can be enumerated as follows.

Q) The torque used to compensate for the coupling force that is called compensation torque can
be designed independently. In coupling robot manipulator system, the coupling effect has a great
influence on position accuracy of motors. In essence, some interference components caused by the
coupling effect are forcibly added to position of motors. In [24] and [28], position of motors are used
to construct a semi-closed control loop, as a result, the semi-closed control loop includes some
interference components. Therefore, an additional compensation torque has to be designed to eliminate
the interference components included in the semi-closed control loop. Ultimately, the design of the
compensation torque for the coupling robot manipulator system becomes complex and relies on the
design of the semi-closed loop. However, in the MFC, the compensation torque can be designed in
feed-forward controller and without using position of motors. Design of compensation torque is
independent. Moreover, computational capacity of controller system must be taken into account when
a decoupling control is put into practice [29]. In comparison with conventional decoupling control
strategies, the decoupling control strategy by using MFC is easier for practical application.

2 The decoupling control by using MFC is more suitable for general purpose industrial robot
manipulators. The already known information of other links is essential for the actual implementation
of decoupling control. However, the necessary information of a link is unknown by the other because
the general-purpose servo system of each link usually does not have bidirectional communication
function. For the decoupling control based on FB control, it is a very serious drawback. In contrast,
there is no need to take the bidirectional communication issue into account in the case of the MFC
because in feed-forward loop of MFC, information of each link is already known.

However, potential subject arises from the decoupling control by using MFC, such as modeling error
problem. If the dynamical model of an industrial robot manipulator is not exact, it would not be able

to accomplish the complete decoupling of two links because the designed compensation torques are
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designed based on the dynamical model. In other words, the industrial robot manipulator is still a
coupling system. For the new subject, observers are employed in FB controllers, to resolve the
modeling error issue. With the estimations of observers, compensation torques called disturbance
compensation torque are designed. With FB compensations, the robustness of a whole of decoupling
control are able to be guaranteed.

General industrial robot manipulators have six or seven links. In this paper, a 2-link manipulator is
taken as a decoupling control target because the coupling effect occurs mostly in the case that when
two links of the manipulator rotate in the same plane. Among many types of industrial robot
manipulators, the coupling effect is especially severe in the type of point to point positioning robots.
One of typical examples of the accuracy deterioration due to the coupling phenomenon is in spot
welding robots. High-speed positioning of the end effector of the spot welding robots must be realized
in very small operating range (most of cases 30mm~50mm), referring to Fig. 3.2. The coupling force
between two links adversely affects positioning operation and due to this the welding robots are not
able to accomplish a successful straight line welding motion [24], referring to Fig. 3.3. So, in this

paper, the decoupling objects are assumed to be a 2-link manipulator of spot welding robots.

Welding
Foi material 0.052 l
@/' @) effector E -
) \ ,/ ° sp.ot 8 o050 e
S \ 5 -
\ 0.048} 1\
0.;5 — 0.:50l ‘ ‘0.155
horizontal [m]
Fig. 3.2 Straight line spot welding Fig. 3.3 Trajectory of end effector

The proposed decoupling control strategy is presented in detail from section 3.2 to section 3.5. The
coupling model of the 2-link manipulator is shown in section 3.2. In section 3.3, fundamental design
of torques and design details of compensation torques are presented. The disturbance compensation
torques are derived with estimations in section 3.4. Several simulations conducted for verifications are

given in section 3.5

3.2 Coupling model of a 2-link manipulator

The derivation of mathematical model is necessary for finding control strategies. In this section, the
derivation of the mathematical coupling model of the 2-link manipulator will be prepared in advance
for constructing decoupling control strategy.

The dynamics of a 2-link manipulator is derived in subsection 3.2.1 by using Euler-Lagrange

equation. In subsection 3.2.2, the dynamics of actuators is covered. With the dynamics shown in
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subsection 3.2.1 and subsection 3.2.2, the mathematical coupling model of the 2-link manipulator is

obtained and shown in subsection 3.2.3.

3.2.1 Dynamics of a 2-link manipulator

For control design purposes, it is necessary to have a mathematical model that reveals the dynamical
behavior of a system. Therefore, in this subsection, the dynamical equations of motion for the 2-link
manipulator are derived according to Euler-Lagrange equation of motion.

Before showing the derivation of the dynamics of the 2-link manipulator, the basic derivation of
Euler-Lagrange equation will be reviewed for better understanding the later derived dynamics.

Consider amass M acted upon by force F . Then, the kinetic energy of the mass is

2

1 .
K= > X . s (3.1)
The momentum of the mass is
P =TNX, oo (3.2)
where X is function of generalized coordinate
X=X(Ogy Upseeeslns L) ) verereererinieinnee e (3.3)
and each axis is a function of time t
i =Gi(1) . o (3.4)
Relation between K and p, p and F are
oK
ST e ———————————————— (3.5
p =% P=F e (3.6)
It follows that
>‘<=ix:iﬂqi+% ................................................. (3.7)
dt  i=10q; ot’
where i=12,...,n. Hence, the differential of % with respect to component ¢, may be written as
L, (39)
ag; o
The momentum of each axis (g;) of generalized coordinate is
LA 3.9
o O og; aq;
Then, the differential of p; is
d . OX d( ox ox oK oX ox oK
api:pa—%+p§[a—%J:Fa—%+&a—%=Fa—%+a—%. ................ (3.10)
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Now, if the force F acting on the mass is conservative, there is
oP

F oo s

ox '
where P is the potential energy of the mass. Substituting Eq. 3.11 into Eq. 3.10,
d o(K-P
o (K-P)

dt 0q;

Now, if the Lagrangian is described as

L(0, G, 1) = K(G, Giy ) = P(G5) 1 voovrerererererereieieieieisieeees

oP
Notice that a =0, with Eq. 3.13, Eq. 3.9 can be rewritten as
i

s
oG

Thus, the Lagrange equation can be derived as

dfoy a
QLA ag O

Control

.. (3.12)

.. (3.14)

... (3.15)

The derived Lagrange equation will be used for deriving the dynamics of the 2-link manipulator.

Fig. 3.4 The 2-link manipulator in X-Y coordinate

Table. 3.1 Parameters used for dynamics derivation

Parameters Unit Parameters Unit
I.,I, | length of each link [m] | m_,my | mass of each link [ka]
Iy, lgu | length from joint to gravity [m] | 6,,,6,, | rotation position of each [rad]

Suppose that a 2-link manipulator is positioned in a planar X-Y coordinate, referring to Fig. 3.4. The

lower and upper link of the manipulator is denoted by L and U. Parameters used for dynamics
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derivation are shown in Table. 3.1.

For link L, the kinetic and potential energies are

1 .
K., =EmL|gL9§L, ....................................................... (3.16)
Pat=mMigly SINGy o oo, (3.17)
For link U, there are
1 . . . . .

Koy =My (262 +150 (Oa +6a0)? + 21 g6, (Oa +05) COSO ], ... (3.18)
Pou =My gl sinGy +15ySiN@ +Gau)] oo (3.19)

The Lagrangian for the entire arm is
L=Ky +Kay —Pal =Pay+ oo (3.20)

According to Euler-Lagrange equation, the arm dynamics are given by the two coupled nonlinear

differential equations

T =M 0, +M 0, +h 02 + 20005 6,0 + Gy cerreri. (3.21)

Tau =My 0y +Myubay + 00007 +Gy s oo (3.22)

where 7, and 7, are torques supplied by actuators, terms with respect to h,, and h, are
Coriolis and centripetal, G, and G are gravities. In the case of spot welding robots, due to the
small distance of two welding spots, the rotation position of each link also changes in a very small
range. In other words, 6,, and 6, are values nearby zeros. Therefore, according to equations of
G, and G; showninEq.3.23, cosd, and cos(@, +6,,) areapproximately equal to one. This
means gravity of each link is nearly a constant value.

My =mpla +my (17 +13, +21 1y, cosb,,) + 1+

My =My =my (Igy +1ilgy €086,,) + 1y

Muy =Mylgy +1y

hoy = =Myl gy (20, +6,4)6,0 sin b, e (3.23)

huL =my Iy, 0z sin G,y

G =(m_gly +mygl )cosd, +mygly, cos@, +6,y)

Gy =myglyy cos@, +6,y)

where I, and 1, are moment of inertia around gravity center. Writing the arm dynamics in vector

form yields
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|:TaL:|:|:MLL MLU:||:éaL:|+|:dLi| (3.24)
Tau My My | Guy dy ’

where
A=y é§u2+ 20, Oui b +GL}. ....................................... (3.25)
dy =hy 0," +Gy
Inverting Eq. 3.24,
. -1
o M M 7, —d
{.ﬂ:{ L L“} { ot L] ..................................... (3.26)
Oau My Myy T~y

Notice that the acceleration of each link is not determined only by the torque supplied by self-actuator
and is related to the other.

3.2.2 Modeling for links of a 2-link manipulator

Usually, mechanical structures of the link of industrial manipulators consist of three parts; servomotor,
gear transmission and rigid load. Generally, three parts are named actuator, joint and arm. After the
discussion of the dynamics of the 2-link manipulator, the dynamics of actuator with joint flexibility
need to be derived to obtain a complete dynamical description of the 2-link manipulator. Regarding
the gear transmissions as spring systems and converting the inertia of joints into inertia of motors,
links of industrial manipulators are modeled as 2-inertia systems. With this understanding, a model of
the link without the form of disturbances is shown in Fig. 3.5. The corresponding parameters are
reported in Table. 3.2.

z|~

1) T 1 o

m + S a a
2 _' T K " 2
JIHS & '](IAS‘

Fig. 3.5 The model of the link (2-inertia system)

z |~

Table. 3.2 Parameters used for modelling of the link

Parameters Unit Parameters Unit
J. | motor inertia [kgm?] 6, | rotation position of motor [rad]
J, | rigid load inertia | [kgm’] 6, | rotation position of rigid load | [rad]
N | reduction ratio [-] 6, | twist rotation position [rad]
K. | spring constant | [Nm/rad] | T | torque reference [Nm]
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From the model of the 2-inertial system, mechanical equations of motion can be obtained as

K 1
O, =— mT\l o, JFETref ) e (3.27)
O = =50y, i (3.28)
a
where
1
o, = Wg”‘ =By s (3.29)

Up to here, dynamics of motor and rigid load are given in Eq. 3.27 and Eq. 3.28. With the dynamics,

a state equation of the coupling model is derived in subsection 3.2.3.

