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Summary

In this thesis, the author proposed two approaches to improve robotic force
control performance. Two commercially recognized force control methods
were studied and solutions were proposed to resolve the issues in these two
methods.

Conventional manipulators typically are designed for repetitively position
controlled applications. They are normally constructed using transmission
systems, such as gears, to increase the load capacity and position accuracy.
Their large inertia and non-back-drivability due to the transmission system
make the robots very sensitive to disturbances, especially at high frequencies.
In many applications, high frequency disturbances are inevitable due to the
relative motion between the end-effector and the environment. Therefore, this
research is aimed to study various ways of improving the force control

performance.

In this thesis, the author constructed a dynamic model to analyze robotic force
control. Two approaches of improving the performance from both manipulator

level and joint level were explored in this thesis.

The first method of improving force control performance from the manipulator
level involves using a conventional manipulator to carry a high performance
end-effector. However, internal vibration has been found in such a system
despite of its good performance. Thus, a design and control guideline named
Zero Coupling Impedance criterion has been proposed to handle the vibration.
The Zero Coupling Impedance criterion aims to decouple the high
performance mini manipulator from the conventional macro manipulator so

that the performance of the mini will not be limited by the macro.



The second method aims to modify the conventional manipulator design from
joint level such that it is suitable for force control. However, many existing
variable stiffness joints have non-linear load-displacement relationship, which
tends to induce relatively large contact force when high frequency disturbance
presents. Therefore, a new variable stiffness joint has been proposed to
address the problem. Theoretically, the novel variable stiffness joint has a
linear load-displacement relationship, with stiffness ranged from zero to
infinity. This guarantees that the joint mechanism could be widely used in all
types of applications. Furthermore, designing controller for the proposed

variable stiffness actuator can be easy since the system can be a linear system.

Simulation and experiments were performed to verify the effectiveness of the
proposed methods. A Mitsubishi PA-10 robot and a linear voice coil actuator
were used to form a series macro-mini manipulator. The force control
performance during grinding showed that the Zero Coupling Impedance
criterion is effective in suppressing the vibration in a series macro-mini
manipulator system. Furthermore, a variable stiffness joint using level
mechanism has been built and tested. Experiments have shown that the novel
variable stiffness joint design using a lever arm mechanism with constrained

ends successfully decoupled the stiffness from the output load.

In conclusion, this thesis has provided two approaches to improve force
control performance. The Zero Coupling Impedance criterion could be used to
improve the performance of a series macro-mini manipulator while the novel
joint design provided a possibility to build a new generation manipulator using

compliant joint mechanism.

Vi
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Chapter 1

Introduction

1.1 Background

In the past few decades, robots have been widely employed in industries to
increase productivity. Conventional industrial applications such as wielding,
picking and placing, emphasize positional accuracy and repeatability. Most of
the current industrial robot design is suited for this type of tasks, mainly using
position and velocity control. Therefore, robots are designed to be rigid to

ensure positional accuracy.

In contrast to these conventional non-interactive applications, interactive
processes such as grasping, assembling, and machining require the robot to be
able to handle the interaction between itself and the objects. In these processes,
pure motion control, which controls the positional trajectory, turns out to be
inadequate because of the unavoidable modeling error and uncertainties in
both environment and robot. Therefore, large contact force may be resulted,
especially when dealing with rigid environment. In order to accommodate
large force that may be caused by position error during interaction, force
control is introduced to replace motion control. Many methods to deal with
interaction between robot and environment have been reported in literature[1,
2]. However, most of the industrial manipulators are designed to be rigid to
ensure position accuracy in position controlled applications. The ability to
handle interaction that is limited by robot structure cannot be easily improved
using pure active control methods. Improving force control performance from
the structural design perspective has been widely explored. Many different
methods have been proposed [3-7], among which, reducing the robot
impedance is one of the most effective approach. In this thesis, two methods

of improving force control performance will be discussed.



The first method of force control applies the force from the end-effector whose
position is controlled by the robot arm. An example of force control using end-
effector approach is a series macro-mini manipulator [8], which uses a macro
robot to carry a mini robot to deliver the force. The combined macro and mini
manipulator system usually has the features of both systems, such as large
workspace, small inertia and high control bandwidth [6]. However, the serially
coupled system also suffers from one of the main issues of the macro
manipulator, namely, the low frequency resonant modes. The low frequency
resonant modes normally cause vibration in the robot and therefore, degrade
force control performance. Several effective approaches have been developed
to suppress the vibration [8-10]. However, these methods may not be easily
implemented on commercial industrial manipulators due to control
architecture that is closed, i.e., user cannot modify the joint control algorithms.
Therefore, more effort needs to be made to eliminate the vibration effect by

taking the limitation of the macro manipulator into consideration.

The second method of force control applies force through passive compliant
joints. In force control, joint compliance can be realized either through active
control or passive mechanisms. Active control methods such as active stiffness
control [11], damping control [1] and impedance control [12] regulate the
robot behavior based on force sensor measurements to deliver the force
required. Force control using this approach usually encounters large contact
force when high frequency disturbance is present. On the other hand, passive
mechanism approaches that use spring [7] or damper [13] to deliver the force
could effectively reduce the large contact force due to high frequency
disturbance. Further research on the compliant joints has led to the
development of variable stiffness actuators, which can be used in more
applications. However, most of the variable stiffness actuators cannot
decouple the stiffness from the output load, i.e., the stiffness changes if the
output is changed. This makes the controller design more complicated. It may
also result in higher contact force due to the change in the stiffness.
Furthermore, many of the variable stiffness actuators were designed for a
special purpose and may not be used in different applications. For example, in

order to make the robot inherently safe when interacting with human, stiffness



should not be too high. This has eliminated the needs of high stiffness. Hence,

these types of robot will not be suitable for tasks that need positional accuracy.

This thesis aims to improve force control using both approaches. For the first
approach, the dynamics of a series macro-mini manipulator system will be
analyzed. The internal vibration problem due to the low frequency resonant
modes of the macro manipulator will be addressed. For the second force
control approach, robot joints with variable compliance will be studied and a
new design will be proposed. The non-linear load-displacement relationship
which exists in many works will be properly handled through mechanical

design.

1.2 Research Objective and Contributions

Controlling interaction between robot and environment remains a challenge,
especially in a rigid environment. The key challenge is to reduce the robot
impedance such that the contact force is less sensitive to disturbance. Both
force control approaches, through series macro-mini manipulation and through
compliant joint mechanism, will result in systems with smaller impedance.

The main research gaps in these two approaches are identified as follows:

e For force control through end-effector, most macro-mini manipulator
systems suppress the vibration by regulating the impedance of the
macro manipulator. However, commercial robot manufacturer may not
allow users to modify the robot dynamics arbitrarily. Suppressing
vibration from the mini manipulator is necessary.

e For force control through compliant joints, most of the variable
stiffness joints are designed to have non-linear load-displacement
relationship. It makes controller design more complicated since
systems become non-linear when interacting with environment.
Furthermore, stiffness range in many designs is also limited. Hence, a
robot designed for one application may not be used for another
application. A new variable stiffness joint mechanism with linear load-
displacement relationship and wide stiffness range needs to be

developed. .



The main objective of this thesis is to improve force control through
modifying robot structures. This objective can be further divided into two

objectives:

e Minimize vibration in a series macro-mini system in all postures
through controlling mini manipulator only;
e Develop a variable stiffness joint with linear load-displacement

relationship and wide stiffness range.

In order to achieve the first objective, the dynamics of a series macro-mini
manipulator system will be studied. A criterion named Zero Coupling
Impedance will be proposed as a design guideline for series macro-mini
manipulators. This criterion describes the condition to eliminate vibration in a
series macro-mini manipulator as a general solution to improve the force
control performance. A machining process, grinding will be used to

demonstrate the advantage of the proposed approach.

The second objective is achieved by a lever mechanism with constrained ends.
A novel variable stiffness joint based on a specially designed lever arm
mechanism will be presented. The proposed mechanism will decouple joint
stiffness from the output load, making the robot easier to control and less
sensitive to external disturbance. Its achievable stiffness ranging from zero to

infinity will ensure that it can be used in various applications.
The contributions of this thesis are as follows:

e Synthesis of dynamics of a series macro-mini manipulator system
using block diagram method,;

e Establishment of a Zero Coupling Impedance criterion as a general
guideline to design a series macro-mini manipulator system for force
control,

e Proposing a novel variable stiffness joint with linear load-displacement
relationship and wide stiffness range;

e Developing control schemes for the variable stiffness joint to perform

contact tasks.



This thesis will not address problems such as actuator saturation and driving
source selection (for example, hydraulic, pneumatic, and electric, etc) for the

variable stiffness joint.

1.3 Organizations of the Thesis

The thesis is organized as follows:

Chapter 1 provides a brief introduction to the motivation of the thesis and

highlights the main contributions.

Chapter 2 presents the current research in robot force control field. Research

work on force control approaches will be discussed.

Chapter 3 presents the proposed Zero Coupling Impedance criterion as a
general design guideline for a macro-mini manipulator system. In this chapter,
the dynamics of a series macro mini manipulator will be analyzed and
mathematical model will be constructed. Instead of regulating the dynamics of
the macro manipulator to suppress the vibration, this criterion provides

another method by using only the mini manipulator.

Chapter 4 presents the novel variable stiffness joint designed for force control.
In this chapter, the design requirement for the variable stiffness joint will be
first identified. Then, several variable stiffness joints will be presented. Next,
the novel variable stiffness that meets the requirements will be presented.
Finally, characterization of the joint will be performed and controller will be

designed to demonstrate contact searching process in interaction tasks.

Chapter 5 concludes the thesis with summarizing the results of the work in
Chapter 3 and 4. The limitations of the work in this thesis will be presented

and directions for future research will be given.



Chapter 2

Literature Review

Control of the physical interaction between the robot and the environment is
crucial for the successful execution of manipulation. Most of the current
industrial robot design is suited for conventional repetitive tasks, mainly using
position and velocity control. Successful execution of manipulation tasks
using industrial robot with motion control could be obtained only if the motion
was accurately planned. However, planning accurate motion requires not only
a good model of the robot, but also a detailed description of the environment,
which is usually difficult to obtain. If the robot motion is not planned
accurately, large contact force may be generated since industrial manipulator
usually are bulky and heavily geared. This drawback could be overcome if a
compliance behavior, through either passive or active approach, is ensured

during the interaction [14].

In passive interaction control, the trajectory of the robot end-effector is
modified by the interaction force due to the inherent structural compliance of
the joint, link, and end-effector. It does not require force/torque feedback to
close the control loop. Since trajectory of the end-effector is pre-defined and

no feedback is used, large contact force may still occur.

