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SUMMARY

In this dissertation, the robot arm control systems design based on human

multi-joint arm viscoelastic properties is studied. That is, to imitate the

motion mechanism of human multi-joint arm viscoelasticity, three kinds of

control schemes are proposed. First, a robot arm control scheme is discussed

based on the human multi-joint arm viscoelastic properties and a modified

forward gaze model. Second, an operator-based robust nonlinear tracking

control for the robot arm is investigated based on the human multi-joint

arm viscoelastic properties and a forward operator. Third, an operator-

based robust nonlinear tracking control for the robot arm with unknown

time-vary delay is presented based on the human multi-joint arm viscoelastic

properties and a compensation operator. In the present control schemes, the

real measured human multi-joint viscoelasticity is used to obtain the desired

motion mechanism, and the terms related to the effect of CNS is compensated

to make the designed robot arm move smoothly as a human multi-joint arm

as possible.

Robot arms with human-simulated motion mechanism are created to im-

itate some of the same physical and mental tasks that the human multi-joint

arms undergo daily. Scientists and specialists from many different fields in-

cluding cognitive science, linguistics, and engineering combine their efforts

to create some robot arms with human-simulated motion mechanism as the

human multi-joint arms as possible. As we know, compared to the robot

arm, a human multi-joint arm can exhibit outstanding manipulability by
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adjusting the dynamic characteristics of musculoskeletal system in execut-

ing various tasks. Therefore, the development of the dexterous robot arms

which are as dexterous as possible like the human multi-joint arms based on

the dynamic characteristics of human multi-joint arms has aroused people’s

growing interests. However, till now, how to obtain and use the online dy-

namic characteristics of human multi-joint arms is still a challenge issue in

building the robot arm which is as skillful as a human multi-joint arm.

During human multi-joint arm movements, it is widely believed that the

central nervous system (CNS) first plans for a desired response trajectory,

which is converted into appropriate commands to be generated by the me-

chanical properties of musculoskeletal system which can be mainly described

as human multi-joint arm viscoelasticity. The human multi-joint arm vis-

coelasticity consists of multi-joint stiffness and multi-joint viscosity, which

are adjusted by CNS to make the human multi-joint arm adapt to the ex-

ternal environment or moving objects. If the viscoelastic properties during

human multi-joint arm movements can be used effectively in building the

robot arm control system, there is a possibility that the skillful strategies of

human multi-joint arm can be integrated into the robot arm motion control.

Therefore, as an alternative to imitating the motion mechanism of human

multi-joint arm viscoelasticity can be considered. Moreover, the term of

multi-joint muscle generated torque related to the effect of CNS is usually

removed in measuring the human multi-joint arm viscoelasticity, how to com-

pensate the terms related to the effect of CNS needs also to be considered to

make the designed robot arm move more smoothly and skillfully as a human



v

multi-joint arm as possible. As a result, in this dissertation, how to use the

online measured real human multi-joint viscoelasticity to obtain the desired

motion mechanism of human multi-joint arm viscoelasticity and how to com-

pensate the terms related to the effect of CNS are investigated in designing

a robot arm with human-simulated motion mechanism.

Firstly, a robot arm control scheme is proposed based on time-varying es-

timated viscoelastic properties and a forward gaze model. In general, during

the human multi-joint arm movements, the multi-joint torque can be assumed

to be a function of multi-joint stiffness matrix, multi-joint viscosity matrix,

and motor command descending from CNS. In order to make the present

robot arm move like a human multi-joint arm, a feedback controller and a

forward gaze model are presented in the robot arm control system. That is,

the feedback controller is designed to obtain the desired motion mechanism

of human multi-joint arm viscoelasticity based on real measured data from

human multi-joint arm viscoelasticity, and the forward gaze model in which

steering gains are modified using a cost function by simulating driver’s opti-

mal fashion in driving a car is used to compensate the terms related to the

effect of CNS during human multi-joint arm movements. The effectiveness

of the proposed method is also confirmed by the simulation results based on

experimental data.

Secondly, considering the highly nonlinear robot arm with uncertainties

consisting of measurement error and disturbance, an operator-based robust

nonlinear tracking control for the robot arm with human multi-joint arm-like

viscoelastic properties is considered by using the robust right coprime fac-
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torization approach and a forward operator. In detail, an operator controller

based on the real measured data from human multi-joint arm viscoelasticity

is designed to obtain desired motion mechanism of human multi-joint arm vis-

coelasticity, the forward operator is presented to compensate the term related

to the effect of CNS during human multi-joint arm movements. Moreover,

addressing the fact that the uncertain plant is unknown generates difficulties

in designing the operator controllers to obtain the desired performance, and

an operator-based nonlinear feedback control scheme is proposed to eliminate

the effect of uncertainties. The robust stability of present control system is

discussed, and the performance of tracking is realized. The effectiveness of

the proposed method is also confirmed by the simulation results based on

experimental data.

Thirdly, further, it produces unknown time-varying delays while the real

measured data of human multi-joint arm viscoelasticity is fed to the designed

controller based on human multi-joint arm viscoelastic properties. Consider-

ing this problem, a new operator-based robust nonlinear tracking control for

the robot arm with unknown time-varying delays is proposed by using robust

right coprime factorization approach, a delay operator and a compensation

operator. That is, the unknown time-varying delay is described by a de-

lay operator, and the compensation operator is designed to compensate the

terms related to the effect of CNS during human multi-joint arm movements

and to remove the effect of unknown time-varying delays. The effectiveness

of the proposed design scheme is also confirmed by the simulation results

based on experimental data.
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In summary, this dissertation proposes three kinds of control schemes for

the robot arm by using the human multi-joint arm viscoelastic properties.

In designed control schemes, the motion mechanism of human multi-joint

arm viscoelasticity is imitated, and the terms related to the effect of CNS

during human multi-joint arm movements are compensated. That makes it

is possibility that the designed robot arm move smoothly and skillfully like

the human multi-joint arm.
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Chapter 1

Introduction

1.1 Background

Robots have always been inspired by the human body. From the first robotic

systems appearing in movie theatres to modern motion pictures, the robotic

system has always played the role of “replacing” and “confronting” the

human being, often with a remarkable resemblance. At a macroscopic level,

the same holds true for robot arms [1, 2, 3, 4]. The robot arms are a standard

component in various fields, such as, industries, rehabilitation, welfare and

sports, etc., and their kinematics of which are often clearly inspired by the

human multi-joint arm [5, 6, 7, 8]. Due to these potential applications, some

robot arms with human-simulated motion mechanism which move smoothly

and skillfully like the human multi-joint arms have attracted a lot of attention

from the academic and industrial communities. Over the past decades, the

robot arms are becoming more and more compact, light and stable, and are

often designed to operate in human environments. Such anthropomorphic

robot arms must be capable of performing independent tasks in a human arm-

1
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like way, which means that its movements must be versatile, fast, accurate,

smooth and skillful. Scientists and specialists from many different fields

including cognitive science, linguistics, and engineering combine their efforts

to create the robot arms as the human multi-joint arms as possible [9, 10].

Till now, building the robot arm which is as skillful as a human multi-joint

arm is still a challenge issue in the field of robotics.

As we all known, many of the methods have been used to control the robot

arms. The simplest controller for the robot arms is designed by using the

Proportional Integral Derivative (PID) control method or Linear Quadratic

(LQ) method [11, 12, 13, 14]. In general, this type of controller is designed

on the basis that the robot arm model is composed of independent coupled

dynamic (differential) equations. While this controller is widely used in the

industrial robot arms, depending on the task to be carried out, they do not

always result in the best performance. Moreover, the robust stability also is

not well guaranteed by these controllers in the presence of uncertainties of

system [15, 16]. To improve performance and achieve robust tracking, some

approaches such as optimal control [17, 18, 19, 20, 21], adaptive learning

control [22, 23, 24, 25, 26], neural network control [27, 28], variable structure

system theory [26], model predictive control [29], and sliding model control

[15] have been used to design appropriate control rules. However, optimal

control theory requires a precise model, but system identification against a

“complex” robotic system having nonlinear dynamics and high-dimensional

state space is difficult. Although adaptive control and neural network con-

trol approaches can obtain the uncertain parameters of system by repetitive
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learning, but, the unknown load condition and dynamic parameters need

to be identified on-line, they require heavy computation, therefore, control

rules based on a reinforcement learning algorithms is also difficult due to the

combinatorial explosion of the states and control action spaces. The variable

structure system theory or sliding model control usually is limited to prob-

lem of the uncertain physical or structural parameters. Therefore, for men-

tioned approaches, designing model − based controllers require a precise the

knowledge of dynamic model including the values of the physical parameters

involved, other, non−model− based controllers is used mainly in academic

applications and research prototypes. Moreover, in certain complex indus-

trial tasks, stable, fast and accurate robot arm positioning is required, while

in a number of nonindustrial tasks (e.g. domestic robotics, robotic-assisted

surgery etc) dexterity and intelligent positioning is required.

Although a human can control his multi-joint arm flexibly and robustly,

controlling such robot arm with human-simulated motion mechanism by the

existing control methods would be difficult because of its complexity. As an

alternative to such theoretical methods, studies on control methods imitating

the motion mechanism of human multi-joint arm can be considered [30, 31,

32, 33, 34]. During the last decade, the robot arms are getting more and more

closer to the human multi-joint arms by measuring or capturing the human

multi-joint arm motion and converting to motion of the robot arm [35, 36].

Towards this goal, the multi-joint coordination of the human arm should

be analyzed and modeled. If joint angles dependencies are modeled, then

incorporating those synergies in the inverse kinematics algorithms results to
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a biomimetic approach of the kinematic control of robot arms. However,

the motion mechanism of the human multi-joint arm is not only related

to the mechanical properties of human multi-joint musculoskeletal system,

but also related to the central nervous system (CNS) [37, 38, 39, 40, 41],

complex control signals are required for human multi-joint arm movement

[42, 43, 44, 45]. As a result, how to use the mechanical properties of the

human multi-joint musculoskeletal system and how to mimic or compensate

the terms related to effect of CNS are key points in building robot arm which

is as skillful as the human multi-joint arm.

1.2 Current development of robot arm with

human-simulated motion mechanism

Robot arms with human-simulated motion mechanism are created to imi-

tate some of the same physical and mental tasks that the human multi-joint

arms undergo daily. Therefore, imitating the human multi-joint arm motion

(e.g. drawing, handwriting) can be considered in order to generate human-

simulated motion as closely as possible [3, 7]. These methods on biomimetic

motion generation for robot arms are usually based on minimizing posture

difference between the robot arm and the human multi-joint arm, using a

specific recorded data set. Therefore, the robot arm configurations are ex-

clusively based on the recorded data set. That is, the methods cannot gener-

ate new human multi-joint arm-simulated motion, which is quite important

for the kinematic control of anthropomorphic robot arms, where the range

of possible configurations should not be limited to the ones recorded from



1.2. DEVELOPMENT OF HUMAN-SIMULATED ROBOT ARM 5

humans. As a result, how to obtain the human multi-joint arm-like math-

ematical description of robot arm and how to use the motion mechanism

of human multi-joint arm are key points in building the robot arms with

human-simulated motion mechanism.

Many of the concepts that are used to describe the motion mechanism of

human multi-joint arm have been borrowed from the robot arms [46, 47, 48,

49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63]. Among these concepts,

equilibrium-point control hypothesis [46, 47], feedback and feedforward con-

trol [48], internal models [49, 50, 51, 52] are especially relevant for the present

review. The equilibrium-point control hypothesis suggests that CNS utilizes

the spring − like property of the human neuromuscular system to circum-

vent the computational complexities in coordinating multi-degree-of-freedom

human arm movements. In equilibrium point control, force can be controlled

separately by a series of equilibrium points and actively-controlled stiffness

(or impedance) at the joints. In the feedback and feedforward control, the

reference state the target position and the current state the location of the

human multi-joint arm, the set of muscle activations that drives a reach to-

wards a target is defined prior to arm displacement. As long as the human

multi-joint arm has not reached the target, the motor command unfolds un-

altered until the movement is completed. Internal models can be segregated

into two categories, namely forward models and inverse models. The for-

ward model is a way of using one’s knowledge about the plant model, and

predicting the behavior of the motor system in response to a command and

allowing CNS to estimate the current and future state. The inverse model
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takes into account the inertial and viscous properties of the arm to estimate

the motor command that will produce the desired displacement. This model

is hypothesized to be learned over time, becoming more accurate by using

the mismatch between the target response and the actual response. Based

on above concepts, some existing methods such as learning control, optimal

control and adaptive control have been used to design appropriate control

rules. However, the learning control rules based on a reinforcement learn-

ing algorithms is difficult due to the combinatorial explosion of the states

and control action spaces, the optimal control theory also requires a pre-

cise model, but system identification against the complex robot arm system

having nonlinear dynamics and high-dimensional state space is difficult. To

obtain a precise model and use optimal control theory, several trajectory for-

mation models have been proposed for human arm movement control, such

as minimum jerk model [61], minimum torque change model [62], and min-

imum muscle tension-change model [63]. A variety of given trajectories can

be generated based on the optimal criterions of these models in the presence

of learned information pairs. However, to generate different speed movement

trajectories for the same motion task, information pairs for different speed

movements would need to be learned and saved in advance. Therefore, it

is difficult to achieve online control. Moreover, imitating the motion mecha-

nism of the human multi-joint arm, some robot arms are built. A human-like

robot arm control method based on the attractor selection model by imitating

the anatomy of bones and muscles in human arm was proposed [64], owing

to not depending on the control target model, this method can respond to
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unpredictable disturbance or environmental change and control performance

may not be optimal. Tsuji and Tanaka investigated human hand impedance

in preparation for task operations, and discussed a bio-mimetic impedance

control of robot arm for contact tasks [65]. Due to not considering the motion

mechanism of CNS, the robot arm would not move skillfully and smoothly

like the human multi-joint arm, and movements would tend to be jerky and

inaccurate.

Several hypotheses suggest that it is possible to associate some cost func-

tions to each human arm joint, and the human multi-joint arm performs

movements that optimize these cost functions [1, 7, 20]. Examples of dynamic

cost functions are the following: quadratic norm of joint control torques, jerks

in joints, kinetic energy, input energy and input fatigue. Some proper com-

binations of these functions, rather than their individual application, are

also suggested. The fact that a variety of cost functions has been used to

explain the principles of human arm motor control indicates that the CNS

does not obey any particular cost function, but also does not violate the gen-

eral physical and technical principles of optimality from which particular cost

functions come out. Whatever cost function is used, the key point is that this

algorithm can simulate the comfortable level during human multi-joint arm

movements like the driver’s“ feeling”[66]. Many methods are presented to

make the drivers in an optimal and comfortable fashion in driving the cars

[67, 68, 69]. Therefore, to reduce the jerkiness of the robot arm, the derived

and modified methods by some operation models of the car can be used to

mimic the cost functions of CNS by deriving and modifying.
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Moreover, as we all known, the robot arm is a highly nonlinear system

[70, 71, 72], which is subject to disturbances and model uncertainties [73, 74].

Many approaches have been proposed to develop controllers that are more

robust so that their performance is not sensitive to modeling errors. Espe-

cially, the robust right coprime factorization approach has attracted much

attention due to its convenient in researching input-output stability problems

of nonlinear system with uncertainties [75, 76, 77, 78, 78, 80, 81, 82, 83, 84,

85, 86, 87, 88]. Therefore, how to extend the motion mechanism of human

multi-joint arm to operator-based control design approach in designing the

robot arm which is as skillful as the human multi-joint arm is also an effective

path.

