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Abstract

This thesis presents two parts of work in the area of telemanipulation, which are the
kinematic mapping of master-slave hand systems and the bilateral control scheme de-
sign.

In a master-slave hand system, the motion of the slave robot hand is determined
according to that of the human hand by the mapping algorithm. Previous works mainly
focus on the systems with an anthropomorphic or semi-anthropomorphic robot hand.
To enrich the study on mapping, the system with a three-fingered non-anthropomorphic
robot hand is considered. The widely used fingertip position mapping is first applied,
and the inefficiency is shown by the mapping results. A virtual circle mapping method
is then proposed. The basic idea is to express the operator’s motion by a virtual circle
determined by his/her three fingertips. The mapping results show that the proposed
method is more effective for tele-controlling the non-anthropomorphic robot hands.

The second part of the thesis focuses on the control scheme design. A combined
impedance/direct control scheme is first proposed, which is then applied to design the
bilateral controller for the teleoperation systems. An investigation on impedance control
shows that the force tracking performance decreases when there is disturbances and
environmental impedance uncertainties. A combined impedance/direct control is then
proposed. If compared to impedance control, the proposed controller is more robust to
environment uncertainties and disturbances. Moreover, it is not required to switch the
control modes when the end-effector moves from free space to contact conditions, or
vice versa. Finally, by applying the combined impedance/direct control scheme, a two-
channel bilateral controller is proposed. The proposed bilateral control scheme has the
following features. Firstly, perfect transparency can be achieved. Secondly, it does not
need to switch the control modes during the transition of motion. A limitation is that the

environment impedance is required to be known in order for perfect transparency.
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Chapter 1

Introduction

Telemanipulation refers to an action where the human operator controls the slave ma-
nipulator, end effector, or robotic hand through a master device to explore the remote
environment, or manipulate the remote objects. A telemanipulation system enables hu-
mans to perform tasks in dangerous (e.g., nuclear radioactive spots [56]), or difficult-
to-access (e.g., outer space [105]) environments, or delicate tasks (e.g., microsurgery
[91]) by robots while taking advantage of the human abilities in spatial reasoning, task
planning, and adaptation.

As shown in Fig. 1.1, the telemanipulation system generally consists of five com-
ponents, which are the human operator, the master, the slave, the environment, and the
communication channel. In the most common telemanipulation architecture, the human
operator operates the local master device. Motion commands are measured on the mas-
ter and transmitted through the communication channel to the remote slave robot, which
executes these commands by tracking the motion of the master. The interaction force
information between the slave robot and the environment is then fed back to the master
such that the human operator feels as if he himself is interacting with the remote environ-
ment. This type of two-channel (one communication link in each direction) architecture
is often referred to as the “position-force” architecture. In the more general four-channel
architecture, both positions (or velocities) and forces are communicated bilaterally. In
addition, the visual and aural information can also be fed back from the slave to the
master to aid the human operator in planning and reasoning.

The master and the slave are basically two electronically instrumented robotic mech-
anisms. The slave robot is usually a manipulator, or a robotic hand. The master device,
which is often referred to as the haptic interface, takes many forms, such as joysticks,

exoskeletons, data gloves, etc. Some of the master devices are designed to be mounted
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Figure 1.1: Schematic of the telemanipulation system.

on a table, ceiling, or the ground, while others are designed to be worn by the human
operators. In this way, the master mechanisms can be categorized into non-portable
and portable devices. Two review works on master devices can be found in [6] and
[39]. Some examples of the non-portable master devices are the joysticks [61], the desk-
grounded pen-based haptic interface PHANToM [70], the pantograph haptic device Mk-
IT [7], and the arm-hand-integrated Gifu Haptic Interface [51]. Some examples of the
portable master devices are the Rutger Master II [5], the exoskeleton-glove-combined
CyberGrasp [108, 109], and the hand exoskeletons [13, 97].

An explicit requirement for a telemanipulation system is that the slave robot can fol-
low the motion of the master device faithfully as expected by the human operator. In the
first telemanipulation system (developed by Goertz [28]), the slave motion was solely
determined by the mechanical linkages between the master and the slave due to the fact
that the system was mechanically coupled. Shortly after, the linkage connections were
replaced by electric servomotors allowing for a much greater distance from remote envi-
ronments [29]. Most of the current telemanipulation systems are electronically coupled.
As a result, a specific rule is required for each system, such that the motion of the slave
robot can be determined according to that of the master device. The study on this is-
sue falls into the research of kinematic mapping between the master and the slave. The
functions of mapping are twofold. One is to produce optimal workspace matching be-
tween the master and the slave. The other is to provide high degree of intuitiveness to
the human operator in terms of the master-slave pose correspondences.

The most fundamental requirement for a telemanipulation system is on the stability
and performance of the control system. A sophisticated bilateral control scheme can
provide better system performance with less hardware and computing resources. The
research work on the area of the telemanipulation control scheme design in the last two
decades can be classified into two branches in general. In one branch, the robots are usu-

ally simplified to be single degree-of-freedom (DOF) systems, and the network theory
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and all aspects of the control theories are employed thoroughly!, e.g., the two-port net-
work model [34], the passivity [82], wave variable [90], and H, optimization [102] tech-
niques. In the other branch, the control architectures are designed by taking advantage
of the well developed single manipulator control schemes, e.g., the hybrid position/force
control [55], the impedance control [12, 26, 32, 79, 89], the parallel force/position con-
trol [36], and the Naturally Transitioning Rate-to-Force Control [99].

The advances in both areas of the kinematic mapping and the control scheme de-
sign can improve the telepresence of the system, which means that the operator receives
sufficient information from the remote environment displaying in a sufficiently natural
way, such that the operator feels physically present at the remote site [87]. With a good
mapping scheme, the visual feedback from the slave site presents the remote scene with
a natural pose of the slave robot just as expected by the operator; with a good bilateral
controller, the human operator gains the feeling of the environment impedance with high
fidelity. The term transparency is widely used to describe the level of matching between

the environment impedance and the impedance perceived by the human operator [60].

1.1 Research Motivation

The master-slave mapping problem includes the mapping between two single manipula-
tors, and that between a hand master and a slave robotic hand. Mapping schemes for the
former form the basis of those for the latter. The previous work has addressed several
mapping methods. However, they are not applicable or cannot result in satisfactory per-
formance if the slave is a multi-fingered non-anthropomorphic robot hand. Therefore,
the development of an effective mapping method for this kind of slave robots appears to
be necessary.

Several manipulator control schemes have been developed in the last three decades.
Each of them possesses specific advantages and deficiencies. It is of significance to keep
putting effort on the research of manipulator control. Since these control schemes take
most dynamic effects into account, and are readily applicable to the multi-DOF manip-
ulators, it is advantageous to develop bilateral telemanipulation controllers by utilizing
these available schemes. A major concern is then how to design a stable control architec-
ture with high level of transparency when the individual control laws (one for the master,
and the other for the slave) are integrated into the single network of the telemanipulation

framework.

!The term teleoperation is more often used than telemanipulation in these work.
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1.2 Objective and Scope

The objective of this work is to develop schemes and methods for telemanipulation sys-
tems, such that the telepresence of the system can be improved. Toward this end, this
thesis presents the work in both kinematic mapping and control scheme design, aiming
to improve the performance of the telemanipulation system.

The scope of the thesis includes two areas of work, which are the kinematic mapping
and the control scheme design. Firstly, the rules of the mapping are explored in part I.
The previous methods are first investigated, followed by the presentation of the devel-
oped virtual circle mapping method. Part II deals with two issues in telemanipulation
systems, which are the system transparency and the smooth transition of motion be-
tween the constrained and unconstrained conditions. Specifically, the impedance control
is investigated, and a combined impedance/direct control scheme for single manipulator
control is proposed, which is then applied to the telemanipulation systems. The overall

framework of the thesis is shown in Fig. 1.2.

1.3 Thesis Outline

The thesis consists of eight chapters and two appendices. This chapter has provided
the background of, and motivation for, the research in kinematic mapping and control
scheme design of the telemanipulation systems. The outline of the thesis is given as

follows.

Chapter 2: Literature Review Previous research and background in the area of tele-
manipulation and robot manipulator control is discussed. The previous mapping meth-

ods for master-slave systems are first reviewed. The two classical manipulator control

| |
| |
: - - : - Investigation of fingertip position mapping |
q Kinematic H Mapping
1 correspondance | method - - -
: : Proposal of virtual circle mapping |
| |
| |

I | |

mprove q T 1
telepresence [ ransparency : Investigation of impedance control |
| |
| Con.t rol Proposal of combined impedance/direct control |
: : design
: | Transition : Two-channel bilateral controller design |
{ of Motion 1
: :
Objective : Scope : Solutions/Contributions

1 [

Figure 1.2: Framework of the thesis.
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schemes, i.e., hybrid position/force control and impedance control, are then reviewed.
Finally, the background of the modeling method of the telemanipulation systems and

control architecture design are addressed.

Chapter 3: Investigation on Fingertip Position Mapping This chapter investigates
the performance of the fingertip position mapping in the case of a non-anthropomorphic
slave hand. In particular, a three-fingered robot hand having a symmetric structure with 7
DOFs is used in the investigation. The investigation shows that, for non-anthropomorphic
slave hands, the fingertip position mapping method fails to provide satisfactory degree

of telepresence and workspace matching between the master and the slave hands.

Chapter 4: Virtual Circle Mapping A virtual circle mapping method dealing with
the three-fingered robot hands is presented in this chapter. The proposed method is
developed based on the basic geometry theorem, which states that three points (if they are
not in a line) define a unique circle. The fundamental idea is to construct a corresponding
relationship between two virtual circles defined by the human fingertips and the robot
fingertips, respectively. As a result, a corresponding relationship between the Cartesian
positions of the human fingers and those of the robot fingers can be constructed. The
mapping from master to slave can thus be achieved. In this chapter, the concept of the
virtual circle mapping is first introduced. The detailed implementation of the idea is then
presented, followed by the simulation results and the experimental validation. Finally,

the results and the discussions are concluded.

Chapter 5: Investigation on Impedance Control The force tracking performance of
impedance control is investigated in this chapter. Firstly, the robot dynamics model con-
sidering the external disturbances is given. The detailed implementation of the impedance
control technique is then presented, followed by the analysis of the force tracking per-
formance. Simulations are next conducted. Finally, the insights obtained from the inves-

tigation are summarized.

Chapter 6: Combined Impedance/Direct Control of Robot Manipulators A com-
bined impedance/direct control scheme for control of robot manipulators is proposed
in this chapter. The fundamental idea is to form a single controller along all the de-
grees of freedom by combining the reference trajectory characterized impedance control
with the force error based PI-type compensator. It is not required to switch the con-

trol modes when the end-effector moves from free space to contact conditions, or vice
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versa. In addition, the proposed controller is more robust to environment uncertain-
ties and disturbances than impedance control. In this chapter, the idea of the combined
impedance/direct control is first given. Next, the stability analysis is performed. Com-
puter simulations are then performed to verify the effectiveness of the proposed con-
troller, followed by the comprehensive experiments. Finally, the concluding remarks are

addressed.

Chapter 7: Bilateral Control Scheme Design A two-channel bilateral controller is
proposed for telemanipulation systems by applying the combined impedance/direct con-
trol scheme. A control architecture is constructed considering both the free space motion
and the constrained motion. Specifically, the F-P architecture is applied in the con-
strained motion, while the P-P architecture is applied in the free space motion. Perfect
transparency can be achieved in theory. In addition, it does not need to switch the con-
trol modes of the master and the slave controllers during the transition of motion. In
this chapter, the transparency conditions of two-channel control architectures are first
reviewed. The bilateral controller is then proposed with transparency and stability anal-
ysis. Next, the experimental results is presented. The concluding remarks are finally

addressed.

Chapter 8: Conclusions and Future Work The work presented in this thesis and the

contributions made are summarized. Suggestions for future work are also discussed.
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Chapter 2
Literature Review

2.1 Mapping of Single Manipulator Systems

As addressed in Chapter 1, the telemanipulation system necessitates a mapping algo-
rithm. This section focuses on the mapping of the systems, in which the master and the
slave are two manipulators (or a joystick and a manipulator, respectively). For systems
that the master and the slave possess similar kinematic chains, joint positions could be
commanded from the master to the slave directly. While in situations where the kine-
matic chains differ in structure or in number of joints, the joint spaces are not identical
and the mapping is fulfilled in the Cartesian space.

The Cartesian space mapping can be defined by [19]

U:RS— RS 2.1)

where U may be written as a set of six equtions

Tgi = U(Tm1, Tmas - Tg), 1 = 1...6 (2.2)
and X,, = [Tyn1, T2, .- Tmg) . is the master Cartesian position, and X, = |14, Z40, ...T 56|
is the slave Cartesian position. These equations map the tip position vector x,, in the
master space to the tip position vector x, in the slave space. The forward kinematics of
the master is used to compute x,,, according to the joint positions of the master device,
and the inverse kinematics of the slave is used to compute the commanded joint angles
from x,.

The mapping can also be achieved in the velocity domain. A Jacobian relating the
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velocities of the master and the slave may be defined as

_Ox,

0%,

J

(2.3)

Thus, given a mapping U, the slave velocity may be obtained from the master velocity
according to
dx, dx,,

=J== 24
dt dt 24)

Based on the above scheme, several variable position/velocity mapping methods have
been developed [19, 27, 67]. Although most other literature on telemanipulation do not
address the detailed implementation, the above mapping scheme forms the foundation

of mapping of master-slave hand systems.

2.2 Mapping of Hand Systems

In a master-slave hand system, a kinematic mapping algorithm is used to transform the
motion of the operator’s fingers (master) to the robot hand frame to command the motion
of the robot fingers (slave). The motion of the operator’s fingers is measured by the
sensors of the master device. For the portable master devices, such as the data gloves
[108, 109] and the hand exoskeletons [13, 97], the sensor readings of the hand master
are usually applied to a kinematic model of the human hand to obtain its joint angles
and the fingertip positions. The mapping algorithm is then used to transform the finger

positions (or joint angles) to suitable robot finger positions (or joint angles).

2.2.1 Conventional Methods
Three mapping methods have been developed for the master-slave hand systems in gen-

eral, namely direct joint mapping, pose mapping, and fingertip position mapping.

2.2.1.1 Direct Joint Mapping

For systems with exactly the same or nearly identical kinematics between the master
and the slave hands, a simple direct joint mapping (joint-to-joint mapping) can be used.
Bouzit [4] developed a robot hand with almost the same structure as that of the human
hand when it was equipped with the LRP exoskeleton hand master. Besides the main
links, which mimic the human fingers, an exoskeleton type mechanism is also attached
to each of the robot fingers. For both the hand master and the robot hand, the position

sensors and the actuators were attached on the exoskeletons. In this case, the sensor
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readings of the LRP hand master can be directly treated as the motion commands to the
robot hand, such that the motion of the human hand was mapped to that of the robot
hand in joint space. A similar mapping strategy is applicable to the master slave system
introduced by Yokokohji et al. [103], where the master device (hand and arm) is non-
portable and has exactly the same structure as the robot hand and arm.

In another system, Kyriakopoulos et al. [57] employed a linear equation (p =
k6 + b) to each of the pairs between the human hand joint 8 and the corresponding
robot hand (Anthrobot, an anthropomorphic hand) joint #z. A modified Exos Dexterous
Hand Master was used as the master device and worn on the back of the hand to measures
its motions. The slave hand, Anthrobot, is anthropomorphic in that it is designed for
anatomical consistency with the human hand. This includes not only the number of
fingers, but also the placement and motion of the thumb, the proportions of the link
lengths, and the shape of the palm. These features make the joint-to-joint mapping
feasible. The slope k, and the y-intercept b are determined according to each finger’s
maximum extension and minimum flexion and the corresponding robot finger’s motion
range.

There are also some works on direct joint mapping done to the systems with less an-
thropomorphic (semi-anthropomorphic) slave hands, such as the Utah-MIT Dexterous
Hand. However, the resulted performances were usually unsatisfactory. For example,
Rohling and Hollerbach [81] reported that a direct joint mapping between Utah Dexter-
ous Hand Master and Utah/MIT Dexterous Hand generated roughly similar human and
robot motions, but was unsatisfactory because the kinematic dissimilarities between the
human and robot hands required the operator to make contorted hand poses to achieve

the desired robot hand motions.

2.2.1.2 Pose Mapping

The pose mapping, which was first developed by Pao and Speeter [76], is a special in-
direct joint mapping method. In this method, a set of representative poses of the human
hand that span the range of the hand motion was defined. Also, another set of poses of
the robot hand, which corresponds to that of the human hand, was also defined. A pose,
of either the human or robot hand, is defined by a row vector with the joint angles as
its components. All the vectors were then stacked into a matrix H. Similarly, matrix R
representing the poses of the robot hand was also formed. The basic idea is to find a
transformation matrix T, defined as HT = R, to match poses of the human hand with

those of the robot hand. The transformation matrix was found through pseudo-inversion,
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which was then used to calculate robot joint angles from the arbitrary measured human
hand configuration using interpolation technique. It was reported by the authors that
the experiment of this algorithm on the Utah/MIT dexterous hand resulted in smooth
and functionally related transformations of human hand positions, although the trans-
formation is sensitive to the specific poses chosen to define the transformation matrix.
An advantage of this method is its extensibility to various master/slave configurations.
A drawback was reported by Rohling and Hollerbach [81] that the method produced
unpredictable movement of the robot fingers and thus suffered from providing enough
confidence to the operator.

Recently, pose mapping has been applied to the systems with non-anthropomorphic
robot hands. Liu and Zhang [63] developed a pose mapping strategy for a three-fingered
symmetric robot hand. Wojtara et al. [100] constructed pose correspondences between
human hand and a four-fingered symmetric robot hand by a trained neural network. The
two systems are sufficient for relatively simple tasks since all the possible poses of the
human hand are mapped into several grasp poses (five in [63], and three in [100]) of the

robot hand.

2.2.1.3 Fingertip Position Mapping

Compared to the above two methods, The fingertip position mapping (point-to-point)
is more popular. It is applicable to all the anthropomorphic and semi-anthropomorphic
robot hands and results in predictable motions of the robot fingertips. In this method, the
fingertip positions of the human hand are first computed by virtue of forward kinematics
according to the sensor readings of the hand master. A conversion algorithm is then used
to transform the fingertip positions of the human hand to those of the robot hand. The

conversion can be expressed by

Rp. =GR P, + P, (2.5)

where 7P, and P, represent the human fingertip position and the robot fingertip po-
sition, respectively; R and P, are rotational matrix and translation vector, respectively;
G is the scaling gain matrix. Finally, the commanded joint angles of the robot hand are
computed by virtue of inverse kinematics.

Fingertip position mapping has been used in several systems. Fischer ef al. [21]
developed a fingertip position mapping method using only a translation and linear scaling
with a constant factor in all three degrees of freedom to map the information gathered

from CyberGlove to the anthropomorphic DLR robot hand. Wright and Stanisic [101]

10
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presented the kinematic mapping between the EXOS hand master exoskeleton and the
Utah/MIT hand. Hong and Tan [41] developed a system to control the Utah/MIT robot
hand by the VPL data glove. Hu ef al. [43] recently applied the fingertip position
mapping to tele-control the HIT/DLR hand by using CyberGlove.

Rohling and Hollerbach [81] tested the above three mapping methods, which are
direct joint angle mapping, pose mapping and fingertip position mapping, by using Utah
Dexterous Hand Master to control Utah/MIT Hand. They reached the conclusion that
without addressing fingertip orientation or workspace differences, the operator felt more
comfortable during telemanipulation when using fingertip position mapping method, as
direct control of the distance between fingertips appears to be essential for performance
of grasping tasks.

Several other mapping methods [30, 49, 50] have been developed for the purpose of
programming the robot by human demonstration. In these methods, the contact points on
the object of the human fingertips are observed by using data gloves or vision systems.
The fingertip positions and grasp pose of the robot hand are then determined based on a
certain index function, such as maximizing the manipulability of the robot hand, on the

condition that the robot grasps the object at the teaching contact points.

2.2.2 Virtual Object Based Mapping

Previous work focused on tele-controlling an anthropomorphic or semi-anthropomorphic
robot hand, such as the Utah/MIT Hand [41, 81, 101] and the KH Hand type S [73]. An
unaddressed situation is that the robot hand is non-anthropomorphic. Most of the non-
anthropomorphic hands have symmetric structure, and all the fingers are identical. Some
examples are shown in Fig. 2.1. Using CyberGlove as the master device, Griffin [31]
recently developed a virtual object based method to map the motion of the human thumb
and index finger to the two-fingered planar non-anthropomorphic hand shown in Fig.
2.1(a). The fundamental idea is to assume that motions of the human fingers are impart-
ing motions to a virtual sphere held between the fingers. The parameters describing the
planar virtual object are then mapped to the robot hand frame such that the robot motions
intuitively match the hand motions. Compared with the fingertip position mapping, the
virtual object based method achieved better workspace matching and produced higher
intuitiveness for the operator during the operation. The method is extensible to other

planar two-fingered hands.

The previous work has not addressed the situation that the slave hand is a multi-

fingered non-anthropomorphic robot hand. To enrich the study on mapping, the first part

11
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(a) (b) (©)

Figure 2.1: Examples of non-anthropomorphic robot hands. (a) A two fingered hand by
Stanford Univ. [110]; (b) A three-fingered hand by Univ. LAVAL [111]; (c)
A three-fingered hand by Kyushu Univ. [112].

of the thesis focuses on the mapping between the human hand and the three-fingered
non-anthropomorphic robot hand. In particular, Chapter 3 investigates the performance
of the fingertip position mapping, and a virtual circle mapping method is proposed in

Chapter 4.

2.3 Force Control of Robot Manipulators

As introduced in Chapter 1, the research work on the telemanipulation control scheme
design can be classified into two branches in general. This work follows the branch in
which the bilateral controllers are designed by utilizing the well developed manipulator
control schemes. In particular, special emphasis is laid on the constrained motion control
of robot manipulators, where the interaction between the robot and the environment is
involved.

The advances in robot force control have been well summarized in [11] and [107].
In particular, two fundamental ideas have been developed dealing with the issue of con-
strained motion control, which are the direct position/force control [10, 22, 36, 54, 72,
80, 86, 95, 98, 106] and the compliant control (assigning a dynamic relationship between
position and force variables) [9, 20, 40, 46, 47, 48, 52, 58, 71, 83, 84, 94]. Specifically,
two control approaches have been well established. They are the hybrid position/force
control, which was first proposed by Raibert and Craig [80], and the impedance control,
which was first proposed by Hogan [40].

12
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2.3.1 Hybrid Position/Force Control

The hybrid position/force control was constructed based on the work of task analysis
by Mason [69], a major result from which is that the whole task space is partitioned
into two orthogonal subspaces, the position controlled subspace and the force controlled
subspace. The controller for each subspace takes care of the own artificial constraints
(position or force) while ignoring the other. The actual implementation utilizes a com-
pliance selection matrix to determine the subspaces for which the force or position is
to be controlled. In this way, the force and position control actions are decoupled. The
control laws for each degree of freedom can be designed independently, so that different
position and force trajectory tracking commands regarding to each degree of freedom are
simultaneously realized. The variables of both the position and the force are usually con-
trolled directly by PID controllers. The scheme of directly controlling the position and
force variables makes the system more robust to model and environment uncertainties
than impedance control.

A major drawback of the hybrid position/force control is that the control structure
has to be changed during the switches between different tasks or in each phase of the
same task. Whenever the task coordinate is changed, or one of the position controlled
coordinate is switched to the force controlled one or vice versa, the partition of the task
space must be re-performed. As a result, the control structure needs to be changed to

account for the altered partition of the task space.

2.3.2 Impedance Control
The impedance control technique provides a unified approach to all aspects of manipu-
lation. It is a compliance control strategy for manipulators in both unconstrained and
constrained motions. It is therefore not required to switch the control modes when
the end-effector moves from free space to contact conditions. Unlike the hybrid po-
sition/force control approach, impedance control does not attempt to track motion and
force trajectories but rather to regulate the pre-specified target impedance model, which
is the dynamic relationship between the end-effector’s position and the interaction force
with the environment. Therefore, the manipulator-environment interaction force can
only be controlled indirectly by an appropriate selection of the reference trajectory for
the target impedance.

As stated by Jung et al. [48], the reference trajectory is calculated from known

environment stiffness. One of the major practical difficulties is that the environment
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stiffness is usually not known precisely, and therefore accurate reference trajectory can-
not be designed to achieve accurate force control. To solve this problem, two types
of strategies have generally been used. One is to update the reference trajectory dy-
namically by certain appropriate design methods. Lasky and Hsia [58] employed the
steepest descent algorithm to update the reference trajectory. Seraji and Colbaugh [84]
presented a direct adaptive control scheme to generate the reference trajectory on-line as
a function of the force-tracking error. The other is to estimate the stiffness of the envi-
ronment. Several environment stiffness/impedance estimation techniques can be found
in [47, 48, 64, 77, 84, 96].