In active interaction control, the compliance is mainly ensured by the control
system. In this approach, the contact force and/or the motion (position and
velocity) can be measured and fed back to the controller to generate online the
desired trajectory of the robot end-effector.

However, due to the fact that the commercial industrial robots are usually
bulky and heavily geared, force control using this type of robot is slow.
Different methods have been adopted to overcome this drawback by

modifying the structure of the robots.

In the following section, several active interaction control methods will be

introduced and discussed first. Then, two methods of modifying the robot

6



structure, namely series macro-mini manipulation and re-designing robot

using force control actuators will be presented.
2.1 Active Interaction Control

An active interaction controlled system was first implemented in 1960s by
Rothchild and Mann on a powered artificial eloow for amputees [1]. A
modification to the robot trajectory was calculated from the force sensor
feedback and ideal force source was assumed. Numerous effort has been put
into this area ever since, and several methods have been developed.

e Active stiffness control performs like a programmable spring through
position feedback and/or force feedback [11, 15, 16]. Stiffness is specified in
the work space and joint torque command is calculated based on the difference
between the desired and actual end effector position. Therefore, the robot

becomes compliant according to the user specification.

e Similar as active stiffness control, active damping control works as a
virtual damper. It integrates the force feedback and velocity feedback to
modify the velocity command [1, 17]. It is commonly used to damp out the
disturbance and increase the system stability [18, 19], such as when the robot

is searching for contact.

e In impedance control [20], mechanical impedance is defined as force over
velocity. This controller is designed to regulate the relationship between force
and motion instead of tracking the force trajectory. It is a more general case of
force control and can be considered as a combination of stiffness control and
damping control [21]. In impedance control, position, velocity and force
feedback are used to modify the robot mechanical impedance. It also
eliminates the need to calculate inverse kinematics, which is tedious in most
cases. It has been successfully implemented in various forms, utilizing
different types of sensors. However, impedance control focuses on regulating
the mechanical impedance rather than tracking the force trajectory. In order to
regulate the contact force in impedance control frame, the desired position and



velocity can be modified based on the system impedance and the desired

contact force [22-24].

REACTION
LQAD
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Figure 2.1: Impedance control [1]

e In admittance control, mechanical admittance is defined as velocity over
force, which is the inverse of the impedance in definition. The underling
concept is to use position controlled robot as a baseline system and modify the
admittance of the system to track a force trajectory [25, 26]. Compared with

impedance control, admittance control focuses more on the force tracking [27].

e Hybrid position/force control is a combination of conventional position
control and force control. The workspace is defined as two orthogonal
workspaces for displacement and force separately [28, 29]. Anderson and
Spong [30] later proposed hybrid impedance control which provides a

designer with more flexibility in choosing the desired impedance.
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Figure 2.2: Hybrid position/force control [2]



In many applications, the environment and the robot dynamics are not known
exactly. This raises the challenge of robot force control. Based on the basic
control techniques discussed above, some advanced force control techniques
have been developed, such as adaptive force control [25, 31, 32] and robust
force control [33-35]. Learning algorithm has also been applied to the force
control field [36, 37].

Above are the common active force control algorithms. However, researchers
have realized that without proper hardware, it is difficult to perform good
force control. The system performance is significantly bounded by the
mechanical structure due to large inertia, non-linearity and limited energy
input, etc. For example, electro-magnetic motor are commonly used as the
power source of robot manipulators. Due to their limited power-mass ratio,
transmission mechanisms such as gears are usually used to amplify the output
torque/force. The transmission mechanism introduces flexibility, friction and
non-linearity into the system, which degrades the system bandwidth and
stability significantly [38]. Furthermore, many of the above force control
methods need to use filter to handle the noise in the feedback signal and also
use integral action in control to track the reference. These actions are usually
necessary, but they will further decrease the system stability [39]. Therefore,

modification to the mechanical structure is necessary.
2.2 Force Control Using Series Macro-Mini Manipulation

Sharon and Hardt [40] proposed the concept of series macro-mini (or macro-
micro) manipulation system as a minimal modification to the conventional

industrial manipulator system.

As it is shown in Figure 2.3, this system consists of two manipulators, a macro
and a mini (or micro) in series to perform force control together. It normally
employs a general purpose industrial manipulator as the macro manipulator, to
carry a specially designed end-effector, the mini manipulator, to perform force
control. The macro manipulator determines the lower bound of the coupled
system while the mini manipulator determines the upper bound of the system.

This means that the maximum bandwidth of the coupled system will be



determined by the mini manipulator while the minimum bandwidth will be
determined by the macro manipulator. In this approach, force control is done
by the end-effector carried by the arm instead of the arm itself. Khatib [41, 42]
has shown that the impedance of the series macro-mini system is significantly
smaller compared to the conventional manipulator. Hence, compared with a
single macro manipulator, manipulator in this configuration will be relatively
less sensitive to disturbance that is caused by the interaction between the robot

and the environment.

Macromanipulator Micromanipulator

™ /

b2
< 2 27

Figure 2.3: Concept of series macro-mini manipulator system[40]

The series macro-mini manipulator system possesses the advantage of both
system, such as large work space, low impedance and high control bandwidth.
However, it also suffers from the drawbacks of both manipulators, especially
the low frequency resonant modes of the macro manipulator. Research on the
dynamics of industrial manipulators showed that many industrial manipulators
have low resonant frequencies. For example, in an ABB IRB6600 robot, the
resonant frequencies in all six joints are around 10 Hz [43]. Vibration in such
macro manipulator may be easily induced due to the low frequency resonant
modes. Sharon and Hardt [8] proposed a solution to suppress the vibration
using impedance matching method, which modifies the impedance of the
macro manipulator to minimize the resonant peaks. It was shown that
vibration was effectively removed from the system. Several other methods

have been proposed to regulate the dynamics of the macro manipulator to

10



reduce the vibration. In [44], active damping control was applied to the macro
manipulator to suppress the vibration. In [45], it used neural network based
controller to cancel vibration from both macro and mini manipulator. These
two methods could also effectively reduce the vibration in a series macro mini

manipulation system. Controllers are designed for the macro manipulator.

The above methods suppress the vibration by regulating the dynamics of the
macro manipulator. These solutions are intuitive since the problem of
vibration is caused by the macro manipulator. However, many industrial
manipulator manufactures do not provide interface for users to modify the
robot dynamics arbitrarily due to their control architecture that is closed, i.e.
users cannot modify the control algorithms. Another type of approach is to use
external sensor to measure the vibration in a global frame [46]. Controllers
may be designed in the mini manipulator to suppress the vibration. However,
the need of external sensor increases the system complexity and may not be

feasible.

Therefore, if no external sensor is used, suppressing the vibration through the
mini manipulator is necessary for force control through the end-effector

approach. This problem will be discussed in detail and addressed in Chapter 3.

2.3 Force Control Actuators

Another approach of improving force control is generating force through
passive mechanisms. Problems that originated from robot large impedance in
force control could be effectively addressed by using non-rigid robot joints.
Therefore, many researchers have started to develop mechanisms that are

suitable for force control tasks.

2.3.1 Series Elastic Actuator (SEA)

In 1995, Pratt and Williamson [7] proposed the concept of Series Elastic
Actuator (SEA) suggesting that compliant joint should be used instead of rigid
joint in force control. In SEA, as shown in Figure 2.4, an elastic element is
placed between the actuator and the output shaft to address the high

impedance problem. The elastic element limits the actuator impedance to be
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the stiffness of the spring at high frequency. It converts a force control
problem into a position control problem. Further improvement has been made
to enhance the SEA performance [47-49].

However, the introduction of the compliant element limits the bandwidth of
the system and reduces the stability margin greatly. This would be problematic
if the tasks require high bandwidth such as in industrial machining. Moreover,
the stiffness chosen at the design stage may limit the usage of such joint in
different applications. For example, when interacting with stiff environment, it
may require the system stiffness to be low such that large contact force may be
properly handled. When dealing with soft environment, the system stiffness

may be required to be relatively high to provide enough force.

Fdesired Spring Fload
_{Q_‘—’| Controller |—>{ Motor —’\N\,—)
Sensor

Figure 2.4: Series Elastic Actuator (SEA) [50, 51]

Despite of the limitations of the SEA, the idea of compliant joint has enabled
researchers a new way of designing a robot. Many works have been

demonstrated in literature to further improve force control performance.
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2.3.2 Parallel Actuation

A parallel dual actuator system, Parallel Coupled Micro-Macro Actuator
(PaCMMA) was first proposed by Morrell and Salisbury [52]. Then, the
concept was further developed by Zinn et al, known as the Distributed Macro-
Mini manipulator system (DMM?) [53].

Parailel Actuation [+——AND —| Distributed Actuation

T T
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Figure 2.5: (a) Parallel Coupled Macro-Mini manipulator [52]; (b)
Parallel-Distributed actuation [53]

The output force in the parallel coupled joint is partitioned into low and high
frequency region and is achieved by a macro and a mini actuator, respectively.
In both works, the macro actuators have low impedance but slow response. In
PaCMMA, a normal motor with gear is used as the macro and a spring is
placed in between the macro actuator and the output link to generate compliant
transmission, as shown in Figure 2.5(a). The mini manipulator is a direct drive
actuator that is connected to the output link in parallel with the macro. In the
DMM? manipulator system, as shown in Figure 2.5(b), a SEA is used as the
macro actuator which has low output impedance but low controllable
bandwidth. A smaller actuator with a single stage of gear transmission is used
as the mini actuator to ensure low inertia and high bandwidth. It is used to
compensate for the phase lag due to the macro actuator to provide high

frequency force output.

The overall system could achieve relatively low impedance and high
bandwidth. However, the amount of force that the mini manipulator could

provide determines its effectiveness. For example, if the maximum force that
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the mini manipulator can provide is too small, the system is approximately

equal to a SEA system.

2.3.3 Series Damper Actuator (SDA)

Series Damper Actuator (SDA), as shown in Figure 2.6, was first proposed by
Chew et al [13], using a damper to replace the elastic element in SEA. A
rotary magneto-rheological (MR) fluid damper was used in the first prototype
to achieve damping effect. When subjected to a magnetic field, the fluid
greatly increases its apparent viscosity. Force control is achieved by
controlling the velocity of the damper’s rotor with respect to the housing.

Fdesired Damper load
—> Controller —>{ Motor >

Senso_rl_

Figure 2.6: Series Damper Actuator (SDA) [13]

SDA has good impact tolerance and could achieve zero force effectively.
However, efficiency of the damper should be increased and the non-linearity
of the MR fluid damper should be overcome. Furthermore, the ease of

controlling the magnetic field makes varying the damping coefficient possible.
2.3.4 Variable Stiffness Actuator (VSA)

The stiffness of a traditional SEA is fixed, which imposes large limitation on

the performance of SEA. Therefore, the usage of SEA is limited, especially in

14



applications that changing stiffness is required. This has led to the research on

variable stiffness actuators.