1.3 Motivations of the dissertation

During human multi-joint arm movements, it is widely believed that CNS

first plans for the desired response trajectory, which is converted into ap-

propriate commands to be generated by the human multi-joint arm muscu-

loskeletal system, the mechanical properties of human multi-joint arm muscu-

loskeletal system can be mainly described as the human multi-joint arm vis-

coelasticity. The human multi-joint arm viscoelasticity consists of multi-joint

stiffness and multi-joint viscosity, which are adjusted by CNS to make the

human multi-joint arm adapt to the external environment or moving objects

[32, 33, 34, 37]. If the viscoelastic properties during human multi-joint arm

movements can be used effectively in the robot arm with human-simulated

motion mechanism control, there is a possibility that skillful strategies of the
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human multi-joint arm can be integrated into the robot arm motion control.

Therefore, to build the robot arm with human-simulated motion mechanism,

the human multi-joint arm viscoelastic data during human multi-joint arm

movements needs to be obtained online by measuring or estimation, and

the obtained human multi-joint arm viscoelastic data is fed to the designed

controller based on the motion mechanism of human multi-joint arm vis-

coelasticity in controlling robot arm. Moreover, to describe and compensate

the terms related to the effect of CNS, an effective method is also essential.

To use online human multi-joint arm viscoelastic data during human

multi-joint arm movements, an effective estimating method of human multi-

joint arm viscoelasticity is indispensable. Several measuring methods of hu-

man multi-joint arm viscoelasticity have been reported, but none has finally

been used in developing the robot arms with human-simulated motion mech-

anism [89, 90, 91, 92, 93, 94, 95]. During point-to-point movements on a

horizontal plane, human multi-joint arm stiffness parameters were measured

based on the equilibrium point hypothesis [89], but experimental apparatus

are too complicated and expensive to be applied widely. Identification of hu-

man multi-joint limb viscoelasticity was presented based on robotics meth-

ods, the estimation viscoelasticity can be as important diagnosis variables

[90], but cannot be adopted effectively in robot arm control because human

multi-joint arm viscoelasticity was only estimated during passive movements.

A method was presented for estimating human multi-joint arm stiffness us-

ing electromyogram (EMG) of muscle and an artificial neural network model

[91], this method was merely able to provide trend analysis between stiffness
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and EMG, the real viscoelasticity cannot be obtained. Moreover, for esti-

mating the stiffness and viscosity properties during voluntary movements, in

which restoring force and positional responses of many trials were required.

An integrated study procedure on real-time estimation of time varying hu-

man multi-joint arm viscoelasticity has been proposed [96, 97, 98, 99], the

proposed method can obtain online human multi-joint arm viscoelastic data

during movements. Therefore, it is possible that the human multi-joint arm

viscoelastic data can be fed to the designed controller based the motion

mechanism of human multi-joint arm viscoelasticity.

Motivated by the above issues, this dissertation is focused on the control

system design for the robot arm with human-simulated motion mechanism

based on human multi-joint arm viscoelastic properties. That is, imitating

the motion mechanism of human multi-joint arm, how to use the real human

multi-joint arm viscoelastic data and how to describe and compensate the

terms related to the effect of CNS during human multi-joint arm movements

are investigated in building the robot arm.

1.4 Contributions of the dissertation

Addressing a challenge issue in the field of robotics, namely, how to build

the robot arm with human-simulated motion mechanism by mimicking the

functions of human multi-joint arm, in this dissertation, the robot arm control

system design by using human multi-joint arm viscoelastic properties and

simulating the terms related to effect of CNS during human multi-joint arm

movements is investigated. The key contributions of the research can be
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categorized into three groups:

(1) The motion mechanism of human multi-joint arm viscoelas-

ticity is used in designing robot arm control systems, and the real

measured experimental data of human multi-joint arm viscoelas-

ticity is used in simulation results.

During human multi-joint arm movements, the control input torque vec-

tor can be assumed to be a function of multi-joint viscosity matrix, multi-joint

stiffness matrix, and motor command descending from CNS. Based on the

motion mechanism of human multi-joint arm, the controller based the human

multi-joint arm viscoelasticity consisting multi-joint viscosity matrix, multi-

joint stiffness matrix is designed to obtain desired human arm-like motion

mechanism like a human multi-joint arm. Moreover, to confirm the effec-

tiveness of the proposed methods, the real measured experimental data of

human multi-joint arm viscoelasticity is also used in simulation results.

(2) The terms related to the effect of CNS during human multi-

joint arm movements are simulated in designing robot arm control

systems.

CNS is not necessary for movement, but without it movements of the

human multi-joint arm tend to jerky, tremulous, and inaccurate. Therefore,

how to model dynamic knowledge of CNS is also a key point in building the

robot arm by mimicking the functions of human multi-joint arm. The terms

related to the effect of CNS can also be described as a part of human multi-

joint arm viscoelasticity. However, it is difficult to obtain this part related

properties. Moreover, this part is usually not considered in estimating the
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human multi-joint arm viscoelasticity. Therefore, how to mimic or compen-

sate the terms related to the effect of CNS during human multi-joint arm

movements is very important. As a result, in this dissertation, two methods

are proposed to describe or compensate the terms related to the effect of CNS

during human multi-joint arm movements in designing the robot arm control

scheme. The first method is to use a modified forward gaze model to simulate

the terms related to the effect of CNS, the main reason to use the forward

gaze model is that the method has been used for preview driver control in

driver’s comfortable fashion, namely, the model can reduce the jerkiness.

The second method is to use the operator to mimic the terms related to the

effect of CNS during human multi-joint arm movements, where, two differ-

ent operators, namely, a forward operator and a compensation operator are

designed.

(3) Operator-based robust nonlinear tracking for robot arm is

proposed.

A basic problem in controlling robot arms is to make the robot arm follow

a preplanned desired trajectory, where, input-output stability and multivari-

able tracking problems are key points to obtain the desired running per-

formance. However, the robot arm is a multi-input multi-output (MIMO)

highly nonlinear system. There also exist unknown modeling errors in mea-

suring structural parameters of the robot arm and external disturbances in

real situations. Considering these problems, operator-based robust nonlin-

ear tracking for the robot arm is proposed. In proposed control scheme,

the following key contributions are obtained. That is, firstly, addressing the
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fact that the uncertain plant is unknown generates limitations in design-

ing controllers to obtain the desired performance based the former so-called

universal condition, in this dissertation, in order to solve that, an operator-

based nonlinear feedback control scheme is designed to eliminating effect of

uncertainties. Secondly, an operator-based feedback control is summarized

by using motion mechanism of human multi-joint arm viscoelasticity, two ro-

bust stability and tracking conditions without time-varying delays and with

time-varying delays are obtained, respectively, operator-based control design

approach are derived to robot arm control.

1.5 Organization of the dissertation

This dissertation is organized as follows.

In Chapter 2, the robot arm dynamic model is introduced, and the rela-

tionship between Cartesian trajectories and joint space is explained. Human

multi-joint arm dynamic model and human multi-joint arm viscoelasticity

are described, and estimation method of human multi-joint arm viscoelastic-

ity consisting of estimating algorithm and experimental system is introduced.

All these provide the theoretical basis for this dissertation. Moreover, the

objective of this dissertation is presented in problem statement.

In Chapter 3, first, the forward gaze model is introduced. Then, a

robot arm control system is proposed based on time-varying estimated hu-

man multi-joint arm viscoelasticity and a modified forward gaze model. In

detail, based on the motion mechanism of human multi-joint arm, namely,

the multi-joint torque is assumed to be a function of multi-joint stiffness ma-
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trix, multi-joint viscosity matrix, and motor command descending from CNS

in human multi-joint arm movements, a feedback controller and a forward

gaze model are presented in the robot arm control system design to make the

present robot arm move like a human multi-joint arm. The feedback con-

troller is designed to obtain the desired motion mechanism of human multi-

joint arm viscoelasticity based on real measured data from human multi-joint

arm viscoelasticity, and the forward gaze model in which steering gains are

modified using a cost function is used to compensate the terms related to the

effect of CNS during human multi-joint arm movements. The effectiveness

of the proposed method is also confirmed by the simulation results based on

experimental data.

In Chapter 4, first, fundamental theories on operator are introduced.

Then, an operator-based robust nonlinear tracking control for a robot arm

with human multi-joint arm-like viscoelastic properties is considered by using

robust right coprime factorization approach and a forward operator. That

is, an operator controller based on real measured data from human multi-

joint arm viscoelasticity is designed to obtain desired motion mechanism of

human multi-joint arm viscoelasticity, the forward operator is presented to

compensate the term related to the effect of CNS during human multi-joint

arm movements. Considering the fact that the uncertain plant is unknown

generates difficulties in designing controllers to obtain the desired perfor-

mance, an operator-based nonlinear feedback control scheme is proposed to

eliminate effect of the uncertainties of dynamic model consist of measurement

error and disturbance. The robust stability and the performance of output
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tracking of present control system are discussed. Moreover, considering it

produces unknown time-varying delays while the real measured data of hu-

man multi-joint arm viscoelasticity is fed to the designed controller based on

human multi-joint arm viscoelastic properties, a new operator-based robust

nonlinear tracking control for a robot arm with unknown time-varying de-

lays is proposed by using robust right coprime factorization approach, a delay

operator and a compensation operator. The unknown time-varying delay is

described by a delay operator, and the compensation operator is designed

to compensate the effect of CNS during human multi-joint arm movements

and to remove the effect of unknown time-varying delays. The effectiveness

of the proposed method is also confirmed by the simulation results based on

experimental data.

In Chapter 5, the proposed design schemes are summarized. It is con-

cluded that by using the proposed design schemes, the human arm-simulated

motion mechanism is obtained by using human multi-joint arm viscoelastic

properties and simulating the terms related to the effect of CNS in designing

the robot arm, the desired results are confirmed by simulation results based

on experimental data.





Chapter 2

Preliminaries and problem
statement

2.1 Introduction

This chapter provides the mathematical and theoretical background for re-

maining the following chapters in this dissertation. It also serves a foundation

for other research topics in the robot arm control system design.

In Section 2.2, two-link rigid robot arm dynamics in the horizontal plane

is introduced, and the relationship between Cartesian trajectories and joint

space is described.

In Section 2.3, two-link rigid human arm dynamics in the horizontal

plane is described by second-order nonlinear differential equation, and how to

obtain the mathematical description of human multi-joint arm viscoelasticity

based on the human multi-joint arm dynamics is introduced.

In Section 2.4, an estimation method of human multi-joint arm vis-

coelasticity is described, where, how to design estimating algorithm and how

to build experimental system are introduced.

17
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In Section 2.5, the problem discussed in this dissertation is introduced.

That is, how to design the robot arm control system based on human multi-

joint arm viscoelastic properties is described.

2.2 Robot arm dynamics

2.2.1 Robot arm dynamic model

Two-link rigid robot arm dynamics in the horizontal plane can be generally

modeled by the following second-order nonlinear differential equation [11, 12]:

M(θ)θ̈ +H(θ̇, θ) = τin (2.1)

where, θ, θ̇, and θ̈ denote angle position, velocity and acceleration vectors,

respectively, and θ = (θ1, θ2)
T , θi(t) is joint angle of link i (see Figure 2.1).

τin = (τ1, τ2)
T , τi(t) is control input torque of link i, it is assumed that the

first joint driving torque, τ1, acts between the base and link 1, and that the

second joint driving torque, τ2, acts between links 1 and 2. M and H denote

the inertial matrix (2×2) and Coriolis-Centrifugal force vector, and

M =

(
Z1 + 2Z2 cos θ2 Z3 + Z2 cos θ2

Z3 + Z2 cos θ2 Z3

)
(2.2)

H =

(
−Z2 sin θ2(θ̇2

2
+ 2θ̇1θ̇2)

Z2θ̇1
2
sin θ2

)
(2.3)

where 
Z1 = m1l

2
g1 +m2(l

2
1 + l2g2) + I1 + I2

Z2 = m2l1lg2

Z3 = m2l
2
g2 + I2

(2.4)
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mi denotes the masses of link i, lgi denotes the distance between the joint i

and to the center of mass of link i, Ii denotes the moment of inertia of link

i about the center of mass, and li denotes the length of link i. Z1, Z2 and

Z3 are the structural parameters which denote physical feature of the robot

arm.

Figure 2.1: Structure of two-link robot arm

The robot arm dynamics given in (2.1) have a main property, that is, the

inertia matrix is symmetric and positive definite, and satisfies the following

inequalities:

α1||w||2 ≤ wTM(θ)w ≤ α2||w||2 ∀ w ∈ Rn (2.5)

where α1, α2 ∈ R are positive constants and ∥ · ∥ denotes the standard

Euclidean norm.
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2.2.2 Cartesian trajectories and joint space

The basic problem in controlling the robot arm is to make the robot arm fol-

low a preplanned desired trajectory. Before we can control the robot arm, it

is necessary to know the desired path for performing a task. Throughout this

dissertation it is assume that there is given a prescribed path (xd(t), yd(t))

the robot arm should follow. We design control systems that make the robot

arm follow this desired path or trajectory. In the robot arm applications, a

desired task is usually specified in the workspace or Cartesian space, as this is

where the motion of robot arm is easily described in relation to the external

environment and workspace. However, trajectory-following control is easily

performed in the joint space, as this is where the robot arm dynamics are

more easily formulated. If we consider an articulated robot arm as a device

for generating position and orientation, we need to know the relationships

between these quantities and the joint variables, since it is the latter that

we can easily measure and control. Position here refers to the position in

space of the tip of robot arm, while the orientation refers to the direction of

approach of the last link. Therefore, it is important to be able to find the

desired joint space trajectory θd(t) given the desired Cartesian trajectory.

This is accomplished using the inverse kinematics [70, 71, 72].

For the two-link rigid robot arm in the horizontal plane described in 2.1,

the tip position can be found simply by the following relationship [71],

X =

[
x

y

]
=

[
l1cosθ1 + l2cos(θ1 + θ2)

l1sinθ1 + l2sin(θ1 + θ2)

]
(2.6)
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Ẋ =

[
ẋ

ẏ

]
= J

[
θ̇1

θ̇2

]
(2.7)

where,

J =

[
−l1sinθ1 − l2sin(θ1 + θ2) −l2sin(θ1 + θ2)

l1cosθ1 + l2cos(θ1 + θ2) l2cos(θ1 + θ2)

]
(2.8)

While the forward calculation of tip position from joint angles is always

relatively straightforward, the inversion is intractable for robot arms with

more than two links. For two-link rigid robot arm dynamics in the horizontal

plane, we easily get the following inversion,

cos(θ2) =
(x2 + y2)− (l21 + l22)

2l1l2
(2.9)

cos(θ1) =
x(l1 + l2cos(θ2)) + yl2sin(θ2)√
(x2 + y2)(l21 + l22 + 2l1l2cos(θ2))

(2.10)

2.3 Human multi-joint arm viscoelasticity

2.3.1 Human multi-joint arm dynamic model

Two-link rigid human arm dynamics in the horizontal plane can be generally

modeled by the following second-order nonlinear differential equation [89, 96]:

MA(q)q̈+HA(q̇,q) = τA(q̇,q,u) (2.11)

where, q, q̇, and q̈ denote angular position, velocity and acceleration vectors,

respectively, and, q = [θs(t), θe(t)]
T , θs(t) is shoulder joint angular and θe(t)

is elbow joint angular, the subscripts s and e denote shoulder joint and elbow
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joint (see Figure 2.2), respectively. τA = [τs, τe]
T is the multi-joint muscle

generated torque, which can be represented as a function of angular position,

velocity, and motor command u descending from CNS. MA and HA have the

same structure as M and H in (2.1), respectively.