The optimal reference trajectory alone cannot guarantee satisfactory force tracking
performance. The parameters of the target impedance should also be selected properly.
For example, according to the duality principle [2], the manipulator should be hard by
choosing a large value for the target stiffness when interacting with soft environments,
and be soft by choosing a small value for the target stiffness when the environment is
hard. Many attempts have been made on adjusting the target impedance parameters both
on-line and off-line. Some representative work can be found in [2, 18, 20, 40, 71, 94].

Another important concern is the uncertainties in robot dynamics. If the nonlinear
robot dynamics cannot be accurately compensated for, the designed target impedance
will be deteriorated and has error, and thus the system performance will be degraded.
Many schemes have been proposed to solve this problem. Park and Cho [78] defined an
impedance error vector, according to which the stiffness matrix of the target impedance
is adjusted. Cheah and Wang [9] proposed an iterative learning impedance controller,
which reduces the impedance error as the operations are repeated. The controllers pro-
posed by Jung and Hsia [47], and Huang et al. [45] minimized the impedance tracking
error by utilizing the neural network technique. To deal with the parametric uncertainties
of flexible robot arms, Jiang [46] derived an adaptive scheme, such that the motion of
the system converges and remains to the ideal manifold, which is designed to prescribe
desirable performance of the system.

The advantage of the impedance control is that it is not required to switch the con-
trol modes between the unconstrained motion and the constrained motion. However,
the strategies dealing with the environmental and robot dynamic uncertainties in the
structure of the impedance control are usually complex. Moreover, when the external
disturbances exist, it is difficult to maintain the designed target impedance or to elimi-
nate the target impedance error, even the nonlinear compensation schemes (such as the

neural network technique used in [47]) are applied, in that the external disturbances are
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unpredictable by nature.

The impedance control can be implemented in the hybrid position/force control
structure. Anderson and Spong [2] used the systems approach to analyze the robot-
environment interaction, based on which the position controlled impedance controller
and the force controlled impedance controller were developed independently. The task
space was then partitioned into position controlled and force controlled subsystems, as
in the hybrid position/force control. The two controllers were then combined into the
hybrid control structure, and the resulted control law is known as the hybrid impedance
control. The control mode switch is necessary during the transition of motion.

Liu and Goldenberg also proposed a hybrid impedance control law [62]. In this
scheme, the target impedance of the basic impedance control law was redefined by in-
cluding the commanded force and a selection matrix, which was used to partition the po-
sition and force controlled subsystems. Furthermore, the acceleration error based feed-
back controller was also included into the control law. The scheme is recently applied
to a kinematically redundant manipulator [85]. A possible difficulty is the measurement
of the acceleration, since most manipulators use digital encoders to measure the joint

angles.

2.4 Bilateral Telemanipulation

2.4.1 Two-Port Network Model

The circuit expression is often used to model the telemanipulation system, which con-
sists of three interacting subsystems. As shown in Fig. 2.2 [34], the operator and en-
vironment are represented by two one-port network models, whereas the master, slave
and communication-channel are lumped into a two-port network model. Z;, and Z, are
impedances of the human operator and the environment, respectively, Fj, is the force
applied to the master by the operator, F, is the force applied to the environment by the
slave, V, and V are the velocities of the master and the slave, respectively.

The two-port model can be used to quantitatively describe the transparency of the
system. Define the impedance felt by the operator at the master interface as the trans-
mitted impedance Z,, i.e., I}, = Z,V}, then the telemainpulation system is completely

transparent if Z;, = Z.. The two-port model can be described by the following hybrid
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matrix formulation [34],

F; h h Vi
h _ 11 hio h (2.6)
-V, ho1  hay F,

in which, h;; is an expression involving the master impedance, Z,,,, and the slave impedance,

Zs, and may become very complicated. Solving for F}, and V/}, in terms of V, and F,, and

combining F, = Z.V, and eliminating V yields the following expression,

Fy, = (h11 — h12Z.)(hoy — h22Ze)71Vh (2.7)

So the transmitted impedance is

Zy = (hiy — MaZe)(hor — hoa Ze) ™" (2.8)

A fundamental insight to be derived from Eq. (2.8) is that a perfect transparency

condition to satisfy Z; = Z, is achieved if

hii R 0 1
H— 11 12 _ (29)
h21 h22 -1 0
holds [34, 60].

2.4.2 Four-Channel Architecture

In general, both positions (or velocities) and forces can be communicated bilaterally
between the master and the slave. Figure 2.3 shows a block diagram of a general four-
channel telemanipulation system including master, slave, bilateral communication, as
well as operator and environment dynamics developed by Lawrence [60], in which, a

one DOF system is considered. To simplify the stability and transparency analysis, it is
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Figure 2.2: Network model of telemanipulation systems.
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Figure 2.3: Four-channel bilateral telemanipualtion block diagram.

assumed that the contact with an environment is maintained. By linearizing the system,
the system blocks can be represented in the frequency domain using the Laplace trans-
form. In this architecture, compensators C,, and C are included in a local feedback
loop for the master and slave systems. The communication blocks, C; (1 = 1,2, 3,4),
depend on the type of architecture and can include filtering blocks, modeled delays, and
compensators. The external forces [ and [} are independent of the telemanipulator
system behavior.

It has been proven that, in theory, the ideal performance can be achieved by trans-
mitting both master and slave positions and forces [60, 104]. It is claimed that this
achievement is due to the use of all four channels of data transmission, especially the
transfer of the hand force [60]. On the contrary, in [37], it is shown that only three data
channels can result in perfect transparency by employing local force feedback.

Yokokohji and Yoshikawa [104] focused on developing a system with perfect trans-
parency and showed that in the absence of time delay a system could also be passive. To
implement such a system, the master and slave parameters must be known exactly and
the position, velocity, and acceleration measurements must be available without time
delay. Using a well characterized one DOF experimental set-up with the necessary sen-
sors, a high degree of transparency was achieved. However, in practice, because the
plant models were not known exactly, the dynamics could not be fully canceled without
causing instability, thus reducing the transparency.

By extending the idea of parallel force/position control for single robot compliance
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control [10], Hashtrudi-Zaad and Salcudean [36] proposed a four-channel bilateral par-
allel force/position controller as a simple solution for enhanced performance. In the
controller, higher priority is given to position control at the master side and to force con-
trol at the slave side. Although the analysis and the experiments were performed for the
linear single DOF system, this controller can improve the force and position tracking

performance in the presence of system parameter and dynamic uncertainties.

2.4.3 Two-Channel Architectures

Given the complexity and hardware requirements of four-channel bilateral systems, Some
research has focused on the two-channel architectures, which can be obtained by suit-
able specialization of the subsystem dynamics of the four-channel architecture. On the
basis of the transferred information type, two-channel architectures can be classified into
four types, i.e., position-position (P-P), where the position signals are transmitted bilat-
erally, position-force (P-F), where the master position commands are sent to the slave
and the force information is fed back from the slave to the master, force-position (F-P),
where the master force commands are sent to the slave and the slave position signals
are transmitted to the master, and force-force (F-F), where the force signals are trans-
mitted bilaterally. In [55], the transparency attainability of each type of two-channel
architectures are given using hybrid parameters.

In the P-P architecture, the position error between the master and the slave is used to
derive the corresponding motion for the slave and the force feedback information for the
master. Therefore, the position error has to be non-zero to generate the actuating force.
As aresult, to achieve transparency in theory, the control gains have to be infinitely large.
This in return makes the system feel sluggish in free motion as large reaction forces,
caused by the lag between the master and slave positions, are supplied to the operator
[60]. While in [59], Lau and Wai showed that, in free space motion, the P-P architecture
resulted in better performance than the P-F architecture. Lawrence [60] showed that,
with linear time-invariant controllers, the P-P architecture provides poor transparency.
To improve transparency, the position controllers should be adjusted when the dynam-
ics at the slave site changes, such as hitting a hard object. Ni and Wang [74] recently
presented a gain-switching control scheme to improve the transparency of a position-
error-based bilateral teleoperation system. The advantage of the P-P architecture is that
no force/torque sensor is required.

The P-F architecture has been widely used, e.g., [17, 32, 33], and it has been shown
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that the P-F architecture performs better than the P-P architecture under the contact mo-
tion [59, 60]. However, this architecture is also prone to stability and transparency prob-
lems [34]. Similar to other architectures, the network-based concepts were uniformly
incorporated to address the transparency [55, 60], and the stability is addressed by incor-
porating passivity or absolute stability concepts [12, 82]. Rather than using the network
theory, Fite ef al. [23, 24] addressed the performance and stability of the P-F two-
channel system from a frequency-domain loop-shaping perspective, which enables the
use of classical compensation techniques. It was shown that the transparency and sta-
bility robustness can be simultaneously improved in a bilateral telemanipulation system,
which contests the previous result that stability and transparency are conflicting design
objectives.

A bilateral controller in the framework of the F-F architecture was proposed by Kaze-
rooni et al. in [53]. It has been found that, although the communication bandwidth can
be increased, the entire system may still suffer from a positional error buildup between
the master and the slave. Another F-F architecture controller has been developed in [75],
in which the transmitted force signals are utilized to realize a desired impedance at the
master. The positional error problem still affects the performance of this controller. By
use of the impedance control with an added position error correction channel, a controller
was developed in [68], which solved the problem of positional error buildup associated

with the F-F architecture.
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PART I

KINEMATIC MAPPING
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Chapter 3

Investigation on Fingertip Position

Mapping

Suppose a data glove is worn by the human operator. The motion of the robot hand
is then determined by that of the human hand, which is measured by the data glove.
Mapping algorithms are necessary to compute the slave position/configuration according
to the master position/configuration. The objective is to provide the human operator
intuitive feeling on the slave motion, and at the same time good workspace matching
between the human hand (master) and the robot hand (slave).

Most previous master-slave hand systems adopted an anthropomorphic robot hand.
However, in practice, a non-anthropomorphic robot hand with less dexterity is sufficient
to perform many tasks. An immediate benefit of these systems is the cost reduction in the
aspects of design, fabrication, and actuation of the robot hand. As stated in Chapter 2,
pose mapping usually results in unsatisfactory performance. Due to the differences in the
kinematics of the human hand and the slave robot hand, the direct joint mapping is not
possible. An initial solution to these systems is thus the fingertip position mapping. This
chapter aims to investigate the performance of the fingertip position mapping in the case
of a non-anthropomorphic slave hand. In particular, a three-fingered robot hand having
a symmetric structure with 7 DOFs is used in the investigation. The 5SDT Data Glove
16-W [109] was used as the hand master. Correspondingly, a three-fingered human hand

model is developed.

3.1 System Description

This section introduces the master-slave hand system. The mapping algorithm is imple-

mented on a three-fingered human hand model and a three-fingered non-anthropomorphic
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robot hand.

3.1.1 Human Hand Model

The human hand is a remarkably complex mechanism. Its skeletal system is composed
of more than 20 bone segments, constituting palm and fingers. The hand movement is
produced by the muscles and tendons attached to the bones. Researchers have made
various approximations when modeling it, depending on the application.

Based on the anatomic structure of the human hand [66] and the models developed
by Rohling and Hollerbach [81], Bouzit [4], and Turner [92], a three-fingered (thumb,
index finger and middle finger) kinematic model is developed by making some proper
approximations on the anatomic structure. As shown in Fig. 3.1, the human hand (right
hand) is converted to a mechanical linkage with 4 DOFs for each finger. The bone

segments (as the links) are connected by pin joints. Note that frame {H,} shown in the
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/ k XHu
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finger & Thumb

(a) Human hand with human base frame {H,}

Finger 2

Finger 1 /‘/V ! ABD
o Tns

Finger O T

X,

(b) Kinematical model with frame {H,}
Figure 3.1: Human hand and its simplified kinematic model with human base frame

{H,} attached (Right hand. Finger 0: thumb; Finger 1: index finger; Finger
2: middle finger).
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Figure 3.2: The robot hand.

figure is the human base frame, which is located at the thumb rotation joint T'rr. The
X-axis points away from the index metacarpal bone, the Y-axis is directed outward from
a flat open palm, and the Z-axis is defined by the right hand rule.

In the model, the index metacarpophalangeal joint has two orthogonal collocated de-
grees of freedom, abduction (Inpp) and flexion (Inypy). The Iyipy, Ipry and Ipyy joints are
all defined such that the axes of rotation are parallel. The middle finger are kinematically
identical to the index finger, with the bases of the fingers offset along the z-axis. Mod-
eling the thumb is more challenging due to the complex thumb structure. The Ty joint
is located at the base of the thumb with the axis of rotation along the index metacarpal.
The T'app joint is collocated and orthogonal to the T'rg joint. The Typy and Ty joints
are parallel to each other, and their axes have an offset angle [, to that of the Tagp
joint.

For clarity in the following presentation, the human thumb, index finger and middle

finger are represented by finger 0, finger 1 and finger 2, respectively.

3.1.2 Robot Hand

As shown in Fig. 3.2, the slave robot hand in our system is a three-fingered non-
anthropomorphic robot hand with 7 DOFs. Each of the planar lateral fingers (right
finger and left finger) has 2 DOFs. Besides the same 2 DOFs, the middle finger has
one additional DOF accounting for the abduction/adduction movement. Particularly, the
structure and dimension of the last two links (upper link and lower link) of the middle
finger are the same as those of the lateral fingers. The lengths for the upper and lower

links of the three fingers are both 96 mm long.
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The problem is now reduced to map the motion of the 12-DOF human hand model
to those of the 7-DOF robot hand. Naturally, the motions of fingers 0, 1, and 2 are
corresponding to those of robot right finger, middle finger and left finger, respectively

(refer to Figs. 3.1 and 3.2).

3.2 Mapping Implementation

The measured glove data are applied to the kinematic model to produce 3-D fingertip
positions of fingers 0, 1 and 2. For each finger, this Cartesian based mapping can be

expressed as

g 0 0
RP=10 g, 0| Ra()R(72)R, (1) TP +P, (3.1)
0 0 g

in which the human position vector P undergoes a series of rotation R(-), scaling by
factors g, g,, and g, for each of the three components, respectively, and translation P,
(P, = [Pows Doy, poz]T) to be mapped to the robot position *°P. Here the vector rotation
is performed by means of frame rotation. The rotational matrix R, (v3)R.(72)R,(71) is
obtained by rotating the human frame {7} about axis Y by angle -, then about the
new axis Z by angle v», and finally about the new axis X by angle 3, respectively, such
that the the resulted frame is in the same orientation as the robot frame {R}. Note that
the sequence of rotation is basically arbitrary. The Y-Z-X sequence is adopted because
R,(71) (representing the first rotation) accounts for the major difference in orientation
between frames {H, } and { R, }. The scaling factors, g, g, and g, are chosen to enlarge
the operator’s finger motions to account for the larger workspace of the robot fingers. The
rotated and scaled position vectors are finally translated by P, such that most mapped
positions are within the workspace of the robot fingers.

Thus, nine parameters are used in the fingertip position mapping, which are g, gy,
9z V1> V25 V3s Poxs Doy and p,.. Same scaling gains, rotational angles, and translation
vector should be applied to each finger such that the robot fingertips gather at a certain
point when the operator brings his/her fingertips together (This property is defined as
fingertip-to-fingertip correspondence). Note that the computed robot left and right fin-
gertip positions should be projected onto the plane defined by axes X, and Y i, of frame

{Ro} (refer to Fig. 3.2) to account for the planar nature of the two fingers.
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Figure 3.3: Mapping results of human thumb (finger 0) and middle finger (finger 2) by

fingertip position mapping.

3.3 Mapping Results

The mapping results by simulation, which were obtained by programming the mapping
algorithm in MATLAB”™ | are presented in this section. The value of each joint angle
of the human hand was chosen randomly over its motion range. The parameter values
were chosen by trial-and-error as g, = 1.6; g, = 1.2; g, = 1.6; 11 = —23°; 72 = —8%;
Y3 = 0% Pox = 32; Poy = —44; po, = 63.

Figure 3.3 shows a typical result of finger 0 and finger 2, the motions of which are
mapped into the workspace of the robot right and left fingers, respectively. Figure 3.4
shows the result of finger 1 in two perspectives, the motion of which is mapped into
the workspace of the robot middle finger. The curves represent the workspace bound-
aries of the robot fingers, while the points represent the mapped positions of the human

fingertips.

3.3.1 Discussion
As shown in Fig. 3.3, the motion of finger 2 is relatively well mapped to the workspace
of the robot left finger. It is mainly due to the kinematic similarities between the two fin-

gers, plus the abduction/adduction motion of finger 2 is much smaller compared to the

25



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

-50 -

-100 —

Y-axis (mm)

-150 —

I I I
0 -50 -100 -150 -200 -250 -300 -860 )
X-axis (mm) Z-axis (mm)

-200 —
| | | | I /(',/5‘1’0

(a) Viewpoint 1

250

X-axis (mm)

-300 0 Z-axis (mm)

(b) Viewpoint 2

Figure 3.4: Mapping results of human index finger (finger 1) by fingertip position map-
ping.
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flexion/extension motion. Moreover, when the human hand is grasping an object, fin-
ger 2 always maintains the abduction/adduction angle at a certain value, which roughly
constrains the motion of finger 2 to a plane. The motion range of the robot left fin-
ger also corresponds well with the flexion/extension range of finger 2, yielding a simi-
lar workspace shape. Therefore, the operator is capable of using a large percentage of
workspace of the robot left finger.

However, the result of finger 0 is somewhat non-satisfactory. The achievable posi-
tions of the finger are mapped to a relatively small region. Despite the large 3-D motion
range of finger 0, its projected tip positions are approximately confined to a small region
spanning the left part of the workspace of the robot right finger. It is mainly due to the
great kinematic dissimilarities between finger 0 and the robot right finger. Firstly, finger
0 is shorter than finger 2, while robot right and left fingers are identical. Secondly, the
relative location of fingers 0 and 2 is different from that of robot right and left fingers.

Similarly, the achievable positions of finger 1 are also mapped to a relatively small
region of the corresponding robot workspace, i.e., the workspace of the robot middle
finger. As shown in Fig. 3.4, only half of the abduction/adduction motion of the robot
middle finger can be used by the human operator.

To improve the achievable mapped positions of fingers 0 and 1, one could simply in-
crease the gains for the two fingers’ transformation. However, because it is desired that
the mapping has the fingertip-to-fingertip correspondence, all the gains and offsets must
be the same for all the three fingers. To prevent a large portion of finger 2’s mapped po-
sitions from falling outside of the workspace and large velocities of all the three fingers,

the gains can not be increased to an over large value.

3.4 Summary

The results shown in Figs. 3.3 and 3.4 imply the en-effectiveness of the fingertip position
mapping in the case that the slave robot hand is non-anthropomorphic. Firstly, the human
fingertips’ position can not be mapped into the whole robot workspace, such that the
large workspace of the robot hand cannot be fully utilized. Secondly, the mismatch
between the mapped human finger positions and the corresponding robot workspace
will provide low intuitiveness to the operator due to the poor grasp pose correspondence.
For instance, according to Fig. 3.3, when the operator opens his/her hand with the thumb
fully extended, the robot right finger cannot extend as expected, which tends to frustrate

the operator. This is tested by the experiments and will be addressed in Sec. 4.6 as a
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comparison with the virtual circle mapping method presented in Chapter 4.
In a word, the investigation in this chapter shows that, for non-anthropomorphic
slave hand, the fingertip position mapping method fails to provide satisfactory degree of

telepresence and workspace matching between the master and the slave hands.
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Chapter 4

Virtual Circle Mapping

For three-fingered non-anthropomorphic robot hands, the previous developed methods
are not applicable or cannot result in satisfactory performance. By extending Griffin’s
virtual object based method [31], which was developed particularly for 2-D cases, this
chapter focuses on 3-D cases and presents a virtual circle mapping method dealing with
the three-fingered robot hands.

The mapping algorithm presented in this chapter is developed particularly for the
three-fingered non-anthropomorphic robot hand introduced in Chapter 3. The general
idea of the method is applicable for other three-fingered robot hands. In the following
sections, the concept of the virtual circle mapping is first introduced. The detailed im-
plementation of the idea is then presented, followed by the simulation results and the

experimental validation. Finally, the work and the results presented are concluded.

4.1 Virtual Circle Mapping Concept

The virtual circle mapping method is developed based on the basic geometry theorem,
which states that three points (if they are not in a line) define a unique circle. The
fundamental idea is to construct a corresponding relationship between two virtual circles
defined by the human fingertips and the robot fingertips, respectively. As a result, a
corresponding relationship between the Cartesian positions of the human fingers and
those of the robot fingers can be constructed. The mapping from master to slave can thus
be achieved. Figure 4.1 shows the concept of the proposed method, where the virtual

circle is described by four sets of parameters. They are

e Circle radius
e Central angles

e Circle center position
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e Circle orientation

Note that the circle radius and central angles are scalars; the circle center position is
expressed by a vector; and the circle orientation is represented by a frame attached to the
circle plane.

Different from the fingertip position mapping, which transfers the absolute Cartesian
positions of the fingertips, the virtual circle method defines and transfers the information
of the relative positions between the fingertips. The virtual circle actually carries the
relative-position information. The mapping procedure is depicted in Fig. 4.2, in which
three steps are performed in sequence. Firstly, the four sets of parameters describing
the virtual circle of the human hand are derived according to the fingertip Cartesian
positions. Secondly, the parameters are transformed to the robot frame such that the
virtual circle of the robot hand is constructed. Finally, the robot fingertip positions are

computed according to the transformed parameters describing the robot virtual circle.

4.2 Parameters Describing the Human Hand Circle

A major difference between the human hand and the robot hand is the inability of robot
left and right fingers’ abduction/adduction motion. Therefore, it is necessary to find a
suitable plane, onto which the tip positions of fingers 0 and 2 are projected to account
for the planar nature of the robot right and left fingers. In fact, there exists a plane that
contains most motions of fingers 0 and 2 when the operator opens and closes his/her
grasp naturally. As shown in Fig. 4.3(a), frame {;}, which means human frame 1,

is defined to locate the plane for projection. By observation, frame {H;} can be found

(R} Yr

Circle Orientation

\\Circ\leclte; /

Figure 4.1: The concept of virtual circle mapping.

Central Angles
Circle Size
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Figure 4.2: Procedure of virtual circle mapping.
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Figure 4.3: Plane for projection of the motions of fingers 0 and 2.

by first rotating frame {H,} about Y-axis by an angle ¢ and then translating the rotated
frame along its Z-axis by a distance s. The best values of ¢ and s can be obtained by an
estimate-and-tune process.

Figure 4.3(b) shows the method of estimating the values of ¢ and s. Firstly, the
operator is asked to open and close his/her grasp naturally. The tip positions of fingers
0 and 2 are then recorded and projected onto Xy, Zy, plane. Secondly, the best-fit line
of the tip trajectories is computed. Finally, the estimation of value ¢ is found as the
angle between Xy, -axis and the best-fit line. The estimated value of s is the distance
from the origin of frame {H,} to the best-fit line. Although the estimated values are
reasonable and close to the optimal ones, it is better to fine tune them by the operator
himself/herself. The major reason is that whether the resulted robot pose is intuitive or
not is basically subjective. Therefore, the operator should have the right to tune the value
by a small amount around the estimated values.

By applying the sensor readings to the kinematic model of the human hand, the
fingertip positions are obtained by virtue of forward kinematics. After the motion pro-
jection of fingers 0 and 2, the three tip positions can be expressed in frame {H; } as

'HlPi — [Hlxi Hi

y )t i=0,1,2 4.1)

where 71z, = "1z, = 0. The superscript 7, denotes frame {H;}. The four sets of

31



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

parameters are then derived in the following sections.