2.3.4.1 Variable Stiffness Mechanism Based on Pretension Non-linear

Spring

Variable stiffness actuators usually employ two actuators to control the output
torque and the stiffness. Depending on the working principle, the two
actuators are used for different purposes. Some variable stiffness joint
mechanisms are realized by use of non-linear spring mechanisms and controls

the stiffness through pretension of a spring [54, 55].
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Figure 2.7: (a) Variable stiffness mechanism DLR-VS [54]; (b)
Mechanical for Varying Stiffness via changing Transmission ANgle
(MESTRAN) [55]

For example, in the work of VVS-Joint [54] (as shown in Figure 2.7(a)) the non-
linear spring mechanisms are constructed using roller-cam systems. One end
of the linear spring is connected to a position controlled motor to deliver the
torque required while the other end of the spring is connected to the output
link through the roller-cam system. Thus, the non-linear motion relationship
between the two ends of the springs creates non-linear stiffness. A secondary
motor is then used to vary the stiffness by adjusting the pretension of the
spring. Therefore, for the same passive deflection, the stiffness can be
controlled. Variable stiffness joint designed based on this method usually has
non-linear load-displacement relationship. Hence, the stiffness changes when

the output load is changed.
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MESTRAN [55] (Figure 2.7(b)) has similar working principle except the
shape of the cam is designed in such a way that the stiffness is controlled only
by the stiffness motor. This design has decoupled the stiffness from the output
load, making controller design easier. However, the accuracy of the cam

dimension is critical.

2.3.4.2 Variable Stiffness Mechanism Based on Antagonistic Actuation

Another commonly used configuration, antagonistic actuation also takes the
advantage of non-linear spring mechanisms. It is a mimic of the human arm

which is driven by two non-linear stiffness actuation mechanisms, the muscles.

In this configuration, two non-linear spring mechanism are coupled in parallel

to drive the output link together [56-60].

(a) (b)

Floating Spring

Roller Base

Axis of Rotation

(c) (d)

Figure 2.8: (a) Prototype of VSA [57]; (b) Prototype of VSA-II [56]; (c)
Quadratic series-elastic actuation [58]; (d) DLR Floating Spring Joint [61]
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Each non-linear spring mechanism is driven by a position controlled motor.
However, most of the antagonistic actuation systems, such as the mechanisms
shown in Figure 2.8(a), (b) and (d), also have non-linear load-displacement
relationship. This will result in changing of stiffness involuntarily when load
changes. In Figure 2.8(a), the non-linear spring mechanism is realized by
compressing a linear spring through a belt. The force component along the
spring becomes smaller when the spring is compressed. Thus, the output
stiffness is changed. In Figure 2.8(b), a four bar linkage is used to form the
non-linear spring mechanism. The relationship between the output load and
the deflection changes when the four bar linkage moves. In Figure 2.8(d),the
design used similar mechanism as in DLR-VS [54] to create non-linear spring
mechanism. DLR-VS [54] uses this mechanism with a preset mechanism to
adjust the stiffness while VSA-I1I uses two of this mechanism in parallel for
form antagonistic actuation. . In [58] (Figure 2.8(c)) , the authors have
demonstrated a new design which have a linear load-displacement relationship.
Similar as in VSA-II, roller-cam mechanism is used and a quadratic spring is
formed. Hence, a linear load-displacement relationship could be achieved.
However, the stiffness range is limited due to finite motion range of the roller

on the cam.

2.3.4.3 Variable Stiffness Mechanism Based on Adjustable Mechanical

Structure

Another type of variable stiffness joint varies the joint stiffness by adjusting its
mechanical structure. In [62, 63], stiffness is modified by adjusting the
effective length of a leave spring, as shown in Figure 2.9(a). Hence, the
minimum achievable stiffness usually depends on the length of the spring.
CompAct-VSA [64] and AwAS-II [65] (Figure 2.9(b) and (c)) adjust the
stiffness through controlling the position of the pivot point on a lever arm. In
these two designs, the pivot positions are controlled by a secondary stiffness
motor. The output shaft is connected to one end of the lever arm while a linear
spring is connected to the other end. These works achieved approximated

linear load-stiffness relationship, however, within a limited passive deflection
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range. The advantage of this type of mechanism is the large achievable

stiffness range, from zero to infinity.

HDAU joint [66] (Figure 2.9(d)) used two roller-cam mechanisms to change
the moment arm length that are connected to springs. It could achieve linear
load-stiffness relationship but maximum stiffness is limited due to the finite

length of the arm. The achievable stiffness is ranged from zero to a finite value.
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Figure 2.9: (a) CAD drawing of variable stiffness joint using leaf spring
[62]; (b) CompAct-VSA [64]; (c) AWAS-II [65]; (d) working principle of
HDAU [66]

Many of the variable designs have been successfully demonstrated in the
humanoid or human involved applications. Maximum stiffness is usually

limited to ensure safety and stiffness does need to be controlled precisely.
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However, in many interaction processes, a linear load-displacement
relationship is very important because high frequency disturbance is usually
present. When subjected to high frequency disturbance, non-linear load-
displacement relationship may result in larger contact force compared with a
joint with linear load-displacement relationship. This will be illustrated further
in Chapter 4. Therefore, a new design that is specially designed with linear

load-displacement relationship is needed.
2.4 Summary

From the above review, it can be seen that robot force control still remains a
challenge. The conventional commercial manipulators are not designed to
perform force control. When they are directly used in interaction tasks such as
robotic assembly and machining, the closed loop bandwidth is usually low and
they are sensitive to disturbance. Modification to the mechanical structure of
the conventional manipulator is necessary to bring robot into interaction
applications, such as machining. Both force control approaches, through the
end-effector and through passive compliant joints, change the traditional
industrial manipulator into a force control orientated mechanism. The potential
of increasing productivity and improving product quality using these two
methods raise the needs to address the problems in these approaches.
Therefore, this thesis aims to study both methods and improve both types of
systems. More specifically, Chapter 3 will present a method to suppress the
vibration in a series macro-mini manipulator system without modifying the
dynamics of the macro manipulator; Chapter 4 will present a new variable
stiffness joint that modifies the robot dynamics at the joint level to improve

force control.
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Chapter 3
Force Control Using Serial Macro-Mini

Manipulator System

3.1 Introduction

Force control is required in many interactive applications. Amount these
applications, robotic machining is one of the most challenging applications.
During machining, a robot is constantly subjected to disturbances with
different frequency components. Hence, it requires the robot to have both
good force tracking and disturbance rejection ability. In robotic machining, the
amount of material removed could be controlled by either controlling the
motion of the tool, or controlling the force applied by the tool on the
workpiece. The main objective of force control in machining is to control the
contact force at the interaction point, such that the force between the tool and
the workpiece follows the desired value. In this chapter, force control will be
discussed in the context of machining.

There are two commonly used methods in commercial robots to perform
machining through force control, through the end-effector and through all the
joints [67]. Force control through end-effector uses additional mechanisms to
deliver the torque while force control through all the joints uses all its joints to
provide the output force. It is commonly known that conventional
manipulators are not suitable for force control tasks due to poor force control
performance caused by large inertia, flexibility in the joints and large friction
in the transmission system. Sharon and Hardt [40] proposed the concept of
series macro-mini manipulation system which consists of two manipulators in
series: a mini manipulator with high bandwidth and low impedance carried by

a macro manipulator with large work space. In this example of force control
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through end-effector approach, force is delivered to the interaction point by

the mini manipulator.

In a series macro-mini manipulator system, force control is carried out by the
mini manipulator while the conventional manipulator, i.e. the macro
manipulator, controls the position of the mini manipulator. As a result, the
force control bandwidth is determined by the high performance mini
manipulator and the work space is determined by the macro manipulator.
Khatib [41, 42] has shown that the overall impedance of the macro-mini
system is significantly lower compared to a conventional manipulator.
Therefore, this approach maintains the features of both manipulators with

minimal modification to the system.

However, since the non-rigid macro manipulator may start to vibrate even at
low frequencies, it may still limits the force control performance of the serially
coupled mini manipulator. In this system, the mini manipulator is mounted on
a manipulator whose resonant modes are usually at low frequencies, any
vibration of the macro manipulator will be transmitted to the contact point. To
resolve this constraint, Sharon et al [6, 8], has used an impedance matching
method to damp out the vibration in the macro manipulator by modifying the
impedance of the macro manipulator. Other researchers have used different
methods to control the dynamics of the macro manipulator in order to suppress
the vibration [45, 46]. However, these approaches may not be always
applicable, especially in industries. Many manipulators used in industries do
not allow changes to be made to its basic dynamics due to the closed control
architecture. For example, a user could specify a few set points for the robot to
follow, but modifying joint stiffness or damping is not allowed since it may
lead to unstable or other issues. Furthermore, using mini manipulator to
compensate for the vibration is difficult since the resonant modes of the macro
manipulator are posture dependent. Therefore, an alternative solution to
minimize vibration without modifying the dynamics of the macro manipulator

is needed.

In this chapter, a model of a series macro-mini manipulator system will first be

constructed and analyzed. Based on the analysis, a design criterion for the
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mini manipulator to minimize vibration in the system will be presented.

Finally, the effectiveness of the criterion will be experimentally demonstrated.

3.2 Modeling of Series Macro Mini Manipulator Systems

In this section, a general mathematic model of a series macro-mini
manipulator system is built to analyze the dynamics of such systems. A
multiple Degree-Of-Freedom (DOF) series macro-mini manipulator system
shown in Figure 3.1 is used as an example to derive the model. In this system,
a mini manipulator is carried by a macro manipulator as its end-effector to
perform force control. A machining tool is assumed to be carried by the mini
manipulator, with a force sensor in between to measure the force. The tool and

the environment are assumed to be in contact. Then, a general mathematic

model can be derived to represent the dynamics of the series macro-mini

manipulator system.

In this thesis, it is assumed that the end-effector maintains in contact with the
surface of the workpiece at all time. In the model, a spring and a damper is
used to represent the contact between the robot and the environment. These
elements could provide both positive and negative force. However, in practice,
the robot end-effector could only be pushed by the environment. Hence, if the
contact force is shown to be negative, it indicates the end-effector has left the
surface which should be avoided. The dynamics of the robot when the tool
leaves the surface will not be analyzed. Furthermore, it is also assumed that

the robot is not at singularity.