3.2.3 A coupling model
Incorporating two dynamics presented in Eg. 3.27 and Eq. 3.28, the dynamics of the 2-link

manipulator is ultimately obtained and expressed as a linear state-equation

0=A0+BT

pef 5 rrrrrrrrr

where 0 is state vector, A is system matrix, B isinput matrixand T, is torque input vector,

0=l00 6w O 00 O Ou O Ou]
001 .0 0 0 0 0 0
8, 0 a, 0 0 0 0 O
000100 0 0

A= a, 0 a; 0 a, 0 a; 0
000001 0 0
0 0 0 0 a; 0 a, 0
000 00O 0 1
[3; 0 3, 0 a, 0 a; 0]
0~ 000 0 0 0]

5=lo 000 00

Tref = [TrefL Trer]T
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Indeed, the nonlinearities of the items of Coriolis, centripetal and gravities are supposed to exist in
Eg. 3.30. These nonlinearities are also supposed to be linearized for constructing a linear control
strategy [30]. However, the terms related to the Coriolis and centripetal are neglected in Eg. 3.30
because the Coriolis and centripetal are extremely small in comparison with the coupling force in the
case of the spot welding [24]. In this paper, the Coriolis and centripetal are not taken into account in
the design of decoupling control because the control object is a spot welding robot. In addition,
gravities terms are also omitted in Eq. 3.30 because of a feed-forward compensation which is reported

in section 3.3. Therefore, the dynamics of the 2-link manipulator is given by linear Eq. 3.30.

[T |
N,
]:'Q/L +_ 1 0/"1. T eyl K Ta] 1 0 L
Topis® N| + cL T J.s
My,
=
] iy,
v, .
7:?/1"" 1 gml' T Hs[j K ral +_ 1 () U
JmUSI N(* +_ cU JaLuS'Z

Fig. 3.6 Block diagram of the coupling model of the 2-link manipulator

The coupling effect between two links is reflected in Eg. 3.30. The joint angular acceleration includes
interference terms of the other because of the existence of a,s, a,;, ag;and ag; of system matrix
A . The goal of the decoupling control for the 2-link manipulator is to eliminate the elements a,c,
a,7, 8g; and agy. Based on Eq. 3.30, the block diagram of the coupling model of the 2-link
manipulator is given in Fig. 3.6. The coupling effect in an industrial manipulator with flexible joints

is different from the DD robot. Two actuators interact through the coupling effect in the case of DD
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robots. However, the coupling force are directly applied to rigid loads and inversely act on actuators.
Especially, conventional decoupling control strategies that are planned for DD robots are inapplicable
to the new decoupling model. Unlike the decoupling control strategy for DD robots, supplies of inverse
coupling forces to actuators will no longer work and not completely neglect the coupling effect in the
case of the industrial manipulators with flexible joints. So, a derivation of proper supplies of torques

for the coupling effect becomes difficult and the corresponding details will be presented in next section.

3.3 Design of feed-forward inputs

Generally it is known that tracking capabilities of feedback control are unavoidably degraded when
joint control servos are required to track reference trajectories with higher speed and acceleration. An
adoption of feed-forward compensation allows reducing the tracking error. This is just right one of
reasons why the proposed decoupling control strategy adopted the MFC. In subsection 3.3.1, a basic
design of the decoupling control is given. A mathematical derivation of the compensation torques are

based on the basic design and presented in subsection 3.3.2.

3.3.1 Basic design of torques
In this paper, the ultimate torque reference supplied to each link is the incorporation of FF and FB

torque input which are defined by

TrefL :TrefLFF +TrefLFB 9 arErrErsarerrrrssssseerresetEerrrresstterrarrrnaes (331)

Trer = Tl'erFF +Tl‘erFB 9 s EerEsserierrssssseteerrrsttEtiersasettarianans (332)

where T and Tuee are feed-forward torque inputs, T.prs and Tueg are feedback
torque inputs. T ee and Tuer are employed to accomplish two tasks. One is suppression of
oscillation of the link due to the low stiffness of the flexible joints. The other is achievement of

decoupling of two links of the manipulator. Therefore,

TrefLFF = TrefLLFF +TrefLCFF 9 srrerrsserierrssesesserrasstterrrrssetaarnns (333)

TrerFF =TrerUFF +TrerCFF g essssssssssssssssssssssssssrsrrrrrnnnnnnns (334)

where T e and Tguuee are torques designed for suppressing the oscillation of the
independent link, T cee and T.ucee are compensation torques. Here, with regard to the
compensations for gravities, it needs to be pointed out emphatically that the compensations for
gravities have been taken into account during the design of the compensation torques. In other words,

the mathematically derived compensation torques include the compensation components of gravities.
Control strategies for suppressing oscillations of links are different due to different practical
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Chapter 3 Decoupling control by using Model Following Control

equipment conditions. Sensors that are employed to observe the spatial position of the end effector, or
built in links of manipulators to observe rotation acceleration of arm directly influence control
strategies. But in usual cases, industrial manipulators are equipped only with sensors that are used to
observe rotation position of actuators, not only because cost issues of manufacture of themselves, but
also with consideration of that the surrounding environments of industrial manipulators are extremely
bad for using sensitive sensors. Without loss of generality, the 2-link manipulator is also assumed to
be a manipulator that are not equipped with other sensors in addition to sensors of actuators.

In order to suppress oscillations, torques are generally designed according to the input/output transfer
function of an independent link which is given by

W, 1

= L IR 3.35
a 82(52 +a)m) JmN ref ( )
where
W, = & ............................................................ (3.36)
‘]a
KC KC
= e —— 3.37
=TT (3.37)

The only observed rotation positions of motors are employed for construction of oscillation
suppression in traditional decoupling control [24] and [28]. Due to this, the entire decoupling control
systems, as described in introduction, become very complicated. In contrast, the rotation positions of
rigid loads are completely available from the mathematical model of the 2-link manipulator in the case
of MFC. Therefore, the torques T.giee and T.uuer are designed as follows, which are

constructed by state variables that are only related to rigid loads.

TrefLLFF =N Ln‘] LTn{KVLFF [KPLFF (HarefL - gaLFF) - gaLFF]

- KaZLFF gaLFF - KaSLFF eaLFF}

TrerUFF = NUn‘]UTn{KVUFF [KPUFF (garefu - gaUFF) - gaUFF]

- KaZUFF (gaUFF - Ka3UFF eaUFF}

where O, and O, are position references, 6,  and 6, - denote rotation positions of
rigid loads of the mathematical model, J,;, and J,;, are nominal values of total inertia of motors
and rigid loads, Ky e, Kper, Kooipr: Kagire @nd Kyuer o Kpupe o Kooupe o Kaaupe are
control gains of feed-forward loop. Suffix N denotes nominal value.

With the designed T, re and  Toeruuer » ONly the compensation torques that are designed for the
coupling effect are enough to accomplish the decoupling of two links of the mathematical coupling
model. In other words, there is no need to design additional compensations for controllers like what

have been done in [24] and [28]. However, special attentions must be paid to components of éai,:,:
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and é;m: because éai,:,: and é;i,:,: are not like 6, rr, Gy and Gy, Guure that can
be directly obtained from the mathematical coupling model. éaLF,:, é'aLFF and éaUFF, é'aUFF
need to be derived from the mathematical coupling model and the derivations are given as follows,
where suffix 1 denotes L or U.

- K M 1 M
aaLFF = ﬂ{Kan esLFF — L KcUn ‘95UFF } - _GLFF + Lo UFF
‘]aLn MUUn alLn ‘]aLn UuUn (3 40)
Kan Kan M LUn 1 M LUn ’
= ——dn g~ G +— G
LFF UFF LFF UFF
‘]aLn ) ‘]aLn MUUn ) JaLn JaLnMUUn
K M 1 M
‘9aUFF = —ah {KcUn asUFF -t Kan gsLFF } - _GUFF + ¢GLFF
aln M LLn J aln ‘]aUn LLn (3 41)
KcUn K&:Un IVIULn 1 IVIULn ’
= ——Wn T g~ Gy +— G
UFF UFF UFF LFF
‘]aUn ; ‘JaUn M LLn ; ‘]aUn ‘JaUnI\/I LLn

where G = and Gy denote gravities of the numerical model. Make substitutions as follows:
Kein Kewn M

— — _cUn LUn
Oy = ] 1Drn = 7 M.
aLn aLn UuUn
_ KcUn _ Kan MULn
Myun = J 1 H*ULn T J M '
aunF aun LLn
a — 1 _ M LUn G
gLFF = ] L TRY UFF »
aLn aLn™Uun
a — 1 _ |VIULn G
gUFF =5 UFF T3 LFF -
aun aun™¥'LLn
O e and O, are rewritten down as
aau:,: = a)LLnesLFF - a)LUI"IgSUFF - agLFF P R R (342)
eaUFF = %Un QSUFF - %Ln QSLFF - ag [§] = =R REEE R (34‘3)
Then,
aau:,: = a)LLnesLFF - a)LUneleFF - agLFF PR TR (34‘4)
eaUFF = %Un HSUFF - %Ln QSLFF - agUFF 9 eeesecesercececesiiesanns (34‘5)

where the backward difference approximations of &, and 6, are used instead of ésLFF and
95UFF . For the differential of gravity terms a,.. and &, , they are approximately seen as zero
terms because of the previous explanation that the gravity of each link G, and G is nearly a
constant value.

With regard to the determination of gains, many general strategies have been proposed [31]-[34].

The gains of feed-forward loop are determined by comparing with the transfer function of a fourth-
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order system. The feed-forward loop input/output transfer function is

JiTn
— N Kyiee Kpi
‘gaiFF _ Jmin ain’ “iFF " MPiFF
O, rei J; J; J J;
el st 3 T 0K agiee S° + (a)min + T @0, K i jsz + T @05 K S + 1T 0340 K Kpier
min min min min
................... (3.46)
The transfer function of a fourth-order system is
@
G(s) = e (3.47)

st + 460933 + 6(0532 + 4(035 + wg

It can be recognized that, with a suitable choice of the gains, it is possible to obtain any value of natural

frequency w, . Hence, if w, is given as design requirements, the following relations can be found:

1
Kpire = ngi

Kvire= 460& J&
‘]iTna)ain (3 48)
) J - PP .
Kaziee = (6a’gi — Opin)
iTn®ain
‘]min
Kasirr = 4wgi
iTn@ain

where @, =27f ., f e isnatural frequency that is used to determine suitable feed-forward loop

gains.