4.2.1 Circle Radius and Central Angles

Three vectors ug;, gy, and uy, are defined and expressed in frame {7, } respectively by

H H H H H H H H H
'ug; = Py — Py, "upge = Py — Py, 'upp = "Py -~ "P; (42)

As shown in Fig. 4.4 with the circle center denoted by C}, (center of the human circle),
there are two possible cases of the resulted circle, which are Z012 < /2 (Fig. 4.4(b))
and Z012 > 7 /2 (Fig. 4.4(c)). For both cases, the internal angles Z012 and Z021 of the

triangle composed by the three fingertips are computed firstly using the Cosine Law as

2 2 2
2y o ]]” + JJaga || — [Jugy||

/012 = cos
2lagy || - [Jwyz]

4.3)

2 2 2
_1 aoa || + Jlusa || — [Juoy |

/021 = cos
2|lugz|| - [Juya|]

(4.4)

Define anti-clockwise as the positive direction, the central angles Z0C),1 and Z0C}2 are

then obtained

Z0C,1 =21 — 2021 4.5)

2005,2 = 2/012 (4.6)

For both cases shown in Fig. 4.4, the radius of the circle is computed by

. _ [[uga ||
fruman =5 ¢in /012

4.7)
4.2.2 Circle Center Position
The circle center is used to describe the location of the circle. Express the circle center

H H T
YWhes ' 2Zpe|t, Where

position of the human hand in frame {H;} as "1 P,. = [ 2y,
the subscript hc means “human circle center”. According to the geometry theories that
the distances from the center to each point of the circle are equal, and the three fingertips

and the center are in the same plane, the following three equations are obtained:

70 Phe — TP || = [Py — TPy | (4.8)
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70 Phe = P[] = [Py — TPy | (4.9)
Hlxhc Hlyhc lehc 1
Hig Ha Higy 1

det o A g (4.10)
H1:C1 H1y1 lel 1
H1x2 H1y2 HIZQ 1

which can then be used to solve for "' z;,., "y and 71 2, and thus the circle center can
be obtained and is expressed as " Py originas in frame {H; }.

The original circle center should be shifted along two directions, respectively. Firstly,
the motions of fingers 0 and 2 during a natural grasp are asymmetric. The workspace of
finger O is smaller than that of finger 2 in terms of the motions within the Xz, Y, plane.
While the right and left fingers of the robot hand, the counterparts of fingers O and 2, have

the same kinematic structure and thus symmetric motions during a natural grasp. As a

|

[
|
1

(b) £012 < T (i.e. Z0C32 < 7) (©) £012 > T (i.e. Z0C32 > 7)

Figure 4.4: Graphical illustration of the circle radius and central angles.
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YH 1

XH1

02,mid-point

hc,original

he,shift,

'
Ch

Figure 4.5: Graphical illustration of shifting the circle center of the human hand (Finger

1 is not shown for clarity).

result, if the operator opens his/her grasp from the pinch-point (Pjyman—pincn) naturally
(refer to Fig. 4.12 for the definitions of human and robot pinch-points), the mid-point of
chord 02 (refer to Fig. 4.5) will shift toward finger 2. While the desired robot motion has
its pinch-point (P;.0¢—pincn) as the constant mid-point of the line segment determined by
robot right and left fingers. To account for the asymmetric motions by fingers 0 and 2
of the human hand, the circle center should be shifted towards finger 0, as claimed by
Griffin in his virtual object based method[31]. Secondly, the robot circle is larger than
its corresponding human circle due to the larger dimension of the robot hand. Also, the
X, Y, plane is corresponding to the plane containing the motions of robot left and
right fingers. Therefore, if the two planes are located such that they coincide with each
other, it is easy to find that a shift of the human circle center away from the Xy, Yy,
plane is necessary. Actually, the Xy, Yy, plane is used as the reference plane, and in
the following derivations, it is assumed that the corresponding plane of the robot hand
coincides with that of the human hand. As shown in Fig. 4.5, the position of the mid-

point of chord 02 can be expressed in frame {H; } by

1
P2 mid—point = Po + 51102 4.11)

where the vector ug, is defined by Eq. (4.2). Define an “intermediate” vector P;,,; as

Pint - Phc,original - P02,mid—point (412)
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Note that vectors P;,,; and ug, are orthogonal. The position of the shifted circle center

can now be expressed in frame {7} as

Picsnipt = Po + Mg + 1Py (4.13)

where \ represents the shifting ratio of the mid-point of chord 02, and x represents the
stretch ratio of the intermediate vector, P;,;. Although the above derivation is based on
the case shown in Fig. 4.4(b), the derived formulas are valid for the case shown in Fig.
4.4(c). The statement to the scheme of determining 1 is deferred to Sec. 4.3.1, and that
of ) is discussed here.

Similar to locating the projection plane, the determination of the value of A can also
be performed through an estimate-and-tune process. The operator is asked to open and
close his/her grasp naturally. The tip positions of fingers O and 2 are then recorded and
projected onto Xy, Zy, plane, as shown in Fig. 4.6(a). Further, the tip positions are
projected onto Xy, -axis. At the initial stage of opening the grasp, the tip positions of
fingers 0 and 2 (Py_;pnitia; and Po_;51541) are nearly symmetric with respect to the pinch-
point (refer to Fig. 4.6(a)). In other words, the mid-point of the line segment determined
by the two tips coincides with the pinch-point. This situation gives the upper bound of A,
which is A, = 0.5. When the fingers reach the ends of their workspace (represented

by Py_naz and Py, in Fig. 4.6(b)), the mid-point shifts toward finger 2 for a small
dOp—max
dOQ—max
dop—maz 1s the magnitude of vector (Ppyman—pinch — Po—maz) projected onto Xy, -axis,

amount. This situation gives the lower bound of A\, which is A,,;, = , where

and dpa_pnq. 15 the magnitude of vector (Po_,0: — Po_imaz) projected onto Xy, -axis.

Finger 2
trajectory

Finger 0 Mid-point “.‘

?rojecte-d s (rajectory Projected “\
pinch-point pinch-point
\
o o Xui ‘e
ZH 1 Hl % PO—max
() (b)

Figure 4.6: Graphical illustration of determining the bounds of parameter \.
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Therefore, the value of A should satisfy

d —maxr
R )\ < 0.5 (4.14)

d02—maac
When implementing the method, the initial value can be set as %()\min + Amaz)- The
operator then fine tunes the value before the operation. Note that different operators usu-

ally choose different value for A due to two reasons. Firstly, human hands are different
d()p—maa:
d02fmar
based on his/her own standard of intuitiveness.

and thus result in different values for . Secondly, the operator tunes the value

4.2.3 Circle Orientation

The circle orientation is described by a frame, say frame {H.}, which means “Human’s
circle”, attached to the circle, as shown in Fig. 4.7. Note that the two possible cases due
to the relative positions between the fingertips are shown in Fig. 4.7(a) and Fig. 4.7(b),
respectively. In both cases, the origin of the frame {H.} lies in the original circle center
for convenience, although the location of the frame is arbitrary. The three components

of the frame are defined as

P if L0C,2 < 7

(1Pt |
Xy = (4.15)
”‘PIZZT‘ it £20C,2 > 7
—Up2
Yy = 4.16
e | (10
YH1
ZHI XH1
(a) L0042 < (b) L0032 > 7

Figure 4.7: Graphical illustration of the circle orientation of the human hand (Finger 1

is not shown for clarity).
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ZHC = XHC X YHC (417)

Note that vector Xy, is defined such that it always points to the direction of finger 1. The
definition is depending on Z0C},2, which is measured about axis Zy,. Vectors Xy, and
Y 5. are orthogonal since vectors P;,; and ug, are orthogonal.

By expressing the three unit vectors in frame {#; }, they can be written into a ro-
tational matrix, 77 R, to describe the orientation of frame {H.} relative to frame {H;}

as

%iR: HlXHc HlYHC HIZHC (4.18)

The four sets of parameters describing the virtual circle of the human hand have been
obtained. They are the circle radius r,,man, the central angles Z0C}1 and Z0C},2, the
center position HlPhC,shi ¢, and the circle orientation %iR Next, the parameters in the

human frame should be transformed into the robot frame.

4.3 Human-to-Robot Transformation

By transforming the derived four sets of parameters of the human circle into robot frame,
a corresponding virtual circle of the robot hand can then be constructed. While the
formulas obtained in this section are valid for both cases of the human circle shown in
Fig. 4.4, the following analysis is based on the case shown in Fig. 4.4(b), where the

three fingers enclosing the circle.

4.3.1 Transformation of Circle Radius and Central Angles

To achieve the desired correspondence in poses between the human hand and the robot
hand, the central angles of the robot circle are maintained the same as of the human
circle. The explanation is given next. Suppose the virtual circle of the robot hand is
constructed, and frame {R.} is attached to the origin of the circle to describe its orien-
tation. Locate the two circles as shown in Fig. 4.8(a), such that frames {R.} and {H.}
coincide, where C'. and C', represent the centers of the robot circle and the human circle,
respectively. Refer to Fig. 4.8(a), the way to maintain the relative positions between the

fingertips in the circle plane is to keep A012 similar to A RM L, which requires

ZRC.L = Z0C}2 (4.19)
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=YHL'
=YRL'
M M
¥ X e Xe ¥ Xt Xge
(a) The circle centers coincide (b) The chords 02 and RL coincide

Figure 4.8: Circles of the human hand (smaller one) and the robot hand (larger one) in

the same orientation.

ZRC,. M = Z0C)1 (4.20)

where L, R and M represent the robot left, right and middle fingertips, respectively.

To account for the larger workspace of the robot hand, the circle radius is scaled by

T'robot = K Thuman (421)

where .., 18 the radius of the robot circle. A useful observation is that the optimal

value for the scaling ratio K is equal to the stretch ratio  in Eq. (4.13), i.e.

K=y (4.22)

Refer to Fig. 4.8(b), which is obtained by moving the human circle shown in Fig. 4.8(a)
along —Xp_, such that chord 02 coincides with chord RL. Then vector P;,; defined in
Eq. (4.12) and Fig. 4.5 is actually the vector @ shown in Fig. 4.8(b), where () is
the mid-point of chords 02 and RL. It is known that A0C},2 and ARC,. L are isosceles
triangles and A0C},2 is similar to ARC,. L. Thus A0QC}, is similar to ARQC,.. We

then have

o oo RO QG _ (4.23)
Thuman || OCh || ” QCh H

The determination of parameter /K (and p) is again an estimate-and-tune process.
The radius of the circle should be scaled such that the maximum span of the human pose

matches the maximum grasp that the robot can achieve. Refer to Fig. 4.6(b), dpo—max
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represents the maximum span of fingers 0 and 2. If dr; 4. 1S used to represent the
maximum span that the robot right and left fingers can reach, K should then satisfy

d —max
K< K,y = Skomar (4.24)

d027max

Based on the estimation, the value can then be fine tuned by the operator given the value

of K,,... Figure 4.9 shows three possible strategies for choosing K.

4.3.2 Transformation of Circle Orientation

The orientation of the robot circle should be maintained the same as the human circle
with respect to the world coordinate. Set frame {R} as the world coordinate. Locate the
two circles (human and robot) as shown in Fig. 4.10(a), such that the circle center of the
robot hand coincides with the shifted circle center of the human hand, and frame {H,}
has the same orientation as frame {R.}. Then frame {R} has different location and
orientation from frame {H;}. The circle orientation should be expressed with respect

to frame {Ry}. The task is reduced to find the orientational relationship between frame

KA KA KA
i
- - >
doz doz doz
(a) Constant K (b) Piecewise linear function (¢) Nonlinear function

Figure 4.9: Possible strategies for choosing /.

YRn YHI
YHz
XRO

ZHZ XH 1

XHI ZH| XH:

2
Phc,shifl Zn
s 0
Human circle
Robot circle 1

(a) Circles with frames {H;} and {Ro} (b) Define frame {2} by rotating frame {#; }

Figure 4.10: Graphical illustration of transforming the circle orientation and circle cen-

ter.
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{H:} and frame {R,}.

Frame {H} is then introduced, as shown in Fig. 4.10(b), which has the same orien-
tation as frame {Ry}. A full rotation can be obtained through rotating of frame {7, } by
the Y-X-Z Cardan angles [65]. While the rotation about axis Y; is not necessary since
the function of this rotation has been obtained when locating the projection plane (i.e.,
defining frame {;}). Therefore, the orientation of frame {H,} with respect to frame

{H;} can be expressed as

TR =R, (0)R.(0) (4.25)

where 6 and ¢ are rotational angles about axes X and Z, respectively. Normally, the value
of 6 is set as zero. The reason of introducing this parameter is to give the operator more
freedom to tune the algorithm. The values of ¢ can be obtained by the estimate-and-tune
process. Recall the method used to find the value of A (Sec. 4.2 and Fig. 4.3), the tip
trajectories of fingers 0 and 2 are now projected onto Xz, Y, plane, as shown in Fig.
4.11. The best-fit line is then computed. If the robot opens its grasp, the tip trajectories
of the right and left fingers will be symmetric, and parallel to X, -axis. Therefore, the
angle between the best-fit line shown in Fig. 4.11 and Xy, -axis should be the optimal
estimation of ¢. Again, this value can be fine tuned by the operator according to his/her
own feelings on intuitiveness.

Since frame {H} has the same orientation as the robot base frame {R,}, the orien-
tation of the transformed virtual circle with respect to frame { R} can then be computed

by

Rop __ Hep _ Hip—1H1
RCR - HcR - HzR HcR (4.26)
Y
s Bestit line T X
'_-T.‘;_ CTSveeeL T
" Rl SN , e X
Finger 2 “afis:.. . ',‘,-“l,-"-:*:":#;{;:r Finger 0
trajectory A T e trajectory

NI L

Figure 4.11: Graphical illustration of finding the value ¢.

40



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

where ZiR is given by Eq. (4.18); %;R_l is the inverse of %;R, which is given by Eq.
(4.25).

4.3.3 Transformation of Circle Center Position
To address the transformation of the circle center, it is convenient to locate the two circles
(human and robot) as shown in Fig. 4.10(a). The task now is to express the position of
the shifted circle center of the human hand (C}) in frame {R}. Two methods can be
used to accomplish this task.

Refer to Fig. 4.10(a), the transformed circle center, i.e., circle center of the robot

hand, can be expressed in frame {RR} as

RoPe = RIR™ TPy anipe + Py ore (4.27)

where %;R = H;R is given by Eq. (4.25). The value for ®°Py, orq can be obtained by
an estimate-and-tune process.

A problem of applying Eq. (4.27) is that estimating the value for the vector *°Py, ora
is not as straightforward as that for scalars. To avoid estimating a vector, the technique
of defining the pinch-points of human and robot hands as the reference points, which
was introduced in Griffin’s work [31], is used in this work. As shown in Fig. 4.12, the
pinch-points of the human hand and the robot hand are defined in such a way that the
robot pinch-point should give the operator intuitive feeling that it is the counterpart of
his/her pinch-point. Note that the human pinch-point should be projected to Xy, Y,
plane, since the robot pinch-point is in X, Yz, plane.

A new vector describing the shifted circle center position of the human hand relative

(a) Human pinch-point (b) Robot pinch-point

Figure 4.12: Definition of the pinch-points of human and robot hands.
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to the human pinch-point is then defined by

Phc,shift,rel - Phc,shift - Phuman—pinch (428)

where the subscript “rel” means relative. The transformed circle center (i.e., circle center

of the robot hand) can then be expressed in frame {RR} as

R Hip—1H R
OPrc - (I]R 1Phc,shift,rel + OProbotfpinch (429)

where %R = H;R is given by Eq. (4.25). It can be seen that defining the pinch-points
instead of estimating the value for *°Py, opg in Eq. (4.27) simplifies the task.

The four sets of parameters have now been transformed to the robot frame. They
are the circle radius 7,0, the central angles ZRC'. L and ZRC'. M, the center position
RoP,., and the orientation %‘SR The last step is to compute the robot fingertip positions

according to the transformed parameters.

4.4 Computation for Robot Positions

The positions of the robot fingertips are computed by two steps. Firstly, the positions
with respect to frame {R.} are computed. They are then computed with respect to frame
{Ro}-

Two possible cases of the resulted robot circles are shown in Figs. 4.13(a) and
4.13(b), respectively. The position vector of the robot right fingertip with respect to
frame {R.}, P ight—to—rc, is defined as shown in the figure. The subscript “right-to-rc”
means “right fingertip relative to robot’s center”. Similarly, position vectors P ¢ o pc

and P,,,;4410—t0—rc are defined. For both cases,

p

Trobot COS(T — %ZRC’,,L)
RePright—to-re = § Tropor Sin(m — LZRC, L) (4.30)
0

\

(

T'robot COS(W + %ARCTL)
RcPleft—to—rc - T'robot Sin(ﬂ' + %ARCTL) (431)
0

\
Trobot COS(T — %ARCTL + ZRC,. M)

RPriddic—to-re = § Tropor Sin(m — 1ZRC,L + ZRC, M) (4.32)

0

42



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

As illustrated in Fig. 4.13(c), the position of the robot right fingertip with respect to

frame {Ry}, Pyignt, can then be computed and expressed in frame {R} by

ROPright = %SR RCPM’ght—to—rc + ROPrc (433)

Similarly,
7zol)left - %SR RCPleftftofrc + ROPrc (434)
ROPmiddle - %SR RCPmiddle—to—rc + ROPrc (435)

The three fingertip positions of the robot hand are now obtained, and the flow chart

of the algorithm is shown in Fig. 4.14. It is worth to point out that the optimal values

Rc

Pr[ght»m»rr R

Rc

(a) (b)

R Yr,

right-rel-rc

©)

Figure 4.13: Graphical illustration of computing the fingertip positions of the robot hand

(The middle finger is not shown for clarity).
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Figure 4.14: Flow chart of virtual circle mapping.
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Figure 4.15: Mapping results of human thumb (finger 0) and middle finger (finger 2) by

virtual circle mapping.

for the parameters of the virtual circle mapping usually vary for different operators by a

small value, due to the subjectivity of the operators.

4.5 Mapping Results

The mapping results by simulation are presented in this section to show the advantages
of the virtual circle mapping method when the robot hand is non-anthropomorphic. The
results were obtained by programming the proposed algorithm in MATLAB™™ . The
value of each joint angle of the human hand was chosen randomly over its motion range.
The values of the parameters were chosen as § = 43°;, s = 37Tmm; A\ = 0.45; ¢ =
—12°; 8 = 0; and the strategy shown in Fig. 4.9(b) was used for K (so and ) with
Kinae = 2.85. They were obtained by performing the estimation processes stated in
previous sections on a specific operator, whose hand dimensions were used as the hand
model parameters.

Figure 4.15 shows a set of mapping results of finger 0 and finger 2, the motions
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of which are mapped into the workspace of the robot right and left fingers, respec-
tively. Figure 4.16 shows the results of finger 1 in two perspectives, the motion of
which is mapped into the workspace of the robot middle finger. The curves represent
the workspace boundaries of the robot fingers, and the points represent the mapped po-

sitions of the human fingertips.

4.5.1 Discussion

The investigation performed in Chapter 3 has demonstrated that the achievable mapped
positions of finger 0 can only be mapped to a relatively small region. While for both
finger 0 and finger 2, the motions of the mapped positions are greatly expanded, and
match the robot workspace much better by the virtual circle mapping method, as shown
in Fig. 4.15. This feature will not only allow the operator to better utilize the robot’s
large workspace, but also provide the operator a higher degree of intuitiveness.

As addressed in Chapter 3, the motion of finger 1 is also mapped into a small region
of the corresponding robot workspace by fingertip position mapping. While by virtual
circle mapping, the motion is mapped into a much larger region, as shown in Fig. 4.16.
One advantage is the better usage of the abduction/adduction motion of the robot middle
finger (refer to Fig. 3.2). The other is the extension of the mapped positions along axis
Zp,. Similar to the mapping of finger 0, this feature will provide the operator a higher
degree of intuitiveness compared to that by the fingertip position mapping.

Note that the workspace of the robot hand shown in Fig. 3.4 is different from that
shown in Fig. 4.16. This is because of an assumption for virtual circle mapping, which
is that the tip position of finger 1 remains away from Xy, Yy, plane (refer to Fig. 4.3)
during the operation. Consequently, the tip position of the robot middle finger remains
away from Xp,Yg, plane (refer to Fig. 3.2). As a result, the workspace of the robot
middle finger is restricted by X, Y g, plane, as shown in Fig. 4.16. Since the virtual cir-
cle couples the three fingertip positions, this assumption was made to avoid considering
the situations that the three tip positions are in a line and that the tip position of finger
I locates behind Xy, Y, plane. Actually, the assumption makes sense since the robot
middle finger seldom pierces through Xz, Y g, plane during the grasp and manipulation
tasks. However, the assumption was not made when applying the fingertip position map-
ping, because each finger was mapped independently.

Note that some of the mapped positions fall outside of the robot workspace. For a
real operational system, extra algorithm should be developed to deal with this situation.

A possible method is to find a suitable point within the workspace to substitute for each
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Figure 4.16: Mapping results of human index finger (finger 1) by virtual circle mapping.
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out-of-workspace point.

4.6 Experiments

By using xPC Target, a toolbox of MATLAB”" a real time motion control system
was developed for experimental study of the mapping methods. xPC Target provides
a high-performance, host-target prototyping environment that enables us to connect the
Simulink models to physical systems and execute them in real time on PC compatible
hardware.

The 5DT Data Glove 16-W [109] was used as the hand master. The links of the robot
hand were driven by DC motors with power amplifiers. The angular position of the joints
were measured by encoders attached to the shafts of the motors. The I/O boards were
plugged into the PCI bus of the target PC to read the encoder data and output analog
signals to the amplifiers to control the motors. The developed test-bed is shown in Fig.
4.17. The detailed development of the test-bed is addressed in Appendix A, where a

mechatronic approach is applied to construct the real time motion control system.

Target PC Host PC

(a) The developed real time control system.

Target PC with
Robot Hand Amplifiers

5DT
Data Glove

(b) The robotic system.

Figure 4.17: The developed test-bed for mapping.
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Firstly, the experiments were performed to study the pose correspondence between
the human hand and the robot hand. The experiment on the fingertip position mapping
was first performed. Figure 4.18(a) shows a typical pose of the robot hand resulted from
that of the human hand. As shown in the figure, when the human operator opened his
grasp and extended the thumb, the robot right finger (corresponding to human thumb)
was not able to move to the right position as expected. This conforms to the simulation
result shown in Fig. 3.3. As seen, fingertip position mapping tends to supply little
confidence to and thus frustrate the operator. The virtual circle mapping method was
then applied. As shown in Fig. 4.18(b), for a similar human hand pose to the one
shown in Fig. 4.18(a), the virtual circle mapping resulted a better robot hand pose with
better pose similarities. Therefore, the virtual circle mapping produces higher degree of
intuitiveness for the human operator. Two more examples of the pose correspondences
by virtual circle mapping are shown in Fig. 4.19.

Next, the mapping results are discussed considering the grasping strategies. Ac-
cording to the work by Cutkosky and Howe [16], the human grasp can be categorized

into power grasp and precision grasp (refer to Fig. 4.20). In power grasp, the object is

(a) by fingertip position mapping (b) by virtual circle mapping

Figure 4.18: A comparison of typical human-robot correspondences by fingertip posi-

tion mapping and virtual circle mapping.

() (b)

Figure 4.19: Two additional examples of the human-robot correspondences by virtual

circle mapping.
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grasped by the whole hand. In other words, the force is applied on the object by some or
all of the finger segments and the metacarpus. In precision grasp, the object is grasped
by the fingertips. The precision grasp has higher level of dexterity, and is usually per-
formed in the central area of the workspace. As such, both the fingertip position mapping
and the virtual circle mapping are capable of the precision grasp. However, according
to the results shown in Fig. 4.18(a), the robot hand by fingertip position mapping will
fail to grasp large objects by power grasp, such as the circular prehensile power grasp as
shown in Fig. 4.20, since the robot right finger cannot extend to the desired position as
commanded by the human thumb. In contrast, Fig. 4.18(b) shows that the robot hand by
virtual circle mapping is capable of power grasping a large object. The above analysis is
also supported by the mapping results shown in Figs. 3.3 and 4.15. Therefore, besides
the telemanipulation, the proposed virtual circle mapping has potential applications in
the areas of the grasp/posture recognition, and the programming robot by demonstration,
etc.

Finally, The computational time was investigated. The Pentium 4-1.8G CPU was
used to perform the computation. If the whole mapping algorithm has the master sensor
readings as the inputs, and the computed robot joint angles as the outputs, the measured
computing time for one set of inputs was averagely 0.00112 s. The speed is fast enough

for our system and other digitally controlled robotic systems.

= i
Power r-i'u'cnmn

Prehensile

Non-Prehensile

* | |
<5 ‘"}3 g =

IE“ @b Increased power Increased dexterity
L sl l -

Figure 4.20: Hand grasp geometries (Adapted from [16]).
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4.7 Concluding Remarks

A virtual circle mapping method is proposed for three-fingered master-slave hand sys-
tems. The concept of the method has first been introduced. The basic idea is to express
the operator’s motion by a virtual circle determined by his/her three fingertips. Four
sets of parameters are used to describe the circle. The information of relative positions
between the fingertips is delivered from the master to the slave by transforming the four
sets of parameters from the human frame to the robot frame. The robot fingertip po-
sitions are then computed according to the transformed parameters. An algorithm for
a specific three-fingered robot hand has been presented. The simulation results of the
workspace matching have shown that the proposed method can account for the dissim-
ilarities between the human hand and the robot hand, and therefore more effective for
tele-controlling the non-anthropomorphic robot hands. The experiments demonstrated
the feasibility of the proposed method.