Sensor

/

Macro Manipulator Mini Manipulator

Figure 3.1: A series macro mini system

22



3.2.1 Lumped Mass-Spring-Damper Representation

In this thesis, linear model is used to present the system near the operating
point. The macro manipulator is assumed to be under position control and
always stable. Hence, passive mass-spring-damper systems are used to
represent the macro manipulator, as shown in Figure 3.2. This linear system
model is well suited to our purpose of developing useful insight about how
systems behave. In Figure 3.2, several mass-spring-damper blocks (with
parameters K,;, M,; and B,;, where i = 1,2,...n) are used to represent the
multiple Degree-Of-Freedom macro manipulator while a mass block is used to
represent the mini manipulator (with parameters M,,,). The force sensor is

modeled by a spring-damper (with parameters K, and By).
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Figure 3.2: Modeling of series macro mini manipulator using lumped
mass-spring-damper

3.2.2 Block Diagram Representation

From Figure 3.2, system transfer function could be derived by analyzing each
free body diagram. However, the calculation is tedious and it will be difficult
to isolate the effect of each component on the system dynamics. Therefore, in
the following figure, a block diagram representation of the lumped mass-

spring-damper model is constructed.

Figure 3.3(a) shows a single block of mass-spring-damper block. It could be
represented in block diagram as shown in Figure 3.3(b). In this system, both
F; and x, can be seen as the input while x; and F; are the corresponding output.
Then, the blocks shown in Figure 3.3(b) can be replaced by their impedance

and admittance.
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Figure 3.3: (a) Single block of mass-spring-damper block; (b) block
diagram representation of the single block of mass-spring-damper block

In this thesis, we define the coupling impedance between two elements as the

ratio of total force (F(s)) over the relative motion (X(s)) , i.e.,

F
Z(s)=)% (3.1)

And similarly, the admittance between two elements is defined as the ratio of

the relative motion (X(s)) over the total force (F(s)), i.e.,

X
Y(s) = % (3.2)

Hence, the block diagram shown in Figure 3.3(b) could be represented as in
Figure 3.4:

Z

Figure 3.4: Block diagram represented using impedance and admittance

This block diagram represents the interaction between different blocks. Y
represents the admittance of the mass (M) while Z represents the impedance of
the spring (K) and damper (B). The force F; represents the force exerted on
the mass at one point while the output from Z that is fed back to Y represents

the reaction force from the spring and the damper acting on another point. The
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input and feedback in the block diagram forms force and reaction force on the

mass.

If F1 is the input and x; is the output of the system, the block in Figure 3.4 can
be seen as an admittance block. Similarly, if x, is the input and F; is the output
of the system, the block can be seen as an impedance block.

This method simplifies the modeling process of a series manipulator. Figure
3.5 shows two mass-spring-damper blocks coupled in series. It could be seen
that this block has the same form as a single mass-spring-damper: two inputs
F; and x,, two corresponding outputs x; and F,. Hence, it could be further

extended into more complex system as shown in Figure 3.6.

(a) (b)

Figure 3.5: (a) two mass-spring-damper blocks in series; (b) block
diagram representation
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Figure 3.6: (2) n mass-spring-damper blocks in series; (b) block diagram
representation
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The above analysis shows that using this method, a very complex serial robot
system can be separated into different sub-systems. The dynamics of each sub-

system could be analyzed separately.

Following the above method, the macro-mini manipulator system in the block
diagram form is shown in Figure 3.7. The macro manipulator is lumped
together and represented by its admittance at point P (in Figure 3.2), Y; while
the mini manipulator is represented by its admittance at point Q (in Figure 3.2),
Y. Zs and Z,,, are the impedance of the sensor and the coupling between the
macro and mini, respectively. F is the force applied by the mini manipulator

while F, is the contact force.

Figure 3.7: Block Diagram representation of the series macro mini system

Based on this figure, the transfer function of a serially connected system can

be derived.

Let the contact force be:

Fe(s) = (Bss + K)F (s) (3.3)

And the impedance of the coupling between the macro and the mini is:

Zm(s) = Bps + Ky, (3.4)
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The system transfer function without feedback between the contact force and
the mini actuator output force can be expressed as Equation 3.5. And the

contact force due to end point motion can be expressed in Equation 3.6.

F.(s) Y Zs
F(S) 1+ YZs + ViZyy + Y ZoZom + VYo ZonZs
3.5
) Y, ()Z;(s) (33)
14 Zp(s)(Y1(s) + Y2 (s))
F.(s) _ Zs+Y1ZmZs+ YiZnZs
Xe(s) 1+ YyZo + YiZom + Y ZoZom + ViV Zom Zs (3.6)
where
Y (s)
Yo (s) =
S ES N OYAE) (37)

The advantage of using block diagram is to represent the system by its
physical components. Later study only needs to substitute the dynamics of
each individual system to analyze the coupled system. In this system, the
macro and the mini manipulator can be modeled separately. A transfer
function Y,(s) can be used to represent the mini manipulator. This method also
provides insights to system. For example, Equation 3.5 shows how the zeros
and poles of the macro and mini manipulators contribute to the zeros and poles
of the coupled system.

3.3 Zero Coupling Impedance: A Controller to Suppress

Vibration from Contact Point
3.3.1 Vibration during Force Control

Industrial manipulators usually have low frequency resonant modes. If the
macro manipulator has one or more resonant modes whose frequencies are
smaller than the bandwidth of the mini manipulator, the resonant modes of the
macro manipulator become the anti-resonant (minimum vibration level) modes
in the macro-mini system. In this case, the force control performance of the
series macro-mini system is compromised. This is because at the resonant

frequencies of the macro manipulator, large magnitude of vibration could be
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formed in the macro manipulator and transmitted to the mini manipulator
through the coupling between them, reducing the force control bandwidth

significantly.

Reduction of the force control bandwidth can also be derived from Equation
3.5. The underdamped poles of ¥; becomes underdamped zeros in Equation
3.5. Anti-resonant modes appear because these zeros are not perfectly

canceled by the poles.

Rewrite Equation 3.5 by representingY; and Y, using numerator and

denominator:

Nz(s)
F(s) _ D,(s) 25
O 1 2,0 GI D (38)
D;(s)N,(s)Zs(s)

" D,(8)(D5(5) + Ny ()Zn(8)) + Ny (8) D3 () Zm (5)

where,
N;(s)
"5 ®
N.
n@=£$

If there exists at least one pair of under damped poles in the macro

manipulator (Y,), i.e.,

V2
D,(s) = D;(s)R(s) = D{(5)(s? + 28 w,,s + w2),and & < -

where,

R(s) = D;(s)(s? + 2¢éw,s + w?)

It can be seen that the under damped poles in the macro manipulator becomes
a pair of under damped zeros in the coupled system.

Since the mini manipulator is chosen with higher resonant frequency, D, (s)

does not consists of R(s). Assume the coupling element do not have a
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resonant mode near w,. Therefore, the under damped poles in Equation 3.8
will not be cancelled. This under damped pole will become an anti-resonant

mode in the coupled system.

This could be demonstrated by using a simple system as follows. A 1-DOF
macro manipulator with large inertia and low damping ratio and stiffness and
(M=100, B,=100 and K,=10000) is coupled in series with a 1-DOF mini
manipulator with small inertia and high stiffness (Mn=1, Bs=100, and
Ks=10000). The coupling between the macro and mini manipulators is

assumed to be only friction (K,=0 and B,,=100). i.e.,

1
Y1(s) = 15052 7 2005 ¥ 10000
1
Yz(S) =

s2+100s + 10000
Zn, = 100s
Zs =100s + 10000

In the 1-DOF macro manipulator, there is a pair of underdamped poles at
(—0.5 £+ 9.99i), which results a resonant mode near 10 rad/s. When the macro
manipulator is coupled with the mini manipulator, the transfer function
between the input force and contact force can be calculated based on Equation
3.5. The bode plot of the coupled system is shown in Figure 3.8, together with
the bode plot of the macro and the mini manipulator. It could be seen in the
coupled system that, an anti-resonant mode at 10 rad/s is in the system. This is
at the same frequency as the resonant mode in the macro manipulator. The
anti-resonant mode is formed because a pair of underdamped zeros (—0.5 +

9.99i) are contributed by the poles of Y; and are not canceled.
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Figure 3.8: Bode plot of the simple series macro-mini manipulator

Bode plot of macro manipulator in example

due to the anti-resonant mode.

Frequency (rad/sec)

30

O¢ =
——
-100 |- \\r
-200 E FE 13 13 F F F FPPEE
0 = s = —
-90 — -
-180 I S
0 1
10 10 10 10
Frequency (rad/sec)
Bode plot of mini manipulator in example
-50 ¢ . —/ e
-100 [~ \
-150 E rr £ 13 P r P rEE
0 j = — T FFF
-90 — -
-180 P b b b orr 13 P r rrrr
0 1 2
10 10 10 10
Frequency (rad/sec)
Bode plot of macro-mini manipulator in example
0F ﬂ[ T —— 7
20 - \
40 E rr £ 13 P r P rEE
0 \) T
-45 |~ -
-90[~ \ i
-135 - "
0 1 2 3
10 10 10 10

Therefore, it can be seen that the system bandwidth has been compromised

Although the example is demonstrated using a simple system, this problem
also exists in more complex systems such as multiple DOF robots. A few
methods to solve this problem can be found by examining Equation 3.5. Since
the problem is actually caused by the resonant modes of the macro

manipulator, it is intuitive to solve this problem by removing the resonant



modes from it. Sharon [8] has used impedance matching method to modify the
damping ratio at joint level to reduce the vibration in the macro manipulator.
Although this method has been proven to be effective, realizing this solution
in industrial manipulators may not be feasible. The closed control architecture
in industrial manipulators makes it difficult to change its basic dynamics.
Moreover, the effective compliance changes with the robot posture, making
the controller design more complicated since the frequency of the resonant
mode varies with the posture. Therefore, an alternative solution to this

problem is proposed.

Instead of changing the dynamics of the macro manipulator, Equation 3.5 also
suggests the anti-resonant mode can be removed by choosing a proper Z,,.
Therefore, a new approach to eliminate the anti-resonant mode is presented in

the following section.

3.3.2 Zero Coupling Impedance Criterion

From the above analysis, a new method named Zero Coupling Impedance
criterion is proposed to remove the effect of internal vibration from the contact

point. The Zero Coupling Impedance criterion is stated as below:

Assume in the macro manipulator, the resonant frequencies change with the

posture and its dynamics cannot be controlled. Then,

e Any force feedback controller at the mini manipulator will not remove
the anti-resonant modes;
e The anti-resonant modes can be removed if the coupling impedance

between the macro and mini is zero.