3.3.2 Design of compensation torques

After the design of T e and Toeuuee » the mathematical derivation of compensation torques
Treiicre and Toucee  Shall be given in this subsection. At last the compensation torques are added
to actuators to suppress the coupling effect between two links of the manipulator. More simply
speaking, two connected links become two independent link after decoupling control. Thus, with
consideration that each link is modeled as a 2-inetial system, a fourth-order differential equation is
supposed to be like

4
d 9 = _a30a - azea_ alea - aoea + aoearef ......................... (3-49)

de*

where a,, a@;, a, and a; are control gains. The differential equation has an obvious
characteristic that the differential equation only includes self-state variables. Eq. 3.49 is taken as a
standard differential equation and the actual differential equation shall be given to compare with the
standard differential equation to reveal what kind of the coupling torque is applied to each link. Prior

to the derivation of the compensation torques, some equations that are related to the derivation are
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given as follows.
Accelerations of twist rotation positions “sLFF and ésUF,: are derived according to Eq.3.29,
1

éSLFF = N_ émLFF - éaLFF 9 ceeccestccetscestesteserterssenean (3.50)
Ln
QSUFF = N_HmUFF - 6aUFF @ teeesecsecsessecarcartesssnesan (3.51)
Un
Accelerations of rotation positions of motors are
gmu:': = J_ [TrefLFF - NLLn QSLFFJ 9 eeeresceesescecesaeaneanas (3 52)
mLn Ln
‘9mUFF = J_ (Tl’erFF - NC_Un QSUFF J t eeeeeeceereaceranaeatens (353)
muUn Un

With Eq. 3.42, Eq. 3.43, Eq. 3.52 and Eq. 3.53, accelerations of twist rotation positions are

recalculated and written as

.. 1
Oser = (Koo + @110)0s e + 3 Tretrr + @Lunbsurr +8gLFE > <ovvveeeee (3.54)
mLn'YLn
.. 1
Ooure =—(Kyun + @un ) Osure + —NTrerFF + L OsLrr FAGURF 5 vvereeeee (3.55)
muUn ' YUn
where
Kitn = —Kan Jun = —KcUn
n ’ n— .
JanNEn ‘]mUnNSn
The differential equation of the coupled links are
d4 .. ..
FeaLFF = a)LLHQSLFF - a)LUn QSUFF - agLFF 9 ceesssecsescertcncaanns (3.56)
d4 .. ..
W eaUFF = %Uﬂ QSUFF - %Ln QSLFF - agUFF ¢ tessceesccesssessaenn (3.57)

By using the derived Eq. 3.54 and Eq. 3.55, the results of the recalculation of the differential

equations are

d* , N
— O = (K + @) Oa e + Ky —2T,
dt4 aLFF ( JLn LLn) aLFF JLn JaLn refLFF e (358)

= Kotn®@LunOsurr — @Lunbsurr — Katn@gire — gLrr

d* ; N
— 0,00 =Ky + Ouure + Kogy =T
it auFF (Kun + @yun)Oaure Jun I refUFF S (3.59)

= Kiun@uinbsi e = @inbsier — Koun@gure — 8gurr

Notice that, for instance, the differential equation of L Eq. 3.58 includes the interference components
of U which are Ky o ,n6sre and @ ,0sm » and the gravities terms. The situation of the

differential equation of U Eq. 3.59 is the same with L.
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Recalling Eq. 3.33 and Eq. 3.34, the compensation torques designed for eliminating the interference
components are given by

. ,
TrefLcrr = OLcinOsUrr + @LconGsUrr FAGLEE » <o eeerermreeenieins (3.60)

. ,
Tretucrr = @UcinGsLrr + @UcanOsLrr T AGUEF » +vveerrrrmmnnnaeennns (3.61)

where

_ VYaln _ alLn
@i cin __N OLuns Orcon = K N @Luns
Ln JLn Ln
J 1]
— aun _ aun
Oycin = N DyLny Quycon = K N Lns
Un Jun Nun
w o
' _ 1n LC2n =
AgLFF = ALrr T ALFF>
LUn @Lun
/ _ @ycin Dycon
AguFF = agurr t AguFF -
wULn wULn

Eq. 3.54 and Eq. 3.55 are used again for the substitution of &, -~ and 6, that are included in

Eq. 3.60 and Eq. 3.61. The compensation torques of the coupling force and gravities are ultimately
obtained and given by

DL Dun

OLnMyun ~ PLun®oin

Treﬂ_CFF = (TLL +TLU +TLg) 9 teereescescescesnenne (3.62)

DL un
OLLnMyun ~ PLun®@on

TrerCFF = (TUU +TUL +TUg) 9 tecreercercercoticnns (3.63)

where T,, and Ty, are the compensations for gravities,

K o,
— cLn@Lun®uLn
T = [wLCZn%Ln -]

DLun®yLn |, Prcan®ucin @D yn®yLn
N mnNin + N Oure +— " TrefLLrF
Ln@LLnPuun Dyun muUn Nun @) nWyun
2
Jo N, o W,
_ mLn N Ln@Lun@uLn LC2n
Tiu =| @rcin — (Kyun + @yun )@ co + Osure + Tretuurr
@O LnMyun mun Nun

Kon@® W, W, o,

_ cun@Lun®uLn Lun@uLn |, “can@Lcin Lun®uLn

Tw = [wUCanLUn Noo. oo JmunNun + 1N Ourr +— " TrefuUFF
Un@LLn@un @) n mLn N Ln @ | nByun

2
J unNy,@
_ mUn ' “Un LUna)ULn %CZn
Ty = [a’ucm —(Kyin + o n)@yco + O ke + TN TrefLLrr
wLLn%Un mLn'YLn

_ Drcoan®ycan ' Dicon
W=7 N Qgirr g1 FF T @ con8gurr T TN AguFF
mUn ' YUn muUn ' YUn
_ DycanPican ' Ducan v
W=T) N Agurr T 8qurr T WucangLrr T T, QgLFF -
mLn'YLn

‘]an N Ln
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3.4 Design of feedback inputs

For the Model Following Control manner, the biggest expectation is a large improvement of control
performance. However, the expectation possibly will not come true if the precondition of
implementation of the Model Following Control that is accurate modeling of control plant is not
satisfied. A modelling error issue directly affects MFC strategy and probably leads to the deterioration
of the control performance. Therefore, great importance must be attached to the modelling error issue.
In the proposed decoupling strategy, after designing the compensation torques in feed-forward loop,
the modelling errors are dealt with in feedback loop.

In this subsection, first of all, modelling errors are discussed to figure out that what kind of errors
there are. In this paper, the modelling errors are thought as two types of errors. One is parameter error
that is generated during the modelling of the 2-link manipulator. The other is disturbances caused by
contact operations. The parameter error of a spring constant is mainly taken into account because in
comparison with other parameters of the model of the 2-link manipulator, bigger errors are generated
when the gear transmissions are approximately modeled as spring systems. In addition, spring
constants are usually derived from the resonant frequencies that are obtained from experimental
measurements of links of the 2-link manipulator. In the procedure of experimental measurements of
resonant frequencies, some uncertainties such as robot stand vibrations [35] will affects the accuracy
of the measurements. Therefore, spring constant error is determined as main parameter error in this
paper. For the disturbances, the resistance forces such as friction are generated when the end-effectors
of the spot welding robots contact to the welded materials. So, besides parameters errors, friction

disturbances are assumed to be main disturbances of the other.

; T ad
T"‘If 1 ()m 3 :t_T gsl K + 1 911
m ’ N ¢ Ta Jas ’

Fig. 3.7 The 2-inertia system with disturbance of rigid load

T
[ v |

<
[

Since then, the adverse effects of the modelling errors will be discussed. The typical frictional forces
caused by contact operations perform in the form of torques and the torques are directly applied to
joints of the links. No doubt that the frictional forces ultimately lead to position errors. In addition, the
presence of the spring constant errors mean that the designed compensation torques in feed-forward
loop are not perfect and the actual coupling torques will not be compensated completely by the
designed compensation torques. In other words, the presence of spring constant errors mean the

presence of the coupling torques.
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At last, the block diagram of a 2-inertia system with the torque disturbance is shown in Fig. 3.7. T,4
is a generated torque disturbance due to the modelling errors and it is called a rigid load disturbance

in this paper.

3.4.1 A Disturbance estimation

For the rigid load disturbances of a 2-inertia systems, disturbances observers are used to obtain the
estimations [36] and the estimations are used in feedback loop to compensate for the rigid load
disturbances. A state disturbance observer is used to estimate the torque disturbance of each link as

well and it is given by

6.1 7T o 1 0o o ofé,] [o] T[]

- Kcn Kcn -

0, e 0 ga 0.0)4,] |1 1, A
GlG=l 0 0 0 10)6, 4|0 |l (6 ), ... (364)
t - Ka Ka : |

Ha ‘]anNn 0 _‘]an O 1 Ha 0 4

g L o o o oofg | o] [l

A

where ém , 0

., 0, and @, are estimations of the states of 6,, 6,, 6, and 6,. G, is an

m?

acceleration estimation of the torque disturbance Ty, I, 1,, I3, I, and | are observer gains

T

o S (3.65)
‘]mn

Uy = L R (3.66)
‘Jan

The determination strategy of the observer gains is the same with the determination of the control
gains of feed-forward loop. The observer gains are determined by comparing the transfer function
Ug (S)/Ure (S) with a standard transfer function of fifth order system. Then, the observer gains can be

determined as follows.

l, =57
I2 :10772 ~ Oy,

l, = (07 - 5nwan)% ............................. (3.67)
cn

I4 = [5774 _(10772 ~ O an]J

N

mn

K

n

cn

|5 :775 ‘]mnNn

cn

where 77=2xf 05, fyos is @ natural frequency that is used to determine suitable observer gains.
Here, special attention shall be paid to the estimation of the torque disturbance 'fd . 'fd is the total

estimation of all the torque disturbances which are applied to joints of the links. It does not only
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includes the rigid load disturbances and also includes the coupling torque components and gravities
which have been compensated by the feed-forward compensation torques. The compensated coupling
torque components and gravities must be deducted from 'I:d . Therefore, the estimations of the rigid

load disturbances of the links are obtained by

A A

TadL = TdL _TcouLFF_Ipf 9 treeeceecsecescerertttrcttsnacenanan (368)
fadU :de _TcouUFF_Ipf g theeeeecresecacetacatesantasaaanann (369)
where
Teoutrr = Jatn(@Lunbsurr + ag|_|:|:) ) et (3.70)
TCOUUFF = ‘]aUn (%LHQSLFF + agUFF) ) rreeeeeeceaaeeeeeeereaaeeaaann (371)
5
T |1 |7 (3.72)
refLCFF _Ipf 1+ TLIpfS COULFF 5 #revvveeenesenneiiinnnnnnnnnns .
5
T S (3.73)
rerCFF_lpf 1+ TUIpfS COUUFF D I I R I .

Teourrr @nd Toouuee are coupling torques of the numerical model of feed-forward loop, 7, and
Tupr  are time constants of low pass filters. In order to produce phase lags and to adjust to the phase
lags of the disturbance observers, T, and T.,ue= are filtered. Therefore, time constants of low
pass filters are determined by the natural frequencies which are the same with the natural frequencies
of observer gains.