Figure 2.2: Multi-joint human arm dynamic model

2.3.2 Human multi-joint arm viscoelasticity

If the human multi-joint arm in (2.11) is assumed to be rigid body serial link

system, such that:

Ψ(q̈, q̇,q) = MA(q)q̈+HA(q̇,q) = τA(q̇,q,u) (2.12)

Taking the derivative of (2.12):

∂Ψ

∂q̈

dq̈

dt
+

∂Ψ

∂q̇

dq̇

dt
+

∂Ψ

∂q

dq

dt
=

∂τA
∂q̇

dq̇

dt
+

∂τA
∂q

dq

dt
+

∂τA
∂u

du

dt
(2.13)
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According to (2.11)-(2.13), then the following relationship can be obtained

[89, 96]:,

δτA = −RA(t)δq̇−KA(t)δq+
∂τA
∂u

δu (2.14)

Where, RA(t) and KA(t) represent multi-joint viscosity and multi-joint stiff-

ness matrix (2 × 2), respectively, and

−∂τA
∂q̇

≡ RA(t) =

(
RA−ss RA−se

RA−es RA−ee

)
(2.15)

−∂τA
∂q

≡ KA(t) =

(
KA−ss KA−se

KA−es KA−ee

)
(2.16)

The subscript ss of RA(t) and KA(t) represent the shoulder single-joint effect

on each coefficient, se and es denote cross-joint effects, ee denotes the elbow

single-joint effect.

2.4 Human multi-joint arm viscoelasticity es-

timation

2.4.1 Estimating algorithm

To estimate online human multi-joint arm viscoelasticity, a band-pass recur-

sive filter based on score function approach for the human multi-joint arm

model with uncertain factors was designed, the filtered torque τ fA, the an-

gular positions θfs and θfe , and the velocities θ̇fs and θ̇fe satisfy the following

relationship [96, 97, 98, 99],

τ fA = ES+∆+ ζ1 (2.17)
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where E is the regression vector, S is the time-varying parameter to be

estimated,

E=

(
θfs θfe θ̇fs θ̇fe 0 0 0 0

0 0 0 0 θfs θfe θ̇fs θ̇fe

)
(2.18)

S=
(
KA−ss KA−se RA−ss RA−se KA−es KA−ee RA−es RA−ee

)T
(2.19)

∆ = [∆1,∆2]
T consists of the structural uncertainties which are assumed to

be Gaussian. ζ1 = [ζ̄11, ζ̄22]
T is the non-Gaussian measurement error of fil-

tered measurement noise. When the sampling time is little enough, the term

of ∂τA
∂u

δu related to the effect of CNS in (2.14) can be seen as a low frequency

non-Gaussian noise. By using a band-pass filter for the model (2.14), the

high frequency and low frequency measurement noise can be removed within

sufficiently small sampling time period, namely, the human multi-joint arm

viscoelasticity can be estimated based on the following dynamic model,

δτA = −RA(t)δq̇−KA(t)δq (2.20)

In human multi-joint arm viscoelasticity estimation, the above uncertain-

ties should be considered to reduce estimation errors. In order to reduce the

effect of uncertainties, a filtering algorithm for estimating human multi-joint

arm viscoelasticity is designed. To design the filtering algorithm, the model

(2.17) needs to be converted into its discrete time state-space form as follows,{
S(t+ Ts) = S(t) + ζ2,

τ fA(t+ Ts) = E(t+ Ts)S(t+ Ts) + ∆(t+ Ts) + ζ1(t+ Ts)
(2.21)

where, Ts is sampling time, ζ2 is white noise.
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The fundamental problem associated with experimental system is to es-

timate viscoelasticity by using the generated torques τs and τe. In the fol-

lowing, the problem is to design the recursive filter based on score function

approach for the human multi-joint arm model with uncertain factors. The

score function approach along with generalized Gaussian approximation of

the innovations process probability density function (pdf) can be used for

state estimation of non-Gaussian system. The shape parameters of pdf can

determine the shape of the distribution. For the generalized Gaussian uncer-

tainty factor ∆i(t) + ζ̄ii(t)(i = 1, 2) with zero mean, variance σ2
i and shape

parameter γi is given by the following relationship [100, 101],

pi(xi; σi, γi) =
αi(γi)γi

2σiΓ(1/γi)
e
−[αi(γi)|

xi
σi

|]γi
, xi ∈ R, i = 1, 2 (2.22)

αi(γi) =

√
Γ(3/γi)

Γ(1/γi)
(2.23)

where Γ(·) is the Gamma function. As we notice above, when γ = 1, the K

distribution corresponds to a Laplacian or double exponential distribution,

when γ = 2 corresponds to a Gaussian distribution, whereas in the limiting

cases when γ → +∞ the pdf in (2.21) converges to a uniform distribution in

(−
√
3σ,

√
3σ), and when γ → 0+ the distribution becomes a degenerate one

in x̃i = 0, shown in Figure 2.3.

So for the one-to-one correspondence between γi and the fourth-order even

moment ϕi(γi) was used for estimating human multi-joint arm viscoelasticity.

In this dissertation, the all-order case is considered as follows.

ϕi(γi) =
E(τ 2mi )

σ2m
i

=
Γ(2m+1

γi
)Γm−1(1/γi)

Γm(3/γi)
, m = 1, 2, · · · (2.24)
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Figure 2.3: The pdf of generalized Gaussian distribution

where

σ2
i = σ2

∆i
+ σ2

ζ̄ii
(2.25)

E(τ 2mi ) is a function of σ2
∆i
, γ∆i

, σ2
ζ̄ii

and γζ̄ii . Variables σ
2
∆i
, γ∆i

, σ2
ζ̄ii

and γζ̄ii

are variance of ∆i, shape parameter of ∆i, variance of ζ̄ii and shape parameter

of ζ̄ii, respectively. The odd moments vanish, because the pdf is symmetrical.

Since the generalized Gaussian pdf decay rate increases with the increase of

the shape parameter, consider a relationship of pdf and moment, we assume

that

ϕi(γi) =
l2ie

−l1iγi

σ2m
i

, m = 1, 2, · · · ; i = 1, 2 (2.26)

where the design parameters l2i and l1i can be obtained by matching (2.23)

in advance, and ϕi(γi) is in the log domain. That is, using a fixed shape

parameter, we can calculate the design parameters l1i and l2i by simulation,
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where the fixed shape parameter is obtained as an average value form the

experiment of shape parameter estimation. The unmatched part will be of

uncertain factor.

From the equations (2.24) and (2.26), the shape parameter γi is given as

follow,

γi = − 1

l1i
log(

E(τ 2mi )

l2i
), i = 1, 2 (2.27)

here, E(τ 2mi ) is solved for each processing time step.

Considering the generalized Gaussian pdf of (2.21), the score function-

based algorithm is obtained,

Ŝ(t+ T ) = Ŝ(t) + k(t)

(
g1(τA1)
g2(τA2)

)
, τA1 = τs, τA2 = τe (2.28)

k(t) = (W (t)N(t)W (t)T + L)XT (2.29)

where, 
gi(τAi) = γi

(
αi(γi)
σi

)γi
τ γi−1
Ai , i = 1, 2

σ2
∆1

= X(W (t)N(t)W (t)T + L)XT (1, 1)

σ2
∆2

= X(W (t)N(t)W (t)T + L)XT (2, 2)

(2.30)

N(t) is a diagonal matrix and W (t) is an upper-triangular matrix with unit

entries along the diagonal. L is positive definite and is the covariance matrix

of ζ2. Ŝ is an estimate parameter vector of S. In the above filter, equa-

tion (2.29) is for multiple innovations process, ill-conditioned matrix and the

derivative of the score function can be avoided using ŪDŪT factorization

algorithm W (t)N(t)W (t)T in (2.30), the shape parameter can be obtained
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on-line using (2.28), the real time viscoelasticity is estimated online. Mean-

while, the proposed algorithm guarantees that all the estimated elements of

viscoelasticity are bounded.

During human multi-joint arm movements, the desired stiffness-torque

relationship and viscosity-torque relationship are described as follows [89,

102], [
KA−ss KA−se

KA−es KA−ee

]
=

[
A11|τs−m|+B11 A12|τe−m|+B12

A21|τe−m|+B21 A22|τe−m|+B22

]
(2.31)

[
RA−ss RA−se

RA−es RA−ee

]
=

[
C11|τs−m|+D11 C12|τe−m|+D12

C21|τe−m|+D21 C22|τe−m|+D22

]
(2.32)

where τs−m and τe−m are the desired joint torques, can be obtained through

the following inverse dynamics,[
τs m

τe m

]
= MA(qd)q̈d +HA(q̇d,qd) (2.33)

subscripts s and e denote the shoulder and elbow joints, respectively. Aij,

Bij, Cij and Dij are the parameters of the linear model.

To calculate the multi-joint stiffness KA and the multi-joint viscosity RA

from the torque desired τs−m and τe−m, the parameters Aij, Bij, Cij and Dij

should be determined beforehand. To obtain the appropriate values of the

parameters, the so-called equilibrium point control model is employed. The

equilibrium control hypothesis is one of the theories used to explain the un-

derlying principle of human motor control. In the hypothesis, the neuromus-

cular system is regarded to have a spring-like and damper-like property, and
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the joint torque is determined by the difference between the actual and equi-

librium postures of the arm. In the horizontal plane, the equilibrium point

trajectory of the hand can be expressed fairly accurately as a minimum-jerk

trajectory [102, 91],

x(t) = xi + (xf − xi)(10(
t

tf
)3 − 15(

t

tf
)4 + 6(

t

tf
)5) (2.34)

where xi is the initial point, xf is the final point, and tf is the duration of

the movement. The equilibrium point trajectory is a straight line from the

initial point to the final point.

Once the equilibrium point trajectory in the Cartesian space can be de-

termined using inverse kinematics, the joint angle in the equilibrium posture

(qeq) can be calculated. Then, the desired joint torque is described by

τAd = KA(qeq − q)−RAq̇ (2.35)

where τAd is the desired joint torque vector, qeq is the joint angle at an

equilibrium position, q and q̇ are the actual joint angle and velocity vectors.

The desired joint torque vector can also be obtained through inverse dy-

namics when external force and inertial parameters of the subject’s arm are

determined. The parameters Aij, Bij, Cij and Dij can be determined from

several trials of point-to-point movements. In simulation, the determined

parameters Aij, Bij, Cij and Dij are expressed as:
A11

A12

A21

A22

 =


20
12
12
28

 ,


B11

B12

B21

B22

 =


20
6
6
15

 , (2.36)
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
C11

C12

C21

C22

 =


0.6
0.4
0.4
0.8

 ,


D11

D12

D21

D22

 =


0.6
0.3
0.3
0.7

 . (2.37)

Moreover, the measured results by experiment can be evaluated based

on the obtained desired stiffness and viscosity by simulation by using the

following formulations,

EKA
=

|∆KA−ss|+ |∆KA−se|+ |∆KA−es|+ |∆KA−ee|
4

, (2.38)

ERA
=

|∆RA−ss|+ |∆RA−se|+ |∆RA−es|+ |∆RA−ee|
4

. (2.39)

2.4.2 Experimental system

Figure 2.4: Experimental system schematic illustration

The experimental system of human multi-joint arm viscoelasticity estima-

tion has two major parts (see Figures 2.4, 2.5): 1) Image measuring system;

2) Force measuring system. The image measuring system is comprised of a

CCD camera (CIS corporation, VCC-8350CL, 648×492, RGB24bit, 60fps)
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Figure 2.5: Experimental system

and an image input board (Linx, Ginga digital-CL2). The force measuring

system is comprised of a force sensor and a handle, the handle is connected

with the force sensor (NITTA IFS-67M25A15-I40, Ser. No. 3038), the hand

holding the handle moves together, the force sensor can measure force ex-

erted by the hand. Computer receives angular position information θs, θe

from the image measuring system and generated torque information τs, τe

from the force measuring system during human multi-joint arm movements.

The measured experimental data of human multi-joint arm viscoelasticity is

calculated online by a visual C + + programmed real time package in the

computer [96, 97, 98, 99].

2.5 Problem statement

Form (2.14), during human multi-joint arm movements, we can find that the

control input torque vector can be assumed to be a function of multi-joint vis-
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cosity matrix RA(t), multi-joint stiffness matrix KA(t), and motor command

u descending from CNS, and can be assumed to be divided into two parts

τA(q̇,q) and τA(u). If we design the same structural parameters (Z1, Z2, Z3)

as the structural parameters (ZA1, ZA2, ZA3) of a human multi-joint arm in

building the robot arm with human-simulated motion mechanism, and the

viscoelastic properties of human multi-joint arm are used in the robot arm

control, there is a possibility that human skillful strategies can be integrated

into the robot arm moving. Therefore, the motion mechanism of human

multi-joint arm viscoelasticity and the dynamic knowledge of CNS can be

considered in building the robot arm which moves like the human multi-joint

arm. The real time-varying online measured human multi-joint arm vis-

coelasticity by proposed experimental method in [96] can be used to obtain

desired the motion mechanism of human multi-joint arm-like viscoelastic-

ity. However, the experimental method is proposed based on dynamic model

(2.14), namely, the term of ∂τA
∂u

δu related to the effect of CNS of (2.14) has

been removed in measuring the human multi-joint arm viscoelasticity. To

make the designed robot arm move accurately and smoothly, the control in-

put torque vector related to the effect of CNS need also to be compensated.

As a result, the objective of this dissertation is to design a robot arm

which moves like a human multi-joint arm based on the motion mechanism

of human multi-joint arm viscoelasticity and the dynamic knowledge of CNS.

Addressing the mentioned key problems in building the robot arm by using

the motion mechanism of human multi-joint arm viscoelasticity and the dy-

namic knowledge of CNS, in this dissertation, three different control schemes
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are investigated. That is, in first scheme, the motion mechanism of human

multi-joint arm viscoelasticity is used in designing robot arm control scheme,

and a forward gaze model is used to compensate the terms related to the effect

of CNS. In second scheme, an operator-based robust nonlinear tracking for

the robot arm is proposed, an operator-based feedback control is summarized

by using the motion mechanism of human multi-joint arm viscoelasticity, the

motion mechanism of human multi-joint arm viscoelasticity is used in de-

signing operator controller, an forward operator is used to compensate the

terms related to the effect of CNS. In third scheme, considering it produces

unknown time-varying delays while the real online measured data of human

multi-joint arm viscoelasticity is fed to the designed operator controller, a

new operator-based robust nonlinear tracking for the robot arm is proposed

in the presence of unknown time-varying delay, the unknown time-varying

delay is described by a delay operator, and the compensation operator is

designed to compensate the effect of CNS and to remove the effect of un-

known time-varying delay. The effectiveness of three methods is confirmed

by simulation results based on experimental data.

2.6 Conclusion

In this chapter, the mathematical and theoretical background including two-

link rigid robot arm dynamics, human multi-joint arm dynamics, human

multi-joint arm viscoelasticity, and estimation method of human multi-joint

arm viscoelasticity are introduced. Moreover, the problem discussed in this

dissertation is described, which provides general outline of this dissertation.