The following analysis will show the system dynamics with feedback to prove
the first point in the criterion. Normally, the tip position of the macro
manipulator is calculated based on encoders at all the joints. Error due to the
flexibility of the joint transmission (gearbox) and the link will not be counted.
Hence, accurate x; is not available without external sensor. In this study, it is
assumed that a force sensor and an encoder are used to measure the contact

force and the relative position between the macro and mini, respectively. Then,
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the coupling impedance between the macro and mini is the sum of the

mechanical impedance Z,,,(s) and the controller impedance Z.(s) .

In order to fully utilize all types of sensor feedback, let the controller be:

F(s) = F(s)H(s) + Z.(s)X(s) (3.9)

where F,(s) = F.q(s) — F.(s), X(s) = X1(s) —X,(s) and F.4(s) is the
desired contact force. H(s) is the controller of force feedback. This simple
controller does not lose generality because it utilizes feedback from both

sensors. The block diagram of the closed system is shown in Figure 3.9.

error C

Fdes F
><2 >| H(s) Robot ;
B X

Figure 3.9: Closed loop block diagram

Then the system transfer function of the series manipulator system with
feedback is:

F(s) Y, (s)Zs(s)H(s)
Fres(s) 14+ Z(s)(Y1(s) + Y,'(5)) (3.10)

where Z(s) = Zn,(s) + Z.(s) and YI(S) =Y, (1+ ZS(;E:;(S)) :

Comparison between Equation 3.5 and 3.10 shows Y; (s) will always be in the
denominator regardless of the controller H(s) chosen. Only dynamics of the
mini manipulator Y, (s) and the coupling impedance Z(s) are changed by the

controller H(s).

Although controller H(s) could be adjusted to compensate for Yi(s), it is
impractical to measure Y1(s) at all robot configurations. Furthermore, adjusting
H(s) as the robot posture changes will make the controller non-linear. Hence,

this proves that a controller with contact force feedback cannot eliminate the
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vibration problem. The second point of the Zero Coupling Impedance criterion

could be proven as follows.

If the Zero Coupling Impedance criterion is satisfied, i.e.:

Z(s)=0 (3.11)
Then Equation 3.10 becomes:
F.(s)
Fr(s) Yo(s)Zs(s)H(s) (3.12)

where Y; is removed from the dynamic equation. Therefore, anti-resonant
mode will not exist anymore and no vibration will be transmitted from the
macro to the mini. The system behaves as if the mini manipulator is mounted
on a rigid platform and the model can be further simplified, as shown in
Figure 3.10. As a result, all the advantage of the mini manipulator remains and
the work space is enlarged by the macro manipulator.

N
\ F Ks /
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Mini  Sensor

Figure 3.10: Series macro mini system model with Zero Coupling
Impedance criterion fulfilled

3.3.3 \Verification of Zero Coupling Impedance Criterion

In this section, the Zero Coupling Impedance criterion is verified through both
simulation and experiment. A real series macro-mini manipulator system is
built for experiments. To make simulation more meaningful, the system model

of the system will be used in simulation.
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3.3.3.1 System ldentification

To verify the Zero Coupling Impedance criterion, a 7-DOF Mitsubishi PA-10
manipulator is used as the macro manipulator and a linear voice coil actuator
is used as the mini manipulator. In the following paragraphs, system

identification for both systems will be shown.

e Mini Manipulator Identification

The system model of the voice coil actuator was attained by mounting the
actuator to a rigid table. Since the contact force response to the input force is
interested, a force sensor was used to measure the contact force exerted on the
environment. To characterize to mini manipulator, both step input and chirp
(sinusoidal with constant magnitude but increasing frequency) input have been
used and the corresponding output force was measured. Then, Fast Fourier
Transform (FFT) was applied to both input and output for both experimental
results. The mini manipulator system response plot F.(s)/F(s) in frequency

domain is shown in Figure 3.11 by the solid blue line.
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Figure 3.11: Bode plot of individual macro and mini system response
when they are not coupled
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It is shown in Figure 3.11 that the mini manipulator has one pair of dominant
poles (at 64Hz). Then, the mass of the moving part on the mini manipulator
was measured separately. All the moving parts of the mini manipulator weighs
0.82Kg. Therefore, assuming B = 0 and estimate the damping ratio through

curve fitting, the transfer function of Y, could be calculated as follow:

1.347 x 105
1.347 x 105(s2 + 162.1s + 1.642 X 105) (3.13)

Y,(s) =
with Z;(s) = 1.347 X 105s, M,, = 0.82.

e Macro Manipulator Identification

To identify the dynamic model of the PA-10 robot, the system resonant modes
of the PA-10 manipulator was obtained through modal testing. Since the
system response to an impulse force from the end point is interested, force
exerted on the end point and the resultant motion was analyzed in frequency

domain.

Accelerometer

Force sensor

PA10 Robot

Figure 3.12: Modal test for identifying resonant modes in PA-10 robot

The manipulator was set into position control mode and given a fixed set
position. In the modal testing as shown in Figure 3.12, a hammer was used to
generate an impulse force and the resultant acceleration of the end point is
measured by an accelerometer. Then, Fast Fourier Transform (FFT) was
applied to both input and output. In Figure 3.11, the dash red line shows the
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system response of macro manipulator acceleration to force (X(s)/F(s)) in
frequency domain. Then, the stiffness of the manipulator was obtained by
measuring the manipulator deflection at steady state caused by a constant
force. Thus, the gain of the transfer function of the PA-10 robot was calculated

from the above data.

From Figure 3.11, it can be seen that the macro manipulator has two pairs of
dominant poles (at 18Hz and 30Hz) and one pair of zeros (at 21Hz). Other
poles and zeros appear at higher frequencies are not considered since they are
higher than the mini manipulator’s natural frequency. The mini manipulator
becomes a filter for the macro manipulator at high frequency. Therefore, a
fourth order system will be sufficient to represent the dynamics of the macro

manipulator (PA-10 robot) that is coupled in series with the mini manipulator.

Therefore, choosing proper damping ratios for all the poles and zeros by curve
fitting, the admittance of the macro manipulator could be calculated as shown
in Equation 3.14.

0.436(s? + 10s + 17410)
(s + 10s + 12778)(s2 + 35s + 35531) (3.14)

Yi(s) =

3.3.3.2 Simulation Study

Using the above models and assuming non-zero coupling impedance ( Z,, =
150s ), simulations are performed to study the dynamics of the series
manipulator system. The bode plot of the mini manipulator and the macro-
mini manipulator system contact force due to input force (F.(s)/F(s)) are

shown in Figure 3.13.

The solid blue line represents the bode plot (F.(s)/F(s)) of the mini
manipulator while the dash red line represents the bode plot (F.(s)/F(s)) of
the macro-mini manipulator system. In the bode plot of the macro-mini
manipulator system, it is found that curve shape of the mini manipulator
remains unchanged at high frequency when it is coupled with the macro.
However, anti-resonant modes in the macro-mini system are found below the

mini manipulator's bandwidth. It is observed that two anti-resonant modes (at
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18Hz and 30Hz) appear at the same frequencies as the resonant modes of the
macro manipulator. These anti-resonant modes attributed by the resonant
modes of macro indicate the vibration is transmitted from the macro to the

mini through the coupling element.
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Figure 3.13: Bode plot of the series manipulator system (F.(s) /F(s))

This effect can be critical during machining. Contact may not be retained and
chattering would occur. Force control performance in machining applications
will be compromised. This can be explained by looking at the impedance of
the series manipulator system. Equation 3.6 is the system impedance and it is
represented in bode plot as shown in Figure 3.14. It shows that both systems
have the same impedance at high frequency, but the system impedance at low

frequency is lower if the coupling impedance is zero.

Large impedance usually results in higher contact force. For example, if a
machining task requires the end-effector to exert a constant force of 20N and
to move along the surface of a work piece which is sinusoidal shape with

magnitude of 1mm. This is equivalent to the end-effector vibrating at a
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magnitude of 1mm due to the spindle or disturbance. Figure 3.15 shows the
contact force when the contact point is moving along work piece’s surface with
increasing speed. The speed of the moving end increases linearly, resulting in
disturbances with increasing frequency.
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Figure 3.14: Impedance of Macro-Mini with zero and non-zero coupling
impedance, F.(s)/X.(s)

The top curve shows the contact force when Zero Coupling Impedance
criterion is applied while the bottom one shows the same but when the
coupling impedance is non-zero. Compare the two simulations, the contact
force is better maintained around 20N in the system with Zero Coupling
Impedance, especially at low frequency. Large contact force is observed near
the anti-resonant mode. Since the contact surface can only push the end point
of the manipulator, negative contact force simply indicates loss of contact. It is
also observed that the negative force occurs at 23Hz with the criterion satisfied,

6Hz higher than that of a system without satisfying the criterion.

38



Contact farce with Zero Coupling Impedance
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Figure 3.15: Contact force when contact end is moving with increasing
frequency

3.3.3.3 Experiment Study

To validate the Zero Coupling Impedance criterion, experiments using a
Mitsubishi PA-10 manipulator and a voice coil actuator were conducted as
shown in Figure 3.16. The system was controlled using C programming
language under RTX, a real-time software environment in Windows. The

sampling rate is 1KHz.

The voice coil actuator with a force sensor attached is mounted at the end
point of the PA-10 robot. During the experiment, the PA-10 robot was in

position control mode and a fixed point command was given to the robot.

In this experiment, two controller gains were used in order to compare the
system dynamics with and without satisfying the Zero Coupling Impedance
criterion. In the mini actuator, no force feedback was used since it has no

effect on the anti-resonant mode. Only the relative position/velocity between
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the macro and mini was fed back to the controller. The force applied from the

voice coil actuator is expressed as:

Figure 3.16: Series macro-mini manipulator experiment setup

F = Faos + Zo(5)X(s) (3.15)

where Z.(s) = Ds. Therefore, the coupling impedance between macro and

mini becomes:
Z(s)=Znu(s)+Z.(s) =(B+D)s

And the mechanical impedance of the voice coil Z,, is assumed to be zero
since the friction is negligible. Hence, the total coupling impedance becomes
the controller impedance, i.e.

Z(s) = Z.(s) = Ds

Figure 3.17 shows the system frequency response with and without satisfying
the Zero Coupling Impedance criterion. The result shows two anti-resonant
modes when D = 150 and no anti-resonant mode when D = 0, which match

well with the simulation result shown in Figure 3.13.

40



Therefore, both simulation and experiment has proven the effectiveness of the
Zero Coupling Impedance criterion in eliminating vibration from the mini

manipulator.