With estimations of rigid load disturbances, the modelling errors will be compensated for in feedback

loops. Basic designs of feedback loops are given by

TrefrB = TrefLLER T TreflDC » «vvvverrrrernenernernernenennanns (3.74)
TretURB = TrefUURB T TrefUDC « vrvvvvevrerrrnernmmenennennanannns (3.75)
where T rs and T.guurs are basic feedback loop of the Model Following Control,
Treiers = JimKuirs [Keies (Onier —Onl) + (émLFF - émL)] R R RRREED (3.76)
Treiuurs = JutnKvurs [Kpurs (Gnure —Onu) + (émUFF - 9mu N (3.77)

Kors, Kurss Kpurs and Ky are feedback gains and designed as

Kyips = 274 gLFB

1 e, (3.78)

KPLFB = Z KVLFB
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KVUFB = 27ngUFB
1 e (3.79)
Kpurs = Z Kwre

fors and fyurs are natural frequencies that are used to determine suitable feedback gains. Ty pc
and T.qupc aretorques designed to compensate for the rigid load disturbances and called disturbance
compensation torque. The details of designs of the disturbance compensation torques are presented in

subsection 3.4.2.

3.4.2 Compensation designs for disturbances

The most direct impact of the rigid load disturbances is to generate position errors to rotation
positions of rigid loads. To avoid this adverse impact, the designs of the disturbance compensation
torques are carried out in two steps. The first step is to make a direct compensation for the rigid load
disturbances. A differential equation of the rotation position of an independent link is given by

d4 .. ) W 1 .
— 0, =00, +—2T o ——2=T Ty i, 3.80
dt4 a mYa ‘]mN ref JmN2 ad ‘]a ad ( )

In the differential equation, the third and fourth terms of right side of equal sign are rigid load
disturbance components. Recalling Eq. 3.74 and Eq. 3.75, the first of disturbance compensation torque

of each link is obtained as

1 - Jmn Ny 2

TrefLDCl = N TadL + min_"Ln TadL ) it eeeiiieiiiiiiiiiieii e, (381)
Ln cLn
1 - JmunNun 2

TrerDCl = N TadU + mKUn Un TadU ettt e (382)
Un cuUn

For the terms of 'IzadL and 'Fadu , they are regarded as zero terms with assumption that the rigid load
disturbances do not change suddenly.

The compensation designs in the first step are not enough. As a matter of fact, rotation positions and
velocities of motors are also affected by the rigid load disturbances. Due to this, T, s and
Tetuurs  also include the rigid load disturbance components. The second step is to compensate for the
disturbance components that are included in the basic feedback loop.

Rotation acceleration of the rigid load is given by

. 1 1
6, = a’a(ﬁ o, — Ha] —ITad et (3.83)
Then, rotation position and velocity of motor are derived as
1. N
On=—0,+NO, +—T e, (3.84)
a KC
. 1 . N _.
On=——03+NO +—T 4 i, (3.85)
a KC
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Substituting Eq. 3.84 and Eg. 3.85 into Eq. 3.76 and Eq.3.77,

TrefLLFB =J LTn (KVLFB KPLFB N LneaLFF + KVLFB N LnHaLFF

1 . 1

- KVLFB KPLFB N LngaL - KVLFB N LngaL - KVLFB KPLFB eaL - KVLFB éénL
aln alLn
N N, -
- KVLFB KPLFB K - TadL - KVLFB K_LnTadL}
cLn cLn
.............................. (3.86)
TrerUFB = ‘JUTn (KVUFB KPUFB NUneaUFF + KVUFB NUneaUFF
. 1 . 1 ..
- KVUFB KPUFB NUngau - KVUFB NUngaU - KVUFB KPUFB eaU - KVUFB _gaU
aun aun
N Ny, -
- KVUFB KPUFB KiTadU - KVUFB KiTadUJ'
cUn cUn
.............................. (3.87)

Notice that the basic feedback loop includes the rigid load disturbance components. The second of
disturbance compensation torque for each link is employed to eliminate the rigid load disturbance

components and derived as

N A A
TrefLDCZ =J LTn K_LH(KVLFB KPLFBTadL + KVLFBTad Lj R R RR R (3-88)
cLn
N A A
TrerDCZ = ‘]UTn K&(KVUFB KPUFBTadU + KVUFBTadU) Creeeeeeiaiiaie (3-89)
cUn

Finally, the disturbance compensation torques are obtained as follows

TrefLDC = TrefLDCl +TrefLDC2 g rreeeeetesieeeaeiaeeeaae e (390)

Tl’erDC = TI’erDCl +T|’erDC2 e Nrsessssssseeseesrasraceresnranbenn (391)

3.5 Simulation verifications

In this section, several simulations are conducted to verify the effectiveness of the proposed
decoupling control strategy with parameters reported in Table 3.3. The corresponding control gains
are shown in Table. 3.4. The resonant frequencies of link L and link U are 10 [Hz] and 19 [Hz].

The first simulation is conducted to verify the effectiveness of the proposed decoupling control
strategy in the case of no parameter errors. It would be more accurate to say to demonstrate the validity
of the designed compensation torques of feed-forward loop. The simulation results are shown in Fig.
3.8 and Fig. 3.9. Notice that in the case of no compensations for the coupling force (before decoupling
control), the resonance suppression of each link is obvious, however, link L and link U of the 2-link
manipulator still vibrated around the goal position with large amplitude. Definitely, it is not the

generation due to the resonance. In comparison with the position responses of before decoupling

_20-



Chapter 3 Decoupling control by using Model Following Control

control, link L and link U perform independently when the designed compensation torques are
supplied to link L and link U. Hence, it can be said the proposed design strategy of the compensation
scheme is valid.

Table. 3.3 Parameters of simulations

Parameter Value Unit Parameter Value Unit
m, 2.34 [kl my 3.00 [kl
I 0.25 [m] I, 0.53 [m]
Iy 0.19 [m] Iy 0.30 [m]
T 2.09x107° | [kgm'] N 1.95x10° | [kgm']
Ja 6.93x102 | [kgm’] Jau 8.50x107° | [kgm’]
Ko 21360 | [Nm/rad] Keu 10855 | [Nm/rad]
N, 120 [-] Ny 80 [-]

Table. 3.4 Simulation Gains
Parameter Value Unit
foLer 8 [Hz]
fourr 19 [Hz]
foirs 6 [HZ]
fours 7 [Hz]
foLos 100 [Hz]
fquos 100 [Hz]
6 !
-
F e i e S S e

""""" goal position
== hefore decoupling control
after decoupling control ||

06 08 1

0 02

04
time [s]

Fig. 3.8 Simulation verification for compensation torque (Link L)
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g |y goal position
]5 L ............. -"'"before deooupling OOﬂtI’O| H
: after decoupling control

Postion [deg]

0 02 04 06 08 1
time [s]

Fig. 3.9 Simulation verification for compensation torque (Link U)

Postion [deg]
@ I~

N
iy

1 __" .......... goal position '

= == phefore disturbance compensation
after disturbance compensation
0 02 04 06 08 1
time [s]

Fig. 3.10 Simulation verification for disturbance compensation (Link L)

Postion [deg]

o before disturbance compensation [
P i after disturbance compensation
0 02 04 06 08 1
time [s]

Fig. 3.11 Simulation verification for disturbance compensation (Link U)

The second simulation is conducted to verify the effectiveness of the proposed compensation designs

for the rigid load disturbances. The simulation results presented in Fig. 3.12 and Fig. 3.13 are
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employed to show the validity of compensation for frictional forces. The frictional forces will be
applied to joints when the ends of the spot welding robots contact the surface of welding targets. Due
to the small operating range of the end effector of the spot welding robots, rotation angle of rigid loads
will not change widely. So the frictional forces applied to the joints of the spot welding robots will not
change continuously like sinusoidal signals. The instantaneous frictional forces are more like square
wave. Therefore, step disturbances are assumed to be the representation of the frictional forces in this
simulations. In the simulation results, the position responses of both link L and link U converge at the
goal positions after the step disturbances compensations. There is no doubt that the proposed

compensation designs for constant disturbances such as step disturbance are proper.

|

_E- ............ s T PRATATE T T SR

Postion [deg]
© I~

]
g
i

g R £ K goal position
==before parameter error compensation
a ENE7 after parameter error compensation ||
0 02 04 06 08 1
time [s]

Fig. 3.12 Simulation verification for spring constant error (Link L)

------ goal position
| O] SERSTERER == hefore parameter error compensation [
after parameter error compensation

1 ............... Pt T e d
'E‘o (5 e R B T B e ................................. g
o) :
c "
.0 : ] :
-Uj‘ I,:-'-:--—--v-—-—lfu-l—u-ul-::--—l-l—l-
[:[C_) .................................................... R 4
o Do O B R R R S R TR J
e 150 T e Y i
- i i i i
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Fig. 3.13 Simulation verification for spring constant error (Link U)
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The last simulation is conducted to confirm the robustness of the proposed compensation designs for
parameter errors. 20% of the nominal value of spring constant are added to the actual spring constant.
Then, the simulation results are shown in Fig. 3.10. In the simulation results, there are not any
obviously bad influences of spring constant errors in each response. In other words, with the proposed
compensation designs, it is possible to ensure the robustness of the whole control system.

With all above simulation results, it can be finally said that the proposed decoupling control strategy
by using Model Following Control is a complete theory and the effectiveness demonstrated by the
simulations also indicates that the expectation of the improvement of control performance of spot
welding robots is completely possible by using the proposed decoupling control strategy.

However, if the decoupling control objects are not limited to spot welding robots, the proposed
decoupling control strategy must be extended for some new issues such as inertia changes of robot
arms. As a common-sense question, the inertia of robot arms changes with spatial position of
themselves. Generally, inexact identification of the inertia of robot arms causes some inertia errors,
which must be taken into account in general control of industrial robot manipulators. In this paper, the
inertia errors of robot arms are not considered because in the case of spot welding robots, the inertia
of each is almost constant due to the very small change of spatial positions of arms. But, without loss
of generality, another simulation is also conducted to make a discussion about the inertia errors of

arms.

Table. 3.5 Gains of simulation for inertia errors

Parameter Value Unit
foLre 7 [HZ]
furr 11 [Hz]
foirs 5 [Hz]
fours 15 [Hz]

Control gains are adjusted in order to obtain the best control performance in the case that 5% of
inertia error exist between the model and the actual 2-link manipulator. The adjusted gains are shown
in Table. 3.5. The simulation results are shown in Fig. 3.14 and Fig. 3.15. With the adjusted gains,
stable position responses are obtained. However, in comparison with the simulation results related to
spring constant errors, the deterioration is also obvious and it is possibly due to the cause of the inexact
estimations of observers. For the very critical inertia issues, the application of observers in the

proposed decoupling control need to be discussed further.

_24_



Chapter 3 Decoupling control by using Model Following Control

HLS

Postion [deg]
(]

B
1 ------------- goal position I
= =before parameter error compensation
okt after parameter error compensation
0 0.2 04 06 08 1
time [s]

Fig. 3.14 Simulation verification for rigid load inertia error (Link L)
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Fig. 3.15 Simulation verification for rigid load inertia error (Link U)

3.6 Conclusions

In this chapter, a new decoupling control strategy by using Model Following Control for the 2-link
industrial robot manipulator has been proposed. Several results have been achieved by using the
proposed decoupling control strategy.