Chapter 3

Robot arm control system
design based on human
multi-joint arm viscoelastic
properties and a forward gaze
model

3.1 Introduction

Compared with a robot arm, a human multi-joint arm exhibits outstanding

manipulability in executing various tasks, especially involves contact force,

such as opening a door, inserting a key and turning a knob. Some robot

arms with human-simulated motion mechanism are created to imitate some

of the same physical and mental tasks that the human multi-joint arm un-

dergoes daily. Much research has been done on robot motion programming

to perform tasks on the basis of human demonstrations, in which a math-

ematical model of skillful human movements for maneuvering a robot tool

is expressed in terms of mechanical impedance. The properties of mechan-

35
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ical impendence during human multi-joint arm movements can be mainly

described as human multi-joint arm viscoelasticity. The human multi-joint

arm viscoelasticity consists of multi-joint stiffness and multi-joint viscosity,

which are adjusted by CNS to make the human multi-joint arm adapt to

the external environment or moving objects. If the regulation mechanism

of human multi-joint arm viscoelastic properties during human multi-joint

movements can be clarified and modeled, we would be able to integrate these

skillful human strategies into robot arm motion control.

To clarify and model the regulation mechanism of human multi-joint arm

viscoelastic properties in building robot arm control system, how to obtain

and use multi-joint stiffness and multi-joint viscosity and how to mimic or

model the dynamic knowledge of CNS are key points. Fortunately, an in-

tegrated study procedure on real time estimation of time varying human

multi-joint arm viscoelasticity has been proposed [96, 97, 98, 99], the pro-

posed method can obtain online viscoelasticity data of human multi-joint

arm during movements. Therefore, it is possible that the viscoelasticity data

of human multi-joint arm is fed to the designed controller based on the mo-

tion mechanism of human multi-joint arm viscoelasticity. However, how to

model or mimic the dynamic knowledge of CNS is still a challenge issue to

develop robot arms with human-simulated motion mechanism. Several hy-

potheses suggest that it is possible to associate some cost functions to each

human arm joint, and the human multi-joint arm performs movements that

optimize these cost functions [1, 7, 20]. Examples of dynamic cost functions

are the following: quadratic norm of joint control torques, jerks in joints,
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kinetic energy, input energy and input fatigue. Some proper combinations of

these functions, rather than their individual application, are also suggested.

The fact that a variety of cost functions has been used to explain the princi-

ples of human arm motor control indicates that the CNS does not obey any

particular cost function, but also does not violate the general physical and

technical principles of optimality from which particular cost functions come

out. Whatever cost function is used, the key point is that this algorithm can

simulate the comfortable level during human multi-joint arm movements.

Addressing the above problems, in this chapter, a robot arm control sys-

tem is designed based on time-varying viscoelastic properties which consist of

multi-joint stiffness and multi-joint viscosity during human arm movements

and a forward gaze model. Imitating human multi-joint arm movements,

namely, in human multi-joint arm movements, the multi-joint torque is as-

sumed to be a function of multi-joint stiffness matrix, multi-joint viscosity

matrix, and motor command descending from central nervous system (CNS).

In order to make the present robot arm move like a human multi-joint arm,

a feedback controller and a modified forward gaze model are presented in

the robot arm control system. That is, the feedback controller is designed

to obtain desired motion mechanism based on real measured data from vis-

coelastic properties of human multi-joint arm, and the forward gaze model in

which steering gains are modified using a cost function by simulating driver’s

optimal fashion in driving a car is used to compensate the terms related to

the effect of CNS. The effectiveness of proposed method is confirmed by the

simulation results based on experimental data.



38 CHAPTER 3. ROBOT ARM CONTROL SYSTEM DESIGN-I

In Section 3.2, the forward gaze model is introduced.

In Section 3.3, a robot arm control system design based on human multi-

joint arm viscoelastic properties and a forward gaze model is investigated.

To begin with, the robot arm control system scheme is proposed, where, the

components of control scheme are introduced separately. Besides, how to

mimic and compensate the dynamic knowledge of CNS during human multi-

joint arm movements based on forward gaze model is discussed, where, by

simulating the driver’s optimal comfortable fashion in driving a car, and how

to compensate the term related to the effect of CNS using the forward gaze

model in which steering gains are modified using a cost function is explained.

In Section 3.4, simulation results based on experimental data is given

to confirm the effectiveness of proposed control scheme.

In Section 3.5, the conclusion of this chapter is given.

3.2 Forward gaze model

The forward gaze model is used usually as an operation model of the car.

In the forward gaze model, it is assumed that the driver watches a forward

position A in Figure 3.1. At this time, the driver can predict the next position

B based on the current motion state of the car. When the car go ahead

through L[m] to the X-axis direction, the coordinated value of Y in the gaze

position A is

YL = y(t) + Lϕ (3.1)
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Figure 3.1: The schematic of forward gaze model

where the yaw ϕ is usual small enough. For the predictive displacement

y(t + ∆t) to Y-axis direction, which can be also described by the following

Taylor series,

y(t+∆t) = y(t) +
dy

dt
∆t+

1

2!

d2y

dt2
∆t2 +

1

3!

d3y

dt2
∆t3 + · · · (3.2)

For this Taylor series,

dy

dt
∆t = Lϕ (3.3)

From (3.1)-(3.3), we can find that the forward gaze model is a first-step

prediction model. Based on (3.2), we can find that the predicted position

B can be solved with infinite-steps prediction. In other words, the steering

angle can be assumed to be fixed at a constant level throughout the preview

horizon, or can be changed as frequently as every simulation step. It is

obvious that larger predictive steps will result in better tracking performance.
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However, it is unrealistic to expect that the drivers will change steering action

more than 1-2 times over the preview horizon (0.5 to 2.0 seconds). Therefore,

the modified steering is usually calculated based on the forward gaze model.

3.3 Robot arm control system design

In this section, a robot arm control system is designed based on human

multi-joint arm viscoelastic properties and a forward gaze model. Where,

the robot arm control system scheme, the designed controller based on the

motion mechanism of human multi-joint arm viscoelastic properties, and the

designed controller based on the forward gaze model by simulating driver’s

optimal fashion in driving a car are discussed, respectively. Firstly, the de-

signed robot arm control system scheme is presented.

3.3.1 Robot arm control system scheme

Figure 3.2: The proposed robot arm control system scheme

The designed robot arm control system is shown in Figure 3.2. In the

present control system, the components, including the controller using human
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multi-joint arm viscoelasticity to obtain desired motion mechanism of human

multi-joint arm viscoelastic properties, the forward gaze model to compensate

the terms related to effect of CNS, and a robot arm, are connected. The sum

of the outputs of the controller using human multi-joint arm viscoelasticity

and the modified forward gaze model is fed to the robot arm as the control

input signal, namely, τin = τc + τd.

3.3.2 Controller design based on based on human multi-
joint arm viscoelastic properties

The controller using time-varying measured viscoelasticity of human multi-

joint arm is designed as an ordinary feedback controller to obtain desired

motion mechanism of human multi-joint arm viscoelasticity during move-

ments, and is described by the following form,

τc = R(t)(θ̇d − θ̇) +K(t)(θd − θ) (3.4)

where, the R(t) and K(t) are obtained by using the real measured multi-

joint viscosity RA(t) and stiffness KA(t) data of human multi-joint arm by

experiment, θd and θ are desired angle and real angle in robot arm control,

respectively. In the following part of this section, how to design and obtain

desired τd based the modified forward gaze model will be explained.

3.3.3 Controller design based on a forward gaze model

The modified forward gaze model is used to compensate the terms of ∂τA
∂u

δu

related to the effect of CNS of (2.14) which is removed by a band-pass filter

in measuring multi-joint viscosity and stiffness of human multi-joint arm. In
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the following, how to compensate the terms of related to the effect of CNS

using the modified forward gaze model is discussed.

Based on the forward gaze model, the lateral displacement ϵ between the

gaze position A and the target position D is obtained by (see Figure 3.1):

ϵ = yr(t+∆t)− (y(t) + Lϕ) (3.5)

In this model, ϵ is used to calculate the modified steering. Where the dead

time is little enough, the modified steering ϑ is proportional to ϵ as follows.

ϑ = Gϵ = G(yr(t+∆t)− (y(t) + Lϕ)) (3.6)

G is the steering gain, which is defined as the amount of steering column

shaft rotation in relation to the driver’s steer angle. The steering column

shaft rotation as proportional to the driver’s steer angle. In driving process,

steering torque, τp, is set proportional to driver’s steer angle ϑ[rad] and steer

angle rate ϑ̇[rad/s], namely,

τp = −G1ϑ−G2ϑ̇ = −G1Gϵ−G2Gϵ̇ (3.7)

Defining K1 = GG1 and R1 = GG2, the following equation is obtained,

τp = −K1ϵ−R1ϵ̇ (3.8)

where K1 and R1 can be assumed to be scale factors. The effect of steering

torque on the driver’s feeling can be described by these objective parameters,

these parameters indicate the driver’s physical and mental workload, which

is believed to closely relate to the driver’s feeling.
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Figure 3.3: The target trajectory and endpoint position

From (2.12)-(2.14), we can find that the joint muscle generated torque is

timely modified by adjusting multi-joint stiffness, multi-joint viscosity and

CNS to make the human arm track the desired trajectory or moving objects in

human multi-joint arm movement. Imitating human multi-joint arm, during

the robot arm movement, when a new position X is given in the target

trajectory (see Figure 3.3), the gaze position A can be predicted based on the

forward gaze model. If there is a displacement between gaze position A and

desired position B, the rotation angle and joint torques can be calculated

in advance according to this displacement. So the modified forward gaze

model to make a modification in endpoint position is proposed. In order

to move directly from position X to target B in robot arm control system,

the endpoint torque τe(t) in the proposed control system is calculated by
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following equation,

τe = −Rc(t)∆Ẋ−Kc(t)∆X (3.9)

where ∆X =
−−→
BA is the displacement vector from B to A. The relationship

between the Cartesian variables and joint angles can be described,

X =

[
x
y

]
=

[
l1cosθ1 + l2cos(θ1 + θ2)
l1sinθ1 + l2sin(θ1 + θ2)

]
(3.10)

Ẋ =

[
ẋ
ẏ

]
= J

[
θ̇1
θ̇2

]
(3.11)

where, l1 and l2 denotes the length of upper and lower robot arm, respectively.

The Jacobian matrix J is given as,

J =

[
−l1sinθ1 − l2sin(θ1 + θ2) −l2sin(θ1 + θ2)
l1cosθ1 + l2cos(θ1 + θ2) l2cos(θ1 + θ2)

]
(3.12)

Rc andKc are the endpoint viscosity matrix and stiffness matrix in Cartesian

space, respectively. Based on the endpoint viscosity matrix Rc and stiffness

matrix Kc, the multi-joint viscosity matrix R and multi-joint stiffness matrix

K in joint space can be obtained by the following relationship,

R = JTRcJ, K = JTKcJ (3.13)

from (3.9)-(3.13), we can get the following relationship,

τd = −R∗(t)(θ̇d − θ̇)−K∗(t)(θd − θ) (3.14)

where, R∗(t) and K∗(t) are assumed to be multi-joint viscosity matrix and

multi-joint stiffness matrix in joint space, respectively, which are assumed to

be the term of generated torque ∂τA
∂u

δu related to the effect of CNS, namely,
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theR∗
A(t) andK∗

A(t). The human multi-joint arm viscosity matrixR∗
A(t) can

be assumed to have approximately nonlinear relationship with the human

multi-joint arm stiffness matrix K∗
A(t), which can be described as follows

[31, 32]:

R∗
A(t) =

0.42√
q̇T (t)q̇(t) + 1

K∗
A(t) (3.15)

According to (3.14) and (3.15), we can find that K∗
A(t) or R∗

A(t) can be

obtained by the desired τd(t) in robot arm control. The following question

is how to obtain τd(t) to control accurately and smoothly the robot arm in

Figure 3.2.

3.3.4 Control algorithm based an optimal fashion prin-
ciple

Imitating motion mechanism of the human multi-joint arm, the robot arm

performance can be enhanced substantially. However, the benefits of human-

simulated motion cannot be gained without knowledge of the principles that

the CNS employs during the generation of human multi-joint arm move-

ments. Several hypotheses suggest that it is possible to associate some cost

functions to each human arm joint, and the human multi-joint arm performs

movements that optimize these cost functions. Examples of dynamic cost

functions are the following: quadratic norm of joint control torques, jerks

in joints, kinetic energy, input energy and input fatigue. Some proper com-

binations of these functions, rather than their individual application, are

also suggested. The fact that a variety of cost functions has been used to

explain the principles of human arm motor control indicates that the CNS
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does not obey any particular cost function, but also does not violate the gen-

eral physical and technical principles of optimality from which particular cost

functions come out. In this dissertation, special attention is paid to functions

of joint “comfortable” like mentioned driver’s “feeling”. We assume the robot

arm behaves in an optimal fashion, the optimal movement is determined by

choosing the change in input torque (∆τin, from current torque) such that

the following cost function is minimized:

∆τinopt = min
∆τin

{
J =

∫ t+Tp

t

[s(η)]2dη

}
(3.16)

where Tp is the preview time. The function s(η) is defined as:

s(η) =

(
λẇ(η)

d

dt
+ w(η)

)n−1

Θerr(η) (3.17)

where

Θerr(t) ≡ Θ(t)−Θd(t) (3.18)

and Θ = [θT , θ̇T ]T is the real motion state of the robot arm, Θd = [θTd , θ̇Td ]
T

is the desired motion state of the robot arm. The constant n determines the

number of derivative terms included in the function s(η). For the case when

n=2, (3.16) can be rewritten in the discrete-time format as,

∆τinopt = min
∆τin

{
J =

N−1∑
i=1

[
w(i)Θerr(t+ iT ) + λẇ(i)Θ̇err(t+ iT )

]2}
(3.19)

where the number of steps in the summation (N−1) is equal to preview time

Tp over the step size ∆T . It can be seen that s(η) depends on three weighting

parameters: λ, 0 ≤ w(i) ≤, and 0 ≤ ẇ(i) ≤ 1. The model parameters λ,
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w(i), and ẇ(i) can be adjusted repeatedly to fit different robot arms. In this

paper, they are assumed to have the following form,

w(i) =
tanh[5/(Tp/2− t(i)) + β] + 1

2
(3.20)

ẇ(i) =
tanh[5/(Tp/2− t(i)) + β̇] + 1

2
(3.21)

where, t(i) ∈ [t0, t0 + ∆T · · · Tp − ∆T, Tp] is the preview time window.

The tanh(·) function was used to achieve a smooth transition and ensure

monotonicity. By adjusting β and β̇, the different preview windows can be

obtained.