Although the presented algorithm is specific for the non-anthropomorphic robot hand
introduced in Sec. 3.1.2, the idea of virtual circle mapping is applicable for all kinds
of three-fingered robot hands, both anthropomorphic and non-anthropomorphic. Since
the manipulation tasks of some master-slave systems do not require the robot hand as
complicated as the anthropomorphic hand, it is possible to replace the anthropomorphic
robot hand in the system by a three-fingered non-anthropomorphic hand and apply the

virtual circle method for mapping. By doing this, the cost of the system can be reduced.
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PART II

CONTROL SCHEME DESIGN
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Chapter 5

Investigation on Impedance Control

As addressed in Chapter 2, in the impedance control structure, it is not required to
switch the control modes during the transition between the free space motion and the
constrained motion. Many schemes have been proposed to deal with the problem of
environment impedance uncertainties [48, 58, 64, 77, 84, 96] and robot dynamics un-
certainties [9, 45, 46, 47, 78]. However, to our best knowledge, the force tracking per-
formance in the case of external disturbances remains unaddressed. In fact, when the
external disturbances exist, it is difficult to maintain the designed target impedance or to
eliminate the target impedance error, even the nonlinear compensation schemes (such as
the neural network technique used in [47]) are applied, in that the external disturbances
are unpredictable by nature. Therefore, it is necessary to study the effects of the external
disturbances to the force tracking performance.

This chapter investigates the force tracking performance of impedance control. In
the following sections, the robot dynamic model considering the external disturbances
is first given. The detailed implementation of the impedance control is then presented,
followed by the analysis of the force tracking performance.The results are next verified

by simulations. Finally, the insights obtained from the investigation are concluded.

5.1 Robot Dynamic Equations

The dynamic equation of an n-DOF manipulator is expressed in joint space as [15]

D(q)4+ C(q,q)q+ G(q) =7 (5.1

where the vectors q,q,q € R" denote the joint angles, angular velocities, and angu-

lar accelerations, respectively, D(q) € R"*™ is the symmetric positive-definite inertia
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matrix, C(q, q)q € R" is the Coriolis and centrifugal torque, G(q) € R" is the gravita-
tional torque, and 7 € R™ is the actuator joint torque.
If considering the contact force with the environment and the external disturbances,

the robot dynamics can be expressed as

D(a)q+ C(q,q)qa+ G(q) = 7 — 7e + Taist (5.2)

where 7, € R" represents the force exerted by the end-effector to the environment ex-
pressed in joint space, 74+ € R™ denotes the external disturbance force acted on the
end-effector expressed in joint space.

It is well known that when the end-effector contacts the environment, a task space
coordinate system defined with reference to the environment is convenient for the study
of contact motion. Let X € R° be the task space vector representing the Cartesian

position/orientation of the end-effector, which is defined by [40]

X = L(q) (5.3)

where L(-) € R" — RS is the forward kinematics transformation describing the relation

between the joint and task spaces. Then, the derivatives of X are given as

X =J(q)g (5.4)
X = J(@)d + (@) (5.5)

where J = 9L(-)/dq € R®*" is the Jacobian matrix. Here it is assumed that J is square
and nonsingular (otherwise, pseudoinverse may be used to compute the inverse of the
Jacobian matrix). The equation of motion can therefore be expressed in the task space
as [15]

Dx<q)X + Cx(q7 q) + Gx(q> - F - Fe + Fdist (56)
where
D, =J" 'DJ! (5.7)
c,=J7" (Cq _ DJ*13q> (5.8)
G, =J'"'G (5.9)
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F=J""7 (5.10)

and F, € R is the force exerted by the end-effector to the environment, F 4, € R
denotes the external disturbance force acted on the end-effector. Note that the arguments

are dropped for clarity. By defining

H,=C,+G, (5.11)

Equation (5.6) becomes

D,X+H,=F —F, + Fyg (5.12)

Note that D, and H, in Eq. (5.12) can be estimated with a certain accuracy, while F ;4
is usually unpredictable.

In the following derivation and analysis, it is assumed that the robot is force con-
trolled along all the degrees of freedom in the task space. Let F; denote the desired
force input, then the function of the force tracking controller is to regulate the force F.
to follow the desired value of F;, while the end-effector is interacting with the environ-

ment.

5.2 Performance Analysis of Impedance Control

5.2.1 Impedance Control Implementation
Impedance control is based on specifying a desired dynamic relationship between the
position (or velocity) of the end-effector and the robot-environment interaction force!

[40]. The impedance controller discussed in this work applies the target impedance as

M,E, + B,E, + K,E, = F, (5.13)

where M, B;, K; € R%*¢ are positive definite diagonal matrices representing the target

inertia, damping, and stiffness, respectively; E, is the position error, which is given by

E, =X, - X (5.14)

'The dynamic relationship in some works (e.g. [71]) was enforced between the position of the end-

effector and the force error between the actual interaction force and the desired force.
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Figure 5.1: The impedance control structure.

with X, € R® denoting the reference trajectory input to the impedance controller. Equa-
tion (5.13) specifies a desired dynamic relationship between the position, velocity, and
acceleration of the end-effector and the force exerted by the end-effector to the environ-
ment.

By virtue of the model-based computed torque technique, the impedance control law

F can be obtained by combining Egs. (5.12), (5.13), and (5.14), which yields

F—D, [X M (BtEx +K,E, — F)] +H, +F, (5.15)
where f)m and fII are the estimates of D, and H,, respectively; The value of F, is
obtained by the force sensor. Note that the control law does not include F;,; in view of
its unpredictable nature. The control structure is shown in Fig. 5.1.

Substituting Eq. (5.15) into Eq. (5.12) yields the closed-loop position tracking error

dynamic equation

B, + M (BtEx Y KE, F) —D:! (ADxX +AH, — Fdist) (5.16)
where

AD, =D, - D, (5.17)

AH, =H, - H, (5.18)
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It is easy to verify that the manipulator will behave to satisfy the target impedance spec-
ified by Eq. (5.13) it AD, = AH, = Fy = 0.

To regulate F, to track the desired force F;, X, should be properly designed, such
that F. = F; is achieved at steady state. The optimal value of X, is basically decided
by the target impedance parameters and the environment stiffness. The environment

dynamics is generally modeled as a linear system

F.=M.X+B.X + K. (X - X,,) (5.19)

where X,, € RS is the known initial environment position, M., B., K, € R%6 are
positive definite diagonal matrices representing the environmental inertia, damping, and
stiffness, respectively. In the following derivation, it is assumed that the end-effector
maintains contact with the environment.

Combining Egs. (5.13), (5.14), and (5.19) yields the dynamic equation regarding X,
and X as

M, (X, — X) 4+ By(X, — X) + K;(X, — X) = M.X + B.X + K.(X — X,,) (5.20)
At steady state, we have

K,(X, - X) = K.(X — X,,) (5.21)

Solve Eq. (5.21) for X
X = (K + Ko) KX, + K Xe) (5.22)
Considering the control objective F. = F; and Eq. (5.13) at steady state, we have
F, = KX, — X) (5.23)

Substituting Eq. (5.22) into Eq. (5.23) and solving for X, yields the matrix form expres-

sion of the reference trajectory X, as?

X, = X,, + K; (K, + K,)K; 'Fy (5.24)

2The reference trajectory of a single degree of freedom, i.e., the scalar expression, has been given in

[48] and [88].
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5.2.2 Effects of External Disturbances

This section investigates the force tracking performance of the impedance controller
with the presence of disturbances. Some insights are gained, which may guide the force
tracking impedance controller design. More importantly, the analysis shows some inef-
ficiencies of the impedance control if the robot is subject to uncertainties and external
disturbances.

The force tracking error E¢ is first defined by
E;=F;-F. (5.25)
A stiffness matrix K4, called the equivalent matrix, is defined as
K., =K, (K. +K,) 'K, (5.26)
Substituting Eqgs. (5.25) and (5.26) into Eq. (5.24) yields
X, =Xe + K, (F. + Ey) (5.27)

Combining Eqs. (5.14), (5.16), (5.19), and (5.27) yields the force tracking error

equation as

1 R
By = (KK;,) [(Mt + M, — KK,/M, + M;D,'AD, )X
+ (B + B~ KK,B )X + (K + K.~ KK, K. ) (X - X,,

+M,D;" (AHx —~ Fdist>] (5.28)

in which the condition of XT = XT = 0 1s assumed. Since matrices K; and K, are both

diagonal by definition, it is easy to prove that

KK, 'K = KK (K +K)K,'K. =K, + K, (5.29)

Equation (5.28) is then simplified to
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-1 N ..
B, - (KK, ) {(Mt + M, - KK,'M, + M;D,'AD, )X

+ (B + B, - KK,/B, )X + MDD, (AH, ~ Fd)] (5.30)

Substituting Eq. (5.26) into Eq. (5.30) and setting all the time derivatives to zero yields
the steady state force tracking error E,; as

-1

Efe = {Kel (Ke + Ktﬂ M,F’,., (5.31)
with
iiist = f);l<AH:L“ - Fdist) (532)

Since f)x is non-diagonal, and the values of its elements are dependent on q, Eq. (5.32)

implies the following two remarks.

Remark 1. The external disturbance force in any direction affects the force tracking

error along the other degrees of freedom.

Remark 2. For the same parametric uncertainties of the robot model and external
disturbances, the steady state force tracking error varies for different ending positions of

the end-effector.

In practical situations, the external disturbances often exist. Remarks 1 and 2 reveal
certain deficiencies of the impedance control in dealing with the external disturbances.
For example, suppose the end-effector is commanded to move along a flat environment
while maintaining the contact force. The surface of the environment most likely has
different property at different locations. Therefore, according to Remark 1, the frictions
along the position controlled degrees of freedom (which are treated as disturbances) al-
ways change and affect the force tracking performance along the force controlled degrees
of freedom. In addition, Remark 2 shows that the force tracking error changes during
the motion of the end-effector even the disturbances are constant.

Equation (5.31) implies the way to restrict the force tracking error within an accept-
able range by appropriately selecting the values of the parameters K, and M,. Next
let us examine Eq. (5.31). Since matrices M;, K; and K, are all diagonal, the force

tracking error along a single degree of freedom can be expressed as

59



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

my ke

_ ! o Ty !
6f55 - k'e + kt fdist - kt fdzst (533)

14+ &
+ke

where ey, my, ki, ke, and f7,, are respectively the elements of E,, M;, K;, K., and
F',..;, corresponding to a certain degree of freedom. Equation (5.33) implies Remarks 3

and 4 as follows.

Remark 3. To reduce the steady state force tracking error caused by the robot dy-
namics uncertainties and the external disturbances, larger values for the elements of K,

and smaller values for the elements of M, are desirable.

Remark 4. For the same target impedance parameters of K; and M, the environment
with a different stiffness results in a different steady state force tracking error due to the
robot dynamics uncertainties and external disturbances. The harder the environment, the

larger the steady state error.

It is known that a small value for the target stiffness should be chosen when the end-
effector is interacting with hard environments [2, 71]. However, Remarks 3 and 4 imply
that when interacting with hard environments, with the presence of model uncertainties
and external disturbances, the controller with a small value for the target stiffness may
result in large steady state force tracking error. The conflicting design guidelines for
choosing the target stiffness may bring the designer into a dilemma. It is therefore nec-
essary to find an alternative means to reduce the force tracking error, rather than relying
on adjusting the values of K; and M;. The control scheme proposed in Chapter 6 will

solve the problem.

5.2.3 Effects of Environment Stiffness Uncertainty

The effects of the external disturbances to the force tracking performance is analyzed
assuming that the environment stiffness is known or precisely estimated. In most cases,
however, the environment stiffness is unknown or cannot be precisely estimated. The
uncertainty of the environment stiffness also affects the force tracking performance of
impedance control. Let K. denote the estimate of K.. According to Eq. (5.27), the

reference trajectory is now calculated by

X, = X, + K. !(F. + Ey) (5.34)
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where
. N -1 .
R, =K (K +K) K, (5.35)

By virtue of Eq. (5.28), and setting AH, = F4 = 0, the force tracking error

equation in the case of imprecise environment stiffness is then obtained as

N -1 N . ..
By = (KK;) [(Mt + M, — KK/ M, + M,D,'AD, )X

+ (B + Be - KRB, )X + (Ko + K.~ KKK, ) (X - X)} (5.36)

At steady state, X = X = 0, and the force tracking error in steady state is
E, = K K ! <Kt YK, - KtK;qlKe> (X . X> (5.37)

According to Eq. (5.19), the interaction force between the end-effector and the envi-

ronment at steady state F'., is determined by
F.. = K.(X — X.,) (5.38)
Since
Feoo = Fg— Eyg (5.39)
combining Eqgs. (5.38) and (5.39) yields
X =X =K' (Fg— Eyyy) (5.40)

The substitution of Egs. (5.35) and (5.40) into (5.37) then yields the steady state force

tracking error as
—~1 R
Ep. = K (KK +1) (K=K 1)F, (5.41)

Since matrices K;, K., and K, are all diagonal, the force tracking error along a single
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degree of freedom can be expressed as

11
Ciss = 71 Jd (5.42)
[

o

where ey, ki, ke, /%e, and f, are respectively the elements of E,, K;, K., Ke, and F,
corresponding to a single degree of freedom. Equation (5.42) implies Remarks 5 and 6

as follows.

Remark 5. The force tracking error caused by the environment stiffness uncertainty

increases when the force command F; increases.

Remark 6. To reduce the steady state force tracking error caused by the environment

stiffness uncertainty, smaller values for the elements of K, are desirable.

An immediate observation is that Remark 6 implies a conflicting design guideline to
the one implied by Remark 3. That is, to reduce the steady state force tracking error,
higher value should be assigned to K, to reduce the effects of disturbances; however,
higher values of K, increases the error caused by the environment stiffness uncertainty.
Therefore, in the impedance control structure, it is not easy to select the right values
for the components of K, in the case that both the disturbances and the environment
uncertainties exist. To solve the problem, a combined impedance/direct control scheme
is proposed in Chapter 6, which will be shown to be more robust to environment uncer-

tainties and disturbances.

5.3 Computer Simulations

The computer simulations validate Remarks 1-6 given in Section 5.2. The simulations
are performed for the model of a two degrees of freedom planar robotic finger with two
rotational joints, q = [q1, ¢2]7. The units used in the simulations are: mN for force,
mm for length/distance, mN - mm for torque, N/m for stiffness, N-s/m for damping
coefficient, N- sz/ m for target inertia, and radian for angle. The units are omitted in the

following presentation for clarity. The robot dynamics is given in Eq. (5.2) with

955 285 —
D-— cos(ar = a2 (5.43)
285 cos(q1 — q2) 208
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285G, si —
C— ‘{22 S?n(‘h Q2)] (5.44)
285¢1”sin(q1 — ¢2)
—109.196
_ CORIL 108 (5.45)
—29.123 cos ¢o
—96 si —96 si
y sin ¢q sin ¢ (5.46)
—96cosq; —96 cos ¢o

The modeled environment and the robotic finger are shown in Fig. 5.2. The reaction
surface is oriented normal to the z-axis and is located such that X., = [0, 0]”. A spring-
damper model is used for the environment along the x-axis. While along the y-axis,
a damper model is used to simulate the friction force when the fingertip moves along
the surface. The initial robot configuration is assigned to be g = [0.9515,2.1686]”
(which corresponds to the Cartesian position X = [0,0]7), and ¢ = [0, 0]7, such that the

fingertip contacts with the surface with zero initial velocity and force.

5.3.1 Effects of External Disturbances
All the tasks in this section require the exertion of a desired contact force F 4 = [100, 0]”
while maintaining the y-axis position, except that for validating Remark 2, which tracks
a position trajectory.

The controller by Eq. (5.15) is simulated, and it is assumed that the robot dynamics

is accurately estimated, i.e. AD, = 0 and AH, = 0. This assumption will not affect

Figure 5.2: The robot finger model for simulation.
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Figure 5.3: Simulation results of impedance control with parameter setting K, =
diag[10%,0], B, = diag[2,0.1], M; = diag[1,1], B; = diag[40, 30], and
K; = diag[200, 10*] verifying Remark 1.
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Figure 5.4: Simulation results of impedance control with parameter setting K, =
diag[103,0], B, = diag[2,0.1], M; = diag[1,1], B; = diag[50,30],
K; = diag[200,10%], F s = [2, 2]7 verifying Remark 2.
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Figure 5.5: Simulation results of impedance control verifying Remark 3. The parameters
are set as K, = diag[10%,0], B, = diag[2,0.1], B; = diag[50, 30], and
Faist = [2, 2]".

the validity of the simulations, since the effects of the estimated dynamics error is repre-
sented together with the external disturbance F;;.; in the simulation. Several results are
shown in Figs. 5.3 to 5.6.

Figure 5.3 shows two force tracking curves with the disturbances to be Fy;5; = [5, O]T
and Fys = [5,5]7, respectively. The parameters are chosen as K, = diag[10%, 0],
B. = diag[2,0.1], M, = diag[1, 1], B; = diag[50, 30], and K; = diag[200, 10%]. It can
be seen that the existence of y-axis disturbance affects the force tracking performance
along the z-axis, which conforms to Remark 1. With the same values of the parameters,
Fig. 5.4 shows the results when the fingertip moves along the y-axis for 10 mm and
40 mm, respectively, with a ramp followed by a constant as the position command. The
constant disturbance F ;5 = [2, 2]T is assumed. The results show that a different ending
position results in a different force tracking error, as stated in Remark 2. For the same

environment model, and setting Fy;; = [2,2]7, M; = diag[1,1], B; = diag[60,50],
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Figure 5.6: Simulation results of impedance control with parameter setting B, =
diag[2,0.1], M; = diag[1,1], B; = diag[50,30], K; = diag[200,10%],
Faist = [2, 27 verifying Remark 4.

Fig. 5.5(a) shows three curves with different target stiffness. It can be seen that higher
value of the target stiffness results in lower steady state force tracking error. In Fig.
5.5(b), the target stiffness is set as K, = diag[200, 104], and the target inertia is varied.
The curves show that a lower value of the target inertia results in a lower steady state
force tracking error. Remark 3 is thus validated. In Fig. 5.6, the values of the parameters
are set the same as in Fig. 5.3 except that K, is varied. As stated in Remark 4, the harder

the environment, the larger the steady state error.

5.3.2 Effects of Environment Stiffness Uncertainty
In this section, the effects of the environment stiffness uncertainty are studied by simu-
lations, and thus Remarks 5 and 6 are verified. The controller by Eq. (5.15) is simulated,
and it is assumed that no external disturbances exist, and the robot dynamics is accu-
rately estimated, i.e. AD, = AH, = Fy, = 0. The tasks in this section require the
exertion of a desired contact force along the z-axis, while maintaining the position along
the y-axis.

Figure 5.7 shows the responses to the three input force commands Fy = [100, 0]7,
F; = [200, 0]7, and F; = [300, 0]7, respectively. The parameters are chosen as
K. = diag[10%,0], B, = diag[2,0.1], M; = diag[1,1], By = diag[40,30], and
K; = diag[200, 10*]. The environment stiffness is supposed to be estimated 20% higher
than the real value. It can be seen from Fig. 5.7(b) that when the force command is
increased from 100 to 300, the steady state force tracking error also increases, which
verifies Remark 5.

Setting the parameters as K., = diag[10%,0], B, = diag[2,0.1], M; = diag|[1,1],
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Figure 5.7: Simulation results of impedance control verifying Remark 5. The environ-
ment stiffness is estimated 20% higher than the real value. The parame-
ters are set as K. = diag[10%,0], B, = diag[2,0.1], M; = diagl[1,1],
B, = diag[40, 30], K; = diag[200, 10%], and F 4, = [0, 0]%.
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Figure 5.8: Simulation results of impedance control verifying Remark 6. The environ-
ment stiffness is estimated 20% higher than the real value. The parame-
ters are set as K. = diag[10%,0], B, = diag[2,0.1], M, = diag[1,1],
B; = diag[50,30], Fgis; = [0, 0]7, and F; = [10%, 0]7.
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and B; = diag[40, 30], Fig. 5.8 shows the responses to the force command F, =
(100, 0]T with the target stiffness K; set as diag[50, 10%], diag[150, 10*], and diag[300, 10%],
respectively. The results show that the response with K; = diag[50, 10*] has the lowest
steady state force tracking error. When the value of the target stiffness is increased, the
steady state error also increases. Remark 6 is thus verified.

It can also be observed from Fig. 5.8 that for the soft environment, e.g., K. =
diag[102, 0] in the simulation, a relatively large value of the target stiffness has a faster
response. However, the negative effects due to the environment stiffness uncertainty

prevents using a high target stiffness parameter.

5.4 Concluding Remarks

In this chapter, the force tracking performance of impedance control is investigated. In
particular, the effects to the performance by the disturbances, and environmental uncer-
tainties are studied. Several insights have been obtained and summarized in Remarks
1 to 6, which have been verified by simulations. These observations can provide some
guides for the impedance controller design on the one hand. On the other hand, the defi-
ciency of the force tracking performance gives rise to the development of a more robust
control scheme. Moreover, it is desired to keep the advantage of impedance control, i.e.,

no need to switch the control modes for all task execution.
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Chapter 6

Combined Impedance/Direct Control

of Robot Manipulators

The investigation of impedance control presented in Chapter 5 has shown that large
force tracking error may be present in the case of disturbances and the environment
dynamics uncertainty. Equation (5.15) shows that, in the impedance control structure,
the force feedback F. in the controller is used to realize the designed target impedance,
in addition to compensating for the physically generated interaction force. We believe
that the robustness to the disturbances and uncertainties of impedance control can be
improved by further usage of the interaction force information than is used in the basic
impedance control structure.

Before the presentation of the combined impedance/direct control, the problem of
the control mode switch is first addressed by the example shown in Fig. 6.1, where the
manipulator is approaching the environment along the x-axis of the task space. In the
structure of the hybrid position/force control, the controller for the free space motion
is different from that for the contact condition. The controller for the free space mo-
tion control is formulated by the PD control according to the position error, while the
controller in contact condition is formulated by the PD control according to the force
error. Once the end-effector starts to contact the environment from the free space mo-
tion, the controller is switched through a selection matrix, namely S. In the structure of
impedance control, the free space and the contact condition are treated in a unified way,
such that a single controller is designed without the need to switch the control modes at
any time.

This chapter presents a combined impedance/direct control scheme for control of

robot manipulators. simulation and experimental results show that the proposed control
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(a) In free space (b) In contact condition

Figure 6.1: A manipulator approaching the environment.

scheme is more robust to robot model uncertainties, disturbance force and environment
uncertainties than impedance control. In addition, unlike the hybrid position/force con-
trol, switching the control modes is not needed when the end-effector moves from free
space to contact conditions, or vice versa.

In the following sections, the idea of combined impedance/direct control is first
given, together with two implementing schemes. In particular, the time-delay control
(TDC) based estimation technique is integrated into the second scheme for estimating
the unknown dynamics. Next, a sufficient stability condition is given. Computer simula-
tions are then conducted to demonstrate the superiority of the proposed control scheme
over the impedance control, followed by the comprehensive experiments. Finally, the

concluding remarks are addressed.

6.1 Scheme I: Direct Error Based Compensation

According to the above analysis, an immediate solution to the force tracking control is
to incorporate an error based compensator into the basic impedance controller (shown in

Eq. (5.15)), which can be expressed as

F=D,U+H,+F. +KE; (6.1)

in which
U=X,+M,(BE, +K.E, — F,) (6.2)

where the force error E; has been defined in Eq. (5.25), the position error E,, is defined
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in Eq. (5.14), X, is the reference trajectory computed by Eq. (5.24), M,, B, K, are the
target parameters of impedance control, D, and H, are the estimates of D, and H,, in
the robot dynamics equation (5.12), and K,, is a diagonal matrix.