(D) The compensation torques have been designed in feed-forward loop and the designs
become independent and much simpler in comparison with conventional decoupling control methods.

2 Compensation strategy that using an observer and its estimations has been proposed in
feedback loop to cope with the modeling error problems. With the feedback of the estimations, the
imperfect compensation torque designed in feed-forward loop have been supplemented.

3) For practical application, the proposed strategy is a sample of decoupling control strategy,

which is probably used for general-purpose servo systems.
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Chapter 4

Identification of joint friction

4.1 About friction compensation

Generally, in mechatronics systems, friction is a reaction force between two surfaces in contact,
which is opposite to the driving direction. Physically these reaction forces are the results of many
different mechanisms and they depend on contact geometry, properties of the bulk, surface materials,
displacement and relative velocity of the bodies and presence of lubrication.

Friction is an important aspect of many control systems especially for high precision servo
mechanisms. It is a non-linear phenomenon that causes control performance of servo mechanisms to
deteriorate. Typical errors caused by friction are steady-state errors in position regulation, besides
friction also leads to tracking lags and limit cycles where the controller has integral action. As for the
significance of friction, corresponding countermeasures are necessary. Control strategies that attempt
to compensate for the effects of friction without resorting to high gain control loops, possibly are
considered in two ways. One is to implement friction compensations in a feed-back loop with an
estimation by using observer [37] - [39]. The other is to use a suitable friction model to predict and to
compensate for the friction [40].

For the former, quality of friction compensations relies on the estimated precision of the effects of
friction. However, high precision estimation of nonlinear friction is difficult to realize because
observers used for estimation are basically designed based on a linear model. Although nonlinear
observers have been proposed for an advanced estimation of nonlinear friction [41], the results are still
unsatisfactory because nonlinear observers are originally designed based on a nonlinear friction model,
which is ultimately obtained through experimental identifications and influenced by precision of
experimental identifications. Be different from the former, the latter is possibly to make a better
description of friction phenomena inherently. Therefore, the latter has been developed for years and
types of these schemes are named model-based friction compensation techniques [42] - [44].

Several successful applications of model-based friction compensation techniques have been reported
recently [45] - [47]. In these literature, linear motion guides were taken as a friction compensation
object. Focus has been laid on both sticking and sliding conditions, which generally express
relationships between friction and low and high velocities. With interpretation of relationship between
friction and low velocity, these literature have also offered a demonstration that it is likely to design
better friction compensation based on a suitable friction model, especially for extremely high precision

positioning at low velocity.
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Taking a view of previous model-based friction compensation literature, a common point is found
that equipment of applications of friction model identification and compensation are machines directly
driven by DC motors, such as linear motion guides and direct-drive (DD) robots. For the purpose of
high torque output of arms of industrial robot manipulators such as handing robot, industrial robot
manipulators with gear transmissions are essential and main, and extensively applied to manufactures
in current days. In addition, due to the growing requirement of precision and multipurpose usage of
industrial robot manipulators, constructions simultaneously become more complicated. Model-based
friction compensation techniques become more important, however, have not been applied to types of
manipulators with gear transmissions. Therefore, it is necessary to investigate a Model-based friction
compensation technique for industrial robot manipulators with gear transmissions. But, before that,
priority must be given to modeling and identification of joint friction of industrial robot manipulators.
In this chapter, a modeling and identification technique of joint friction has been analyzed for industrial
robot manipulators.

In section 4.2, an introduction about classical model and the LuGre model is shown and several
properties of the LuGre model are given for the subsequent identifications. The experimental system
used for identification is presented in section 4.3 and identification procedure is also shown in the
same section. In order to verify the proposed identification strategy, several simulations are employed

to compare with the experimental results in section 4.4.

4.2 Friction model
Typical friction models that are classical models and dynamic model are described in this section.
Friction that is generally thought as a force in linear systems is considered as a torque in rotating

systems in this section.

4.2.1 Classical models

This subsection will give a brief summary of some classical friction models which are also called
static models.

Classical friction models are often considered as a function of velocity, see Fig. 4.1. The model shown
in Fig. 4.1(a) is a typical Coulomb and viscous friction model. The Coulomb is independent of velocity
and is always present. Viscous friction is in proportion to velocity. The behavior in each direction is
assumed to be identical and asymmetrical. It is also considered that friction is zero for a velocity equal

to zero. The model is given by

Ti =SONW)TE + 05V, e (4.1)

where Ty is a friction torque, T is the Coulomb friction torque, o, is the viscous coefficient
and V is the relative velocity between the two surfaces.
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Fig. 4.1 Classical friction models

However, the Swiss scientist Euler found that a higher and instant force was needed to urge the
surfaces to break away the condition of rest. Since that the higher and instant force has been taken into
account and was called static friction. The model shown in Fig. 4.1(b) also reveals that friction is not
zero when velocity is zero and provided a demonstration that friction is a discontinuous behavior in a

transition from zero velocity to nonzero velocity. The model is described as
{TS if v=0

= sgn(V)Te +o,v  ifv0
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where T is the static friction torque.

Findings did not stop. Stribeck discovered that the drop from static friction to Coulomb friction does
not occur instantly and it is a continuous function of velocity [48]. So, now we have the model shown
in Fig. 4.1(c), which is also mostly used for control or for advanced development of friction modeling.
Sequentially, a well-known Stribeck effect has been developed by Bo and Pavelescu [49], which gives

a significant influence to advanced friction modeling today. The model is given by
Ty =Teson(W) + (Ts = To)e V" sgnv) + o,V , wooveeveieeeee. (4.3)

where v is the Stribeck velocity.

4.2.2 LuGre models

In 1995, Canudas et al. presented a new dynamic model for friction [41], which captures most of
friction characteristics observed experimentally such as the Stribeck effect, hysteresis, spring-like and
varying break-away force. The effectiveness for control of this called LuGre model has been
demonstrated in literature [41]. As an effective nonlinear friction model, it has been favored by many
researchers, who attempted to use the LuGre model to compensate for the friction and to get an
improvement of control performances of high precision positioning [44] - [46]. In order to minimize
the influences to friction compensation, which are due to changes in external environments, adaptive
friction compensation with the LuGre model has also been presented in literature [50] and [51].

As section 4.1 shown, it is necessary to investigate the model-based friction compensation technique
for industrial robot manipulators. But, before the friction compensation, an effective and appropriate
identification strategy needs to be firstly considered. In this section, | will present a proposed
identification strategy for the LuGre model, which has not been implemented in an industrial robot
manipulator with transmission up to now.

The basic viewpoint in relation to the LuGre model is that the contact surface between two bodies
are very irregular at microscopic level and they are visualized as two rigid bodies that make contact

through elastic bristles, referring to Fig. 4.2. A variable z is defined as average deflection.

Fig. 4.2 Surface between two bodies in contact

With this average deflection, the LuGre model are described as
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Tfr :O'OZ +Gl%+0'2V, ......................................... (4.4)
E:V—Mz, ............................................ (4.5)
dt g(v)
1 /v 2
g(v) :G—[rc + (T +Te)e Y (4.6)

0

where parameter o, is a stiffness and o, is a damping coefficient. Function g(v) is used to
describe the Stribeck effect. With function g(v), the average deflection is determined by Eq. 4.5.
Then, Eq. 4.4 is proposed to determine the friction torque under condition of knowing the average
deflection Z.

For better understanding of dynamical behavior of the LuGre model and details of proposed
identification strategy shown later, several simulations with the LuGre model are also provided in this
subsection. It is assumed that a unit of linear slider is driven by an actuator and friction behaves within
the linear slider. Parameters used for simulations are to some extent based on literature [41], which are

reported in Table.4.1.

Table. 4.1 Parameters of simulations

Parameter Value Unit
J 1 [kgm®]
Oy 10° [Nm/rad]
o, N [Nms/rad]
o, 0.4 [Nms/rad]
Te 1 [Nm]
Ts 15 [Nm]
Vg 0.001 [rad/s]

Q) Relationship between the LuGre model and classical models in constant velocity sliding
motion

The friction torque of the LuGre model will be a constant in the case of steady-state motion and it
can be determined by Eq. 4.7, which is classical model (c). To verify an identical relationship between
the LuGre model and classical model (c), the unit of linear slider is assumed to rotate with a constant
velocity and subject to friction of the LuGre model. The constant velocity is shown in Fig. 4.3. The
identical relationship between the LuGre model and classical model (c) is clearly demonstrated
because both the friction torque of static model (c) and the LuGre model are the same value in the

simulation result, referring to Fig. 4.4.
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Ty =TeSAN(W) + (Ts =T )e " SGNWV) + 0oV « oo (4.7)

In addition, value of friction torque is 1.4 Nm, which can be derived from Eq. 4.7 with neglect of the
exponential item. The exponential item is an extremely small value and can be approximately seen as
zero. Thus, a qualitative conclusion can be also drawn that friction torque of the LuGre model will be
determined by

Th =TeSON(V) + 05V, oo (4.3)

if the unit of linear slider is in a sliding motion. In other words, the LuGre model is in fact a classical
model (a) in the case of a sliding motion. This conclusion will also be applied for the subsequent
identification of T, and o, which is shown in section 4.3.
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)] Friction and Microdisplacement in stiction regime
It has also been shown that friction behaves like a spring if the applied force is less than the static
force [52]. If a force is applied to two surfaces in contact there will be a displacement. Another

simulation was performed to verify that whether the LuGre model can reflect this property.
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Fig. 4.5 Applied torque
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Fig. 4.6 Friction torque

In the simulation, supposed that a torque was applied to the unit of linear slider and maximum value
of the torque is 1.3 Nm, less than static friction torque, referring to Fig. 4.5. The unit of linear slider
should logically remain the original static regime, not break-away and start to slide due to that on a
macro viewpoint, friction torque is identical with the applied torque. From the simulation result,
referring to Fig. 4.6, it can be said that the LuGre model is possibly expected to provide a varying
friction torque and the varying torque maintains good balance with the applied torque.

Presence of the microdisplacement has also been reflected by the simulation result, see Fig. 4.7.

Meantime, notice that friction torque is only a function of displacement and the sign of velocity. It also
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implies that the friction torque is only position dependent. This property of the LuGre model fully
accords with literature [53] and will be further used for the proposed identification strategy.

Friction torque [Nm]

Displacerment [rad] %107

Fig. 4.7 Friction torque and microdisplacement

o
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o
[9)]
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O
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Fig. 4.8 Behavior in stiction regime

3) Linearization in stiction regime
An investigation of linearization of the LuGre model in stiction regime has been shown in literature

[41]. The average deflection z has been totally regarded as displacement and z is given by

az = 8O (4.9
dt dt
Based on Eqg. 4.9, the equation of motion is finally given by
d2o do
Jw+(0'1+0'2)a+0'00=0 ............................ (4.10)

where & is the rotation angle of the unit of linear slider. The motion equation shows that the system

behaves like a damped second-order system. A simulation is performed to investigate this property.
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Step torque that its maximum value is smaller than the static friction torque, is given to the unit of
linear slider. Then, a damped motion just occurs in the simulation result, referring to Fig. 4.8. With
this important property of the LuGre model, identification procedure for o, will be proposed in

section 4.3.