To find the optimal solution that minimizes the cost function given in

(3.16), we use a predictive control framework. According to the robot arm

dynamic model in (2.1), we can compute the forward dynamics,

θ̈ = M(θ)−1(τin −H(θ̇, θ)) (3.22)

Using the standard equation of motion given in (3.22), we write Θ = [θT , θ̇T ]T

in a mathematical formulation, namely, the dynamics of robot arm dynamic

model can be rewritten in terms of state space as follows,

Θ̇ = A(Θ) +B(Θ)τin (3.23)

where,

A(Θ) =

[
θ̇

−M(θ)−1H(θ̇, θ)

]
(3.24)

B(Θ) = [0, (M(θ)−1)T ]T (3.25)
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Suppose (Θe, τ ein) is the equilibrium point and input of the system (3.23),

applying the approximate linearization approach, the model (3.23) can be

written as a linear state-space system using deviation variables,

Ω̇ = FΩ+Gτin (3.26)

where, Ω = Θ−Θe is the deviation variable, and

F = (
∂A

∂Θ
+

∂B

∂τin
)

∣∣∣∣
(Θe, τein)

(3.27)

G = B(Θe) (3.28)

Based on (3.26), the output of the linear dynamics is decomposed into zero

input response and zero state response,

Ω(t+ ζ) = eFζΩ(t) +

∫ ζ

0

eFςdςGτin(t) ≡ P(ζ)Ω(t) +Q(ζ)τin(t) (3.29)

As long as the deviation variables remain small enough, the following rela-

tionship can be obtain,

Θ(t)−Θd(t) ≡ Θerr(t) = Ωerr(t) ≡ Ω(t)− Ωd(t) (3.30)

According to (3.29) and (3.30), a simpler problem can be formulated by

assuming τin(t + ζ) = τinopt, ∀ζ ∈ [0, Tp], which can be solved much more

easily, and the cost function given in (3.19) can be rewritten in a vector form,

J = [WΘerr + λẆΘ̇err]
T [WΘerr + λẆΘ̇err]

= [WQ∆τin +WP + λẆ
d

dt
(Q∆τin +P)−WΘd − λẆΘ̇d]

T

[WQ∆τin +WP+ λẆ
d

dt
(Q∆τin +P)−WΘd − λẆΘ̇d] (3.31)
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where W = diag(w) and Ẇ = diag(ẇ), weighting matrices with nonzero

elements on the diagonals. The (3.31) can be rewritten in a more compact

form as,

J = [Q̃∆τin + P̃− Θ̃d]
T [Q̃∆τin + P̃− Θ̃d] (3.32)

where, Q̃ = WQ+ λẆ d
dt
Q, P̃ = WP + λẆ d

dt
P, and Θ̃d = WΘd + λẆΘ̇d.

The optimal solution that minimizes the quadratic cost function (3.32) is

∆τin = −U−1V (3.33)

where, U ≡ 2(Q̃T Q̃) and V ≡ 2(P̃ − Θ̃d)
T Q̃. In this research, the optimal

fashion is considered that all elements of vector ∆τin except the first are zero.

As a result, using the on-line measured multi-joint viscosity RA(t) and multi-

joint stiffnessKA(t) data of human multi-joint arm obtained by experiment to

get τc in the proposed control system, we can onlinely calculate the optimal

τd which is assumed to be the term of generated torque ∂τA
∂u

δu related to

the effect of CNS in (2.14), namely, the optimal R∗
A(t) and K∗

A(t) can be

estimated by using (3.14) and (3.15). Then, the desired input torque τin =

τc + τd is obtained by using human-simulated multi-joint arm viscoelastic

properties to make the designed robot move skillfully and smoothly like the

human multi-joint arm.

3.4 Simulation results based on experimental

data

By using the designed experimental system and the proposed estimating

method in [96], the multi-joint stiffness and multi-joint viscosity of a human
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multi-joint arm are estimated online and shown in Figures 3.4 and 3.5, re-

spectively, where, the human multi-joint arm (The structure parameters, Z1

= 0.4507, Z2= 0.1575 and Z3 = 0.1530, the physical parameters l1=0.27(m),

l2=0.34(m)) moves from the start position (x, y) = [14.32, 43.30](cm) to the

end position (x, y) = [-46.68, 25.19](cm). In recursive filter, the cut-off fre-

quencies of the third-order band-pass filter to generate τ f , θfs , θ
f
e , θ̇

f
s and θ̇fe

are 0.5[Hz] and 9.5[Hz]. For designing the filter, we use the case of m = 3,

then E(τ 6i ) is obtained,

E(τ 6i ) = σ6
∆i
ϕ
(6)
i (γ∆i

) + 15σ4
∆i
ϕ
(4)
i (γ∆i

)σ2
ζii

+15σ2
∆i
ϕi(γζii)σ

4
ζii

+ σ6
ζii
ϕi(γζii) (3.34)

where, ϕ
(6)
i (γ∆i

) = 15 and ϕ
(4)
i (γ∆i

) = 3. The estimated shape parame-

ters using the proposed method are shown in Figure 3.6. The experimental

results have shown that the human multi-joint arm movement process is

non-Gaussian, namely, the shape parameters are time varying.

In the robot arm control system simulation, the controlled robot arm is

a human multi-joint arm model, the desired trajectory is the experimental

trajectory of measuring human multi-joint arm stiffness and viscosity, and

the estimated human multi-joint arm stiffness and viscosity are fed to the

controller. Based the proposed modified forward gaze model, when a position

(x(t), y(t)) is given during human arm-like robot movements, the estimated

position (x(t + ∆t), y(t + ∆t)) after ∆t seconds can be calculated based

on the motion state of point (x(t), y(t)). If the difference is recognized

between the estimated position (x(t+∆t), y(t+∆t)) and the desired position
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Figure 3.4: Estimated human multi-joint arm stiffness by experiment
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Figure 3.5: Estimated human multi-joint arm viscosity by experiment
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(xd(t + ∆t), yd(t + ∆t)) of desired trajectory, to make the robot arm move

directly to the new temporary goal point, a modification torque τd based the

optimal R∗
A(t) or K

∗
A(t) using the proposed algorithm can be obtained. To

find the optimal solution that minimizes the cost function given in (3.16),

firstly the parameters βy = βẏ =0.7 in (3.20) and (3.21), λ=2 in (3.17) are

designed. Based the designed parameters and the proposed algorithm, the

optimal R∗
A(t) and K∗

A(t) can be obtained and shown in Figures 3.7 and

3.8. The joint angles and endpoint position tracking simulation results using

the proposed method are shown in Figures 3.9 and 3.10, respectively. From

Figures 3.9 to 3.10, we can find that the simulation motion trajectory based

the proposed method tracks the desired trajectory. The effectiveness of the

proposed method is confirmed by simulation results based on experimental

data.
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Figure 3.6: Estimated shape parameters γi in the experiment
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Figure 3.7: The obtained optimal K∗
A(t) by simulation

3.5 Conclusion

In this chapter, the robot arm control system based on human multi-joint

arm viscoelastic properties and the forward gaze model is given. The time-

vary estimated viscoelastic properties of human multi-joint arm is used in

designing controller of robot arm control system. The control input torque

vector related to the effect of CNS is compensated by the modified forward

gaze model. The feasibility of the proposed control scheme is confirmed by

simulation results based on experimental data.

The merit of the proposed method is to design a controller to imitate the

motion mechanism of human multi-joint arm viscoelasticity and use the for-

ward gaze model to compensate the term related to the effect of CNS. That
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Figure 3.8: The obtained optimal R∗
A(t) by simulation
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Figure 3.9: The joint angles tracking results by simulation
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Figure 3.10: The endpoint position tracking result by simulation

is, in the proposed design scheme, the real measured data from human multi-

joint arm viscoelastic properties is used to obtain desired motion mechanism,

and the modified forward gaze model is proposed to compensate the term

related to the effect of CNS. According to the present design scheme, the

relationship between the desired response trajectory of robot arm and ap-

propriate control input torques which are generated by the human arm-like

multi-joint viscoelasticity is given, and the real trajectory can be adjusted

promptly by the modified forward gaze model based on the error between

desired response trajectory and predicted trajectory. The main reason to

use the forward gaze model is that the method has been used for preview

driver control. Namely, the model can reduce the jerkiness. As a result, the

jerkiness of robot arm is reduced.





Chapter 4

Robot arm control system
design based on human
multi-joint arm viscoelastic
properties and operator theory

4.1 Introduction

As far as we know, the robot arm is a highly nonlinear and dynamically

coupled system, which is subject to disturbances and model uncertainties.

Many approaches have been proposed to design controllers that are more

robust so that their performance is not sensitive to modeling errors. For

example, the disturbances were compensated by designing the disturbance

observer based on the state space. In recent years, it is well known that the

operator based approach has been a promising approach for analysis, design,

stabilization and control of nonlinear system with disturbances and model

uncertainties. Especially, the robust right coprime factorization approach has

attracted much attention due to its convenient in researching input-output

57
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stability problems of nonlinear system with uncertainties. Therefore, the mo-

tion mechanism of human multi-joint arm viscoelasticity and operator theory

can be combined to make the designed robot arm with human-simulated mo-

tion mechanism to guarantee robust stability and realize the desired tracking

performance in the presence of model uncertainties. As a result, in this Chap-

ter, operator-based nonlinear robust stable tracking control system design for

the robot arm based on human multi-joint arm viscoelastic properties and

operator theory is considered.

In Section 4.2, the fundamental theories on operator are introduced. In

detail, first, the definitions on spaces which are the basis of the research are

given. Second, definitions on the characteristic of operators including lin-

ear and nonlinear, bounded input bounded output (BIBO) stable, invertible,

causal, unimodular are defined, respectively. Also, the standard Lipschitz

operator and generalized Lipschitz operator are described. Third, operator

theory based right factorization, right coprime factorization and robust right

coprime factorization of a nonlinear plant in a fairly general operator setting

are introduced. Based on the conditions, BIBO stability of the nonlinear

systems can be guaranteed, even for the system with unknown bounded un-

certainty.

In Section 4.3, an operator-based robust nonlinear tracking control sys-

tem design for a robot arm with human multi-joint arm-like viscoelastic prop-

erties is discussed by using robust right coprime factorization approach and

a forward operator. Where, first, the robot arm control scheme is proposed,

where, the components of control scheme, namely, an operator controller
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based on real measured data from human multi-joint arm viscoelasticity to

obtain desired motion mechanism, and the forward operator to compensate

the term related to the effect of CNS are introduced separately. Secondly, an

operator-based nonlinear feedback control scheme is proposed to eliminate

the effect of uncertain plant. Finally, main results on conditions of robust

stability and tracking are derived. Simulation results based on experimental

data is given to confirm the effectiveness of proposed control scheme.

In Section 4.4, moreover, considering it produces unknown time-varying

delays while the real measured data of human multi-joint arm viscoelasticity

is fed to the designed controller based on human multi-joint arm viscoelastic

properties, a new operator-based robust nonlinear tracking control system de-

sign for a robot arm with human multi-joint arm-like viscoelastic properties

in the presence of unknown time-varying delays is proposed by using robust

right coprime factorization approach, a delay operator and a compensation

operator. To begin with, the robot arm control system scheme is proposed,

where, the components of control scheme, namely, an operator controller

based on real measured data from human multi-joint arm viscoelasticity to

obtain desired motion mechanism, a delay operator to describe property of

time-varying delay, and the compensation operator to compensate the term

related to the effect of CNS and to remove the effect of unknown time-varying

delay are introduced, respectively. Besides, main results on conditions of

robust stability and tracking are derived. Simulation results based on ex-

perimental data is given to confirm the effectiveness of the proposed control

scheme.



60 CHAPTER 4. ROBOT ARM CONTROL SYSTEM DESIGN-II

In Section 4.5, the conclusion of this Chapter is given.

4.2 Fundamental theories on operator

4.2.1 Definitions of spaces

In mathematics, a space is a set with some added structures. There are two

basic spaces: linear spaces (called also vector spaces) and topological spaces,

where, linear spaces are of algebraic nature, and topological spaces are of

analytic nature. On linear spaces, there are real linear spaces (over the field

of real numbers), complex linear spaces (over the field of complex numbers),

and more generally, linear spaces over any field. In this dissertation, the used

space is based on linear spaces.

Normed linear space:

Consider a space X of time functions, X is said to be a vector space if it is

closed under addition and scalar multiplication. The space X is said to be

normed if each element x in X is endowed with norm ∥ · ∥X , which can be

defined in any way so long as the following three properties are fulfilled:

1) ∥x∥ is real, positive number and is different from zero unless x is iden-

tically zero.

2) ∥ax∥ = |a|∥x∥.

3) ∥x1 + x2∥ ≤ ∥x1∥+ ∥x2∥.

It should be mentioned that every normed space is a linear topological space.
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Banach space:

Banach space is defined as a complete normed space. This means that a

Banach space is a vector space X over the real or complex numbers with

a norm ∥ · ∥ such that every Cauchy sequence (with respect to the metric

d(x, y) = ∥x − y∥) in X has a limit in X. Many spaces of sequences or

functions are infinite dimensional Banach spaces.

Extended linear space:

Let Z be the family of real-valued measurable functions defined on [0,∞),

which is a linear space. For each constant T ∈ [0,∞), let PT be the Pro-

jection operator mapping from Z to another linear space, ZT , of measurable

functions such that

fT (t) := PT (f)(t) =

{
f(t), t ≤ T

0, t > T
(4.1)

where, fT (t) ∈ ZT is called the truncation of f(t) with respect to T . Then,

for any given Banach space X of measurable functions, set

Xe = {f ∈ Z : ∥fT∥X < ∞, for all T < ∞}. (4.2)

Obviously, Xe is a linear subspace of Z. The space so defined is called the

extended linear space associated with the Banach space X.

It should be noted that the extended linear space is not complete in

norm in general, and hence not a Banach space, but it is determined by a

relative Banach space. The reason of using extended linear space is that

all the control signals are finite time-duration in practice, and many useful

techniques and results can be carried over from the standard Banach space

X to the extended space Xe if the norm is suitably defined.
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4.2.2 Definitions of operators

Let X and Y be linear spaces over the field of real numbers, and let Xs

and Ys be normed linear subspaces, called the stable subspaces of X and

Y , respectively, defined suitably by two normed linear spaces under certain

norm Xs = {x ∈ X : ∥x∥ < ∞} and Ys = {y ∈ Y : ∥y∥ < ∞}.

Operator:

An operator Q : X → Y is a mapping defined from input space X to the

Figure 4.1: Diagram of operator

output space Y. The operator Q can be described as shown in Figure 4.1

and it can also be expressed in the mathematical form as y(t) = Q(u)(t)

where u(t) is the element of X and y(t) is the element of Y.

Linear and nonlinear operator:

Let Q : X → Y be an operator mapping from X to Y , and denote by

D(Q) and R(Q), respectively, the domain and range of Q. If the operator

Q : D(Q) → Y satisfies Addition Rule and Multiplication Rule

Q : ax1 + bx2 → aQ(x1) + bQ(x2)

for all x1, x2 ∈ D(Q) and all a, b ∈ C, then Q is said to be linear, otherwise,

it is said to be nonlinear. Since linearity is a special case of nonlinearity,
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in what follows ‘nonlinear’ will always mean ‘not necessarily linear’ unless

otherwise indicated.

Bounded input bounded output (BIBO) stability:

Let Q be a nonlinear operator with its domain D(Q) ⊆ Xe and rangeR(Q) ⊆

Y e. If Q(X) ⊆ Y , Q is said to be input output stable. If Q maps all

input functions from Xs into the output space Ys, that is Q(Xs) ⊆ Ys, then

operator Q is said to be bounded input bounded output (BIBO) stable or

simply, stable. Otherwise, namely, if Q maps some inputs from Xs to the set

Y e\Ys (if not empty), then Q is said to be unstable. For any stable operators

defined here and later in this dissertation, they always mean BIBO stable.

Invertible:

An operator Q is said to be invertible if there exists an operator P such that

Q ◦ P = P ◦Q = I. (4.3)

P is called the inverse of Q and is denoted by Q−1, where, I is identity

operator, and Q ◦ P (or simply Q(P (·)) or QP ) is an operation satisfying

D(Q ◦ P ) = P−1(R(P ) ∩ D(Q)). (4.4)

Unimodular operator:

Let S(X,Y ) be the set of stable operators mapping from X to Y . Then,

S(X,Y ) contains a subset defined by

U(X,Y ) = {M : M ∈ S(X,Y ), M is invertible with M−1 ∈ S(Y,X)}. (4.5)
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Elements of U(X, Y ) are called unimodular operators.