Substituting Eq. (6.1) into Eq. (5.12) yields the closed loop system equation as

D, (U - X) +K,E; + Fyy = AD,U + AH, (6.3)

where AD, and AH, have been given in Egs. (5.17) and (5.18), respectively.
Combining Egs. (5.14), (5.19), (5.25), (5.26), (5.27), (6.2), and (6.3), and assuming
the condition X, = X, = 0, we obtain the force tracking error equation of the proposed

controller by Eq. (6.1) as

E, = <KtK€‘ql—|—Kthf);1> [(Mth ~ KK 'M, + M,D 1AD>

+ (B + B, - K/K,/B, )X + MDD, (AH, - Fdwt>] (6.4)

Let us examine the steady state force tracking error. Substituting Eq. (5.26) into Eq.
(6.4), and setting X=X=0 yields the steady state force tracking error E,, as

Efe = [Kgl(Ke + Kt> + Kth]j,;l} M,F/,., (6.5)

Where F/,, is given in Eq. (5.32). Equations (6.5) and (5.31) are then compared. In
principle, since matrix D, is generally non-diagonal, it is not always true that the mag-
nitudes of the components of E,, in Eq. (6.5) are smaller than those in Eq. (5.31).
However, it should be pointed out that K, can be chosen with certain freedom. There-
fore, arelative large value for the components of K, can be chosen such that the values of
the components of the term Kthf);l are always much larger than their corresponding

components of the term K (K. + K;), and as a result
K- <K v Kt> +K,M,D:! ~ K,MD! (6.6)
In this case, the steady state error can then be expressed as
. -1 .
E;,, ~ (KthDgl) M,F,.,, = K;'D,F,, 6.7)

It can be seen that if the components of K,, are large enough, the resulting steady state

error by the proposed controller can be smaller than that by the impedance controller.
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The oscillatory transient response may be induced, if an over large value is assigned to
K. In this case, a higher value of B, can be applied to increase damping to the system.
Furthermore, an integral term of the force tracking error can be introduced. The

controller can then be expressed as

t
F:ﬁxU+ﬂx+Fe+KpEf+Ki/ Edt (6.8)
0

where the control parameter K; € R%*6 is again a diagonal matrix, and U is given in
(6.2). In the above analysis, XT and X, are simply designed to be 0, while in a more

general form, X, and X, are included in the controller by (6.8).

Note that in the above analysis, it is assumed that the manipulator is force controlled
along all the degrees of freedom. If position is required to be controlled along certain
degrees of freedom, it is only needed to assign X, to X, and F; = 0 for the compo-
nents of the position controlled degrees of freedom, where X, is the desired position.
Therefore, ideally, Eq. (6.8) holds for all cases since E; = 0 for the position controlled
degrees of freedom.

A consideration is that, in the practical situation, friction may exist in the position
controlled degrees of freedom. If the friction is large, the performance of the controller
may be affected due to the term (K, E; + K; fot E;dt) in Eq. (6.8). A possible strategy
to solve the problem is that, the components of F. in the position controlled degrees of
freedom are measured and assigned to the corresponding components of F;, such that
E; = 0 always holds in the position controlled degrees of freedom.

The combined impedance/direct control law given in Eq. (6.8) (i.e., Scheme I) is
composed of two parts, namely the direct force control action and the impedance control
action. Besides the indirect regulation of the reference trajectory, the model uncertainties
and the external disturbances are at the same time handled directly by the PI-type com-
pensator. The control structure is shown in Fig. 6.2. On the other hand, since Ef = 0
holds in free space motion, the controller becomes a pure impedance controller during
the unconstrained motion. Therefore, it does not need to switch the control modes when

the end-effector transmits between the unconstrained and constrained motions.

6.2 Scheme II: Indirect Error Based Compensation

This section proposes the second scheme of the combined impedance/direct control. By

examining the steady state force tracking error by the impedance controller combined
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{ IForward kinematics [ 9

Figure 6.2: Control structure of the combined impedance/direct control Scheme I.

with a newly introduced compensator ®, an indirect error based compensating scheme
is proposed. In particular, the time-delay control (TDC) based estimation technique is
applied in the scheme to estimate the robot nonlinear dynamics. In practise, one can
choose whether to use TDC estimation according to the available equipment and the

current situation.

6.2.1 Time-Delay Control (TDC) Based Estimation

The time-delay control (TDC) based estimation is a well established technique for es-
timating unknown nonlinear dynamics. It has been implemented in several systems or
control algorithms [48, 55, 58, 77]. A TDC based estimator is designed here as part of
the controller to be proposed in Sec. 6.2.2.

It should be pointed out firstly that the external disturbance force is changing ran-
domly and therefore is non-estimable. It is then assumed that F;;;; = 0 when the esti-
mation is performed. Consequently, F;; is dropped from the robot dynamic equation
for estimating the nonlinear dynamics inherent in robot manipulators. The robot dynam-

ics is re-expressed by rewriting Eq. (5.12) as
F=D,X+H,+F =DX+H, +F, (6.9)
where

H = AD,X +H, (6.10)
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Note that D, = f)z + AD, is used. From Eq. (6.9), H/ at time ¢ can be represented as

A~

H,(t) = F(t) — D, (t)X(t) — F.(t) (6.11)

By assuming that the value of H/ does not change much during two consecutive sam-

pling instances, the estimate of H', represented by H/,, at time ¢, can be expressed as

H. () =F(t — ) — D,(t — 6)X(t — §) — Fo(t — 0) (6.12)

Where ¢ is the sampling period, and X = Jq+Jq. The estimation relies on the previous
values of F, F., D,, q and its derivatives. A shorter sampling period enables a more
accurate estimation. Note that the proposed TDC estimator in Eq. (6.12) requires to
estimate D, in advance, which can be achieved by the well established system identifi-
cation techniques. Note that the acceleration sensors may be needed to measure the joint
accelerations. If there are no acceleration sensors available, additional algorithm may be
necessary to generate the estimated values of the joint accelerations, such as the central

difference algorithm [42].

6.2.2 Controller Design

Although the TDC estimator can provide estimation of the nonlinear dynamics with
less robot model information, it is not sufficient to guarantee the force tracking perfor-
mance, especially when the external disturbance exists. The external disturbance force
is changing randomly by nature, both the magnitude and direction. A controller with an
compensator added to the impedance controller of Eq. (5.15) is proposed in this section
to reject both the external (F ;) and the robot dynamics related (AH,.) disturbances.

The proposed control law can be expressed as

F=D,U+H,+F.+&® (6.13)

where @ is the newly introduced compensator, and U and fI; are given in Eqgs. (6.2)
and (6.12), respectively.
Substituting Eq. (6.13) into Eq. (5.12) yields the closed-loop equation as

D,U-D,X+ &+ Fy, =H, - H, (6.14)

From Eq. (6.10), We have
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H/ (t) = AD,(t — §)X(t — 0) + H,(t — 9)
= AD,(t — 6)X(t — &) + H,(¢) (6.15)
Then H, — fI; at time ¢ can be expressed as
H, - H = AH, - AW, (6.16)
where
AW, (t) = AD,(t — 0)X(t — 6) (6.17)

At steady state, AW, = 0. Next, substituting Eq. (6.16) and D, = D, + AD, into Eq.
(6.14) yields

D, (U gt Fjﬁst) _AD,X +® + AW, =0 (6.18)

where F/,, , is given in Eq. (5.32). Combining Egs. (5.19), (5.24), (6.2), and (6.18), and

assuming the condition XT = X, = 0, we have

M; KK, 'E; + D;'® = M;! <Mt + M, — KK 'M, + MtﬁaleDx)X
+M; (B, + B. - KK,/'B. )X
—~D'AW, +F,, (6.19)

where K., is given in Eq. (5.26).
In order to derive a proper error based compensator ®, we examine the steady state
closed loop equation by setting X =X=AW, =0in Eq. (6.19), which yields
M, 'KK_E; +D;'® =F),,, (6.20)

Substituting Eq. (5.26) into Eq. (6.20) yields

M; 'K (K, + K)E; + D;'® = F),, (6.21)
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By observing the form of Eq. (6.21), and considering the control objective, which is
to reduce the force tracking error caused by the disturbances, the error based compen-

sator ® can then be design as

® = K,D,E; (6.22)

Substituting Eq. (6.22) back into Eq. (6.21) yields the steady state force tracking
error as

-1

Efy = [Mt‘ 'K, 1(Ke + Kt) + Kp} st (6.23)

where F/,, is given in Eq. (5.32). According to Eq. (6.23), the steady state force

tracking error for a single degree of freedom can be expressed as

my
€Cfss =
1 + % + kpmt

e

Saist (6.24)

Comparing Eq. (6.24) with Eq. (5.33), we can find that the steady state force track-
ing error induced by the dynamic uncertainties and external disturbances can be reduced
by introducing the compensator ® = Kpf)xE ¢. As stated in Sec. 5.2.2, for the basic
impedance control, a large error may be present in the case of contacting hard environ-
ments. While the proposed control law of Eq. (6.13) can greatly reduce the steady state
error by assigning proper values to the components of K.

It is known that, for the basic impedance control, the reference trajectory is computed
according to the stiffness of the environment. As a result, if the environmental stiffness
cannot be estimated accurately enough, a large force tracking error may be induced,
which has been demonstrated in Chapter 5. While due to the error based compensator ®,
the proposed control law is more robust to the environment uncertainties than impedance
control, which will be shown by simulations and experiments.

The compensator by Eq. (6.22) is basically a P-type compensator. An I-type com-

pensator can also be introduced. Now the compensator @ is rewritten as

t
® =D, (KpEf +K; / Efdt> (6.25)
0
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Figure 6.3: Control structure of the combined impedance/direct control Scheme II.

Substituting Eq. (6.25) into Eq. (6.13) yields the control law
A t A
F=D, (U +K,E; + Kl/ Efdt) +H, +F, (6.26)
0

where E;, U, and ﬂ; are given in Eqgs. (5.25), (6.2), and (6.12), respectively, and the
interaction force F, is given by the readings of the force/torque sensor. Note that if the

TDC estimation is not applied, Eq. (6.26) becomes

t
F=D, (U +K,E; + K/ Efdt> +H, +F, (6.27)
0

where ., is simply the estimation of H,, which is given in Eq. (5.11). The control struc-
ture of Scheme II is shown in Fig. 6.3. If there is friction along the position controlled
degrees of freedom, the same strategy as for Scheme I can be applied, i.e., the compo-
nents of F, in the position controlled degrees of freedom are measured and assigned to
the corresponding components of F ;.

The previous impedance controllers usually minimize the impedance error such that
the input force command is tracked. However, the existence of the randomly changing
unpredictable external disturbances usually cannot be accounted for. The proposed two
combined impedance/direct control laws combine the advantages of both the impedance
control and the direct force control. By properly incorporating a force error based PI-

type compensator into the impedance controller, the model uncertainties and the external
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disturbances are handled directly, which is the advantage of the direct force control. On
the other hand, since E; = 0 holds in free space motion, the proposed controllers act
as pure impedance controllers in the free space motion. Therefore, it does not need to
switch the control modes when the end-effector transmits between the unconstrained and

the constrained conditions, which is the advantage of impedance control.

6.3 Stability Analysis

In this section, the stability analysis of the proposed control Scheme II is performed. The
stability of Scheme I can be analyzed in a similar manner.
By combining Egs. (5.25), (6.19), and (6.25), the closed-loop equation can be rewrit-

ten as

t
(M;thK;; + Kp) (Fd - F) 4K, / (Fd - F) dt
0
=M (M, + M, - KKIML )X

+ M (Bt +B, - KtKe‘qlBe>X +FL,  (6.28)

where F/, , represents the combination of the model uncertainty (AD, and AH,,) related

disturbances and the external disturbances F 4, which is given by

Under the assumption that F/}, , is bounded and linear for a sufficiently small devia-

tion, Eq. (6.28) can be expressed in frequency domain as

1
(MthtKeql LK, + gKi> (Fas) — F.(s))
— M (Mt T M, — KtK;jMe)s? X(s)

+M; ! <Bt +B., - KtKe—qlBe> sX(s)+Fl,(s)  (6.30)

where Fy(s), F.(s), F/,.,(s), and X(s) are the Laplace transforms of F,, F., F/. ., and
X, respectively.
Next, taking the Laplace transform of Eq. (5.19) yields

Fo(s) = (Mes® + Bos + K.) (X(s) — Xeos) 6.31)
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Since all the matrices in Eq. (6.30) are diagonal, there is no coupling between the
degrees of freedom. Without loss of generality, in the following, the stability is analyzed

for a single degree of freedom. By virtue of Egs. (6.30) and (6.31), we have

bt+be)s

[(kpme + 1>52 + (kpbe + kime +
my my

Bt e\ kb
)+

+(@@+mm+ ]X@

T S
N ki kg + ke 2
= (k:p + " + _— ) (mes + bes + ke>Xeo(s)
ki kt + ke 17
(ko 5 o Fals) = Fia(s) (6:32)

where X (s), Xeo(s), Fu(s), and F. . (s) are the Laplace transforms of one of the com-
ponents of vectors X, X,,, Fy, and F/j, ,, respectively; and k,,, k;, m., b, ke, ms, by, and
k; are the components of their corresponding matrices. Since the closed-loop system
is linear, its stability can be discussed in terms of the stability of the unforced system.
To achieve asymptotic stability, according to Hurwitz stability criteria, the parameters

should satisfy

kike >0 (6.33)
kyme + —< +1>0 (6.34)
my

>0 (6.35)

b+ b ko + k
(@@+Mm+t+e>GMﬁ%@+ ”‘ﬁ>mm(Wm+@&H) (6.36)
m

t

Inequality (6.36) can be rearranged as

k + 2ke be kibe
kobe (== Ryl b ) + 1 (k) + 0 (b e
t t t
k be rky + ke
+&m4iﬁwﬂ>+i«t+ T kyke) = kike >0 (6.37)
i i my
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which implies a sufficient condition for asymptotic stability, 1. e., all the parameters are

positive, and inequality

ﬁ(kpl—ke

my

+ k;pke) > kike (6.38)

my

or

bk
kim? — (kymy 4+ 1)by < ]'; ! (6.39)
holds. Condition (6.39) is satisfied for any environment stiffness if
km? < (kym; + 1)b; (6.40)

Therefore, for the situations that the external disturbances and model uncertainties are
bounded, and the environment can be modeled as a linear mass-damper-spring system,
the proposed combined impedance/direct controller is asymptotically stable provided

that all the control parameters are positive and inequality (6.40) is satisfied.

6.4 Computer Simulations

The effectiveness and advantages of the proposed combined impedance/direct control
laws, both Schemes I and II, are demonstrated by computer simulations in this section.
The same robot finger model (shown in Fig. 5.2) as in Chapter 5 is considered in this
section. Similarly, the reaction surface of the environment is oriented normal to the x
axis and is located such that X,, = [0,0]7. A spring-damper model is used for the en-
vironment along the x axis. While along the y axis, a damper model is used to simulate
the friction force when the fingertip moves along the surface. The initial robot config-
uration is assigned to be q = [0.9515,2.1686]7 (which corresponds to the Cartesian
position X = [0,0]"), and ¢ = [0,0]7, such that the fingertip contacts the surface with
zero initial force. Same as in the simulations of the impedance controller in Chapter 5,
AD, = 0 and AH, = 0 are also assumed. The force commands for all the simulation
tasks are set as Fy = [100, 0]7.

6.4.1 Results of Control Scheme I
Firstly, a constant disturbance F 5, = [2, 2]T is assumed. Other parameters are set as

K. = diag[103,0], B, = diag[2,0.1], M; = diag[1,1], B; = diag[50,30], K; =
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diag[200,10%], K, = diag[50,50], and K; = diag[10,10]. Figure 6.4 shows the re-
sponses by the basic impedance controller and Scheme I of the proposed controller,
respectively. It can be seen that the response of the proposed controller tracks the force
command (f; = 100) well, but the response of the basic impedance controller has a
steady state error efy, ~ 19 mN.

Secondly, the disturbance is assumed to be a randomly changing force signal F4;; =
[r, 7]T, where r is a random function with the amplitude of 10. Other parameters are
set as K, = diag[10*,0], B, = diag[2,0.1], M, = diag[1,1], B; = diag[10?,30],
K, = diag[200,10], K, = diag[50, 50], and K; = diag[10, 10]. The responses of both
controllers are shown in Fig. 6.5. It is clearly shown that the response of the proposed
control law is superior to that of the basic impedance controller.

Finally, it is assumed that F4;; = 0, K, = diag[10?,0], B, = diag|[2,0.1], and the
environmental stiffness is estimated 50% higher than the real value. Set the parameters
as M, = diagl[1,1], B, = diag[100, 30], K, = diag[300, 10*], K,, = diag[50,50], and
K; = diag[10,10]. The responses shown in Fig. 6.6 demonstrate the robustness of the

proposed control law to the environmental stiffness uncertainty.

6.4.2 Results of Control Scheme II

The performance of the proposed control Scheme II is studied by simulations in this
section. Firstly, a constant disturbance is assumed, which is Fg;; = [2,2]7. Other
parameters are set as B, = diag|[2,0.1], M; = diag[1,1], B; = diag[50,30], K; =

150
4 = = mm e mEm E Em E Em E E E E E E o o o o o o
Z 100f |+
£ |
[0} 1
o I
LS 50F | .
,' - = = Basic impedance controller
— Proposed control scheme |
0 | | |
0 0.5 1 1.5 2 2.5 3

Time (s)

Figure 6.4: Responses of the combined impedance/direct control Scheme I in the case of
constant external disturbances (K. = diag[10%, 0], B, = diag[2,0.1], M; =
diag[1,1], B; = diag[50,30], K, = diag[200,10%], K, = diag[50,50],
K; = diag[10,10], Fgs = [2, 2]7).
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(a) Result of basic impedance controller

1

Time (s)

2 3 0 1 2 3
Time (s)

(b) Result of the proposed control scheme I

Figure 6.5: Responses of the combined impedance/direct control Scheme I in the case

Force (mN)

of hard environments and random disturbances (K. = diag[10*,0], B, =
diag[2,0.1], M; = diag[1,1], B; = diag[10?,30], K; = diag[200, 10%],
K, = diag[50, 50], K; = diag[10,10], Fg = [r, r]*, where r is a random
function with the amplitude of 10).
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Figure 6.6: Responses of the combined impedance/direct control Scheme I in the case of

environmental stiffness uncertainty (K, = diag[102, 0] with 50% estimation
uncertainty, B, = diag[2,0.1], M; = diag|1, 1], B; = diag[100, 30], K; =
diag[300,10%], K, = diag[50, 50], K; = diag[10, 10], F 45 = [0, 0]7).
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Figure 6.7: Responses of the combined impedance/direct control Scheme II in the case
of constant external disturbances (B, = diag[2,0.1], M; = diag|[l, 1],
B, = diag[50,30], K; = diag[200,10%], K, = diag[100,100], and
K; = diag[80,80], F 45t = [2,2]7).
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Figure 6.8: Responses of the combined impedance/direct control Scheme II in the case
of a pulse external disturbance (B, = diag(2,0.1], M; = diag|[l,1],
B, = diag[200,30], K; = diag[800,10%, K, = diag[100,100], and
K; = diag[80,80], Fgss = [p, 0]7, where p is a pulse function with the
amplitude of 10 betweent = 1sandt = 1.5 s).

diag[200,10%], K, = diag[100,100], and K; = diag[80,80]. Figure 6.7 shows the
responses by the basic impedance controller and the proposed controller for k. = 10
and k, = 10?, respectively. It can be seen that the responses of the proposed controller
track the force command (f; = 100) well. The performance of the impedance controller
is satisfactory when the environment is soft (k. = 10). However, the basic impedance
controller results in steady state error es.s ~ 20 mN when k. = 103.

Secondly, a pulse disturbance is assumed, which is Fgss = [p, 07, where p is a
pulse function with the amplitude of 10 starting at ¢ = 1 s and ending at ¢ = 1.5 s.
Other parameters are set as B, = diag[2,0], M; = diag[1,1], B; = diag[200, 30],
K, = diag[800,10%, K, = diag[100,100], and K; = diag[80, 80]. Figure 6.8 shows
the responses for k. = 10 and k., = 103, respectively. As shown in Fig. 6.8(a), both
controllers can reject the pulse disturbance if the environment is soft (k. = 10). Never-
theless, unlike the proposed controller, the basic impedance controller fails to reject the
pulse disturbance when k. = 103, as shown in Fig. 6.8(b).

Thirdly, the disturbance is assumed to be a randomly changing force signal F 5, =
[r, |7, where r is a random function with the amplitude of 10. Setting the parameters
the same as in the pulse disturbance simulation, the responses of both controllers for
k. = 10 and k, = 10* are shown in Figs. 6.9 and 6.10, respectively. Similar to the case

of pulse disturbance, both controllers work well for the soft environment, for example

k. = 10 (Fig. 6.9). While for the hard environment, such as k, = 10%, the response of
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Figure 6.9: Responses of the combined impedance/direct control Scheme II in the case
of the soft environment and random disturbances (K. = diag[10,0], B, =
diag[2,0.1], M; = diag[1,1], B; = diag[200,30], K; = diag[800,10%],
K, = diag[100,100], and K; = diag[80,80], F4s = [r, r]’, where r is a

random function with the amplitude of 10).

the proposed controller is superior to that of the basic impedance controller, as shown in
Fig. 6.10.

The above simulation results reveal that, in the case of disturbances, the performance
of the basic impedance controller will deteriorate when the environmental stiffness in-
creases. While the proposed controller works well for both soft and hard environments.

Let us now assume that Fy,; = 0, and set the target impedance and the com-
pensator parameters as M; = diag[l, 1], By = diag[100,30], K; = diag[300, 10%],
K, = diag[100, 100], and K; = diag[80, 80]. For the environmental impedance K. =
diag(3,0], B, = diag[2, 0], with the assumption that the environmental stiffness is esti-
mated 50% higher than the real value, Figure 6.11(a) shows the responses of the basic
impedance controller and the proposed controller, respectively. The basic impedance
controller has an error of about 33 mN; while the error by the proposed controller is
about 6 mN. The same trends are also shown for K, = diag[10, 0], K. = diag[10%, 0]
and K, = diag[103, 0], respectively, in Figs. 6.11(b) to 6.11(d).

Therefore, the proposed controller has higher degree of robustness to the environ-

mental stiffness uncertainty than the basic impedance controller.

6.5 Experiments

In this section, a set of experiments are conducted on a 2-DOF planar parallel manip-

ulator to further validate the effectiveness of the proposed combined impedance/direct
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Figure 6.10: Responses of the combined impedance/direct control Scheme II in the case
of the hard environment and random disturbances (K. = diag[10%,0],
B. = diag[2,0.1], M, = diag[l,1], B, = diag[200,30], K, =
diag[800,10%], K, = diag[100,100], and K; = diag[80,80], Fus =

[r, 7T, where r is a random function with the amplitude of 10).

control scheme.

6.5.1 Experimental Platform

Figure 6.12 shows the photograph of the constructed platform, which consists of two
electric motors equipped with amplifiers and encoders, the manipulator, the force sensor,
and the environment. The EmoteqTM direct drive brushless DC motors (QB03400) with
the continuous torque up to 0.81 Nm are selected to drive the manipulator. The encoders
with 2000 pulses per revolution are mounted at the end of the motor shafts to measure

the angular position. The AMC™

servo amplifiers (B15A) are used to output current
commands to the motors. A simple Honeywell’™ one-axis force sensor (FSG15N1A)
is attached on the environment, which is connected to an amplifier circuit to measure the
interaction force. The environment adopts a mass-damper-spring system, which consists
of a moving plate mounted on two sliders, and several spring components.

The xPC Target from Matlab”™ is used to implement the control system with the
sampling frequency at 1 kHz. In this environment, the Simulink is used to program
the control algorithms. The Real Time Workshop and C/C++ compiler then convert the
Simulink blocks into C code and build a target application, which is downloaded to the
target PC and executed in real-time. The Sensoray I/O board (Model 626) is used to

read the sensor readings into the control software running in the target PC, and to output

commands to the motors through the amplifiers. More detailed description of xPC Target
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Figure 6.11: Responses of the combined impedance/direct control Scheme II in the
case of environmental stiffness uncertainty (50% k. uncertainty, B, =
diag[2,0.1], M; = diag[1,1], B, = diag[100,30], K; = diag[300, 10%],
K, = diag[100,100], and K; = diag[80, 80], F 4 = [0, 0]7).

Motor shaft

Manipulator

Figure 6.12: The experimental platform.

87



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Figure 6.13: Structure of the parallel manipulator.

can be found in Appendix A.

Figure 6.13 shows the kinematic model of the manipulator. The manipulator has a
planar parallel structure, which is basically a five-bar linkage mechanism. All the four
moving links are made of acrylics, and have the same length, i.e., |y = I, = [3 = [, =
[ = 80 mm, and [, = 86.9 mm. The forward kinematics analysis generates the end tip

position Py (x5, y5) as

=l ¢+ =l q l
= —[cos —lcosqs — =
L5 5 15 2750

1
+ 5\/4l2 — (lcosqy — lcosqa + 1y)? — (Ising — lsings)?