4.2.3 Modeling of joint friction with LuGre model

In this paper, a definition must be firstly cleared that joint friction of an industrial manipulator does
not only mean friction of gear transmissions, it also includes the friction of bearings, which are built
in the bodies of motors. The purpose of this chapter is to successfully identify the joint friction.

The friction of bearings of motors and friction of gear transmissions are regarded as one friction in
this paper due to next considerations. As presented in chapter 3, gear transmissions are in most cases
modeled by spring systems. A spring coefficient is used in model of 2-inertia system to represent the
spring system. As an independent mechanical device, the moment of inertia of gear transmissions, of
course exist, but it is converted into moment of motors and considered as part of motors. In other
words, motor and gear transmission are regarded as “one inertia” of the 2-inertia system. Thus, friction
of motors and gear transmissions are naturally supposed to be combined together. Control of 2-inetia
system with model-based friction compensation will be simplified and benefit from the combination
in the future.

circular spline

Fig. 4.9 Structure of harmonic drive

In addition, the LuGre model is used for representing the joint friction in this paper because the
following reasons. First, the main components in a robot joint are bearings and gears (e.g. harmonic
drive, referring to Fig. 4.9), lubricating grease or oil of bearings generates nonlinear friction. The
nonlinear friction is the same type with the friction inside ball screw, which is already analyzed and
modeled by the LuGre model [44] - [46]. Secondly, friction inside gears is often represented by two
lubricated discs in a rolling-sliding contact in tribology. The LuGre model was exactly established
based on two lubricated discs. Therefore, friction inside gears can also be represented by the LuGre

model. Overall, both friction are types of friction that can be represented by the LuGre model and the
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LuGre model was reasonably chosen in this paper.

4.3 Experimental identification for LuGre Model
It was shown that the LuGre model is characterized by six parameters o, o, o,, Tc,Tg, Vq

in subsection 4.2.2. The proposed identification strategy of these six parameters through experiments

will be presented in detail in this section.

Fig. 4.10 Experimental system

Controller system
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Fig. 4.11 Controller system

4.3.1 Experimental system
The experimental system for the identification of the LuGre model is a 4-degree-of-freedom study

model of industrial robot manipulator, referring to Fig.4.10, accompanied with a controller system

shown in Fig. 4.11. The study model has one circling axis S and three vertical rotating axes L, U and
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B. Links of the study model are driven by AC servo motors provided by Yasukawa Elec. Corp. and
each motor is equipped with an absolute position encoder. Gear transmissions that are used for
transmitting torques are type of harmonic drive. Specifications of the study model are shown in Table.
4.2. The controller system mainly consists of a motion controller called MechatroS3-Cotroller, four
servo packs and I/F board. The MechatroS3-controller houses single-board CPU, Analog Devices A/D
and D/A boards, Digital input and output devices, Absolut serial input devices and USB and RS232

communications. More detailed description of the whole experimental system are offered in appendix.

Table. 4.2 Specifications of the study model

Axis | Motion range | Max velocity | Motor capacity | Gear ratio | Load capacity
S +160 3.66rad/s 200W 120
L | +120, —45 | 297rad/s 100N 160
U | +180, —20° | 3.93rad/s 50w 120 3kg
B +130 5.23rad/s 30w 80

4.3.2 Problem of identification in experimental system
For identification of the LuGre model, the first step is to make a measurement of the Stribeck effect
through experiments. In a linear screw or a DD robot, constant speed control is implemented to picture

curve of the Stribeck effect based on

Tref _Tfr = ‘Jé

where T, isatorque input for constant speed control.

Friction torque

A

T

>
e
F
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—"
L

T

v

=

5 Velocity
Fig. 4.12 Stribeck effect in positive direction

Realization of constant speed control definitely means that the torque input is equal to friction.
Therefore, a curve pictured between torque input and velocities is the curve between friction and

velocities. Coulomb friction, viscous friction coefficient, the Stribeck velocity and static friction will
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be read from the curve the Stribeck effect, see Fig. 4.12.
In the case of an industrial robot manipulator with gear transmissions, each link is modeled by a 2-

inertia system, which is previously shown in chapter 3. Then motion equation of motor is given by

Tt —KeOn—=05)—Ti =3B coeeeeieeeeeeiiee, (4.12)

The curve of the Stribeck effect between friction and velocities is however, not like in linear screws
and DD robots and not able to be pictured through picturing the curve between torque input and
velocities due to the unknown twist torque (in fact due to unknown 6, ). Although, estimation
techniques such as application of observers can be to some extent applied to estimate twist torque, the
issue that whether observers can provide a proper and precise estimation of the twist torque for
identifications is still a complicated problem and needed to be carefully considered. So, to resolve the
critical problem of the unknown twist torque, which is a significantly unexpected barrier for
identifications of parameters of the LuGre model, a new experimental system will be established in

next subsection.

4.3.3 Proposed experimental system

The first idea of resolution of the above problem is to remove rigid loads from links. Then, gear
transmissions will be directly driven by motors. The twist torque will disappear if the system of
combination of motors and gear transmissions is assumed to be a rigid system. However, the above
strategy is not reasonable for practical application because the separation of rigid loads from links is
not a simple work and disassembly-assembly operations will adversely affect original operation
accuracy of industrial robot manipulators. Based on above consideration, another strategy that fixing
rigid loads with some kind of mechanical tools or devices to prevent them to rotate comes out. As a
consequence, rotation angles of rigid loads will be constant zero and the twist torque become available
as a function of only 4., . With fixed rigid loads, links of industrial robot manipulators are modeled

as follows, referring to Fig. 4.13.

ANV NN N

Fig. 4.13 The link with fixed rigid load

Motion equation of the system shown in Fig. 4.13 is given by

Teet —KcOn =Tt =ImBhne oo (4.13)
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In the system, the curve of the Stribeck effect between friction torque and velocities is possibly
available. With this system, procedure of the proposed identification strategy will be shown in detail

in next subsection.

4.3.4 Friction identification procedure

In this subsection, several experimental tests that are conducted to reveal the LuGre model are
described. Prior to the commencement of each series of experimental tests, a brief system warm-up is
conducted to circulate and equalize the temperature of the lubricants of the study model of robot
manipulator. Besides, the temperature of surrounding environment of experimental system is also paid
attention to avoid the temperature influence on the friction identifications. Experimental identification
tests of friction are conducted in Axis-B, in both directions, but only samples of single direction of
experimental results are shown in this subsection.

Q) Identification of Coulomb, viscous friction and static friction

A completely new experimental test is carefully considered to investigate Coulomb and viscous
friction in this paper due to the reason that traditional identification strategy of Coulomb and viscous
friction via the curve of the Stribeck effect is not able to be applied in the proposed system. A wide
range of velocity desired in traditional strategy means a wide range of rotation displacement of motors
at a certain time. Large rotation displacement brings gear transmissions to continuously bear large
twist torque, however, the large twist torque does not dissipate because arms are fixed. A sharp
increased twist torque is likely to lead to damage to gear transmissions. Therefore, a new experimental
test is proposed for identifying Coulomb and viscous friction. Another important thing that must be
pointed out here is gravities. Arms are fixed in the proposed system, so there is no need to take gravities
into consideration during the identification procedure.

The first step of the proposed experimental test is to determine a proper goal rotation displacement
of motors, which must be not too large, and meantime, too small, which brings no motion between
motors and gear transmissions. There are no criterions for selection of the goal rotation displacement
and the goal rotation displacement in this paper is determined freely according to practical experiences.

The identification of Coulomb and viscous friction is based on an experimental test of position
control of motors. Supposed that a typical square wave acceleration is given to motors, referring to
Fig. 4.14, the goal rotation displacement is determined by calculating the double integral of
acceleration. Rotation displacement of motors are controlled and an example of position response
shown in Fig. 4.15 will be read from absolute sensors. A backward difference approximation of

position response is regarded as velocity response, referring to Fig. 4.16.
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Fig. 4.14 Schematic representation of acceleration input
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Fig. 4.16 Schematic representation of velocity response

As it is shown in Fig 4.16, three time variables t,, t, and t, are defined for identification of
Coulomb and viscous friction.

t, : starttime point of linear motion

t, : acertain time point of linear motion

t, : another time point of linear motion
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With the position and velocity response, Coulomb and viscous friction are derived from Eq. 4.13.
The integrals of Eq. 4.13 over time interval [t, t,] [t, t,] are given by

t, t, t, t ..
J'tOTref —chtoem—jtonermLam, ........................... (4.14)
t, t, t, t, ..
J'tOTref —chtoem—jtonermLam. ........................... (4.15)
Thus,
t t . . t
jtlT,ef ~ K jt R B [ P ——— (4.16)
0 0 0
t t . . t
LzTref - chtzem IOz =On0) = [ Tirs (4.17)
0 0 0

where 9m0, 9m1 and 9m2 are velocities when t is equal to t;,, t, and t,. In section 4.2.2, it
has been shown that the LuGre model inherently is classical model (a) in the case of sliding motion

and Ty is expressed by

Inverting Eqg. 4.18 into Eq. 4.16 and Eq. 4.17 gives

Co=To(t,—t)) +02(Brt = Omo)  -evvevvmemeemeeniiieiaeienne. (4.19)
Co=Te(ty —t) +02(Ghp —Omnp)  ovvrevmeeneeniieiiinennen, (4.20)
where
t, 4 . .
cl=jt T ‘KCL I 00 R 4.21)
0 0
t t, . .
C, = jt T —Ke jt N (N S (4.22)
0 0
Then, two parameters @ and S are introduced and
o= In2=%m0 e, (4.23)
eml - gmo
E o (4.24)
t1 _tO
Finally, T. and o, are derived from Eq. 4.19 and Eq. 4.20 and given by
T. = Cp=aby e, (4.25)
t, —ty —alt,—to)
o, = S (4.26)

9m2 _HmO _ﬁ(gml _gmo) '
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Fig. 4.17 Experimental results of position control
The used square-wave acceleration input and one of experimental results (position and velocity
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response) are shown in Fig. 4.17. In the velocity response, an obvious sudden change phenomena
occurs around 0.1 second because motor break-away the static friction. Then, velocity increases
monotonically with increasing time till 0.4 second. t,, t, and t, are determined within time
interval [0.1 0.4]. Naturally, the derivation of T, and o, is still valid even if t;, t; and t, are
chosen in monotonic decreasing interval of the velocity response.