Lipschitz operator:

For any subset D ⊆ X, let F(D,Y ) be the family of nonlinear operators Q

such that D(Q) = D and R(Q) ⊆ Y . Introduce a (semi)-norm into (a subset

of) F(D, Y ) by

∥Q∥ := sup
x, x̃ ∈ D
x ̸= x̃

∥∥Q(x)−Q(x̃)
∥∥
Y

∥x− x̃∥X

if it is finite. In general, it is a semi-norm in the sense that ∥Q∥ = 0 does

not necessarily imply Q = 0. In fact, it can be easily seen that ∥Q∥ = 0 if Q

is a constant operator (need not to be zero) that maps all elements from D

to the same element in Y .

Let Lip(D,Y ) be the subset of F(D,Y ) with its all elements Q satisfying

∥Q∥ < ∞. Each Q ∈ Lip(D,Y ) is called a Lipschitz operator mapping

from D to Y , and the number ∥Q∥ is called the Lipschitz semi-norm of the

operator Q on D.

It is evident that a Lipschitz operator is both bounded and continuous

on its domain. Next, generalized Lipschitz operator is introduced, which is

defined on extended linear space.

Generalized Lipschitz operator:

Let Xe and Y e be extended linear spaces associating respectively with two

given Banach spaces X and Y of measurable functions defined on the time

domain [0,∞), and let D be a subset of Xe. A nonlinear operator Q : D →

Y e is called a generalized Lipschitz operator on D if there exists a constant
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L such that

∥∥[Q(x)]T − [Q(x̃)]T
∥∥
Y
≤ L∥xT − x̃T∥X (4.6)

for all x, x̃ ∈ D and for all T ∈ [0,∞). Note that the least such constant L

is given by the norm of Q with

∥Q∥Lip := ∥Q(x0)∥Y + ∥Q∥

= ∥Q(x0)∥Y

+ sup
T∈[0,∞)

sup
x, x̃ ∈ D
xT ̸= x̃T

∥∥[Q(x)]T − [Q(x̃)]T
∥∥
Y

∥xT − x̃T∥X
(4.7)

for any fixed x0 ∈ D.

Based on (4.7), it follows immediately that for any T ∈ [0,∞)

∥∥[Q(x)]T − [Q(x̃)]T
∥∥
Y
≤ ∥Q∥∥xT − x̃T∥X

≤ ∥Q∥Lip∥xT − x̃T∥X . (4.8)

Lemma 4.1 Let Xe and Y e be extended linear spaces associating respectively

with two given Banach spaces X and Y , respectively, and let D be a subset

of Xe. The following family of Lipschitz operators is a Banach space:

Lip(D, Y e) =

{
Q : D → Y e

∣∣∥Q∥Lip < ∞ on D

}
. (4.9)

Proof. The proof is given in Appendix B.1 [80].

It should be remarked that the family of standard Lipschitz operator and

generalized Lipschitz operator are not comparable since they have different

domains and ranges. The definition of generalized Lipschitz operator has
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been proved more useful than standard Lipschitz operator for nonlinear sys-

tem control and engineering in the considerations of stability, robustness,

uniqueness of internal control signals. For any operators defined throughout

the paper, they are always assumed to be generalized Lipschitz operators. For

simplicity, Lipschitz operator is always mean the one defined in generalized

case in this dissertation.

In this dissertation, Lip(D) = Lip(De, De). In the following, the causality

is introduced, which is a basic requirement for realizing a physical system.

Causal:

Let Xe be the extended linear space associated with a given Banach space X,

and let Q : Xe → Xe be a nonlinear operator describing a nonlinear control

system. Then, Q is said to be causal if and only if

PTQPT = PTQ (4.10)

for all T ∈ [0,∞), where PT is the projection operator.

The physical meaning behind the definition of causality may be under-

stood as follows. If the system outputs depend only on the present and past

values of the corresponding system inputs, then we have QPT (u) = Q(u) for

all input signals u in the domain of Q, so that PTQPT = PTQ. Conversely,

if PTQPT = PTQ for all T ∈ [0,∞), then we have PTQ(I − PT )(u) = 0

for all input u in the domain of Q, which implies that any future value of

a system input, (I − PT )(u), does not affect the present and past values of

the corresponding system output given by PTQ(·), or in other words, system

outputs depend only on the present and past values of the corresponding
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system inputs.

Lemma 4.2 A nonlinear operator Q : Xe → Xe is causal if and only if for

any x, y ∈ Xe and T ∈ [0,∞), xT = yT implies [Q(x)]T = [Q(y)]T .

Proof. The proof is given in Appendix B.2 [80].

Lemma 4.3 If Q : Xe → Xe is a generalized Lipschitz operator, then Q is

causal.

Proof. The proof is given in Appendix B.3 [80].

Note that a nonlinear operator may produce non-unique outputs from an

input, particularly for a set-valued mapping. However in real practice, the

internal signals in the system are always required to be unique. It is clear

from the definition of generalized Lipschiz operator that it guarantees the

uniqueness requirement.

4.2.3 Right coprime factorization

Right factorization:

An operator based given process with right factorization P is shown in Figure

4.2, The operator process P is said to have a right factorization composed

of two operators N and D, where operators N and D are stable and D is

invertible. N and D−1 can be either linear or nonlinear. Suppose P is a

nonlinear operator, for instance, both N and D are nonlinear operators in

general. Such a factorization of P is denoted by (N,D) and space W is called

a quasi-state space of P .
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Figure 4.2: Right factorization of an operator process

Right coprime factorization:

Let (N,D) be a right factorization of P . If the two operators N and D

together satisfy the following Bezout identity

SN +RD = M, for some M ∈ U(W,U) (4.11)

for some operators A and B, where B is invertible and M is unimodular

operator, then the right factorization is said to be coprime. An operator

theory based right coprime factorization system is shown in Figure 4.3, U

and Y are used to denote the input and output spaces of the given process

operator P . Usually, P is unstable and (N,D,A,B) are to be determined.

It’s worth to mention that the initial state should also be considered,

that is, AN(w0, t0) + BD(w0, t0) = M(w0, t0) should be satisfied. In this

dissertation, t0 = 0 and w0 = w0(t0) are selected.

In most of the research, the researchers choose W = U briefly, meaning

U and W are same linear space and M = I, I is the identity operator.

Well-posedness:

The feedback control system shown in Figure 4.3 is said to be well-posed, if
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Figure 4.3: Operator based nonlinear feedback control system

for every input signal r ∈ U , all signals in the system (i.e., e, u, w, b and y)

are uniquely determined.

Overall stable:

The feedback control system shown in Figure 4.3 is said to be overall stable,

if r ∈ Us, implies that u ∈ Us, y ∈ Vs, w ∈ Ws, e ∈ Us and b ∈ Us.

Lemma 4.4 Assume that the system shown in Figure 4.3 is well-posed. If

the system has a right factorization P = ND−1, then the system is overall

stable if and only if the operator L in (4.11) is a unimodular operator.

Proof: The proof is given in Appendix B.4 [80].

Robust right coprime factorization

Generally speaking, for nonlinear process, if the corresponding control sys-

tem with uncertainty remains stable, the system is said to be robust stable.

As for nonlinear feedback control systems with unknown bounded uncer-
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Figure 4.4: Operator based nonlinear feedback control system with uncer-
tainty

tainty, a robust condition about right coprime factorization was derived in

[81].

Operator theory based nonlinear feedback control system with uncer-

tainty is given in Figure 4.4, where the nominal process and uncertainty are

P and ∆P , respectively, and the overall process P̃ is P̃ = P +∆P . The right

factorization of the nominal process P and the overall process P̃ are

P = ND−1 (4.12)

and

P +∆P = (N +∆N)D−1 (4.13)

where N , ∆N , and D are stable operators, D is invertible, ∆N is unknown

but the upper and lower bounds are known. According to (4.1) and Lemma

4.4, the BIBO stability of the nonlinear feedback control system with uncer-
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tainty can be guaranteed provided that

A(N +∆N) + BD = M̃ (4.14)

where, M̃ is unimodular operator. This Bezout identity is called perturbed

Bezout identity in this dissertation. For obtaining this condition, [?] referred

that if

A(N +∆N) = AN (4.15)

then the system is stable because of the fact that

A(N +∆N) +BD = AN +BD = M. (4.16)

As a matter of fact, the condition is restrictive and is difficult to design S

satisfying (4.15) because that ∆N is unknown. For improving that, an ex-

tended condition, robust right coprime factorization condition was proposed

in [81].

Lemma 4.5 Let U e
s be a linear subspace of the extended linear space U e

associated with a given Banach space UB, and let (A(N −∆N)+AN)M−1 ∈

Lip(U e
s ). Let the Bezout identity of the nominal process and the real process

be AN +BD = M ∈ U(W,U), A(N +∆N) +BD = M̃ , respectively. If

∥(A(N +∆N)− AN)M−1∥ < 1 (4.17)

then the system shown in Figure 4.4 is stable.

Proof: The proof is given in Appendix B.5 [81] .
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Figure 4.5: Operator based MIMO nonlinear feedback system with uncer-
tainties

Similarly, operator theory based robust control for multi-input multi-

output (MIMO) nonlinear systems with uncertainties shown in Figure 4.5

was considered in [88], where, P = (P1,· · · , Pn) is nominal plant and ∆P =

(∆P1,· · · , ∆Pn) is uncertainty. Suppose that the nominal plant P and real

plant P̃ = P +∆P have right factorization as P = ND−1 and P̃ = ÑD−1 =

(N +∆N)D−1, namely

{
Pi = NiD

−1
i , i = 1, 2, · · · , n

Pi +∆Pi = (Ni +∆Ni)D
−1
i , i = 1, 2, · · · , n (4.18)

where Ni, ∆Ni and Di are stable such that D−1
i is invertible, ∆Ni is unknown

but the upper and lower bounds are known. Consequently, for the MIMO

nonlinear system with uncertainties and coupling effects, the Bezout identity

of the nominal plant and the real plant are AiNi + BiDi = Mi ∈ S(W,U),

Ai(Ni + ∆Ni) + BiDi = M̃i ∈ S(W,U), respectively, then the robust BIBO
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stability can be guaranteed provided that∥∥∥∥[Ai(Ni +∆Ni)− AiNi]M
−1
i

∥∥∥∥ < 1, i = 1, 2, · · · , n (4.19)

4.3 Robot arm control system design based

on human multi-joint arm viscoelastic prop-

erties and a forward operator

In this section, an operator-based robust nonlinear tracking control for the

robot arm based on human multi-joint arm-like viscoelastic properties and

a forward operator is considered. Where, the robot arm control scheme is

proposed, an operator-based nonlinear feedback control scheme is presented

to eliminate effect of uncertain plant, and main results on conditions of robust

stability and tracking are derived. Firstly, the robot arm control scheme is

introduced.

4.3.1 Robust nonlinear tracking control scheme

According to the dynamic model of robot arm in (2.1), we can see that

the two-input two-output process is nonlinear system with coupling effect.

Generally, it is difficult to obtain the real values in modeling the struc-

tural parameters of robot arm. Therefore, there exists the measurement

error between the actual value of structural parameters and the value ob-

tained by measuring. Moreover, there exist unpredictable disturbances in

the control system. In this dissertation, the measurement error and dis-

turbances are considered to be uncertainties of model. For the robot arm
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Figure 4.6: The proposed operator-based robust nonlinear tracking control
for the robot arm

with uncertainties, an operator-based robust nonlinear output tracking con-

trol scheme is proposed by using robust right coprime factorization approach

and the forward operator. The proposed robust nonlinear tracking structure

is shown in Figure 4.6, where, the overall plant is P̃ = (P̃1, P̃2), which in-

cludes two parts, the nominal plant P = (P1, P2) and the uncertain plant

∆P = (∆P1, ∆P2), namely, P̃ = P +∆P . The nominal plant P and overall

plant P̃ are assumed to have right factorization as Pi = NiD
−1
i (i=1, 2) and

P̃i = Pi + ∆Pi = (Ni + ∆Ni)D
−1
i (i=1, 2), respectively, Ni, ∆Ni, and Di

(i=1, 2) are stable operators, Di is invertible, ∆Ni is unknown but the upper

and lower bounds are known. For the robot arm, right factorizations N and

D of the robot arm dynamics in (2.1) are shown as the following forms,{
Di(ωi)(t) = Mi(ω(t))ω̈i(t) +Hi(ω̇(t), ω(t)), i = 1, 2

Ni(ωi)(t) = ωi(t), i = 1, 2
(4.20)

r = (θ1d, θ2d) and y = (θ1, θ2) are the reference input and plant output,

respectively, u = (u1, u2) is joint torque control input. r̂ = (θ̂1, θ̂2) is an
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estimated value of r, and is represented as the rapid prediction of movement.

In this paper, for brevity, we limit the problem on the case of r̂ = r. The

operator controllers S and R are designed to eliminate effect of model uncer-

tainties, u∗ = (u∗
1, u

∗
2) is the input of the equivalent plant P

∗. The controller

B is stable linear control operator and invertible, and is designed to obtain

desired motion mechanism of human multi-joint arm using time-varying mea-

sured human multi-joint arm viscoelasticity. F is the forward operator, and

is designed to compensate the effect of CNS during human multi-joint arm

movements. In the following, how to design the operator controllers S and

R to eliminate effect of model uncertainties, and how to design the opera-

tor controller B and the forward operator F to guarantee the robust stable

tracking conditions will be explained.

4.3.2 Eliminating effect of model uncertainties

The fact that the uncertain plant ∆P is unknown generates difficulties in

designing operator controllers to obtain the desired performance. In order to

solve that, a nonlinear feedback control scheme based on operator approach

as a part of the proposed robust nonlinear output tracking control system is

designed, and is shown in Figure 4.7. Then, concerning the nonlinear control

scheme with uncertainties shown in Figure 4.7, it follows that

e∗(t)=u∗(t)− S(N +∆N)(ω)(t) + SN(w0)(t)

=RD(w0)(t) (4.21)
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That is,

u∗(t)− S(N +∆N)(ω)(t) = (RD − SN)(w0)(t) (4.22)

thus the equivalent block diagram of Figure 4.7 is given as Figure 4.8.

Figure 4.7: An operator-based nonlinear feedback control scheme

Figure 4.8: Equivalent system of Figure 4.7

Based on the concept of Lipschitz operator and Contraction Mapping
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Theorem, the effect of uncertainties can be eliminated by designing the op-

erator controllers S and R under the following conditions.

Theorem 1. The proposed nonlinear feedback control system with uncer-

tainties shown in Figure 4.7, if {
SP = I
R = I

(4.23)

then the new equivalent plant P ∗ = P , and the effect of uncertainties can be

eliminated, where, I is an identity operator.

Proof . For the nonlinear feedback system shown in Figure 4.8, if the condi-

tions (4.23) are satified, it has that

u∗(t)− S(y)(t) + SND−1(u)(t) = R(u)(t) (4.24)

That is,

u∗(t)=S(y)(t)− SP (u)(t) +R(u)(t)

=P−1(y)(t)− I(u)(t) + I(u)(t)

=P−1(y)(t) (4.25)

Then, y(t) = P (u∗)(t), and the new equivalent plant P ∗ = P , the effect of un-

certainties can be eliminated, this completes the proof. Then the equivalent

block diagram of Figure 4.8 is given as Figure 4.9.