(Isinge — lsing)/

V(lcosqr — lcos g + 1) + (Isingy — Isingy)? (6.41)

1l 1 + 1[ i !
= —(sIn —lsings — =
Ys 5 q1 5 q2 5

1
+ 5\/4l2 — (lcosqy — lcos g + 1p)? — (Ising — lsingy)?

(lcosqa —lcosqy — 1)/

\/(l cosqr — lcosqs + 1p)? + (Ising; — [singy)? (6.42)

The Jacobian matrix J can then be obtained through

J(q) = [ O0r5/0q1 0x5/0q: ] (6.43)

0y5/8q1 8y5/0q2
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Detailed kinematics and dynamics analysis of the manipulator is given in Appendix
B. Due to the parallel structure, the chosen mechanism for the experiments inherently
has a complex dynamic equation, which is hard to be implemented in the control system.
Therefore, proper approximations of the dynamics are made when implementing the
control algorithms. In fact, the mechanism is chosen purposely to show the robustness
of the proposed control schemes to the dynamics uncertainties. Toward this end, the
inertias of links L3 and L4, and the friction force are neglected, and thus the dynamics is
dominated by the inertias of links L; and L (including the inertias of the motor shafts).

As aresult, we have C(q, q) = G(q) = 0, and

205 0 I
D(q) = x 10 "kgm (6.44)
0 205

In such a way, the un-modeled dynamics are treated as the disturbance forces.

6.5.2 Experimental Results
Both Scheme I (Eq. (6.8)) and Scheme II (Eq. (6.27)) are implemented on the experi-

mental platform. The results are presented as follows.

6.5.2.1 Results of Position Tracking

The first set of experiments are performed to examine the position tracking ability of
Schemes I and II in free space motion. In the experiments, the end tip of the manip-
ulator is commanded to follow a designed trajectory with the target parameters set as
M, = diag[1,1] N - s*/m, B; = diag[30,30] N - s/m, K; = diag[10*,10%] N/m. Both
Schemes I and II generate the same results, as shown in Fig. 6.14. Figure 6.14(a) shows
that the end tip follows the trajectory well in x-axis. While for the y-axis response, there
is an error less than 1 mm in the final position. A possible cause of the larger error in
y-axis than that in x-axis is due to the kinematic structure of the manipulator. For this
specific manipulator structure, a large variation of the y-axis position can be produced
by small angular variations of ¢; and ¢,. Therefore, the practical issues, such as encoder
resolution, mechanism backlash, etc., may pose more difficulties to position tracking
in y-axis than in x-axis. Note that the proposed control schemes are the same as the
impedance control in free space motion. Therefore, the position tracking performance
can always be improved by increasing the value of K; with proper setting of B; accord-
ing to the impedance control technique in free space motion. In practice, however, one

should consider the saturation effect of the actuators.
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Figure 6.14: Typical position tracking results in free space motion. The control param-
eters are set as M; = diag[l,1] N - s*>/m, B; = diag[30,30] N - s/m, and
K; = diag[10*, 10*] N/m.
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Figure 6.15: Responses to step force input f; = 2 N in contact condition by Scheme
L. The control parameters are set as M; = diag[l,1] N-s*/m, B; =
diag(30,30] N -s/m, K; = diag[10*, k] N/m, K, = diag[1,1], and
K; = diag[1,1].
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Figure 6.16: Responses to step force input f; = 2 N in contact condition by Scheme
II. The control parameters are set as M; = diag[l,1] N-s?/m, B, =

diag[30,300] N - s/m, K; = diag[10*, k;] N/m, K, = diag[100, 100], and
K, = diag[80, 80].
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6.5.2.2 Results of Force Control
The second set of experiments is on the performance of force control in contact con-
dition. Both Schemes I and II are examined. Before the experiments, the end tip of
the manipulator is located at the initial position of the environment X., = [Zco, Yeo| =
[—43.45,100.65]"mm. A step input command f; = 2 N is then applied along the y-axis
direction, and the interaction force is measured by the force sensor. At the same time,
the robot end tip is commanded to keep the position in x-axis at x = —43.45 mm.

Firstly, it is assumed that the stiffness of the environment is known or estimated ac-
curately. Figure 6.15 shows the typical responses by the proposed Scheme I for both
the soft (Fig. 6.15(a)) and the hard (Fig. 6.15(b)) environments. The control param-
eters are set as K, = diag[l,1], and K; = diag[1,1], M; = diag[1,1] N - s?/m,
B; = diag[30,30] N - s/m, and K; = diag[10*, k;] N/m, where k; is varied from 10
to 10%. It can be seen that, for both k. = 600 N/m and k. = 10* N/m, the responses
approach the step input in a fast way with a small transient error. The overshoot of the
response is increased when the target stiffness k; is set at a higher value. However, the
increase is insignificant, which is around 5% for both environments when k; is increased
from 10 to 10%. The responses by Scheme II are shown in Fig. 6.16 with the control
parameters set as K, = diag[100,100], K; = diag[80,80], M; = diag[1,1] N - s*/m,
B; = diag[30,300] N - s/m, and K; = diag[10*, k;] N/m. The curves shown in Figs.
6.16(a) to 6.16(d) demonstrate similar desirable responses for both k., = 600 N/m and
k. = 10* N/m with k; set as 10 and 10%. The increase of the value of the target stiffness
almost does not affect the responses. The results in Figs. 6.15 and 6.16 show that the
force control of the robot manipulator can be achieved by the proposed control Scheme
I or II, with the presence of model uncertainties. Furthermore, for both Schemes I and
II, the control action by the PI type compensator dominates the responses, and that by
the impedance control portion does not affect the responses much for k, increased to
the value as high as 10* N/m. As a result, the target stiffness &, can always be set as
10 N/m, such that there is no need to adjust the value of the target stiffness when the
robot transits between the free space motion and the constrained motion. Note that the
values of the control parameters should be chosen with the consideration of the satura-
tion of the motors. In view of the small inertia of the manipulator, larger values of K,
and K, have been chosen in Scheme II than in Scheme 1.

Next, it is assumed that the stiffness of the environment is unknown. With the

parameter setting K, = diag[1,1], and K; = diag[1,1], M, = diag[1,1] N - s*/m,
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Figure 6.17: Force tracking results by Scheme I with environment impedance uncer-
tainties. The control parameters are set as M; = diag[l,1] N -s?/m,
B, = diag[30,30] N-s/m, K, = diag[10*,10*] N/m, K, = diag[1,1],
and K; = diag[1, 1].
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Figure 6.18: Force tracking results by Scheme II with environment impedance uncer-
tainties. The control parameters are set as M; = diag[l,1] N - s?/m, B; =
diag[30,30] N - s/m, K; = diag[10*,10*] N/m, K, = diag[100, 100], and
K, = diag[80, 80].
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B; = diag[30,30] N - s/m, and K; = diag[10*,10?] N/m, Fig. 6.17 shows two typ-
ical force tracking results by Scheme I. In particular, Fig. 6.17(a) shows the result of
contacting the soft environment k. = 800 N/m, where the estimated stiffness /;:e is
50% higher than the actual value, i.e., l%e = 1200 N/m; while for the result of contact-
ing the hard environment k, = 1.2 x 10* N/m shown in Fig. 6.17(b), the stiffness
is estimated 50% lower than the actual value, i.e., k, = 6000 N /m. Similarly, the
force tracking results by Scheme II are shown in Fig. 6.18, with the parameter set-
ting M; = diag[1,1] N -s?*/m, B, = diag[30,30] N - s/m, K; = diag[10?,10*] N/m,
K, = diag[100,100], and K; = diag[80, 80]. For both proposed control Schemes I
and I, the results show that the outputs track the input well, and thus demonstrate the

robustness to the environment stiffness uncertainty.

6.5.2.3 Results of Transition of Motion

The last set of experiments are focused on the transition of motion between the free
space condition and the constrained condition. In the experiments, the robot end tip is
commanded to move from the initial position (X;iiar = [—43.45, 92.67]7 mm) toward
the resting position of the environment (X., = [—43.45, 128.37}T mm) at the speed
of 35.7 mm/s. Once the end tip contacts the environment, a command of force tra-
jectory is then applied to the end tip, which starts at O N, increases to 2 N gradually,
maintains at 2 N for a while, and finally decreases to 0 N gradually. As the reading
of the force sensor becomes zero, the end tip is commanded to move to the position
X finar = [—43.45, 100]" mm at the speed of 17.85 mm/s. An environment with the
stiffness as k. = 3000 N /m, and unknown mass and damping coefficients are used in the
experiment. The stiffness of the environment is estimated 33.3% lower than the actual
value, i.e., k. = 2000 N/m.

With the control parameter setting M, = diag|[1, 1]N - s*/m, B; = diag[30, 30]N - s/m,

K; = diag[10*,10*) N/m, K, = diag[1,1], and K; = diag[1, 1], a typical result by
Scheme I is shown in Fig. 6.19. Figure 6.19(a) shows the y-axis position history of
the end tip, and Fig. 6.19(b) shows the robot-environment interaction force history. It
can be observed that the robot end tip moves smoothly in the first second, and contacts
the environment at ¢ = 1 s. During the transition from the free space motion to the
constrained motion, the interaction force chatters for a small time period, due to the
impact between the fast moving end tip and the environment. After the transition, the
environment is compressed for about 7 seconds (refer to Fig. 6.19(a)), and the interac-

tion force follows the commanded force trajectory (refer to Fig. 6.19(b)). Att = 8 s,
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the environment returns to the resting position, and the interaction force turns to zero.
The robot thus transits from the constrained motion to the free space motion. Finally,
the end tip moves to X jjnq = [—43.45, 100]"mm. The result by Scheme II is similar
to that by Scheme I, and is shown in Fig. 6.20, where the control parameters are set
as M; = diag[1,1] N -s*/m, B, = diag[30,30] N - s/m, K; = diag[10*,10*] N/m,
K, = diag[50,50], and K; = diag[40,40]. In addition, the result with a hard envi-
ronment (k. = 1.2 x 10* N/m) by Scheme II is shown in Fig. 6.21. Interestingly, no
chattering effect during the transition is observed.

All the above results in Figs. 6.19 to 6.21 have shown that the proposed combined
impedance/direct control schemes I and II can achieve the transition between the free
space motion and the constrained motion without switching the control modes, even
without tuning the parameter values during the transitions. In addition, the commanded
position and force trajectories are tracked with satisfactory accuracy in the presence of
environment impedance uncertainties, and robot model dynamics uncertainties. Note
that the dynamics of the manipulator is not known precisely, and an approximation is

utilized in the experiments, as addressed in Sec. 6.5.1.

6.6 A Comparison of the Control Schemes

The simulation and experimental results have shown that, if compared to the basic
impedance control, both of the proposed schemes can improve the performance. The
features of the direct control, impedance control, and the combined impedance/direct
control (schemes I and II) are summarized in Table 6.1.

The comparison between schemes I and II is then performed. In Scheme I, the force
error based compensation is included directly. The advantage of Scheme I is that the
implementation requires less computing resources. However, to reduce the steady state
error, the value of K, should be carefully selected such that the condition shown in Eq.
(6.6) can be guaranteed. To do this, according to Eq. (6.6), one may need to know the
information of the environment stiffness and the position/orientation that the end effector
will reach during the operation. Requiring to know more information for the controller
design is the disadvantage of Scheme I.

Compared with Scheme I, the error based compensation in Scheme II is achieved
in an indirect way, where the estimate of the robot Cartesian inertia matrix D, is pre-
multiplied with the compensator. In this way, the steady state force tracking error is

definitely reduced by any parameter setting for £, > 0 and k; > 0 if compared to the
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Table 6.1: Comparison of the control schemes.

Control Scheme

Advantages

Disadvantages/Limitations

Direct Control

More robust to robot model un-
certainties and environment un-
certainties than impedance con-

trol

Requiring control mode switch

during transition of motion

Impedance Con-

trol

Not requiring control mode
switch during transition of mo-

tion

Decreased performance with the
presence of disturbance force or
environment stiffness uncertain-

ties

Combined
Impedance/Direct

Control

1. Not requiring control mode
switch; 2. More robust to model
uncertainties, disturbances, and
environment uncertainties than

impedance control

Requiring more computing re-
source than direct control and

impedance control
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basic impedance control, where £, and k; are the components of K, and K, respectively.
In other words, Scheme II has a less requirement on the information of the environment
and the manipulator, which is the advantage of Scheme II. The disadvantage, if compared
to Scheme I, is that it uses more computing resources than Scheme 1.

In the free space motion, both schemes I and II are the same as the basic impedance
control, and result in the same performance as shown in Fig. 6.14. It is worth comparing
the performance by the two schemes in contact condition. First of all, both the simula-
tions and the experiments show similar results by the two schemes. The two schemes
both improve the performance, if compared to the basic impedance control. However,
if compare the experimental results by the two schemes, it can be found that the perfor-
mance by Scheme II is slightly better than that by Scheme I. Firstly, for different values
of K;, Fig. 6.15 shows that the transient responses by Scheme I differ slightly, whereas
Fig. 6.16 shows that the responses by Scheme II are almost the same. In other words,
Response by Scheme I is more sensitive to the control parameter K;. Secondly, Figs.
6.15 and 6.16 also show better transient responses by Scheme II. Thirdly, the compari-
son of Figs. 6.19 and 6.20 reveals that, during the transition of motion, Scheme II has
less chattering effect than Scheme I.

In a word, Scheme II outperforms Scheme I. Therefore, Scheme II is recommended

for implementation, as long as the computing resources are sufficient.

6.7 Concluding Remarks

The idea of combined impedance/direct control has been presented with two schemes of
implementation, each of which is composed of two parts, namely the direct force control
action and the impedance control action. In fact, the combined impedance/direct con-
trol combines the advantages of both the impedance control (i.e., no need to switch the
control modes) and the hybrid position/force control (i.e., more robust than impedance
control to the environment uncertainties and disturbances). A sufficient stability con-
dition is given to Scheme II with the assumption that the environment can be modeled
as a linear mass-damper-spring system. Both the theoretical analysis and the computer
simulations have shown the superiority of the proposed controllers (both schemes I and
IT) over the impedance control and the hybrid position/force control. The experiments
have also been conducted to validate the effectiveness of the proposed control schemes |
and II. Finally, a comparison between the proposed two schemes is presented, based on

which the recommendation is made on Scheme II over Scheme 1.
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Figure 6.19: Typical results of transition between the free space motion and the con-
strained motion by Scheme I. The environment stiffness is k. = 3000 N /m,
which is estimated to be k, = 2000 N /m. The control parameters are
set as M, = diag[l,1] N-s?/m, B, = diag[30,30] N-s/m, K; =
diag[10*,10*] N/m, K, = diag[1, 1], and K; = diag[1, 1].
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Figure 6.20: Typical results of transition between the free space motion and the con-
strained motion by Scheme II. The environment stiffness is k. = 3000N /m,
which is estimated to be k, = 2000 N /m. The control parameters are
set as M, = diag[l,1] N-s?/m, B, = diag[30,30] N-s/m, K; =
diag[10*,10*] N/m, K, = diag[50, 50], and K; = diag[40, 40].
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Figure 6.21: Typical results of transition between the free space motion and the con-
strained motion by Scheme II. The environment stiffness is k. = 1.2 X
10* N/m, which is estimated to be k, = 2 x 10* N/m. The control pa-
rameters are set as M = diag[1,1] N - s*/m, B, = diag[30,30] N - s/m,
K; = diag[10*,10*] N/m, K, = diag[50,50], and K; = diag[40, 40].
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Chapter 7

Bilateral Control Scheme Design

Most of the previous works on the telemanipulation control schemes were conducted
based on the network model, where the system is idealized as the linear one. Plentiful
insights and observations associated with the system performance have been obtained
through these work. In particular, it has been well known that the stability and the trans-
parency are the two major issues when designing the bilateral controllers. The passivity
and the absolute stability concepts have been widely used to derive the stability con-
ditions'. Transparency is a measure of how well the impedance felt by the operator
matches the impedance of the environment. In a perfect transparent system, the operator
feels exactly the same impedance as that of the environment. The quantitative descrip-
tion of the attainable transparency has been well established through the analysis based
on the network model and the four-channel architecture representation, which has been
reviewed in Sec. 2.4.1. In addition, the transparency conditions of two-channel systems
will be reviewed next in Sec. 7.1.

Since the master and slave manipulators usually have complex coupled nonlinear
dynamics, the progress of the manipulator control technologies make it advantageous
to apply the well developed manipulator control schemes to the telemanipulation sys-
tems. Some research efforts have been made toward this end. In [12], a three-channel
bilateral controller is proposed, where the impedance controller is designed for the mas-
ter, and the slave is controlled by the sliding-mode-based impedance control. In the
two-channel position-force framework, the impedance control was applied to control the

slave for experimental study of shared control in [32]. A control scheme, named as Nat-

urally Transitioning Rate-to-Force Control, was employed for experimental evaluation

'Instead of the network model, Fite et al. [23, 24] address the transparency and stability of a two-

channel system from a frequency-domain perspective by applying the loop-shaping methods.
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of telemanipulation tasks in [99]. Impedance control was also applied to design the tele-
manipulation controller presented in [79]. However, the transparency was not discussed
in these work [12, 32, 79, 99]. The parallel force/position control [10] and the the hybrid
position/force control [80] for single manipulator control have been applied to telema-
nipulation systems in [36] and [55], respectively. In these two works, the developed
bilateral controllers were compared with the classical four-channel representation, and
the transparency and the stability were studied. Note that the four-channel representation
has been reviewed in Sec. 2.4.2.

The transition of motion between the free space condition and the constrained con-
dition has gained attention in the work on single robot control. However, to our best
knowledge, this issue has not been explicitly addressed in the previous work on control
of telemanipulation systems. The analysis and experiments in Chapter 6 have shown that
the proposed combined impedance/direct control does not require to switch the control
modes during the transition between the constrained and unconstrained motions, and
is more robust to the un-modeled robot dynamics than impedance control. Therefore,
it is promising to apply the combined impedance/direct control scheme in the bilateral
controller design of telemanipulation systems.

Considering the transition of motion between the free space (unconstrained) and the
contact (constrained) conditions, a two-channel bilateral controller is proposed in this
chapter by applying the combined impedance/direct control. Perfect transparency can be
achieved in the ideal situation. In addition, no control mode switch is required during the
transition of motion. It should be noted that the work presented in this chapter does not
consider the scale factor, and the presence of time delay in the communication channels.

Note that the proposed bilateral controller can be applied in the systems, where the
slave is either a single manipulator, or a robotic hand.

In the following sections, the transparency conditions of the two-channel control ar-
chitectures are first reviewed. The bilateral controller is then proposed with transparency
and stability analysis. Next, the experimental study is presented. Finally, the concluding

remarks are addressed.

7.1 Transparency Conditions of Two-Channel Systems

Lawrence [60] has proven that perfect transparency can be achieved by transmitting both

master and slave positions and forces, based on the four-channel system structure shown
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Figure 7.1: Four-channel architecture with local force feedback [37, 55].

in Fig. 2.3. Hashtrudi-Zaad and Salcudean [37] later expanded the four-channel archi-
tecture by including the local force feedback as shown in Fig. 7.1, with the parameters
defined in Fig. 2.3. The authors showed that the architecture with only three channels
can realize perfect transparency. Recently, by analyzing the four-channel architecture
with local force feedback, Kim, er al. [55] showed that perfect transparency can be
achieved in the position-force and force-position two-channel architectures. This result
conforms to the work by Fite, et al [23, 24]. This section reviews the previous achieve-
ments on the quantitative description of the transparency based on the network model,
which provides the basis for the bilateral controller evaluation.

To obtain the transparency conditions for the two-channel architectures, the form of
the hybrid parameters in Eq. (2.9) are first expressed by the system parameters. From
Fig. 7.1, the closed-loop dynamic equations of the master and the slave can be obtained

as follows

(Z + Co)Vi + CyVe + CoF, — (14 C4) Fr, =0 (7.1)

(Zs+ C)V, = C1 V), —CsFp + (1 4+ C5)F. =0 (7.2)

By combining Egs. (2.6), (7.1), and (7.2), the hybrid parameters can be expressed by the
control parameters and the impedances of the master and slave as follows [55]
(Zm + C)(Zs + C) + C1Cy

o 7.3
T 0+ Co)(Ze+ Cn) — C5Ch (7.3)

Co(Zs 4+ CL) — Ca(1 + Cs)
hig = 7.4
27 0+ Co)(Ze + Cs) — O504 (7:4)
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b = _C3(Zn + C) + Ci(1 + Cs)
1T (14 Co)(Z.+ Co) = G5Cy

(7.5)

_ (L4 C5)(1+ Cg) = o
2T U+ Co)(Zs + Cy) = C5Cy

It has been shown in [55] that the transparent telemanipulation in P-P and F-F archi-

(7.6)

tectures is impossible. While in P-F and F-P architectures, the transparency conditions
can be obtained by using the hybrid parameters (7.3)-(7.6) and the perfect transparency
condition (2.9) as [55]

(O = Z.+C. 40

Co=1+Cs+#0
2 + Cs # a7

for P-F architecture, and

C3=1+C5#0
Co= —(Zy +Cp) #0
Ce=—1
Cs=—-7,

(7.8)

\

for F-P architecture. Note that the above derivation is based on a single DOF system.

7.2 Bilateral Control Scheme Design

The control schemes for single robot manipulator control usually has either position or
force command as the input®. Since perfect transparency is achievable in two-channel
control architectures, the well developed single robot control schemes can be applied
to design the bilateral controller. In the unconstrained condition, slave is controlled to
follow the motion of the master, and therefore the P-P architecture is employed.

For the constrained condition, Sec. 7.1 has shown that P-F and F-P architectures have
advantages over the P-P and F-F architectures in terms of the achievable transparency.
In this work, the combined impedance/direct controller is employed on the slave manip-
ulator, such that smooth transition of motion without switching the control modes at the

slave can be achieved. In addition, according to the results in Chapter 6, the combined

2An exception is the parallel force/position control, which has both the force and the position as the

inputs.
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impedance/direct controller at the slave is expected to minimize the effects of the un-
modeled robot dynamics. Since the combined impedance/direct controller receives the
force command as the single input, the F-P architecture is thus employed. In other words,
the force command is sent to the slave from the master, and the position information is

fed back from the slave to the master.

7.2.1 F-P Architecture in Constrained Condition
It is assumed that the slave contacts the environment along all the degrees of freedom in
this section. In practice, the slave most likely contacts the environment along a single
degree of freedom, which is normal to the environment. In this case, the controller for
free space motion presented in the next section is applied along other degrees of freedom.
Both P-F and F-P architectures are capable of obtaining perfect transparency. Con-
sidering the fact that controlling the force is the primary requirement in the constrained
motion, the F-P architecture is thus employed in this work (C; = C5 = 0), where the
force information is transmitted from the master to the slave, and the position informa-
tion is transmitted from the slave to the master. Actually, it is the proper force value,
rather than the perfect transparency, that guarantees the manipulated object, or the ex-
ploited environment from being damaged. Toward this end, the combined impedance/direct
control scheme proposed in Chapter 6 is applied on the slave. While a position control

scheme with local force compensation is employed on the master.

7.2.1.1 Master and Slave Controller Design
Recall the robot dynamic equation (5.12), without considering the disturbance force, the

master and slave dynamics are modeled as

Foe = Dy X, + Hy — Fy, (7.9)

F,.=D,X, +H,, +F, (7.10)

where D,,,, and D, represent the master and slave inertia matrices, respectively; H,,,
and H,, denote the master and slave terms corresponding to H, of Eq. (5.12), respec-
tively; X,,, and X are the master and slave positions; F;, and F. are the force exerted on
the master by the operator, and the force applied on the environment by the slave; and
F,.. and F. denote the control inputs of the master and the slave, respectively.

Same as in Chapters 5 and 6, the environment is modeled as LTI mass-damper-spring

107



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

system, which is expressed in frequency domain as

F, = (M.s* + B.s + K, ) (X, — X,,) (7.11)

where M., B., and K. are the diagonal matrices representing the environment mass,
damping, and stiffness coefficients, respectively. The operator dynamics is also modeled

as LTI mass-damper-spring system, which is expressed in frequency domain as

F,=F;, -7,V (7.12)
where X;, = X, is the human position, F'; is the operator exogenous input force, and
Z;, denotes the operator impedance matrix, which is defined as

K
Zn = M,s + B, + —" (7.13)
S

with M, B;,, and K, representing the operator mass, damping, and stiffness matrices,
respectively.