The velocity response is also pretreated for improving identification accuracy with filter processing.
Obviously, the velocity response is not a perfect ramp and noise that is generated not only by the
backward difference approximation of position occur in the velocity response. Two kinds of low-pass
filters (called feed-forward and backward low-pass filter) are designed to remove the noise. Firstly,

velocity response was filtered by a digital feed-forward low-pass filter

Tsam sal

_lsamp _Tsamp .
Viur(K) =€ 7 Vi k=D +@-e 7 )8, (k) k=123... ........... 4.27)

where Vi, isan output of the feed-forward low-pass filter. Noise is attenuated, however, the signal
of Vi, isstill not able to be used directly for the identification of Coulomb and viscous friction due
to the time delay which is generated by the feed-forward low-pass filter.

Then, a backward low-pass filter is applied to velocity response

Tsamp

Voou(K) =€ 7 VoK +D)+(A—e " * )8, () k=nn-Ln-2.. ... (4.28)

where Vv, isan output of the back low-pass filter. With the output of filters, an arithmetical average

is calculated

K K
vy (k) = eut );V““‘( ) 1280 4.29)

where Vg, is the arithmetical average.
The filter processing result of the velocity response with z=0.01[s] is shown in Fig. 4.18. In the

enlarged view, noise is nearly removed by filtering. The time delay issue of low-pass filter is also
resolved. Finally, the arithmetical average is used instead of velocity response for the identification of
Coulomb and viscous friction.

Conventional measurement strategy of the static friction that is often adopted is to offer a ramp torque
and to observe the sudden change of velocity or position, then, to judge the static friction according to
the sudden change time of velocity or position. In this paper, the static friction is read from the input
torque, when velocity suddenly changes around 0.1 second. The identification result is shown in Table.

4.3, which is the mean value of ten experimental results.
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Fig. 4.18 Filter processing of velocity response

Table. 4.3 Identification result of T, and o,

Parameter Value Unit
Tc 1.87x1072 [Nm]
o, 3.79x10% | [Nm/rad/sec]
Ts 2.15x107? [Nm]

(2 Identification of Stribeck velocity

For the Stribeck velocity, it is known as the representation of the Stribeck effect, which can only be

found in the Stribeck effect. However, it is presented that the Stribeck effect is not able to be measured
in the proposed system due to the fixed rigid loads. Considering that the Stribeck effect is only related
to load, viscosity and velocity, it maybe lead a conclusion that the curve profile of the Stribeck effect

is not affected by external force. In other words, the curve profile of the Stribeck effect measured in a
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Chapter 4 Identification of joint friction

regular link (with rigid load) is the same with the link without rigid load (called no-arm link). An
experiment is conducted to prove this conclusion. Velocity control is implemented to the regular link
and no-arm link with various velocities to measure the Stribeck effect. The experimental results are
reported in Fig. 4.19

In the experimental results, the curve profile of the regular link (expressed with witharm) is almost
the same as one of the no-arm link (expressed with noarm). Especially, velocity is the same when the
friction becomes the minimum value. The experimental results also lead to a qualitative conclusion
that the measurement of the Stribeck velocity is not affected by twist torque. The Stribeck velocity

measured in a regular link can be completely taken as the real Stribeck velocity of the proposed system.

0.024 T T .
: : | =—€—noarm

00235 ................. : T— | ——witharm | /.

6116 200 ................. ................ .............. i
D08 g ................. ................. R ............ 4
£ : : : 5
Z o2l N\ S S - g |
2 5 : |
1117 2 57| O L AT STy focmsesssa 1

0021 b SN .............. ............... ............... ............... _

00205k ... % . ................ ................ ............... i

0.02

0 20 40 60 80 100
wref [rpm]
Fig. 4.19 Measurement of the Stribeck effect

From the measured Stribeck effect, the Stribeck velocity is determined in Table. 4.4.

Table. 4.4 Identification result of v,

Parameter Value Unit
Vg 35 [rpm]
3) Identification of stiffness coefficient

The identification of stiffness coefficient is particularly interest and difficult in all parameters
identification of the LuGre model. Canudas De Wit and Lischinsky [54] reported that both the stiffness
and damping coefficient can be estimated by non-linear numerical optimization methods with
prerequisites that the static parameters (static, Coulomb and viscous friction) and system inertia are

assumed to be available. The parameters identification by using genetic algorithm was also reported
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recently for improvement of identification quality [55]. Improvement of identification are to some
extent able to be expected in these optimization algorithms. However, a precise estimation of stiffness
coefficient relies on precise estimation of static friction parameters. It is not a direct identification
manner to seek the true value and a little complicated to be utilized. Intuitive and simple identification
strategy for stiffness coefficient with a suitably designed experiment is proposed in this paper.

As it is presented in subsection 4.2.2, system behaves like a spring (called nonlinear spring behavior)
if the applied force is less than the static force. The relation between friction and microdisplacement
is developed further to contribute to the identification of stiffness coefficient. An applied torque that
varies in the form of a sinusoidal signal is assumed to be given to a system that consists of two contact
surfaces.

Ty >Ts
Tt =Tosin(@t), To<Tg oo (4.30)
w =2
where f isan ordinary frequency and is supposed to be determined in low frequency region. Then,
Fig. 4.20 shows the relation between the applied force and displacement of the system.

The nonlinear spring behaviors are similar for T, <Tg, when typical hysteresis motions ( A— A',
B-B and C-C’ ) are exhibited. The friction torque is only position dependent and the
displacement changes with increasing torque level. For T,>Ts, a rolling behavior begins and
displacement changes obviously (D —D"), when the larger input torques exceed the static friction

torque.

Applied Force D
T o
Ty
/)
@ Displacement
Perld _TS )
D!

Fig. 4.20 Nonlinear spring behavior and rolling behavior
With the nonlinear spring behavior, the identification of o, is proceeded as follows. During the
statiction regime (T, <Tg ), velocity and differential of the average deflection z are extreme small
values and need not to be taken into account. Thus, an approximate calculation can be concluded

Assuming that the experiment is preformed from initial condition (z(0)=0), then o, can be
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explicitly and approximately computed from

.
O m (4.32)

z 0
In Fig. 4.20, o, is considered as the slope of A—A",B—B’ and C-C'.

Therefore, to obtain o, an experiment that is used to measure the nonlinear spring behavior is
necessary. The frequency of the sinusoidal torque chosen for the experiment is 2 Hz. The sinusoidal
torque is given to the B link of the study modelof industrial manipulator, referring to Fig. 4.10, to bring
a slowly varying hysteresis motion and meanwhile the slowly varying hysteresis motions can be better
observed. The experimental tests are conducted for 12 different T,. Especially, T, ischosen for two
patterns that are less and larger than the static friction, which are reported in Table. 4.5. In Table. 4.5,
T, is expressed as the ratio between value of T, and rated torque. By the way, approximate ratio
between the static friction and rated torque (0.095 Nm) of the B link is 23%.

Table. 4.5 Values of T,
Pattern Value Unit
To <Ts 2 5 8 10 | 15 | 20 | [%]
T, >Ts 25 26 27 29 31 32 | [%]

Several samples of observed nonlinear spring behavior and rolling behavior are collected from
experimental results and shown in Fig. 4.21 and 4.22. The experimental results accords with
expectation.

The maximum and minimum displacement are recorded from the hysteresis motions (T, <Ts ). The
calculated results of o, from the hysteresis motions (T, < T ) are reported in Table. 4.6. Attentively,
the data T, =25% that is close to static friction is also taken into account. Then, notice thato, is
not a constant value. This result also accords with the conclusion that are reported in literature [42].
As the same with literature [42], a function shown in Eq. 4.33 is given to determine o, .

Go(2) =k ko B (4.33)

where k; =2.06, k, =4.4 and k;=0.004. The values of the constant coefficient k,, k, and

k, are determined according to literature [42].
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Fig. 4.22 Hysteresis motions T, >Tg
Table. 4.6 Identification result of o,
Parameter Value Unit
Ty 2 5 8 10 15 20 25 [%0]
o 9.50 5.93 4.75 5.59 3.65 2.60 2.06 | [Nm/rad]

(4) Identification of damping coefficient
The damping coefficient is identified by utilizing the linearization property. It has been presented in
section 4.2 that the displacement behaves like a damped second-order system. The Laplace transform

of Eq. 4.10 is shown in Eq. 4.34 and a typical second-order system is given by Eq. 4.35.

J,8°0,, + (0, + 0,)86,, + 540, =0

$20,, + 2£wS6,, + 0°0,, = Oy
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Compared two equations, damping coefficient o; can be explicitly derived from

where vicious coefficient o, is an already-known value from subsection 4.3.4.

The experimental test applied a step torque to obtain a displacement of motor. The response of
second-order system are fitted to the displacement to determine a suitable value of ¢ and @ . Then,
damping coefficient o; is computed from Eq. 4.36 with the determined ¢ and w.

One of experimental results and the fitted second-order response are shown in Fig. 4.23. Note that
the response of second-order system is not perfectly fitted with the displacement. The response of
second-order system is not able to be fitted completely with the displacement due to that the behavior
of the displacement is just a likely second-order system. The fitted response of second-order system is

determined by trial and error in this paper. With the fitted response, value of the damping coefficient
o, is finally determined, which is 0.06 [Nm/rad/sec].

Displacerment [rad]

experimetal result

; ; == fitted response
0 0.002 0.004 0.006 0.008 0.01
time [s]

Fig. 4.23 Experimental result and fitted simulation response

4.4 Verifications

The relevance of friction and microdisplacement (shown in subsection 4.2.2) is the most important
characteristics for high precision positioning control of industrial robot manipulators. So, with the
determined LuGre model, in subsection 4.4.1, the comparison between the simulations and
experiments are carried out to verify the relevance of friction and microdisplacement. In subsection
4.4.2, simulation results of square wave torque input are provided to show the behavior in stiction
regime. Furthermore, a verification in semi-closed loop is also provided in subsection 4.4.3 to present
that the LuGre model is better for model-based friction than classical models. In verifications, both

the simulations and experiments are conducted in B link, referring to Fig. 4.10.
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4.4.1 Verification for microdisplacement

With a sinusoidal input torque, the simulation results and experimental results are shown in Fig. 4.24,
Fig. 4.25 and Fig. 4.26. The maximum values of the sinusoidal input torque T, are determined by
10%, 15% and 32% to the rated torque. In the simulations, microdisplacement are produced by the
input sinusoidal torque and continuously increase with the increasing torque level. The hysteresis
motions also take place in the simulations. Especially, rolling behavior occurs in the simulation when
T, exceeds the static friction torque, referring to Fig. 4.26.

In addition, the respective maximum displacement of the simulation is 1.7x107 [rad] ,
3.9x107° [rad] and 6.10x107[rad], which is nearly the same with the corresponding experimental
results 1.8x107° [rad], 4.4x107° [rad] and 6.18x10* [rad]. The same maximum displacement
is not only in Fig. 4.24 and Fig. 4.25, where value of T, is below the static friction, but also in Fig.
4.26, where maximum value of T, is larger than the static friction. With this results, it can be strongly
said that the identified o, is proper and exact.