For the new equivalent plant P ∗, right factorizations N∗ and D∗ of the

plant P ∗ are shown as the following forms,{
D∗

i (ω
∗
i )(t) = Mi(ω

∗(t))ω̈∗
i (t) +H(ω̇∗(t), ω∗(t)), i = 1, 2

N∗
i (ω

∗
i )(t) = ω∗

i (t), i = 1, 2
(4.26)

where operators N∗
i and D∗

i are stable, and D∗
i are invertible.
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Figure 4.9: Equivalent block diagram Figure 4.8

4.3.3 Main results on conditions of robust stability and
tracking

According to Theorem 1, the equivalent block diagram of Figure 4.6 can be

obtained and shown in Figure 4.10.

Figure 4.10: Equivalent block diagram Figure 4.6

Concerning the robust nonlinear tracking control system for the robot

arm with uncertainties shown in Figure 4.6 or the equivalent system shwon
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in Figure 4.10, the operator controller B is designed to satisfy that Mi =

N∗
i + BiD

∗
i (i=1, 2) are unimodulars. The stable operator controller B is

designed as following,

B−1(e)(t) = −R(t)ė(t)−K(t)e(t) (4.27)

where, R(t) and K(t) are assumed to be the desired time-varying two-joint

viscosity and time-varying two-joint stiffness, respectively, and can be defined

based on the dynamics of robot arm. According to robot arm dynamic model

in (2.1), the following equation can be obtained,

M(θ)
dθ̈

dt
+

∂H(θ̇, θ)

∂θ̇

dθ̇

dt
+ [

∂M(θ)θ̈

∂θ
+

∂H(θ̇, θ)

∂θ
]
dθ

dt

=
∂τ

∂θ̇
θ̈ +

∂τ

∂θ
θ̇

=−R(t)θ̈ −K(t)θ̇ (4.28)

where, the viscosity matrix R(t) and the stiffness matrix K(t) are defined,

respectively.

−∂τ

∂θ̇
≡ R(t) =

(
R11 R12

R21 R22

)
(4.29)

−∂τ

∂θ
≡ K(t) =

(
K11 K12

K21 K22

)
(4.30)

In this research, the viscosity matrix R(t) and the stiffness matrix K(t)

are obtained by using the online measured viscoelastic exprimental data

RA(t) andKA(t) of human multi-joint arm with the approximate same struc-

tural parameters as the robot arm.
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Based on the equations (2.1) and (4.28), the following equation is ob-

tained,

M(θ)θ̈ +H(θ̇, θ) = −R(t)θ̇ −K(t)θ + C (4.31)

where C is an unknown constant. Based on the equations (4.27) and (4.31),

and,

B−1(e)(t) = −R(t)ė(t)−K(t)e(t)

= M(e(t))ë(t) +H(ė(t), e(t)) (4.32)

Accroding to the designed right factorizations N∗
i (ω

∗
i )(t), D∗

i (ω
∗
i )(t), and

B−1(e)(t), the following relationship is obtained,

Mi = N∗
i +BiD

∗
i = 2ω∗

i (t), i = 1, 2 (4.33)

are unimodulars.

Based on the designed operator controller B, then the output tracking

performance can be realized by designing the forward operator F .

Theorem 2. The proposed nonlinear tracking control for the robot arm based

on human multi-joint arm viscoelastic properties and the forward operator

shown in Figure 4.6, if

FP = I (4.34)

then the output y(t) tracks to the reference input r(t).

Proof . Based on the proposed design scheme, the system shown in Figure
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4.11 is equivalent to Figure 4.10, where, M = N∗ +BD∗, then,

y(t) = NM−1(r(t) +BFr̂(t))

= NM−1(r(t) +BP−1r̂(t))

= NM−1(r(t) +BDN−1r̂(t))

= NM−1(r(t) +BD∗N−1r̂(t))

= NM−1(N∗ +BD)N−1r(t)

= NM−1MN−1r(t)

= r(t) (4.35)

This completes the proof.

Figure 4.11: Equivalent block diagram Figure 4.5

From Theorem 1 and Theorem 2 we can find that based on the pro-

posed robust nonlinear tracking scheme, the effect caused by the uncertain

plant can be eliminated by designing the operator controllers S and R in the
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designed operator-based nonlinear feedback control system, the BIBO sta-

bility can be guaranteed by the designed operator controller B. The output

tracking performance can be realized by designed operator controller B and

the forward operator F .

4.3.4 Simulation results based on experimental data

By using the designed experimental system and the proposed estimating

method in [96], the multi-joint stiffness and multi-joint viscosity of a human

multi-joint arm are estimated online and shown in Figures 4.12 and 4.13, re-

spectively, where, the human multi-joint arm (The structure parameters, Z1

= 0.4507, Z2= 0.1575 and Z3 = 0.1530, the physical parameters l1=0.27(m),

l2=0.34(m)) moves from the start position (x, y) = [-2.8728, 32.7503](cm) to

the end position (x, y) = [21.9969, 36.1739](m).
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Figure 4.12: Estimated human multi-joint arm stiffness by experiment
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Figure 4.13: Estimated human multi-joint arm viscosity by experiment

In the proposed robot arm control system simulation, the controlled robot

arm is a human multi-joint arm model, the desired trajectory is the exper-

imental trajectory of measuring joint stiffness and joint viscosity of human

multi-joint arm, and the estimated joint stiffness and joint viscosity are fed

to the operator controller B. The controllers S and R are designed by condi-

tions (4.23), namely, SP = I and R = I. The forward operator F is designed

based on conditions (4.34), namely, FP = I. The uncertainties of structural

parameters of the robot arm is considered to be Zi = Z∗
i + ∆Zi, ∆ = 0.05,

where Z∗
i is assumed to be real value. Moreover, the disturbances is consid-

ered to be τd = 0.5 + 0.05 ∗ sin(2πt). The effect of structural uncertainties

and disturbances is summarized into ∆N . Based on the proposed method,

the joint angles and endpoint position tracking simulation results are shown
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Figure 4.14: The joint angles tracking results by simulation
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Figure 4.15: The endpoint position tracking result by simulation



4.4. SYSTEM DESIGN BASED ON COMPENSATION OPERATOR 85

in Figures 4.14 and 4.15, respectively. From Figures 4.14 and 4.15, we can

find that the simulation motion trajectory based on the proposed method

can track the desired trajectory, and the effectiveness of the proposed con-

trol system can be confirmed by simulation results based on experimental

data.

4.4 Robot arm control system design based

on human multi-joint arm viscoelastic prop-

erties and a compensation operator

In this section, moreover, considering it produces unknown time-varying de-

lays while the real measured data of human multi-joint arm viscoelasticity

is fed to the designed controller based on human multi-joint arm viscoelastic

properties, a new operator-based robust nonlinear tracking control for a robot

arm with unknown time-varying delays is proposed based on human multi-

joint arm-like viscoelastic properties and a compensation operator. Where,

the robot arm control system scheme is proposed, a delay operator is in-

troduced to describe property of time-varying delay, and the compensation

operator to compensate the term related to the effect of CNS and to re-

move the effect of unknown time-varying delay are introduced. First, how to

describe the property of time-varying delay by operator will be discussed.

4.4.1 Property of time-varying delay

For the time-varying delay, many control methodologies have been proposed

to deal with the control synthesis of delayed systems [103, 104, 105, 106],
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such as Smith predictor method, observer-based control method, Lyapunov

function based approach and so on. However, most of the existing control

methods are based on constant time delay or a known upper bound on it, or

the designed system is linear. As a result, these solutions do not allow for the

direct use in controller design process of nonlinear systems with time-varying

delays. In this section, an operator delay is defined, and the property of

time-varying delay operator is discussed. Assume that in the operator-based

nonlinear system, the output signal of controller is ũ(t), and the unknown

time-varying delay is τ(t), then the output signal after the delay is

u∗(t) = ũ(t− τ)(t) (4.36)

which can be denoted by a delay operator Γ, that is u∗(t) = Γ(ũ)(t) =

ũ(t− τ)(t).

The existence of time-varying delays makes the control problem more

difficult because the time translation is not reversible. However, the property

of the control process ensures that the time-varying delay is bounded and will

not increase as fast as the time, that is, the time-varying delay τ(t) has the

following performance

0 ≤ τ(t) ≤ τmax, for all t ≥ 0 (4.37)

where τmax ≥ 0 is an upper bound on the delay. Thus, the delay operator Γ

is stable.

On the other hand, for u∗(t), because the time delay is irreversible, we

assume that the signal is sent before δ(t), and the process is denoted by an
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operator Φ, namely,

ũ(t) = u∗(t+ δ)(t) = Φ(u∗)(t) (4.38)

The operator Γ and Φ are indeed existing [84]. Also, based on the def-

inition of BIBO stability, both of the operators Γ and Φ are stable. Based

on the above discussion, it follows that the process from ũ(t) to u∗(t) and

the process from u∗(t) to ũ(t) can be described by two stable operators,

respectively.

4.4.2 Robust nonlinear tracking control scheme

Considering it produces unknown time-varying delays while the real mea-

sured data of human multi-joint arm viscoelasticity is fed to the designed

controller based on human multi-joint arm viscoelastic properties, for the

robot arm with uncertaintiesan, a new operator-based robust nonlinear track-

ing control system design for a robot arm with unknown time-varying delays

Figure 4.16: The proposed operator-based robust nonlinear tracking control
system
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is proposed based on human multi-joint arm-like viscoelastic properties and a

compensation operator (see Figure 4.16), where, the overall plant is P̃ = (P̃1,

P̃2), which includes two parts, the nominal plant P = (P1, P2) and the un-

certain plant ∆P = (∆P1, ∆P2), namely, P̃ = P +∆P . The nominal plant

P and overall plant P̃ are assumed to have right factorization as Pi = NiD
−1
i

(i=1, 2) and P̃i = Pi+∆Pi = (Ni+∆Ni)D
−1
i (i=1, 2), respectively, Ni, ∆Ni,

andDi (i=1, 2) are stable operators, Di is invertible, ∆Ni is unknown but the

upper and lower bounds are known. For the robot arm, right factorizations

N and D of robot arm dynamics are shown as the following forms,{
Di(ωi)(t) = Mi(ω(t))ω̈i(t) +Hi(ω̇(t), ω(t))

Ni(ωi)(t) = ωi(t), i = 1, 2
(4.39)

r = (θ1d, θ2d) and y = (θ1, θ2) are the reference input and plant output,

respectively, u = (u1, u2) is joint torque control input. r̂ = (θ̂1, θ̂2) is an

estimated value of r, and is represented as the rapid prediction of movement.

In this paper, for brevity, we limit the problem on the case of r̂ = r. The

operator controllers S and R are designed to eliminate effect of uncertainties,

u∗ = (u∗
1, u

∗
2) is the input of the equivalent plant P

∗. The controller B is sta-

ble operator and invertible, and is designed to obtain desired motion mecha-

nism of human multi-joint arm viscoelasticity using online time-varying mea-

sured human multi-joint arm viscoelasticity. F is the compensation operator,

and is designed to compensate the effect of CNS during human multi-joint

arm movements and to remove the effect of unknown time-varying delays. In

the following, and how to design the operator controller B and the compen-

sation operator F to guarantee the robust stable tracking conditions will be
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explained detailedly.

4.4.3 Main results on conditions of robust stability and
tracking

According the results of Sections 4.3.2 and 4.4.1, the equivalent block

diagram of the proposed control system shown in Figure 4.16 can be shown

by Figure 4.17.

Figure 4.17: Equivalent block diagram of Figure 4.16

For the proposed control system shown in Figure 4.16 or the equivalent

control system shown in 4.17, the operator controller B is designed to satisfy

that Mi = Ni +BiDi are unimodulars and described by following form,

B−1(e)(t) = −R(t)ė(t)−K(t)e(t) (4.40)

where, R(t) and K(t) are assumed to be the desired time-varying two-joint

viscosity and time-varying two-joint stiffness, respectively, and can be defined

based on the dynamics of robot arm. In this research, the assumed viscosity

matrix R(t) and the stiffness matrix K(t) are obtained by using the online
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measured viscoelastic exprimental data RA(t) and KA(t) of human multi-

joint arm with the approximate same structural parameters as the robot

arm. Accroding to the designed right factorizations Ni(ωi)(t), Di(ωi)(t), and

B−1(e)(t), we can find that,

Mi = Ni +BiDi = 2ωi(t), i = 1, 2 (4.41)

are also unimodulars.

Based on the designed operator controller B, then the tracking perfor-

mance can be realized by designing the forward operator F .

Theorem 3. The proposed nonlinear tracking control for the robot arm with

unknown time-varying delays shown in Figure 4.16, if

∥(BΦD −BD)M−1∥ < 1 (4.42)

the BIBO stability can be guaranteed, and the output y(t) tracks to the

reference input r(t) provided that FP = I.

Proof . Based on the proposed design scheme, the block diagram shown in

Figure 4.18 is equivalent to Figure 4.16, where, M̃ = N +BΦD, then,

y(t) = NM̃−1((r)(t) +BΦF (r̂)(t))

= NM̃−1((r)(t) +BΦP−1(r̂)(t))

= NM̃−1((r)(t) +BΦDN−1(r̂)(t))

= NM̃−1(N +BΦD)N−1(r)(t)

= NM̃−1M̃N−1(r)(t)

= r(t) (4.43)



4.4. SYSTEM DESIGN BASED ON COMPENSATION OPERATOR 91

Figure 4.18: Equivalent block diagram of Figure 4.17

This completes the proof.

FromTheorem 1 andTheorem 3 we can see that based on the proposed

design scheme, the effect caused by the uncertain plant can be eliminated by

designing the operator controllers S and R in the nonlinear feedback con-

trol system, the BIBO stability can be guaranteed by the designed operator

controller B. The output tracking performance can be realized by designed

operator controller B and the forward operator F .

4.4.4 Simulation results based on experimental data

By using the designed experimental system and the proposed estimating

method in [96], the multi-joint stiffness and multi-joint viscosity of a human

multi-joint arm are estimated online and shown in Figures 4.19 and 4.20, re-

spectively, where, the human multi-joint arm (The structure parameters, Z1

= 0.4507, Z2= 0.1575 and Z3 = 0.1530, the physical parameters l1=0.29(m),
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l2=0.32(m)) moves from the start position (x, y) = [-41.8397, 33.8566](cm)

to the end position (x, y) = [20.3261, 42.4389](cm).
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Figure 4.19: Estimated human multi-joint arm stiffness by experiment

In the proposed robot arm control system simulation, the controlled robot

arm is a human multi-joint arm model, the desired trajectory is the exper-

imental trajectory of measuring joint stiffness and joint viscosity of human

multi-joint arm, and the estimated joint stiffness and joint viscosity are fed

to the operator controller B. The controllers S and R are designed by con-

ditions (4.23), namely, SP = I and R = I. The forward operator F is

designed based on conditions (4.42), namely, FP = I. The uncertainties of

structural parameters of the robot arm is considered to be Zi = Z∗
i + ∆Zi,

∆ = 0.05, where Z∗
i is assumed to be real value. Moreover, the disturbances

is considered to be τd = 0.5+0.05∗sin(2πt), and the time-varying delays are
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Figure 4.20: Estimated human multi-joint arm viscosity by experiment

considered to be τ(t) = 0.05∗ cos(2πt). The effect of structural uncertainties

and disturbances is summarized into ∆N . Based on the proposed method,

the joint angles and endpoint position tracking simulation results are shown

in Figures 4.21 and 4.22, respectively. From Figures 4.21 and 4.22, we can

find that the simulation motion trajectory can track the desired trajectory,

and the effectiveness of the proposed control system can be confirmed by

simulation results based on experimental data.