The above analysis was performed based on the system model obtained at a
fixed posture. However, this analysis does not lose generality because the Zero
Coupling Impedance Criterion is independent from the dynamics of the macro

manipulator. Therefore, this method could be applied for all robot postures.
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Figure 3.17: Frequency response of a series manipulator system with
different coupling impedance

In the following section, a controller design for force will be presented with

the Zero Coupling Impedance criterion satisfied.

3.3.4 Controller Design for Force Control

As is shown in Equation 3.9, the controller H(s) does not affect the anti-

resonant modes. Only the impedance part of the controller Z.(s) affects the
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anti-resonant modes. If Z.(s) has satisfied the Zero Coupling Impedance, any

controller could be used to optimize the force control performance.

In this thesis, a Linear Quadratic Gaussian (LQG) controller is used as the
controller for force control and the details of LQG controller design in shown
in Appendix. There are several reasons for choosing LQG controller for force
control. First and the foremost, in order to satisfy the Zero Coupling
Impedance criterion, the damping factor B,, needs to remain zero, which
imposes instability issues in controlling this system. In order to maintain
stability, enough damping between the robot and the workpiece should be
guaranteed. Conventional PID control requires differentiation of the force
sensor feedback, which is noisy in most cases. Passing the force feedback
through a low pass filter also degrades the system stability. Therefore, a LQG
controller which includes a Kalman filter will be useful. Secondly, the system
is simple and the model has been well identified and verified in previous
sections. The model based controller LQG requires accurate system model. In
the previous subsection, the system was identified and verified through
experiment. Therefore, designing this controller is simple. Thirdly, this model
based controller provides a better inside view of the system by estimating the
system states. The Kalman filter in the system is basically an observer which

estimates the system states.

Although LQG controller was used in the experiment, it does not mean only
LQG should be used together with the Zero Coupling Impedance criterion.
Any model based controller with observer can be used. Other controllers such
as PID could also be applied to this system if the force signal has little noise or

proper filter is used.

Figure 3.18 shows the system step response with accurate tracking and small
overshoot. Figure 3.19 shows the system response to a chirp signal input. The
contact force tracked the reference signal accurately and the phase lag is small.
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step response of the closed loop system
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Figure 3.18: Step response of the system with feedback

chirp response of the closed loop system
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Figure 3.19: Force tracking of a chirp signal of the system with feedback
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With the above controller, a pneumatic spindle was mounted onto the mini
manipulator to perform grinding task, as shown in Figure 3.20. The pressure
supplied to the spindle was 3 bar and the machining tool used was a grinding
stone. The workpiece used was a titanium plate with sharp edge.

In this experiment, the macro manipulator carried the mini manipulator to a
position that is 1cm away from the surface. During this process, the mini
manipulator was under position control and a fixed position with respect to its
base was given as the reference point. Then, the position of the macro
manipulator was stopped and its reference position remained unchanged.
Subsequently, the mini manipulator start to move with a small constant speed
until it hit the workpiece. Upon making contact, it was switched to force
control and a contact force of 2N was set as the reference. The force measured
by the sensor is shown in Figure 3.21. The result shows promising
performance in grinding. The fluctuation in the force signal is mainly due to

the sensor noise and the oscillation of the spindle.

Spindle

Force/torque
sensor

\

Macro
manipulator

Mini
manipulator

Figure 3.20: Grinding using series macro mini manipulator
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force measured during grinding
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Figure 3.21: Force reading during machining

3.4 Zero Coupling Impedance: A Design Guideline for Series

Macro-Mini System

Previous sections have shown that the Zero Coupling Impedance criterion is
an effective method of eliminating the effect of vibration in a series macro-
mini system on the contact point. It is independent from the robot posture and

does not require an accurate system model from the macro manipulator.

In this chapter, in order to verify the results, a direct drive actuator was used as
the mini manipulator whose mechanical impedance is close to zero. As it is
commonly known that a direct drive actuator has many features that are
helpful in improving force control performance, such as small friction, fast
response. However, this does not mean only direct drive motors should be
used as the mini manipulator. The coupling impedance in Equation 3.10 refers
to the total sum of the mechanical impedance and the controller impedance.
Actuators that do not have zero mechanical impedance could still be used in a

series macro-mini system by compensating its mechanical impedance through
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active control. For example, a normal electro-magnetic motor coupled with

gears could be used as the mini manipulator, too.

In order to compensate the mechanical impedance using active control, two

conditions need to be satisfied.

e The dynamics of the coupling mechanism manipulator need to be well
identified;

e The actuator should not be saturated.

The first condition is easy to understand. The coupling impedance needs to be
identified so that it could be canceled. This condition needs to be considered
when designing the mini manipulator. The coupling element chosen between
the macro and the mini should be as simple as possible so that the dynamics

remains linear and easy to be identified through experiment.

The second condition states that the requirement of the power rating of the
actuator to cancel the impedance of the coupling mechanism. It is impossible
to cancel the mechanical impedance completely due to the finite power rating
of the actuator. However, it will be enough if the bandwidth of the system with
feedback is higher than the resonant modes of the macro manipulator.

For example, a macro and a mini manipulator are coupled by a component
with impedance Z,, = B,,s. The controller only has limited bandwidth to
compensate for the impedance Z,,,, as shown in Figure 3.22. It shows that the
mechanical impedance could only be canceled below the bandwidth of the

controller at about 100Hz, above which, the impedance is unchanged.
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Coupling mechanism w ith non-zero impedance canceled by band limited controller
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Figure 3.22: Coupling mechanism canceled by band limited controller
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Figure 3.23 shows the bode plots of system, F.(s)/F.s(s) under different
conditions. The solid blue line shows that without canceling the coupling
impedance, anti-resonant modes appears in the bode plot. The black dashed
line shows the system bode plot if the Zero Coupling Impedance criterion is
perfectly satisfied. As it has been shown before, the two anti-resonant modes
are removed from the system. The red dotted line shows the system bode plot
when the coupling impedance is canceled by a band limited controller. The
curve shows that the anti-resonant modes are removed, too. Hence, it indicates
that the Zero Coupling Impedance criterion could be implemented even using
a power limited actuator and could be applied in a variety of mini manipulator

systems.

3.5 Summary

Conventional manipulators are designed for repetitive position controlled tasks.
Their large impedance and slow response make them not suitable for force
control applications, especially in machining tasks. With a specially designed
mini manipulator, high performance force control using the conventional
manipulator with simple control becomes possible. In this chapter, a series

macro mini manipulator system has been studied.

A general mathematical model has been developed to study the dynamics of a
series macro-mini manipulator system. In this system, the vibration due to low
resonant modes of the macro manipulator is identified as the main limiting
factor of the force control performance. Methods such as changing the
dynamics of the macro manipulator to suppress the vibration are not
applicable to commercial manipulators. Therefore, a new method that
regulates the impedance of the coupling element between the macro and the
mini manipulator is proposed. In this chapter, the Zero Coupling Impedance
criterion has been proposed as a design guideline for a series macro-mini
manipulator system to improve force control performance, and is verified by
both simulation and experiment. Then, a LQG controller has been designed for
force control. Finally, a spindle was used to perform grinding using this

system and promising result in force control has been demonstrated.
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The Zero Coupling Impedance criterion provides a guideline when using a
series macro-mini manipulator to perform force control. This criterion advises
on choosing the coupling mechanism between the macro and the mini
manipulator and also on designing a controller to optimize the chosen mini
manipulator such that the macro manipulator will not degrade the system
performance. In all, this method resolves the limitation on the series macro-

mini manipulator system.
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Chapter 4
A New Variable Stiffness Joint for

Force Control

4.1 Introduction

Traditional industrial manipulators were designed to be rigid to improve
repeatability, accuracy and avoid large vibration. However, when a robot is
interacting with environment, large contact force could be induced if the end-
effector is not placed accurately. In Chapter 3, series macro-mini manipulation
has been discussed as a solution to resolve the problem. In this approach, no
modification has to be made to the conventional manipulator. Only an
additional module is added to perform force control. Promising results have
been demonstrated using robot in this configuration. In this chapter, the other
approach, force control through all robot joints will be discussed as an
alternative solution to improve force control. The objective is to re-design the
conventional manipulator from joint level to suit force control such that no

additional end-effector module is needed.

The work of Series Elastic Actuator (SEA) [7] showed that robots with
compliant joint could overcome the drawback due to large impedance of the
conventional stiff manipulator. Force could be controlled at each joint by
converting the force control problem into a simple position control problem.
Inspired by SEA, many variable stiffness mechanisms were built to further
improve force control performance and to resolve the limitation of SEA due to

the fixed spring compliance.

For example, VS-Joint [54] used non-linear spring mechanism to generate the
compliance. The stiffness is determined by the stiffness preset motor and the
output load. Mechanisms using antagonistic actuation such as VSA [57] use

two motors to drive the output in parallel through non-linear springs. Stiffness
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is controlled by the input motors and the output load. These types of variable
stiffness joints have one property in common: stiffness is dependent of the
output load. This property creates non-linear load-displacement relationship
and therefore complicates the system and controller design with non-linear
stiffness. Furthermore, larger contact force may be induced by disturbance
from the end-effector. In [66], the authors also pointed out that linear load-
displacement relationship is convenient for controller design. Several
mechanisms such as the HDAU [66] and CompAct-VSA [64] have achieved
linear load-displacement relationship approximately, however, only in small

ranges.

This raises the need for developing a variable stiffness joint that has linear
load-displacement relationship in a large working range. This joint should also
cover wide stiffness range to execute a variety of tasks.

This chapter is organized as follows. In section 4.2, the design requirements
for the proposed joint are identified and explained. Section 4.3 illustrates the
working principle of the proposed variable stiffness joint mechanism.
Subsequently, the mechanical design to realize the concept is presented in
section 4.4. Section 4.5 shows the characterization of the prototype that is built
according to the proposed concept. Then, the controller design for force
control is demonstrated in section 4.6. Finally, a summary of this chapter is

drawn in section 4.7.
4.2 Design Requirements

The aim of the new variable stiffness joint design is to improve force control
performance such that a robot equipped with the proposed joint mechanism is
easy to control and can be widely adopted in different applications. Besides
variable stiffness, more specific requirements need to be identified before
proposing a design. Based on the tasks, a general manipulation process could

be divided into four phases.

The first phase is the robot approaching the workpiece from a distance. In this
phase, the robot moves relatively fast to minimize the processing time and

position control will be used. The second phase is searching for contact. After
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the robot end effector has been placed near to the surface of the workpiece in
the first phase, robot will slow down to search for contact. To avoid large
impact, force control could be used in this phase and low stiffness should be
used. The third phase is the manipulation phase, where force control is
employed. Finally, the last phase is after work is done, robot will leave the
surface. Position control or force control could be used in this phase. The

entire process may be repeated for many times in some applications.