In the constrained motion, we have F.; = F),, where F.,; denotes the desired force
applied on the environment by the slave robot. According to the combined impedance/direct

controller represented by Eq. (6.26), the following controller is proposed for the slave

F,. = Dy, (US + Ky Ep + K, tEfsdt> +H,, +F. (7.14)
where O
E;s =F, - F. (7.15)
U, = M;;'(B.E,, + Ki,E,, — F.) (7.16)
E., = X, — X; (7.17)
X,s = Xeo + K HK, + K )KL'Fy, (7.18)

The nomenclature is basically the same as that defined in Chapters 5 and 6, with the
adding letter s in the subscript representing the slave. Note that the slave acceleration is

not needed to implement the slave controller.
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For the master, we have X,,,; = X, where X,,,; is the desired master position. A

position error based controller with local force compensation is employed, which is

t
0

where

and the letter m in the subscript representing the master, the diagonal matrices K,,,,, K,
and K,,,, are the master control parameters. To implement the master controller (7.19),
the slave acceleration is needed. In the case that the acceleration signal is noisy due to
the numerical differentiation of the digital encoder readings, the terms with acceleration
can be ignored at the penalty of transparency decrease at high frequencies.

By combining Egs. (7.9) and (7.19), (7.10) and (7.14), the closed-loop dynamic

equations can be obtained as

t
X =X+ Ko (Xs — X)) + Kpnd(Xs = X)) + Ko | (X — X)dt =0 (7.21)
0

for the master, and

t
(M KK + Ky ) (Fa — Fe) + K / (Fo—F.)at
0
€qs eqs

= M;! (Mts + M, — KtSK‘lMe)XS + M (Bts +B, - KtSK‘1B6> X, (722

for the slave.
Taking Laplace transform of Eqs. (7.21) and (7.22), and without loss of generality,
the closed-loop dynamics can be expressed in frequency domain for a single degree of

freedom as

1
(X = X00)™ R (X = Xi)s + by (Xs = Xon) o+ i (X = X)) = =0 (723)

for the master, and

kts kis
ey 4 i <F - F)
(mtskeqs + P + S ) "

- <1+ Me ek )32X8+ <th 4l b >3XS (7.24)

Mys My eqs My My Mys keqs
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for the slave, where the parameters in small letters are the components of their corre-
sponding matrices in Egs. (7.21) and (7.22), and X,,, X, F}, and F, are the Laplace
transform of x,,, zs, fx, and f., respectively.

Assume that the environment initially rests at ., = 0, and f; is constant, then the
steady state analysis of Egs. (7.11), (7.12), (7.23), and (7.24) yields

Tp = Ty = Ts = To = khﬁ (7.25)
= = ke fr

=f = 7.26

fh fe kh + ke ( )

where (*) denotes the steady state value of the argument. Equations. (7.25) and (7.26)
show that the master and slave steady state position and force are decided by the operator
and environment stiffness coefficients and the operator exogenous force input. It is also

easy to verify that f, /T, = k., i.e., the transparency is fully achieved in steady state.

7.2.1.2 Transparency Analysis

The transparency attainability is further analyzed in this section. For the master, by com-
paring the closed-loop dynamics of the proposed master controller and the four-channel
architecture, i.e., Egs. (7.1) and (7.23), and considering V. (s) = Vi(s) = sX,(s) and
Vi(s) = Viu(s) = sX,,(s), one obtains

Ci = —~(Zin + C) = = (8° + Fums + iy + i) 2.0
Cy =0 (7.27)
Cs=—1

Similarly, comparing Eqgs. (7.2) and (7.24) yields

;

ks ks
Cs—f—Zs:mLts(mts—f—me__tme)s'}_mLts<bts+be_—tb)

e
keqs keqs

k:s kis
cg_1+c5_( t +k,,s+?) (7.28)

Mys keqs

C;=0

\
By comparing Eqgs. (7.27) and (7.28) with the transparency condition of the F-P

architecture represented by Eq. (7.8), it can be seen that the perfect transparency can be
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1 1 k s kis
achieved if m + kps + =& # 0, and

kts
Myis + Me — me. =20 (7.29)

keqs

kts
bis + b — b. =0 (7.30)

keqs

By substituting keys = kckis/(ke+kis) into Eqs. (7.29) and (7.30), a simple condition

set for perfect transparency can then be derived as

kts ke . kts ke

— ;o — =
Myg me bts be

(7.31)
Fim 70

Therefore, in theory, transparent telemanipulation is attainable in the F-P two-channel
architecture with the combined impedance/direct controller employed for the slave, and
the position error based controller with local force compensation for the master, pro-
vided that the condition set (7.31) is satisfied. It can be shown that, if K;,, = 0, the
transparency condition is the same as Eq. (7.31).

By observing the perfect transparency condition (7.31), it can be found that the force
error based compensator at the slave does not contribute to the system transparency. In
other words, ideally there is no difference whether the combined impedance/direct con-
troller or the basic impedance controller is employed at the slave in terms of attainable
transparency. However, in practice, un-modeled dynamics may exist. The combined
impedance/direct control is more robust to the model uncertainties then impedance con-
trol. Therefore, in the discussed bilateral control system, the force error based PI-type
compensator £y, + % in (5 is expected to improve the performance by minimizing the
effects of un-modeled dynamics.

Another observation is that the environment impedance is required to be known
to achieve the perfect transparency according to Eq. (7.31). In fact, the environment
impedance information has the same function as a force or position information chan-
nel, and that is why two-channel control architectures can achieve perfect transparency.
It will be shown in Sec. 7.3 that, when the environment stiffness is estimated with error,
the resulting bilateral controller will produce poor force tracking results, and thus the

system is not transparent.
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7.2.1.3 Stability Analysis
Based on the network model and four-channel architecture, passivity theory has been em-
ployed to design stable telemanipulation systems [3, 60]. A less conservative condition
for stability is the Llewellyn’s stability criteria, which provides the necessary and suffi-
cient conditions for the absolute stability [38], and has been employed in [12, 35, 74]. A
perfectly transparent system is marginally absolutely stable according to the Llewellyn’s
criteria. Therefore, the transparency may be sacrificed partially for increased stability,
if passivity or absolute stability is employed for stability analysis. Nevertheless, Fite
et al. [23] have used frequency-domain loop shaping method to show that both trans-
parency and stability can be improved in the P-F two-channel architecture. This result
has implied that transparency and stability are not conflicting design objectives, if right
stability analysis tools are employed, such as the transfer function concept.

In this section, we analyze the stability conditions of the proposed bilateral controller
with optimized transparency (i.e., condition set (7.31) is satisfied) using the recent results
by Hashtrudi-Zaad and Salcudean [37], who have showed that for the transparency-

optimized telemanipulation systems, the characteristic equation may be written as

[02<Zs + Os) + Cv3(Zm + Cm)](Zh + Ze) =0 (7.32)
which indicates that the system is stable if
Co(Zs+ Cs) 4+ C3(Zpm + Cy) =0 (7.33)

has all roots in the left half-plane. Substituting Eqgs. (7.27) and (7.28) into Eq. (7.33),

and combining Eq. (7.31) yields the characteristic equation

agst + azs® + ass* +ajs+ag =0 (7.34)
where
ao = Kimkismekis (7.35)
a1 = kimkis + Eimkpsmekis + kpmkismekys + K ke (7.36)
ag = kymkismekis + kpmke + Epmkis + Epmkpsmekis (7.37)
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a3 = kvmkts + kvmkpsmekts + kismekts + kvmke (738)

ay = ke + k;ts + kpsmekts (739)

The stability condition can then be derived according to Hurwitz criteria. A problem
is that the stability condition of the fourth-order system is more or less complex. The
selected parameter values should be verified to satisfy the stability condition.

Let us consider the situation that the master controller has no integral term of the
position error, i.e., K;,, = 0. It is easy to verify that the transparency condition (7.31)
maintains the same as the situation with integral term, while the order of characteristic
equation (7.34) reduces by one. As a result, according to Hurwitz criteria, the asymptotic
stability of the system can be achieved, if the control parameters satisfy the following
conditions: k. + ki + kpsmekis > 0, kymkis + Eymkpsmekis + kismekis + Eymke > 0,
kpmkismekis > 0, and

(kvmkts + kvmkpsmekts + kismekts + kvmke> (k'pmke + kpmkts + kpmkpsmekts
+ kvmkismekts> > (ke + kts + kpsmekts) kpmkismekts (740)

which can be simplified to

2kvmktskpmke + kvmktszkpm + 2kvmkt32kpmkpsme + kvmzktSQkisme
+ 2kvm]{7ps7nel{7tsk'pmke + kvmkp32m62kts2kpm + kvm2kpsme2kt32kis
+ kis2me2kt52kvm + kvmkekam + kvakekismekts >0 (741)

Obviously, the system is stable for all positive control parameters. The above analy-
sis shows that, in theory, the bilateral controller without the integral term of the position
error at the master has the same transparency condition as that with the integral term,
and has a looser stability condition. However, due to the non-ideal condition in practice,
a noticeable position tracking error can be observed if the controller has no integral term
at the master. With the addition of the integral term, the performance can be improved,

which will be seen in Sec. 7.3.

7.2.2 P-P Architecture in Unconstrained Condition
In the unconstrained motion, the slave robot moves in free space, and Z. = 0. Therefore,

the system is transparent if the operator does not feel the force, and the slave accurately
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follows the motion of the master. Without the interaction between the slave and the
environment, the kinematic correspondence between the master and the slave becomes
the primary concern. This situation is much simpler than the constrained motion. Intu-
itively, the position information, rather than the force information, should be transmitted
between the master and the slave. As a result, a P-P architecture is suggested in this work
for unconstrained motion telemanipulation. In addition, it is suggested that the force ex-
erted by the operator to the master is compensated for, such that the feeling of force of
the operator in free space is minimized. In this case, the master controller considering

both constrained and unconstrained motion can be expressed as

t
Fre = Do | X 4+ Ko Enns + Ky Eom + K Emdt} +H,,, —sgn(F.)F,
0

(7.42)
where in this work the function sgn(+) is defined as
1 2#0
sgn(z) = 7 (7.43)
-1 =0

As demonstrated in Chapter 6, the combined impedance/direct control scheme does
not require to switch the control modes during the transition of motion. Therefore, the
same controllers for the master and the slave as in the constrained motion are used in the
unconstrained motion. Specifically, when employing the combined impedance/direct
control for the slave, the reference trajectory for the slave is simply set as the master
position, i.e., X, = X, and F;, = 0. Since F. = 0 in free space motion, the slave
controller is basically the impedance controller, or PD controller. Complete transparency
is generally not attainable in the P-P architecture [55]. However, in the extreme situation
with Z. = 0, according to Ni and Wang’s [74] result about P-P architecture, we can
choose high gains for the slave controller, and low gains for the master controller, such
that the transmitted impedance Z; — 0. Therefore, the extreme condition for the master

parameters K,,,, = K, = K;,,, = 0 is set for the unconstrained motion.

7.2.3 Transition of Motion

The transition of motion between the unconstrained and constrained conditions is com-
mon during most manipulation tasks. The proposed bilateral controller requires no con-
trol mode switch of both the master and the slave controllers during the transition of
motion. Once the designed controllers are implemented, they can work in both the con-

strained and unconstrained conditions. The only difference between the constrained and
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Figure 7.2: Block diagram of the proposed bilateral control scheme (Refer to Fig. 6.3

for the details of the combined impedance/direct control block).

unconstrained conditions is that different communication channels are used. Since the
transparency condition in F-P and P-P architectures are different, the values of the con-
trol parameters K,,, K,,,, K,,, and K;,,, need to be switched when the transition of
motion takes place, in order to achieve the perfect transparency. In fact, the value of
K can be remained unchanged for both constrained and unconstrained motions, which
will be shown in Sec. 7.3. The bilateral controller considering both the constrained and

unconstrained motions is thus designed, and the block diagram is shown in Fig. 7.2.

7.3 Experimental Study

In this section, experiments are conducted on a system with two identical 1-DOF slider-

crank mechanisms to validate the effectiveness of the proposed bilateral controller.

7.3.1 Experimental Platform

Figure 7.3 shows the photograph of the constructed platform. Both the master and the
slave are driven by the Emoteq” direct drive brushless DC motors (QB03400) with
the continuous torque up to 0.81 Nm. The encoders with 2000 pulses per revolution are
mounted at the end of the motor shafts to measure the angular position. The AMC™"
servo amplifiers (B15A) are used to output current commands to the motors. Two sim-
ple HoneywellTM one-axis force sensor (FSG15N1A) are attached on the master and
the slave, respectively, which are connected to an amplifier circuit to measure the inter-
action force. The Sensoray 1/0O board (Model 626) is used to read the sensor readings

and to output commands to the motors through the amplifiers. The xPC Target from
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Figure 7.3: Telemanipulation experimental platform.
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Figure 7.4: Slider crank mechanism used in the experiments.

Matlab™™ is used to implement the control system with the sampling frequency set at 1
kHz. Detailed description of xPC Target can be found in Appendix A.

The slider crank mechanism with the coordinate system of the master and slave is
shown in Fig. 7.4. Without considering the Coulomb and viscous frictions, the dynamic

equation can be obtained by applying Euler-Lagrange method as

d(q)j+clq)g =T (7.44)

where the parameters are estimated to be d(q) = (7.10 cos? ¢ + 2.58) x 10™* kgm?, and
c(q) = 3.55 x 107*¢sin(2q) kgm?/s. Note that there are errors between the estima-
tions and the real values. The environment adopts a mass-damper-spring system, which
consists of a moving plate mounted on two sliders, and several spring components. The
values of the impedance parameters are m, = 0.14 kg, k. = 400 N/m, and b, is small
and unknown.

As addressed, the parameters of the dynamic equation are not known precisely and
have uncertainties. One of the objectives of the experiments is to show the robustness of

the proposed bilateral controller to the robot dynamics uncertainties. The acceleration
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term is dropped from the master controller in the experiments. For all the following
experiments, k,s = 90, k;s = 80, mys = 1 N -s?/m, and b;s = 10 N - s/m. During the
constrained motion, the parameters of the master controller are set as kj,,, = 1.8 x 104,
kom = 10, and k;;, = 10%. While during the unconstrained motion, ky, = kyy, =
ki = 0. Note that in practice, due to the noise of differentiating the encoder signals,
especially in the constrained motion, parameters b;s and k,,, should be assigned with
relatively small values. In the experiments, it has been found that when 0, is increased

to 100 N - s/m, most likely the system goes to be unstable.

7.3.2 Results of Constrained Motion

The first set of experiments studies the system performance in the constrained motion.
Before the experiments, the slider of the slave locates at the initial position of the en-
vironment z., = 122.32 mm. The master locates correspondingly. During the experi-
ments, the human operator pushes the master slider along the x-axis direction and then
releases gradually.

Firstly, the controller without the integral term of the position error at the master is
implemented. According to the perfect transparency condition (7.31), the slave target
stiffness is set as k;; = 3000 N/m, such that the system is regarded to be quasi trans-
parent. The results are shown in Fig. 7.5. The force profiles of the master and the slave
(see Fig. 7.5(b)) show that the interaction force f, can follow the command f; with high
accuracy. However, a relatively large position error between the master and the slave
exists, when the operator pushes the master slider and keeps it at a constant position.
The results reveal that, in practice, it is hard to construct perfect transparent systems,
if the controller has no integral term of the position error at the master. Nevertheless,
the resulting system is expected to work well in the case that the master-slave position
correspondence is not a critical requirement.

Secondly, the integral term of the position error is included in the master controller,
and the results are shown in Fig. 7.6. The force profiles show a similar or a little better
tracking result, and the position error is reduced greatly, if compared to the results with-
out the integral term at the master. It can be observed that the transient position error still
exists, especially during the restoring stage of the environment. This phenomena can be
explained as follows. At the stage of pushing, the term (x5 — z,,) is negative, and thus
the integral term builds up negative control actions of the master continuously. When the
operator releases the master slider gradually, the resulting negative control actions by the

integral term will drive the master to move faster than the slave. Another possible reason

117



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

is that the Coulomb and viscous frictions may dominate the environment dynamics at
the restoring stage, which slow the restoring of the environment. The transient error de-
creases gradually to zero at the steady state. Another observation is that the integral term
introduces a small oscillation into the master position, the amplitude of which is about
one encoder count. Note that in the experimental platform, the motors are driven di-
rectly without gear-head connected. Overall, the transparency of the system is increased
by incorporating the integral term of the position error into the master controller.

Next, the slave target stiffness is set as k;, = 1.8 x 10*N/m, and therefore the system
is nontransparent. The results for this system are shown in Fig. 7.7. The position profiles
are similar to those of the quasi transparent system shown in Fig. 7.6(a). Although the
force tracking error increases a little bit, if compared to the quasi transparent system (see
Fig. 7.6(b)), the error is small and can be neglected normally. In this case, the value of
ks can be kept unchanged during the transition of motions.

Finally, it is assumed that the environment stiffness is unknown and estimated to be
k. = 2500N /m. The slave target stiffness is thus designed to be ki, = 1.8 x 10N /m, in
order to achieve perfect transparency. Figure 7.8 shows the results. Interestingly, the po-
sition error is reduced. However, the force tracking performance deteriorates drastically.
The results comply with the analysis in Sec. 7.2.1 that for the F-P two channel control
architecture, the information of the environment impedance is required to be known to

achieve perfect transparency.

7.3.3 Results of Transition of Motion

In the second set of experiments, the slave slider is initially located at z = 113.10 mm.
So does the master slider. During the experiment, the operator pushes the master slider
along the x-axis direction. The free space motion transits to the constrained motion when
the slave slider contacts the environment at x+ = 122.32 mm. Afterwards, the operator
repeats to push and then release the master several times, followed by the transition from
the constrained motion to the free space motion.

The slave target stiffness is set as k;,, = 1.8 x 10% N/m. Therefore, during the
transition of motion, it does not need to switch the control modes and the values of
the control parameters of the slave controller. For the master, the control mode is also
kept un-switched, while the values of the control parameters should be switched from
kpm = kum = kim = 010 ky,, = 1.8 x 10%, k,,, = 10, and k;,, = 10* in order for
transparency. Note that the transparency conditions of F-P and P-P architectures are

different (refer to Sections. 7.2.1 and 7.2.2). As shown in Fig. 7.9, the motion transits
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smoothly. In addition, the kinematic correspondence is maintained when the motion
transits from the contact condition to the free space, which is important for repetitive and
consecutive manipulations. High transparency in both constrained and unconstrained

motions has been demonstrated by the results.

7.4 Concluding Remarks

By applying the combined impedance/direct control scheme, a two-channel bilateral
controller is proposed for telemanipulation systems in this chapter. A control architec-
ture is constructed considering both the free space motion and the constrained motion.
Specifically, the F-P architecture is applied in the constrained motion, while the P-P ar-
chitecture is applied in the free space motion. The proposed bilateral control scheme has
the following features. Firstly, perfect transparency can be achieved in the two-channel
control architecture in theory. Secondly, the interaction force F. can be controlled with
high accuracy in the case of robot dynamic uncertainties. Thirdly, although different con-
trol architectures are employed for the constrained and unconstrained motions, it does
not need to switch the control modes of the master and the slave controllers during the
transition of motion. Note that different communication channels are used in the con-
strained and unconstrained conditions, i.e., F-P architecture for constrained condition,
and P-P architecture for the unconstrained condition. The effectiveness of the proposed

bilateral control scheme has been demonstrated by the experiments.
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Figure 7.5: Results of the quasi transparent system without integral term of position error
at the master. The environment impedance parameters are k. = 400 N/m,
m. = 0.14 kg, and b, unknown. The control parameters are set as m;; =
IN-s*/m, bys = 10 N - s/m, ks = 3000 N/m, k,s = 90, k;s = 80, kp,, =
1.8 x 104, and k,,, = 10.
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Figure 7.6: Results of the quasi transparent system with integral term of position error
at the master. The environment impedance parameters are k. = 400 N/m,
m. = 0.14kg, and b, unknown. The control parameters are set as m;; =

IN-s*/m, bys = 10 N - s/m, ks = 3000 N/m, k,s = 90, k;s = 80, kp,, =
1.8 x 104, ky,,, = 10, and k;,,, = 10,
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Figure 7.7: Results of nontransparent system with integral term of position error at the
master. The environment impedance parameters are k., = 400 N/m, m, =
0.14kg, and b, unknown. The control parameters are set as m; = 1N - s?/m,
bis = 10N - s/m, ks = 1.8 x 10*N/m, ks = 90, ks = 80, kpm, = 1.8 x 10%,
kym = 10, and k;,,, = 10%.
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Figure 7.8: Results in the case that the environment stiffness is estimated with error. The
environment impedance parameters are k., = 400 N/m, m, = 0.14kg, and
b. unknown. k. is estimated as l%e = 2500 N/m. The control parameters are
setas mys = 1N -s2/m, by = 10N - s/m, kys = 1.8 x 10* N/m, ks = 90,
kis = 80, kpm = 1.8 x 10%, kyy, = 10, and k;,, = 10%.
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Figure 7.9: Results of an operation including transition between the free space motion
and the constrained motion. The environment impedance parameters are
k. = 400 N/m, m, = 0.14kg, and b, unknown. k. is known. The control
parameters are set as m;, = 1 N-s?/m, by, = 10 N-s/m, k;y = 1.8 x
10* N/m, k,s = 90, kis = 80, k,,, = 0 (free space motion) or 1.5 x 10*
(constrained motion), k,,, = 10, and k;,, = 0 (free space motion) or 10*

(constrained motion).
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Chapter 8

Conclusions and Future Work

This chapter first presents possible overall structures, which connect the kinematic map-
ping addressed in Part I and the controller design addressed in Part II. The contributions
of the thesis are then summarized, followed by the discussion of future work. Finally,

the conclusion is given.

8.1 Structures Combining Mapping and Control

The work on the kinematic mapping and the control scheme design are both related to
telemanipulation. A good system with high degree of telepresence requires both a suit-
able mapping scheme and a proper controller. This section provides two possible overall
structures to combine the proposed mapping and control schemes in a telemanipulation
system. Note that the virtual circle mapping method proposed in Part I can be combined
with the control schemes other than the one proposed in Part II. Similarly, the bilateral
controller proposed in Part II can be implemented in a system with any mapping schemes

applied.

8.1.1 Structure I
The P-F two-channel architecture is widely used in the telemanipulation systems. In the
first structure, the virtual circle mapping method is combined with the P-F control archi-
tecture. Under the given structure, the virtual circle mapping scheme can be integrated
into the systems with any P-F bilateral controller applied.

A typical operation of a telemanipulation system can be divided into two parts,
namely the free space operation and the object manipulation operation. In the free space
operation, none of the slave fingers contact the object. Positions of the human fingertips

are measured and used to compute the desired slave fingertip positions according to the
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virtual circle mapping scheme. The desired slave fingertip positions are then sent to the
slave controller as the position input to the slave fingers. Since the slave hand moves
in free space, no force information is fed back to the master. The object manipulation
operation starts once the slave fingers get in contact with the object. During the object
manipulation operation, the desired slave fingertip positions are computed according to
the human fingertip positions by the virtual circle mapping scheme, and then sent to the
slave. The actual slave fingertip positions are obtained by the sensor readings of the
slave. The differences between the desired and the actual positions, i. e., the position
errors, can then be used by the slave controller to derive the driving forces for the slave
fingers. At the same time, the contact force between the slave fingers and the object is
fed back to the master, which is used to derive the driving forces for each of the master

fingers, such that the operator feels the contact force.

8.1.2 Structure II

Before the description of the second structure, the reverse of the virtual circle mapping
is first defined. Recall that the fundamental idea of the virtual circle mapping is to
construct a relationship between two virtual circles, which are decided by the human
and robot hands, respectively. The method presented in Chapter 4 is a forward way of
the mapping, i. e., mapping from the human to the robot. In a similar way, the mapping
from the slave hand to the human hand can also be constructed, which can be named as
reverse of virtual circle mapping.

In the second structure, the virtual circle mapping scheme and the proposed bilat-
eral controller in Part II, which is a F-P architecture, are combined. In the free space
operation, same as in Structure I, the virtual circle mapping produces the desired slave
positions, which are then sent to the slave controller. The slave controller controls the
slave fingers to follow the desired position. While in the object manipulation operation,
the force applied by the human fingers to the master device are measured and sent from
the master to the slave. The slave controller, which is a combined impedance/direct con-
troller, generates the driving force for each of the slave fingers according to the received
force information. At the same time, the positions of the slave fingers are measured,
according to which the desired human fingertip positions are generated by the reverse
of virtual circle mapping method. The desired human fingertip positions are then fed
back to the master controller, which commands the human fingers to follow the desired
positions.