10

""""" experiment
simulation

Torque [%]
[=}

Displacement [rad] x 10

Fig. 4.24 Verification of microdisplacement (T, =10%)

20 -

""""" experiment :
15 simulation | ... e
1Y

Torque [%]
[=}

Displacement [rad] x 107

Fig. 4.25 Verification of microdisplacement (T, =15%)
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Fig. 4.26 Verification of microdisplacement (T, =32% )

4.4.2 Verification with square wave torque

Experimental tests and simulations with square wave torque are also conducted to mainly discuss the
identification of o, . The square wave torques are applied to produce vibration of displacement. The
maximum values of the square wave torque T, are determined by 10%, 15% and 30% to the rated
torque, referring Fig. 4.27. Corresponding experiment and simulation results are shown in Fig. 4.28,

Fig. 4.29 and Fig. 4.30. The experimental results are shown on left to compare with the simulations
that are shown on right.

=
(@]

: ; — 0%
.......................... _,15%
: : : : —30%

W
[&;]

(o8]
o
T

N
(@]
T

torque [%]
N
[}

024 025 026 027 028 029 03
time [s]

Fig. 4.27 Square wave torque input

In Fig. 4.28, Fig. 4.29 and Fig. 4.30, first, one of the obvious common features is that the maximum
displacement of experiments and simulations are almost the same. This feature also demonstrates that
parameters of the LuGre model are identified properly. Secondly, as the same with the experimental

results, vibration also occurs in the simulations, which means that a similar behavior of second-order
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system (£ <1) can be reflected by using the identified LuGre model. However, frequency of vibration

of the experiments and simulations are not the same. In comparison with the experimental results, the
system (B link) behaves like a second-order system with a bigger ¢ in the simulations. This is also

in accordance with the shown Fig. 4.23, where at the very beginning, a simulated second-order system
with bigger ¢ is used to identify o .
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g 2_ '@ ol.
& : E
2150 AR 2 s 215
@ 2 : [0}
Q ¥ 5 6]
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8 A i B O1H
026 028 03 026 028 03
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Fig. 4.28 Verification with square wave torque input (T, =10%)
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Fig. 4.29 Verification with square wave torque input (T, =15%)
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Fig. 4.30 Verification with square wave torque input (T, =30%)

4.4.3 Verification in PD control

In order to truly observe the fricition characteristics of the study model, the experimental tests of
subsection 4.4.1 and subsection 4.4.2 are conducted in open loop to avoid the influnce of control. In
this part, discusses of effectiveness of the proposed identification strategy and possiblity of friction
compensation with the identified LuGre model are based on the experimetal tests that are conducted

in closed loop. A PD controller is designed for B link of the study model and the control law is

Teet =ImKy[Kp Bret =6n) =6l wvveeeeeeoiieeeee (4.37)

where is 6, the position command, K, and K, are control gains and reported in Table. 4.7.
Then, the position response and velocity are recorded and meantime, two simulations under the same
conditions with the classical friction model and the LuGre model are implemented. The simulated
position response and velocity are shown together with the experimetal results in Fig. 4.31 and Fig.

4.32. Fig. 4.31 is postion response and Fig. 4.32 is velocity response.

Table. 4.7 Control gains

Gain Value Unit
Ky 160 [s]
Kp 40 [1/s]

From the position response, the difference between simulations and experimental results appears as
the time delay during the transient motion. The final arrival position in the simulation with the LuGre
model is nearly the same with the experimental results and also closer to the experimental results than
the simulation with the classical model, referring to Fig. 4.31 (b). During the steady-state, the

amplitude of vibration of the experimental position response goes decreasingly and finally the system
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(B link) stops due to the friction. In the simulation with the LuGre model, a same phenomenon is
observed even though the attenuation of the vibration is less than the experimental results. The details
of this phenomenon is more obvious in enlarged view of velocity. However, in the simulation with
classical model, the position response differs from the experiment which appear as the form of
continuous vibration. With above discusses, it can be said that the proposed identification of the LuGre
model is effective and in comparison with the classical model, the LuGre model is completely can be

used for model-based friction compensation.

Postion [rad]

‘experimetal result

===classical model

; LuGre model

0 01 02 03 04 05
time [sec]

() Whole view

: : N experimetal result
(ST 15 SRR, ........... ........... ...... ===classical model
: : LuGre model

Postion [rad]

615 02 025 08 035 04 045 05
time [sec]

(b) Enlarged view

Fig. 4.31 Verification in PD control (position response)
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Fig. 4.32 Verification in PD control (velocity response)

4.5 Conclusions
In this chapter, an identification strategy of joint friction has been proposed and presented for
industrial robot manipulators. Several results have been achieved by using proposed identification
strategy
(1) The proposed identification strategy has succeed in accurately identifying LuGre model and
it is not affected by twist torque when links of industrial robot manipulator are modeled by 2-inertial
system.
(2)  With the obtained LuGre model, simulations are conducted in both open loop and closed
loop to compare with experimental results. The corresponding results of the comparison have further
demonstrated that the identified LuGre model is close to the actual friction of joint and it is better than

the classical friction model for model-based friction compensation.

_29-



Chapter 5 Conclusions

Chapter 5

Conclusions

This paper has attempted to improve control performances of industrial robot manipulators and
shown three new studies in three aspects. The paper has not only focused on a study of a new control
strategy (decoupling control by using Model Following Control), but also studied a new command
processing technique (a new interpolation scheme for position) and a new identification technique of
friction (identification of joint friction). After making an extensive inquiry concerning high
performance control of industrial robot manipulators, it is found that development and progress of
high performance control of industrial robot manipulators should not only rely on studies of new
control methods, studies should pay more and more attention to input command and mechanical
characteristics of the industrial robot manipulator itself because command and mechanical
characteristics are very important aspects of the industrial robot manipulator system and they are
closely related to high performance control. Therefore, the studies of command processing and
identification of mechanical characteristic of industrial robot manipulators are conducted together with
the study of control strategy in this paper.

In the study titled a new interpolation methodology for position, the most important achievement is

realization of a successive interpolation manner. Due to this, the study has also realized
@ High efficiency interpolation of position command
@ High accuracy interpolation of position command
@ Reduction of computation.
Besides, an application of the new interpolation methodology in perfect tracking control has also been
offered and the results demonstrate that use of the studied command processing technique is a very
big advantage for high performance control of industrial robot manipulators and moreover, the new
interpolation methodology is better than Spline interpolation, which is the most commonly used
interpolation technique.

In the study of decoupling control by using Model Following Control, a new decoupling control
strategy that is based on Model Following Control has been presented. The emphasis of this work is
not only on improvement of control performances but also on practical application issue of the
decoupling control theory. In comparison with conventional decoupling control theories, the new
decoupling strategy has achieved
® Successful designs of compensation torques in feed forward loop
® Successful designs of compensations for disturbances in feedback loop,

which are also the most difficult potential subjects that arise from the new decoupling strategy. Due to
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these, the new decoupling strategy is easy to be used for general purpose industrial robot manipulators
and at last, simulation verifications have also shown that the new decoupling strategy is effective for
the improvement of control performances.

In the study of identification of joint friction, a completely new identification strategy of joint friction
has been proposed and it succeeds in avoiding the effect of twist torque on friction measurement and
achieves accurate identification of joint friction. Joint friction has been modeled by LuGre model and
six parameters of LuGre model are successfully obtained by using the new identification strategy. With
several verifications that are comparisons between simulations and experimental results, it has been
demonstrated the obtained LuGre model is proper and effective.

With above three studies, high performance control of industrial robot manipulators has been
ultimately realized and this result also provides a very strong demonstration; high performance control
of industrial robot manipulators needs to be considered in different perspective and command, control
algorithm and mechanical characteristics need to be integrated and studied to improve performances
of industrial robot manipulators.

Three aspects of studies have been conducted in this paper and the new interpolation methodology
of position command, decoupling control strategy and identification strategy of joint friction will be
deeply studies in the future. Moreover, studies of command processing, control strategy and
identification of mechanical characteristics are expected to be integrated to contribute to higher
performance control of industrial robot manipulators. If an idea needs to be given, three parts of the
idea are
@ Establishing control strategy according to problems of application of industrial robot manipulators
@ Investigating a command processing technique, which is optimal for control strategy
® Clearing mechanical characteristics, which affect control performances.

Processing of command, control and identification of mechanical characteristics should be conducted
simultaneously in servo systems. After establishing proper control strategy, command processing
technique will be employed for serving control strategy. In other words, the most suitable command
for control strategy will be obtained by using command processing technique. Meantime, the already
known information of mechanical characteristics obtained by for example, identifying will be notified
to control processing to not only clear the adverse mechanical characteristics, but also possibly use
some of favorable mechanical characteristics. Study approach of command processing and
identification of mechanical characteristic together with a study of control strategy will integrally bring

high performance control of industrial robot manipulators to a new level.
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A.1 Main components of controller system
Main components of controller system are shown in Fig. A.1.

il o SR o)

i

power
switch

__ McCCB
breaker

@0 @ ---

Fig. A.1 External appearance of controller system

(O MechatroS3-Controller (MS3-C)

@ 1/F board

3 DC 24V power supply

@ Main power supply circuit

® Emergency stop relay

® Servo packs
SGDM-02BDA (axis S)
SGDM-01BDA (axis L)
SGDM-A5BDA (axis U)
SGDM-A3BDA (axis B)

@ AC servo motors
SGMPH-02B1AG6E (axis S)
SGMPH-01B1AG6E (axis L)
SGMAH-A5B1AGE (axis U)
SGMAH-A3B1AGE (axis B)

® and @ are products of Yasukawa Corporation and specifications of ® can be known by
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referring to
http://www.e-mechatronics.com/product/servo/sgm2/amps/ac/sqdm/index.html,

specifications of (@) can be known by referring to http://www.e-
mechatronics.com/product/servo/sgm2/motors/sgmph/index.html.

A.2 Introduction of MS3-C

The MechatroS3-controller is provided by Yaskawa Elec. Corp. Information Systems Corporation
and houses single-board CPU, Analog Devices A/D and D/A boards, Digital input and output devices,
Absolut serial input devices and USB and RS232 communications, referring to Fig. A.2. Main

specifications of MS3-C are given in Table. A.2

_-- R8232C

USB ] - analog
il input/output
2

-~
7’

1
]
1a
1
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1
1

digital -
input/output

" absolute
serial input

Fig. A.2 MS3-C

Table. A.2 Main specifications of MS3-C
CPU Manufactured by Hitachi, HD6417750(SH-4) BGA 256 pin
Operating frequency 192MHz

Maximum bus frequency 96 MHz

FlashROM Manufactured by Toshiba TC58FVT160FT-85

16bit X 1Mbit NOR-Flash

Memory | Manufactured by Hitachi SDRAM HM5264165FTD-60 X 2
(16bit X 4Mbit) X2

SRAM Manufactured by Toshiba TC55v16256FT-12

16bit X 32Kbit
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