According to the above procedures, three properties that the novel joint should
possess are derived and listed as below. The reasons for having each property

will be explained.
Three properties of the proposed variable stiffness joint are:

e Linear passive load-displacement relationship (in theory);
e Adjustable stiffness ranging from zero to infinity;

e High resolution in low stiffness range.

It is clear that any mechanism has a finite stiffness due to many factors, such
as the material and the mechanical structure. The objective of this thesis is to
propose a mechanical design with zero to infinity stiffness in theory. Therefore,
in the following of the thesis, infinity stiffness is only referred to as the

theoretical value.

4.2.1 Linear Passive Load-Displacement Relationship

The passive linear load-displacement relationship is important for many
interactive applications. This property is often missing in most of the variable
stiffness designs. Usually, the stiffness of the variable stiffness joints is
designed in such a way that the stiffness increases when joint load is increased
[54, 56, 58, 59, 61]. However, the increasing stiffness will be problematic
when disturbance is present. In this situation, the importance of the linear
load-displacement property can be explained by a scenario described as

follows.

Assuming a compliant robot is carrying a spindle for grinding and a constant

contact force is desired. However, fluctuation in the end-effector position is
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inevitable due to the high turning speed of the spindle. Simulation studies have
been performed to compare the performance of robots with different stiffness
characteristic, a linear load-stiffness relationship and a non-linear load-
displacement relationship. As shown in Figure 4.1, the solid blue curve shows
the stiffness of the VS-Joint [54] when preset spring is compressed by 1/3 of
its maximum deflection while the red line shows a normal compliant joint
with a constant stiffness. Both joint has the same stiffness at deflection angle
of 10°.

Stiffness curve of linear and non-linear load-displacement relationship
45 4 T T

Non-linear load-stiffness
T ) S e e i Linear load-stiffness
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0 2 4 6 8 10 12 14
Deflection(degree)

Figure 4.1: Stiffness curve of joint with linear and non-linear load-
displacement relationship

Figure 4.2 shows the simulation results of the contact force when both joints
are subjected to the same position disturbance from the end-effector. In this
simulation, the disturbance is assumed to be a sinusoidal signal with constant
magnitude but increasing frequency. It is observed that both the nominal value
and the magnitude of the vibration in the contact force are much higher in the
joint which has non-linear load-stiffness relationship, as shown in Figure 4.2.
This has indicated that joint with the same stiffness, joint has non-linear load-

displacement relationship is more sensitive to contact point disturbance.
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Furthermore, a non-linear load-displacement relationship results in non-linear
systems, making controller design more complicated. Therefore, linear load-
stiffness relationship has been chosen as the most important requirement that
the joint should meet.

Response to disturbance (linear load-displacement)
T T T T T T T

Response to disturbance (non-linear load-displacement)
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Figure 4.2: Contact force due to sinusoidal disturbance: (a) VS joint with
linear load-displacement relationship; (b) VS joint with non-linear load-
displacement relationship

4.2.2 Adjustable Stiffness Ranging from Zero to Infinity

The second requirement is needed because in the process of manipulating an
object, the robot will require different stiffness to be set in the joints during
different phases of the operation. When the robot is carrying the tool to
approach the workpiece, very high stiffness is desired to avoid vibration in the
robot when it moves at high speed. Ideally, the stiffness should be infinity
such that the tool can be accurately positioned at a point that is close to the
workpiece. However, moving the tool to the surface of the workpiece using
position control with high stiffness is risky since small error in placing the
end-effector or the workpiece location will result in large force. Hence, when
the end-effector is near the workpiece, the robot will switch to force control
mode to search for contact. In this phase, low stiffness is preferred to avoid
large force during impact (contact). When the tool is in contact with the

workpiece, stiffness may need to be adjusted again depending on the tool and
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the material of the workpiece. Soft tools such as brush may require high

stiffness while hard tool such as grinding stone may need lower stiffness.

Therefore, the second requirement is needed to ensure the robot has the

capability to adjust its stiffness within a large range.

4.2.3 High Resolution in Low Stiffness Range

The third requirement is a complementary property to the second one. In
variable stiffness mechanisms, stiffness is adjusted by changing the
mechanical properties of the joint. Any mechanism used to adjust the stiffness
will have limited motion range. It should only take finite motion range to
achieve zero to infinity stiffness. Therefore, the stiffness resolution needs to be
compromised. As stiffness needs to be controlled more precisely at the lower
stiffness range, resolution in the high stiffness region has to be sacrificed to
achieve faster stiffness control. Furthermore, this would be useful when the
robot needs to switch from force control mode to position control mode
rapidly.

4.3 Working Principle

Based on the above requirements, a novel stiffness joint mechanism is
proposed. The fundamental working principle of the joint relies on a lever arm
with constrained ends. In this joint, when the lever rotates about the pivot
point, the motions of the end points are constrained such that the force exerted
on both ends of the lever have a constant ratio when the location of the pivot is
fixed.

In this joint, the input to the system is controlled by a geared motor (output
motor) under position control to deliver the output torque. The position of the
pivot on the arm is controlled by a lead screw that is driven by a secondary

motor (stiffness motor) to adjust the output stiffness.

In the following, a lever arm without constraint will be shown first to illustrate
the purpose of adding the constraint. Limitations of using a un-constraint lever
mechanism will be shown. Then, the proposed lever arm mechanism with

constrained ends will be introduced to resolve limitations.
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4.3.1 Lever Arm Mechanism without Constrained Ends

Figure 4.3: Basic working principle of the lever based variable stiffness
joint
A schematic diagram of a lever mechanism without constrained ends is shown
in Figure 4.3. In this figure, a linear spring with stiffness k, is connected to
one side of the lever while the load F, is exerted on the other side of the lever.
From this diagram, it can be observed that the stiffness seen by the load E, is
solely dependent on the pivot position (point P) when the arm rotates for a
small angle (typically smaller than 5°). However, if the output deflection is
large, the stiffness will not be independent from the output load. Furthermore,
Figure 4.3 only shows a simple concept by assuming the forces from the
output and the spring are always exerted at fixed points and in the same
direction. These assumptions are made in some of the variable stiffness joint

works, but they may not be realized without a proper design.

Fs
Fy
////
(@) (b)

Figure 4.4: Force direction changes as lever arm rotates
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For example, in Figure 4.4, Fs and Fy represent forces from the spring and the
load, respectively. One end of the spring is fixed on the ground while the other
end is fixed on one point of the lever. As the lever is rotated by the load F, the
direction of the spring force will not be parallel with the load anymore. This
will result in non-linear load-displacement relationship as shown in Figure
4.4(b).

Furthermore, the example in Figure 4.4 uses linear force to represent the load
to demonstrate a problem in using a normal lever arm mechanism. When
converting force to torque, force acting point and direction may vary when the
lever rotates. Thus, a modified lever arm mechanism with constrained motion

on both ends is proposed.

4.3.2 Lever Arm Mechanism with Constrained Ends

Connect to .

output shaft

Connect to .

output shaft
Axis of the | Axis of the |

lever

Axis of the
joint

Axis of the
joint

Connect to
input motor

Connect to
input motor

Figure 4.5: Schematic diagram of the working principle

Figure 4.5 shows the proposed mechanical structure of the novel variable
stiffness joint. In this joint design, the lever arm mechanism is formed by
several in linear guides. Sliders on the linear guides are used to determine the
force acting point. Another two linear guides, as shown in the figure, are used
to constrain the force acting points and direction on the lever. The output load
t IS transmitted to the lever through a rack-pinion mechanism. The pinion
pushes the slider on the linear guide down by q,,; When the output shaft turns

by angle 4. The lever rotates about its axis P by angle a, moving the slider on

57



the other side the lever by q;,. Thus, the spring will be effectively compressed
by g;, due to the output torque z. The springs are pre-compressed such that
both springs will always be in compression. The output motor controls the
equilibrium position of the springs, and thus, the equilibrium position of the
joint. The position of the pivot point x,, is controlled by the stiffness motor

through a lead screw.

Figure 4.6: Simplified diagram of the proposed variable stiffness joint

To further illustrate the design, the schematic diagram in Figure 4.5 is
represented by a simplified diagram as shown in Figure 4.6. In this figure, the
pivot is fixed at point P, with distance x,, from the spring. L, denotes the
effective length of the lever arm. F, and F, represent the output force and

spring force, respectively.

The keys to ensure linear load-displacement relationship are described in the

following paragraphs.

Firstly, the rack-pinion mechanism ensures linear relationship between
rotatory motion and linear motion. As shown in Figure 4.7, when the pinion
gear rotates by 6, the rack gear will move down by q,,.. Before moving,
assume the centre point of the rack is in contact with the pinion gear at point A.
After the gear rotates by angle @, the previous contact point moves to point B
along the arc while the centre point of the rack moves to point C. Assuming
there is no backlash between the rack and pinion, arc AB will have the same
length of AC.

Hence, q,,: = RO, where R is the radius of the pinion gear.
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Figure 4.7: Linear motion and angular motion

Secondly, it can be seen that both the output force (F;) and the spring force (F,)
will always act along the linear guides that are used to constrain the lever
mechanism. Therefore, the force acting directions are always parallel on both

side of the lever.

Thirdly, the two triangles A BPD and A APC will always be similar to each
other, i.e., ABPD ~A APC always holds, regardless of the lever rotation
angle a. This implies that the ratio of two sides of the lever arm will be
independent from the deflection angle of the joint. It is worth to notice that the
length of the arm changes when the lever rotates. This change will be taken

care by the mechanical design, which will be explained in the next section.

These are the keys to generate the linear load-stiffness relationship. Let the
output torque be z and radius of the pinion be R and assume the joint
deflection angle due to the load z is 6, and then the rotational stiffness of the

joint K can be calculated as follows:

T
k=3 (4.1)

qout = RO (4.2)
E(Lo = xp) = Exp (4.3)
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Qout B LO —Xp (4'4)

T=FER (45)

Substitute Eq. (4.1)-(4.4) into Eq. (4.5), we have:

’y 2
K(x,) = koR? (m) (4.6)
where y = ’Z—”
0

Equation 4.6 shows that the stiffness is independent from the joint deflection
angle 6. Hence, linear load-displacement relationship is guaranteed and the

first design requirement is satisfied.

This equation also shows that the stiffness is determined by the radius of the
pinion, stiffness of the spring, length of the lever and the position of the pivot.
The first three are constant and are determined during design while the last
one is controlled by a motor. Letk, = R = 1 and y € [0, 1], function K (x,)
could be plotted as in Figure 4.8. As observed in the figure, the stiffness could

change from zero to infinity, which satisfies the second requirement.