4.5 Conclusion

In this Chapter, two different operator-based robust nonlinear tracking con-

trol systems for the nonlinear robot arm with uncertainties are investigated

by using robust right coprime factorization approach. The term of the ef-
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Figure 4.21: The joint angles tracking results by simulation
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fect of CNS during human multi-joint arm movements is compensated by

the forward operator and compensation operator in two control schemes, re-

spectively. The motion mechanism of human multi-joint arm viscoelasticity

was considered in designing operator controller, and the time-vary estimated

experimental data of human multi-joint arm viscoelasticity is used in simula-

tion. The effect of uncertain plant was eliminated by designed the nonlinear

feedback control system based on operator approach. Based on the proposed

design scheme, the sufficient conditions for the robust stable were derived,

and the output tracking performance was realized. The effectiveness of the

proposed design scheme was confirmed by the simulation results based on

experimental data.

The main merit of the proposed method is as follows. First, we extend

a pioneering research of human multi-joint arm movement internal model to

operator-based control design approach. That is, a design condition in (4.34)

is proposed. Second, an operator-based feedback control in (4.27) or (4.40) is

summarized by using motion mechanism of human multi-joint arm viscoelas-

ticity obtained from experimental results. Third, considering the fact that

the uncertain plant ∆P is unknown, generates limitations in obtaining the

so-called universal condition that the output y = (y1, y2) tracks to the refer-

ence input r = (r1, r2) provided that (Ni + ∆Ni)M̃
−1
i = I, in this research,

the uncertain plant is eliminated by designed scheme and given conditions

in (4.23), and the new tracking conditions in (4.34) without information of

time-varying delays and (4.42) including information of time-varying delays

were proposed, respectively.





Chapter 5

Conclusions

This dissertation has been devoted to the control system design for a robot

arm with human-simulated motion mechanism based on human multi-joint

arm viscoelastic properties. That is, imitating the motion mechanism of

human multi-joint arm, how to use the real human multi-joint arm viscoelas-

ticity data and how to describe and compensate the term related to the effect

of CNS during human multi-joint arm movements are investigated in building

robot arm control system.

In Chapter 2, the robot arm dynamic model and human multi-joint arm

dynamic model are introduced, the relationship between Cartesian trajecto-

ries and joint space is explained detailed. Human multi-joint arm viscoelas-

ticity is described, and estimation of human multi-joint arm viscoelasticity

consisting of estimating algorithm and experimental system is introduced.

All these provide the theoretical basis for this dissertation. Moreover, the

objective of this dissertation is presented in problem statement.

In Chapter 3, a robot arm control system scheme is proposed based

97
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on time-varying estimated viscoelastic properties and a modified forward

gaze model. In detail, based on the motion mechanism of human multi-joint

arm, namely, the multi-joint torque is assumed to be a function of multi-joint

stiffness matrix, multi-joint viscosity matrix, and motor command descending

from CNS in human multi-joint arm movements, a feedback controller and a

modified forward gaze model are presented in the robot arm control system to

make the present robot arm move like a human multi-joint arm. The feedback

controller is designed to obtain desired motion mechanism of human multi-

joint arm viscoelasticity based on real measured data from human multi-joint

arm viscoelasticity, and the forward gaze model in which steering gains are

modified using a cost function is used to compensate the terms related to the

effect of CNS during human multi-joint arm movements. The effectiveness

of the proposed method is also confirmed by the simulation results based on

experimental data. Moreover, The main merit of the proposed method is

also discussed.

In Chapter 4, two different operator-based robust nonlinear tracking

control design schemes for the nonlinear robot arm with uncertainties are

investigated by using robust right coprime factorization approach. The term

of the effect of CNS during human multi-joint arm movements is compen-

sated by the forward operator and the compensation operator in two control

schemes, respectively. The motion mechanism of human multi-joint arm vis-

coelasticity is considered in designing operator controller, and the time-vary

estimated experimental data of human multi-joint arm viscoelasticity is used

in simulation. The effect of uncertain plant is eliminated by designed the
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nonlinear feedback control system based on operator approach. Based on the

proposed design scheme, the sufficient conditions of the robust stability are

derived, and the output tracking performance is realized. The effectiveness

of the proposed design schemes are confirmed by the simulation results based

on experimental data. Moreover, the main merit of the proposed methods is

also discussed.

In the future, the experiment on a robot arm as a remote which can be

controlled online by measured human multi-joint arm viscoelastic properties

will be considered to confirm further the effectiveness of the proposed method.
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Appendix A

Definition of parameters

A.1 Human multi-joint arm

Table A.1: Parameters of human multi-joint arm

q joint angular position

θs shoulder joint angular position

θe elbow joint angular position

u motor command descending from CNS

τA multi-joint torque

MA(q) inertial matrix

HA(q̇, q) Coriolis-Centrifugal vector

RA multi-joint viscosity matrix

KA multi-joint stiffness matrix
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A.2 Robot arm

Table A.2: Parameters of robot arm

θ joint angular position

θ1 joint angle of link 1

θ2 joint angle of link 2

τin control input torque

M(θ) inertial matrix

H(θ̇, θ) Coriolis-Centrifugal vector

R assumed multi-joint viscosity matrix

K assumed multi-joint stiffness matrix



Appendix B

Proof

B.1 Proof of Lemma 4.1

First, it is clear that Lip(D, Y e) is a normed linear space. Hence, it is

sufficient to verify its completeness.

Let Qn be a Cauchy sequence in Lip(D, Y e) such that ∥Qm−Qn∥ → 0 as

m,n → ∞. We need to show that ∥Qn − Q∥ → 0 for some Q ∈ Lip(D, Y e)

as n → ∞.

Let T ∈ [0,∞) be fixed. For any x̃ ∈ D, by definition of the Lipschitz

norm with an x0 ∈ D, we have

∥∥[(Qm −Qn)(x̃)]T − [(Qm −Qn)(xo)]T
∥∥
Y

≤
∥∥Qm −Qn

∥∥
Lip

∥∥x̃T − [xo]T
∥∥
X

(B.1)

so that

∥∥[Qm(x̃)]T − [Qn(x̃)]T
∥∥
Y
=
∥∥[(Qm −Qn)(x̃)]T

∥∥
Y

≤
∥∥[(Qm −Qn)(x0)]T

∥∥
Y
+
∥∥Qm −Qn

∥∥
Lip

∥∥x̃T − [xo]T
∥∥
X
. (B.2)
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Since the right hand side of the above tends to zero as m,n → ∞, it follows

that the sequence {[Qn(x̃)]T} is Cauchy in the range Y e (and in fact is uni-

formly Cauchy over each bounded subset of the domain D). Hence, for each

fixed T ∈ [0,∞), ṽT := lim[Qn(x̃)]T exists in the range Y e (and is uniform

over bounded subsets of the domain D. Let v be a function such that vT = ṽT

for all T ∈ [0,∞), and define a nonlinear operator Q by Q : x̃ → v. Then, Q

satisfies [Q(x̃)]T = ṽT for all T ∈ [0,∞). We will show that Q ∈ Lip(D, Y e).

We first note that the operator Q so defined has domain D since in the above

x̃ ∈ D is arbitrary. We then observe that Q is actually independent of T .

Then, since ∥Qm − Qn∥ → 0, we have lim ∥Qn∥Lip = c, a constant, so that

for any x̃1, x̃2 ∈ D,

∥∥[Q(x̃1)]T − [Q(x̃2)]T
∥∥
Y
= lim

n→∞

∥∥[Qn(x̃1)]T − [Qn(x̃2)]T
∥∥
Y

≤ lim
n→∞

∥∥[Qn]T
∥∥
Lip

∥∥[x̃1]T − [x̃2]T
∥∥
X

= c
∥∥[x̃1]T − [x̃2]T

∥∥
X
. (B.3)

Therefore, taking the supremum over D and then the supremum over [0,∞)

yields

sup
T∈[0,∞)

sup
x̃1, x̃2 ∈ D

[x̃1]T ̸= [x̃2]T

∥[Q(x̃1)]T − [Q(x̃2)]T∥Y
∥[x̃1]T − [x̃2]T∥X

≤ c (B.4)

which implies that ∥Q∥ ≤ c < ∞, so that Q ∈ Lip(D, Y e).

We finally verify that ∥Qn −Q∥Lip → 0 as n → ∞. Since the above also

proves (letting x̃ = x0 therein) that ∥[Qn(x0)]T − [Q(x0)]T∥Y → 0 as n → ∞

for each T ∈ [0,∞), for ϵ > 0 we can let N be such that ∥Qm−Qn∥Lip ≤ ϵ/2
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and ∥[(Qn −Q)(x0)]T∥Y ≤ ϵ/2 for m,n ≥ N . Then for any given x̃1, x̃2 ∈ D,

we have ∥∥[(Q−Qn)(x̃1)]T − [(Q−Qn)(x̃2)]T
∥∥
Y

= lim
k→∞

∥∥[(Qk −Qn)(x̃1)]T − [(Qk −Qn)(x̃2)]T
∥∥
Y

≤ lim
k→∞

∥∥Qk −Qn

∥∥
Lip

∥∥[x̃1]T − [x̃2]T
∥∥
X

= ϵ/2
∥∥[x̃1]T − [x̃2]T

∥∥
X

(B.5)

so that ∥Qn − Q∥Lip ≤ ϵ for n ≥ N . This shows that ∥Qn − Q∥Lip → 0 as

n → ∞ and completes the proof of the lemma.

B.2 Proof of Lemma 4.2

Suppose that Q : Xe → Xe is causal. Then by definition we have that

PTQPT = PTQ, so that if xT = yT , then

[Q(x)]T = PTQ(x) = PTQPT (x) = PTQ(xT ) = PTQ(yT )

= PTQPT (y) = PTQ(y) = [Q(y)]T . (B.6)

Conversely, suppose that xT = yT implies [Q(x)]T = [Q(y)]T for all x, y ∈ Xe

and all T ∈ [0,∞). Fix a T ∈ [0,∞), for any x ∈ Xe, let y = xT , then

xT = yT , so that [Q(x)]T = [Q(y)]T . Consequently, we have that

PTQPT (x) = PTQ(xT ) = PTQ(y)

= [Q(y)]T = [Q(x)]T = PTQ(x). (B.7)

Since x ∈ Xe and T ∈ [0,∞) are arbitrary, it follows that PTQPT = PTQ

for all T ∈ [0,∞), which implies that Q is causal.
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B.3 Proof of Lemma 4.3

Since

∥[Q(x)]T − [Q(y)]T∥X ≤ ∥Q∥Lip∥xT − yT∥X (B.8)

for all x, y ∈ Xe and all T ∈ [0,∞). Hence, xT = yT implies that [Q(x)]T =

[Q(y)]T for all x, y ∈ Xe and all T ∈ [0,∞).

B.4 Proof of Lemma 4.4

Sufficiency: SinceM ∈ U(W,U), for any r ∈ Us, we have r = (AN+BD)(w),

that is w = M−1r ∈ Ws. Moreover, since y = Nw, e = BDw, and b = Ay =

ANw, the stability of A, B, N and D implies that y ∈ Vs, e ∈ Us and b ∈ Us.

Thus, the system is overall stable.

Necessity: First, it follows from the well-posedness and through the path of

N and A that M : W → U is invertible. Then, it can be verified that both

M and M−1 are stable. As a result, M ∈ U(W,U).

B.5 Proof of Lemma 4.5

To begin with, we recall a sufficient condition for judging operator’s invert-

ibility.

Lemma A. Let X and Y be Banach space, S ∈ Lip(X,Y ) is an invertible

operator, and R is an operator in Lip(X,Y ) such that ∥RS−1∥ < 1 where,

Lip(X,Y ) = {S : X → Y, ∥S∥Lip < ∞}. Then, the operator R + S is
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invertible in Lip(X,Y ) and

∥(R + S)−1∥ ≤ ∥S−1∥(1− ∥RS−1∥)−1. (B.9)

Proof of Lemma A. We first prove the following assertion: If one operator

J ∈ Lip(X) such that ∥J∥ < 1, then I − J is invertible and

∥(I − J)−1∥ ≤ (1− ∥J∥)−1. (B.10)

In fact, for x, y ∈ X,

∥(I − J)x− (I − J)y∥ ≥ ∥x− y∥ − ∥Jx− Jy∥

≥ (1− ∥J∥)∥x− y∥. (B.11)

Thus, I−J is injective. Next, we show that I−J is surjective and (I−J)−1 ∈

Lip(X).

Define that Q0 := I and Qn = I + JQn−1 ∀n = 1, 2, · · · , we can prove

that for x ∈ X

∥Qn+1(x)−Qn(x)∥ ≤ ∥J∥n∥J(x)∥X , n = 1, 2, · · · . (B.12)

Then for any positive integer m, we have that

∥Qn+m(x)−Qn(x)∥X =

∥∥∥∥m−1∑
k=0

(Qn+k+1(x)−Qn+k(x))

∥∥∥∥
≤

m−1∑
k=0

∥J∥n+k∥J(x)∥X ≤ ∥J∥n∥J(x)∥X
1− ∥J∥

. (B.13)

Since ∥J∥ < 1 and X is Banach space, then Q(x) = limn→∞ Qn(x) exists and

∥Q(x)−Qn(x)∥X = lim
n→∞

∥Qn+m(x)−Qn(x)∥ ≤ ∥J∥n∥J(x)∥X
1− ∥J∥

. (B.14)
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Since J is Lipschitz and hence is continuous, the

Q(x) = lim
n→∞

Qn(x) = lim
n→∞

(I + JQn−1)x = x+ JQx (B.15)

that is, Q = I + JQ, namely, (I − J)Q = I, which implies that I − J is

surjective in Lip(X). Then for r, z ∈ R(I − L),

∥(I − J)−1r − (I − J)−1z∥ ≤ (1− ∥J∥)−1∥r − z∥. (B.16)

Thus, the assertion is proved. As a consequence, since R+S = (I+RS−1)S,

then ∥RS−1∥ < 1 follows that (I +RS−1)−1 exists and (R+S)−1 = S−1(1+

RS−1)−1. This completes the proof of Lemma A.

Proof of Lemma 4.5 M is unimodular operator implies it is invertible.

From

AN +BD = M (B.17)

A(N +∆N) +BD = M̃ (B.18)

we have

M̃ = M + [A(N +∆N)− AN ]

= [I + (A(N +∆N)− AN)M−1]M (B.19)

and (A(N+∆N)−AN)M−1 ∈ Lip(De), then I+(A(N+∆N)−AN)M−1 is

invertible based on Lemma A, where I is the identity operator. Consequently

M̃−1 = M−1[I + (A(N +∆N)− AN)M−1]−1. (B.20)

Meanwhile, since (A(N+∆N)−AN)M−1 ∈ Lip(De) andM ∈ U(W,U), then

M̃ ∈ U(W,U) provided that the system shown in Figure ?? is well-posed. As
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a result, for any r ∈ Us, w = M̃−1r ∈ Ws. Further, since y = (N + ∆N)w,

e = BDw and b = A(N + ∆N)w, the stability of A, B, N , D and ∆N

implies that y ∈ Vs, e ∈ Us and b ∈ Us. Then, the system is overall stable.
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