Two sample structures combining the mapping and control are thus given. It is worth
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pointing out that the virtual circle mapping and the proposed bilateral controller are ba-
sically two schemes for the telemanipulation systems, which aim to improve the telep-
resence from different perspectives. They can be combined as described in the second
structure. In addition, Each of them can also be applied in a system with other mapping
or control schemes, as described in the first structure. In other words, more combination
schemes are possible. The detailed development work are not discussed in this work

though.

8.2 Summary of Contributions

The major contributions of this thesis are summarized as follows:

e The problem of tele-controlling a non-anthropomorphic robot hand is put forward.
The classical fingertip position mapping has been implemented in the system with
a three-fingered non-anthropomorphic robot hand. The system performance has
been investigated by simulations and experiments. It has been found that the fin-
gertip position mapping method fails to provide satisfactory degree of intuitive-
ness and workspace matching between the master and the slave hands, and new
mapping methods should be developed for the systems with non-anthropomorphic

robot hands.

e A virtual circle mapping method is proposed for tele-controlling the three-fingered
slave robot hands. The concept of the method has been introduced. An algorithm
for a specific three-fingered robot hand has been presented. The simulation results
of the workspace matching have shown that the proposed method can account
for the dissimilarities between the human hand and the robot hand, and therefore
more effective for tele-controlling the non-anthropomorphic robot hands. The ex-
periments demonstrates the feasibility of the proposed method. Although the pre-
sented algorithm is specific for the non-anthropomorphic robot hand introduced in
Sec. 3.1.2, the idea of virtual circle mapping is applicable for all kinds of three-

fingered robot hands, both anthropomorphic and non-anthropomorphic.

e By developing the test-bed for the mapping methods, a mechatronic design ap-
proach to manipulator control in free space is presented. Different from the nor-
mal design procedure, in which the mechanical system and the electrical system

are treated separately, the presented mechatronic approach takes into account all
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the dynamics of the manipulator, actuators, amplifiers, and I/O boards in a united
manner. The method can be extended to design the motion control system of other

mechanical systems.

e The force tracking performance of the impedance control subjecting to model un-
certainties and random external disturbances is investigated. Several insights have
been obtained through the investigation. It is also found that the model and envi-
ronment uncertainties affect the performance of the impedance control. The inves-
tigation provides the basis for proposing new control schemes, which can improve
the robustness to the disturbances and uncertainties, and maintains the advantage

of the impedance control at the same time.

e The combined impedance/direct control scheme for control of robot manipula-
tors has been proposed. The controller is composed of two parts, namely the
direct force control action and the impedance control action. A sufficient stabil-
ity condition is given. The theoretical analysis, simulations and experiments have
shown the superiority of the proposed controller over the impedance control and
the hybrid position/force control. The combined impedance/direct control com-
bines the advantages of both the impedance control (i.e., no need to switch the
control modes for all tasks) and the hybrid position/force control (i.e., higher ro-

bustness to the environmental uncertainties and disturbances).

e By applying the combined impedance/direct control scheme, a two-channel bilat-
eral controller is proposed for telemanipulation systems. A control architecture is
constructed considering both the free space motion and the constrained motion. In
theory, perfect transparency can be achieved in the proposed control architecture.
In addition, it does not need to switch the control modes of the master and the
slave controllers during the transition of motion. Once the designed controllers
are implemented, they can work in both the constrained and unconstrained condi-
tions. One more advantage is that the controller is robust to un-modeled dynamics
and uncertainties. Experiments have been conducted to verify the effectiveness of

the proposed bilateral control architecture.

8.3 Suggestions for Future Work

There are several possible directions for future work in the areas of research presented

in this thesis. Some suggestions are as follows:
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e The application of the virtual circle mapping method to other three-fingered robot
hands. The concept of the virtual circle mapping has been introduced in Sec.
4.1. A detailed algorithm has also been developed for a specific three-fingered
robot hand. Since a different robot hand usually has a different structure, it can be
expected that the mapping algorithms developed for other systems from the virtual
circle mapping concept should be altered from the one presented in Chapter 4 to
a certain extent. Therefore, it is worth developing specialized mapping algorithms
for other three-fingered robot hands based on the one presented in this thesis by
applying the virtual circle mapping concept. For instance, the concept can be

applied to the robot hands shown in Figs. 2.1(b) and 2.1(c).

e Development of new mapping methods for the four-fingered non-anthropomorphic
robot hands. The mapping for the four-fingered non-anthropomorphic robot hands
is remained unaddressed. Due to the same reason given in Chapter 3, it can be
expected that the traditional mapping methods also cannot produce satisfactory
mapping results if the slave robot hand is a four-fingered one and has a symmetric
structure. The proposed virtual circle mapping method is an extension of the Grif-
fin’s virtual object based mapping method [31] from 2-D to 3-D. The two methods
basically transmit the information of the relative position between the fingertips
from the master to the slave. Therefore, they can be named as the relative posi-
tion based mapping. A possible direction of mapping is then to extend the relative
position based mapping concept to the four-fingered non-anthropomorphic robot
hands. Toward this end, it is desired to find a carrier to carry the information of
the relative position between the four fingertips. Note that the carrier in the vir-
tual circle mapping method is a circle, and that of the virtual object based mapping

[31] is a sphere.

e Applying the combined impedance/direct control scheme to construct other types
of control architectures for telemanipulation systems. Besides the bilateral con-
troller proposed in Chapter 7, other types of bilateral controllers, such as two-
channel P-F architecture, three-channel architectures, and four-channel architec-

ture, can be developed by applying the combined impedance/direct control scheme.
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8.4 Conclusions

As introduced in Chapter 1, a good telemanipulation system should provide high degree
of telepresence to the operator, such that he/she feels physically present at the remote
site. This thesis presents the efforts aiming to improve the telepresence of the telema-
nipulation systems from two aspects, which are the kinematic mapping and the control
scheme design. Specifically, part I deals with the kinematic mapping between a human
and a robot hand. The rules of mapping are explored and the superiority of the proposed
virtual circle mapping is demonstrated. In particular, the systems with three-fingered
non-anthropomorphic robot hands are considered. The objective is to develop new map-
ping methods to improve the degree of intuitiveness experienced by the human operator.
The main focus of part II is on the control scheme design. The objective is to apply
the well developed single manipulator control schemes to the telemanipulation systems,
such that the problem of the bilateral controller design can be simplified, and at the
same time, the robot nonlinear dynamics and uncertainties are properly dealt with. The
simulation and experimental results have demonstrated the inefficiency of the previous
methods, and the effectiveness of the proposed methods.

The last part of the thesis summarizes the contributions, and addresses several possi-

ble research directions to extend the ideas and methods presented in this work.
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Appendix A - A Mechatronic Approach

to Manipulator Controller Design

A mechatronic design approach to manipulator control in free space is presented in this
appendix, which is applied to develop the test-bed for the mapping methods addressed
in Chapters 3 and 4. Different from the normal design procedure, in which the mechan-
ical system of the electrical system are treated separately, the presented mechatronic
approach takes into account all the dynamics of the manipulator, actuators, amplifiers,
and I/O Board in a united manner. The controller is then applied to control the slave

robot hand introduced in Sec. 3.1.2 according to the input from the 5DT data glove.

A.1 Introduction

The robot manipulator/hand is a non-linear system with coupled effects among each joint
or translation variables. In control practice, it is convenient to use a suitable linear model
to replace the non-linear one. The frequency response method is widely used to derive
the approximate linear model of the dynamic systems [8, 25]. With the linear model, the
controller can be designed and simulated by virtual of the classical and modern control
theories. The widely used software MATLAB/Simulink makes it a simple task.

The implementation of the control hardware and software for the robotic system
could be quite complex [13, 14, 44, 93]. The MATLAB toolbox xPC Target provides
us a a solution for prototyping, testing, and deploying real-time control systems using
standard PC hardware [1]. It is unnecessary to incorporate too many different chips
together and to develop the custom interface codes.

In the following sections, the hardware and software used in the proposed work are
first introduced. The modeling process and controller design are then presented. Finally,

the designed motion control system is validated by experiments.
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Figure A.1: Control system architecture of the test-bed for mapping.

A.2 Hardware and Software

xPC Target uses a host-target environment to deploy the real time control system. The
software is running in two PCs, host and target. The host PC runs Microsoft Windows
operating system and the required software packages: MATLAB, Simulink, Real-Time
Workshop (RTW), xPC Target, and C/C++ compiler. MATLAB is the host software
environment of Simulink, RTW, and xPC Target. The Simulink is used to model the
physical systems (robotic systems in our work) and controller design. RTW and C/C++
compiler convert Simulink blocks into C code and build a target application, which is
downloaded to the target PC and executed in real-time. The communication between
the host and target PCs is through RS-232 or TCP/IP. The target PC is booted by a boot
disk, which is easily created in MATLAB on the host PC. Subsequently, the target PC
runs the highly optimized xPC target kernel loaded from the boot disk. The executable
code generated from the Simulink block in the host PC is then running in real-time on
the target PC.

xPC Target supports quite a few standard I/O boards, which are simply plugged into
the PCI or ISA slots of the target PC. By including the driver block into the Simulink
model, the analog and digital data flow between the physical system and the control
software (executable codes in the target PC) in real time. Therefore, the physical system

is controlled in the manner of hardware-in-the-loop (HIL) simulation. The Sensoray
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model 626 card is used in this work. It has four analog outputs (13 bit resolution),
sixteen differential analog input (14 bit resolution), forty-eight digital I/O channels, and
six counters for encoder reading.

The overall architecture of the host-target HIL real-time robotic control system is
shown in Fig. A.1, where the GALIL power amplifier is interfaced with the I/O board to
generate proper command signals for DC motors. The developed control system setup

has been shown in Fig. 4.17 of Chapter 4.

A.3 Modeling and Control

The modeling and control process of the lower joint (joint /;,,.) of the right finger is
presented for the illustration purpose. The same procedure is performed for the other

joints.

A.3.1 Transfer Function Model for Joint ;.

Consider a DC motor driving a load, the transfer function of the joint of the output shaft

angle to the input voltage of the motor can be expressed by

_ Q(S) _ 772ktc
V(S) (Jalls2 + balls) (Laws + Raw) + 772k7tckemf3

(A.1)

where k. is the motor torque constant. k., s is the back emf constant of the motor. R,
and L,,, are the resistance and the inductance of the armature windings. .J,; and b,;; are
the inertia and the viscous friction coefficient of the combination of the motor rotor, gear
train, timing belt transmission and the load referred to the output shaft of the gearing,
respectively. 7 is the gear ratio.

Since L, is usually small, it can be neglected. Thus Eq. (A.1) can be written as

nktc
Rana
Ty(s) = 1L (A.2)
s2 4+ | by + I Fteliems hickiem; s
Jau \ Raw

For our slave robot hand, the gear reduction ratio is high. The normal operating
velocities and accelerations are limited. Plus, the motion range of each joint is relatively
small, since the robotic hand usually grasps or manipulates the object in a limited area.

Therefore, guiding by Eq. (A.2), it is feasible to model each joint of the hand by a linear
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Figure A.2: The input-output relation of joint Rj,ye--

transfer function in the form

C

s?2 +as

P(s) = (A.3)
where (' and a are unknown parameters. Through this way, coupling effects between
joints due to varying configurations during the motion are treated as disturbances. Note
that if an amplifier gain is included into the open loop transfer function, Eq. (A.3) still
holds. We now show the way of determining the values of C' and a by the frequency
response method.

Figure A.2(a) shows the input-output relation of joint R;,,.., where a voltage level
v(t) (output of the D/A channel of the I/O board) is the input to the amplifier. The motor
drives the lower link of the right finger to rotate to joint position ¢(¢). The open loop
transfer function P(s) takes into account all the dynamics between v(¢) and ¢(t) (see
Fig. A.2(b)), such that

Q(s) = P(s)V(s) (A4)

where V' (s) and Q(s) are the Laplace transform of v(t) and ¢(t), respectively.
If the input to such a system is a sinusoidal signal of certain frequency, the output in

steady state will also be a sinusoid with the same frequency. Suppose that the input is

v(t) = Asin(wt) (A.5)

where A is the amplitude and w is the radian frequency of the sinusoid. The output in

steady state is of the form

q(t) = Bsin(wt + ¢) (A.6)
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Also,

| P(jw) [= B/A (A7)

which states that the magnitude of P(jw) is the ratio of the steady state output amplitude
to the input amplitude.

With the background knowledge addressed above, the frequency response method
can be performed to obtain the transfer function for joint R, describing its dynamics
approximately.

Firstly, a sinusoidal input voltage signal v(¢) = Asin(wt) is applied to drive the
motor. As a result, the link swings in a sinusoidal fashion and the steady state output
is in the form ¢(t) = Bsin(wt + ¢). Measure the amplitude B, and record the results.
Repeat the above process for a number of different values of w (w;,7 = 1,2, ...) with A
kept fixed. The corresponding amplitudes of the output sinusoids B; are measured and
recorded. From these data the ratios B; /A are computed corresponding to each w;. Draw
the Bode plot of the experimental data of B;/A versus w; for all i.

Secondly, the guideline of the transfer function (Eq. A.3) is fit with the measured
data such that specific values for the parameters in model P(s) are determined. By
plotting Bode plot of the transfer function P(s) (Eq. A.2) with some trials in MATLAB,
the proper values of C' and a can be determined. The set of (C, a) that makes P(s) best
fit the experimental data is C' = 48500, and a = 2.89. The equivalent transfer function

of joint Rjyyer Will thus be

48500

P(s) = 220
()= 72805

(A.8)
Figure A.3 shows the Bode plot of P(s) versus w for all frequencies, superimposed
on the corresponding plot of the experimental data. As shown in the figure, the transfer

function model agrees well with the experimental data.

A.3.2 Controller Design by Simulation

A digital PID controller is designed to improve the dynamic behavior of the system.
Figure A.4 shows the Simulink block diagram of the feedback loop control scheme of
joint [?;,,,. with the digital PID controller. By virtual of Control System Design Tool [4]
from MATLAB, the coefficients K p, K, and K are modified so as to make the system
obtain a pretty high bandwidth and crossover frequency. The overshoot and steady-state

error of the system are also assured to be in an acceptable range. The simulation response
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Figure A.3: Bode plot of experimental data and system model P(s).
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Figure A.4: Block scheme of joint [, with PID controller for simulation.
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Figure A.6: Block scheme of joint R, With real system in the loop.

to a step input is shown in Fig. A.5, which shows that the PID controller is well designed

for the system.

A.3.3 Control System Implementation
Once suitable PID gains are obtained in the simulation stage, the control system is imple-
mented by the hardware and software shown in Fig. A.1. The physical system is easily
included in the control loop by substituting the I/0 board blocks for the plant model, as
shown in Fig. A.6. The I/O board, which is plugged into the PCI slot of the target PC,
connects the amplifier and encoder through proper channels.

To run the control application developed in Simulink, the constructed graphical model
is compiled into executable code and then downloaded to the target PC through RS-232
connection. Joint R;,,.- can then be controlled in real time when the executable code is

commanded to execute from the host PC.
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Figure A.7 shows the step input response of the real system together with the sim-
ulation result for comparison purpose. As shown in the figure, the output of the real
physical system is almost the same as that of the simulation. This also happens in Fig.
A.8, which shows the response to a 2 Hz sine wave input. Therefore, the feasibility of
the obtained transfer function is validated, and the control system is thus constructed
by performing the design procedure for each joint of the robot hand. The developing

procedure shows a convenient way to implement a robotic real time control system.
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Appendix B - Kinematics and

Dynamics of the Parallel Manipulator

The kinematics and dynamics of the planar parallel five-bar manipulator is addressed in

this appendix. The computation is performed by using Maple’ ™ software.

B.1 Kinematics

The kinematic structure of the manipulator is shown in Fig. B.1, This five-bar mecha-
nism consists of four moving links ;, 7 = 1 to 4, and a fixed link L;. The tip point of the
manipulator is located at point P5, and moves in the plane. The motors and the encoders
are located at point P; and P5. The base frame is located at point P;. The kinematic
analysis aims to construct the relationship between the position of the tip point P5 and

the two angles ¢; and ¢5.

Figure B.1: Kinematic structure of the parallel manipulator.
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B.1.1 Forward Kinematics

The forward kinematics is to find the position of point Py according to the measured
joint angles ¢; and ¢». The base frame is defined as shown in Fig. B.1. The approach
used here is basically the same as the geometry method presented by Campion et al. [7].

The positions of point P35 and P4 are computed as

Lqcosq
Pg(xg,y?,)—{ Ll . ' } (B.1)
1S gy
Locosqgys — Ly
Py(z4,ys) ={ QL . } (B.2)
2 51N G2

Express Ps = (x5, ys5), and P, = (xp,, yp,), which is the intersection between the segment
P3P, and the height of triangle P3P 4P5. Then

L3 — Li + ||Ps — Py’

P, — P3| = (B.3)
|| h 3|| 2||P4_P3”
[Pr — Ps]l
P,=Ps+ -——(P,—P B.4
h 3+||P4—P3||( 4 3) (B.4)
IPs —Pull = /23 — [P — Py ®.5)
Considering ¢; = ¢ in Fig. B.1, the end tip position P5(x5, y5) can then be com-
puted by
[Ps — Pyl
_ — B.6
Ty Th + HP4 _ PSH (y4 3/3) ( )
[Ps — Pyl
=Yh — = (T4 — B.7
Ys = Yn [P, — Py (74 — 3) (B.7)

All the four moving links of the mechanism have the same length L. By performing

the following set of Maple instructions,

P2:=Vector([-Lb,0]);
P3:=Vector([L*cos(q1),L*sin(q1)]);
P4:=Vector([L*cos(g2)-Lb,L*sin(q2)]);
d:=sqri((P3[1]-P4[1])"2+(P3[2]-P4[2])"2);
bi=(L"2-L"2+d"2)/(2*d);

h:=sqrt(L"2-b"2);

Ph:=P3+b/d*(P4-P3);
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x5:=Ph[1]+h/d*(P4[2]-P3[2]);
y5:=Ph[2]-h/d*(P4[1]-P3[1]);
P5:=Vector([x5,y5]);

the end tip position P5(x5, y5) can be obtained as

1 1 1
Ty = §L cosq + iL COoS @y — §Lb

1
+ 5\/4[/2 — (Lcosqy — Lcosqo + Ly)? — (Lsing; — Lsingy)?

(Lsingy — Lsing)/

V(Lcosq — Lcosqy + Ly)? + (Lsing, — Lsingy)? (B.8)

1 1 1
UYs = §Lsinq1 + §Lsinq2 ~3

1
+ 5\/4L2 — (Lcosqy — Lcosqo + Ly)? — (Lsing; — Lsingy)?

(Lcosqy — Lcosqy — Ly)/

V/(Lcosq — Lcosqy + Ly)? + (Lsing, — Lsingy)? (B.9)

B.1.2 Differential Kinematics
Without considering the end tip angular velocity, the Jacobian matrix ./, can be found
by direct differentiation of the forward kinematics of Egs. B.8 and B.9 with respect to

¢ and ¢, 1.e.,

Ju(q) = (B.10)

[ 0x5/0q1 0w5/0q> ]
8?J5/<9Q1 8y5/8q2

where g = [q1, ¢2]"

B.1.3 Inverse Kinematics

Inverse kinematics aims to find the actuating angles ¢; and ¢, according to the position
P5. Due to the parallel structure of the manipulator, the inverse kinematics is easier to
be derived than the forward kinematics. Refer to Fig. B.2, given P5(z5,y5), ¢1 and ¢o

can be derived by using Campion’s et al. method [7] as
G =m—0o;— (B.11)
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G2 = az + By (B.12)
where
L} — L3 +[Ps — PlHZ)
(] = arccos (B.13)
' ( 2L, P5 — P4
1 = atan2(ys, —z5) (B.14)
L3 — Li+||Ps — P2||2)
(v9g = arccos (B.15)
i ( 2L,||P5 — Py
fe = atan2(ys, vs + L) (B.16)

B.2 Dynamics

The Euler-Lagrange method is used to derive the dynamics equation. Specifically, the
approach introduced by Spong and Vidyasagar [88] for the equation of motion of robot
manipulators is applied to derive the matrices D(q) and C(q,q). Note that matrix
G(q) = 0 due to the planar configuration.

Firstly, g3 and ¢4 (refer to Fig. B.2) are computed as

2 2 - 2

2L, Ls

@3 = T — arccos <

Figure B.2: Kinematic structure for deriving the inverse kinematics and dynamics equa-

tions.
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L2+ L2 — ||Ps — Ps?
Q4:7r—arccos< 2t 42L|2|L45 2| ) (B.18)
Let P.3 and P4 denote the mass center of links L3 and Ly, respectively, then

L.
P = LS(P5 - Py) (B.19)

3

Ly
P,=Ps— 7 (P5 -Py) (B.20)
4

where L.z and L., are the distances between P .3 and P3, and P4 and P, respectively.

The Jacobian matrices of P.3 and P4 can then be obtained via

P 0P,

Jes(q) = [ aaqf’ aaq;’ } (B.21)
P, OP

Jea(Q) = [ aaq? aaq;4 } (B.22)

Next, define qi3 = [0, 0, ¢1 + ¢3]%, and qa4 = [0, 0, ¢2 — q4]*. The Jacobian
matrices associated with the angular velocities of the four links can be easily obtained

via

o
o

Joa(q) = (B.23)

= O
o O

o
o

Jo2(@) =10 0 (B.24)

_ [ Oais 913
Jwg(q)—[ o0 O ] (B.25)

_ [ Od24 Ods
Jua(q) —[ o0 a—qz] (B.26)

Let m; and I; denote the mass and the moment of inertia of link L;, respectively, and
I, and I, represent the moment of inertia of links L; and L5 (the motor rotor inertia
included) with respect to the rotating axis. The inertia matrix of the manipulator can

then be derived through

4
- Z [zejwz Tsz + Z mz cz Tch( >+Izt]wz(q>Tsz(q)} (B27)
=3
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The corresponding Maple instructions of the above equations are as follows.

Pc3:=P3+Lc3/L3*(P5-P3);
Pc4:=P4-P2+Lc4/L4*(P5-P4);

Jc3:=Jacobian(Pc3,[q1, g2]);

Jcd:=Jacobian(Pc4,[q1, 92]);

q13:=q1+9g3;

q24:=92-g4;

q13:=Vector([0,0,913]);

g24:=Vector([0,0,q24));
Jomega1i:=Matrix([[0,0],[0,0],[1,0]]);
Jomega2:=Matrix([[0,0],[0,01,[0,1]]);
Jomega3:=Jacobian(q13,[q1, 92]);
Jomega4:=Jacobian(q24,[q1, 92]);
Dq:=ScalarMultiply( Multiply(Transpose(Jc3),Jc3), m3)
+ScalarMultiply( Multiply(Transpose(Jc4),Jc4), m4)
+ScalarMultiply( Multiply(Transpose(Jomega3),Jomega3), I3

, 1e)

(

+ScalarMultiply( Multiply(Transpose(Jomega4),Jomega4), 14
(

+ScalarMultiply( Multiply(Transpose(Jomega?2),Jomegaz2), 12e);

( ( ); 13)
( ( ) ), 14)

+ScalarMultiply( Multiply(Transpose(Jomega1l),Jomegat), l1e
( ( ) ) |

The elements of matrix C'(q, ) can then be obtained through

adkj 8d;m @dij } .
+ — ; B.28
{ dg;  Og;  Ogy 1 (B-28)

and the corresponding Maple instructions are as follows.

d[11]:=D(a)[1,1]; d[12]:=D(a)[1,2]; d[21]:=D(q)[2,1]; d[22]:=D(q)[2,2];
c[111]:=1/2*diff(d[11], g1);

c[211]:=1/2*diff(d[11], 92);

c[121]:=c[211];

c[221]:=diff(d[12], g2)-1/2*diff(d[22], q1);

c[212]:=1/2*diff(d[22], q1);

c[122]:=c[212]; c[222]:=1/2*diff(d[22], 2);

c[112]:=diff(d[21], q1)-1/2*diff(d[11], g2);

c[11]:=c[111]*diff(q1(t), t) + c[211]*diff(q2(1), 1);
c[12]:=c[121]*diff(q1(t), t) + c[221]*diff(q2(t), 1);
c[21]:=c[112]*diff(q1(t), t) + c[212]*diff(q2(t), t)
c[22]:=c[122]*diff(q1(t), t) + c[222]*diff(q2(t), 1);
C(q,diff(q(t),t)):=Matrix([[c[11], c[12]], [c[21], c[22]]]);

)
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Finally, it should be pointed out that, although computer program can generate the
dynamics equation within a few seconds, the equation is too involved to be implemented
in the control system. The situation is formed mainly due to the closed loop structure
of the mechanism. Proper approximations of the dynamics equation should be made to

implement the control algorithms.
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