Furthermore, differentiating Equation 4.6 with respect to x, gives the
sensitivity of the stiffness when the pivot is moved by the stiffness motor, as

shown in Equation 4.7.

dK 2y

—_— =k R? ———

dx, * (1-y)3 (4.7)
The sensitivity as a function of the pivot location is plotted in Figure 4.9. It
could be seen that at low stiffness (y is small), large change in the pivot
location only causes small change in stiffness, indicating high stiffness
resolution. As the stiffness increases, the stiffness resolution decreases. Hence,

the third requirement is fulfilled.
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stiffness curve of the proposed mechanism
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Figure 4.8: Stiffness curve of the proposed mechanism when k;=R=1
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Figure 4.9: Stiffness resolution of the proposed mechanism when k,=R=1
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The above analysis shows that all the three design requirements are satisfied
using the proposed working principle. Characteristics of the mechanical

realization of the working principle will be shown in following sections.
4.4 Mechanical Design

Figure 4.10(a) shows the 3D views of the joint design from the CAD software.
The input shaft is connected to the output motor to deliver the output torque.
The output torque is transmitted to the output shaft through the variable
stiffness mechanism in between as shown in the following three sub-figures.
Figure 4.10(b) shows the top part of the joint. The output shaft transmits the
torque to the rack through the pinion gear. Both shaft of joint O; and joint O,

move along the linear guide. Four pre-compressed springs (as shown in Figure
4.10(b)) of stiffness %are connected to the left slider in parallel, resulted in

total stiffness of k,. Figure 4.10(c) shows the lever mechanism constructed
using four sets of linear guide and slider. The axis of joint O, is fixed onto the
lever mechanism while the axis of joint O; can slide along the linear guides.
This makes joint O; a 2-DOF joint (rotational and prismatic) and joint O, a 1-
DOF joint (rotational). This is to adjust the length of the lever arm when it
rotates from AB to CD, as shown in Figure 4.6. The position of the pivot of
the lever mechanism in Figure 4.10(c) is controlled by the lead screw as
shown in Figure 4.10(d). The location of the nut on the lead screw is
controlled by the stiffness motor, which drives the lead screw via the pulley

belt system.

Most of the parts are fabricated using aluminum while the shafts are made of

stainless steel since they are taking the majority of the load.
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Figure 4.10: 3D views of the joint design. (a) overview; (b) spring and
rack-pinion; (c) lever mechanism; (d) pivot mechanism

4.5 Characteristics of the Joint
451 Key Parameters

The key parameters of the joint are shown in Table 4.1. The input inertia refers
to the total inertia of the parts that are rigidly connected to the output input
motor, such as the casing frame, the lead screw and the stiffness motor, etc.
The output inertia refers to the total inertia of the moving parts such as the
lever arm and the sliders that are connected to the lever arm. The input and
output inertia are approximated based on inertia value of each individual parts
obtained from the CAD software. Since moving the pivot point will change

the internal configuration, the output inertia with respect to the pivot point is
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shown in Figure 4.11. Minimal inertia is obtained by moving the pivot to the
center of the lead screw. This is because a beam has minimum inertia about its
axis center of mass and the mass of different parts are evenly distributed on

both sides of the lever.

Table 4.1: Key Parameters of the Joint

Description Symbol Value
Input Inertia I 1.66 x 10® gmm?
Output Inertia I, 2.92 x 10° ~3.85 x 10°gmm?
Spring Constant ko 18N /mm
Non-rotated Lever Length Lo 36mm
Pinion Radius R 30mm
Maximum Spring Deflection Amax S5mm
L 10° inertia vs pivot position
3.8 /
/

3.6 /
3.4 /
3.2

28\
A /

inertia(g*mmz)
w

2.4 \ /
2.2
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pivot position(mm)

Figure 4.11: Joint output inertia vs. Pivot position
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4.5.2 Joint Deflection Range

In the novel design, motion ranges of the sliders are restrained in a certain
range on both sides of the lever arm. As shown in Figure 4.12, the spring
compression limit represents the maximum spring deflection while the linear
guide motion limit represents the limited motion range imposed by the finite
length of the linear guide. Therefore, the joint maximum allowable deflection
changes with the pivot position. For example, as shown in Figure 4.12(a),
when the pivot is close to the spring side, joint O, hits the limit first, resulting
in the maximum output angle. Hence, when the pivot is close to the spring, i.e.,
when the joint stiffness is low, the output link can always reach the maximum
angle. In Figure 4.12(b), spring limits will first be hit when the pivot is far
from the spring. Hence, the motion range becomes smaller.

02
777774
LLLLUL 01 02
01
777777 i
Spring
Spring s comprgssion Linear guide
compression Linear guide limit motion limit
limit motion limit
(a) (b)

Figure 4.12: Output limit due to motion limit at both ends. (a) motion
range limited by linear guide motion limit at O, 0,,x=30° (b) motion
range limited by spring compression limit at O, 0,n2x<30°.

Figure 4.13 shows the maximum allowable deflection with respect to the pivot
position. The joint is designed in such a way that when the pivot is
approximately within 10mm distance from the spring, the maximum allowable
joint deflection can reach +£30°(+0.525 rad). If the pivot is moved more
than 10mm from the spring side, the maximum allowable joint deflection will

be reduced.
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Maximum allowable angular displacement vs pivot position
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Figure 4.13: Joint maximum allowable deflection vs. Pivot position
45.3 Stiffness Characteristic

Figure 4.14 shows the stiffness characteristic curve with respect to the pivot
position using the spring chosen in Table 4.1. It shows that the stiffness
changes from zero to infinity as the pivot moves away from the spring. The

second design requirement has been satisfied.

As the pivot moves further away from the spring, the slope of the stiffness
curve increases. This implies that the stiffness will be more sensitive to
position error in placing the pivot. Therefore, the stiffness resolution will be
higher when the pivot is closer to the spring. The third design requirement has

been satisfied, too.

In practice, the spring stiffness needs to be chosen based on the application
such that both higher resolution and large allowable joint deflection can be

obtained in the typical operating range.
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Figure 4.14: Joint stiffness vs. Pivot position
45.4 Characteristics Identification

In this section, experimental results are shown to verify the characteristics of
the novel variable stiffness joint based on a prototype. Particularly, the load
and joint displacement relationship are identified. The experimental setup is

shown in Figure 4.15.

In the prototype, a Faulhaber DC brush motor is used to provide the output
torque. It is coupled with a planetary gear with gear ratio of 1:38. The motor
without gear could provide stall torque of 1.09Nm. A rotary optical encoder
with resolution of 500count/round is connected to the motor before the gear. A
small Maxon DC brush motor with stall torque of 0.0246Nm is coupled with a
planetary gear of ratio 1:84. The output of the gear shaft is connected to a lead
screw with pitch Imm through a pulley-belt system. The two pulleys have the
same diameter. A linear optical encoder with resolution 0.5um/count is used to
measure the position of the pivot. And another linear encoder with the same
resolution is used to measure the output slider (the slider that is connected to

the rack) displacement. Based on the displacement of the output slider and the
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diameter of the pinion, the joint deflection angle can be calculated. A 6-axis

force/torque sensor is connected to the output shaft to measure the output load.

(b) (©) (d)

Figure 4.15: System identification experiment setup (Fixed end). (a) first
prototype with fixed end; (b) base of the joint, with the pivot control
mechanism; (c) lever mechanism; (d) top of the base, with rack-pinion
and springs

Figure 4.15(a) shows the first prototype with fixed end. The input shaft of the
variable stiffness joint is connected to a position controlled motor and the

output shaft is connected to a link. The link is fixed while identifying the load
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and joint displacement relationship. Figure 4.15(b) shows the base of the joint
with the pivot control mechanism. The stiffness motor is connected to the lead
screw through the belt and pulley to control the pivot position. PID controllers
are designed and tuned for both motors to control the respective positions.
Figure 4.15(c) shows the lever mechanism while Figure 4.15(d) shows the top

of the joint where sprints are mounted onto.

The following experiments were conducted using QNX system, which is a
real-time system running in Windows. Simulink was used to program the

system and the system was running at 1KHz.

Figure 4.16 shows the result of linearity test of the variable stiffness joint. As
it has been identified in the design requirement, the load-displacement

relationship should remain linear for all pivot positions.

Experiments were conducted by fixing the pivot at different positions to verify
the load-displacement relationship. In the experiment, the output motor's
desired position was changed from zero to the maximum allowable joint
deflection in both positive and negative direction slowly. The output torque at
steady state was measured at each joint deflection angle. Therefore, only the
spring dynamic was excited. The stiffness motor’s position remained
unchanged when the output motor moved. The joint deflection and the torque
were measured during the process. Then the experiment was repeated ten
times with pivot placed at the same location. Finally, the entire procedure was

repeated another four times with the pivot at another four different locations.

The result shows good linearity for all the five pivot positions, from low
stiffness to high stiffness. It also exhibits backlash and hysteresis which will

be discussed in the following figure.

69



Output torque vs. joint deflection at different pivot location
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Figure 4.16: Output torque vs. Joint deflection at different pivot location

Output torque vs. joint deflection at pivot xp:15mm (K=1.84Nm/deg)
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Figure 4.17: Output torque vs. Joint deflection at pivot x,=15mm
(K=1.84Nm/deg)
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Figure 4.17 shows when the pivot is at x, = 15mm,K = 1.84Nm/deg .
Backlash and hysteresis are shown when the joint is loaded and unloaded in
both positive and negative direction. This backlash is mainly contributed by
the clearance between moving parts in the joints, especially between the rack
and pinion mechanisms. Therefore, the amount of backlash remains similar
(approximately 1°) for all different pivot locations. This problem could be
solved by choosing better tolerance between moving parts when designing
each component. In the first prototype, the tolerance chosen between each
moving component is large so that the joint could be dismantled to investigate
any potential problems. The main source of the hysteresis is due to the
backlash of the output motor and the friction. When the joint was changed
from loading to unloading, the backlash results in lack of output torque from
the motor when the motion direction changes. Thus, the output torque dropped
significantly compared to the joint deflection. This problem could be solved

by using a heavily geared motor.

standard deviation of output torque vs. angular displacement(x=15mm,K=41.3Nm/rad)
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Figure 4.18: average and standard deviation of output torque vs. angular
displacement...(x=15mm,K=1.84Nm/deg)
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Figure 4.18 shows the average of the torque-displacement curve plus and
minus the standard deviation of the ten trials. In Figure 4.18, the “average”
line represents the average torque calculated from all the ten experimental
results against the displacement. The “average+std” and “average-std” are the
average summed with plus and minus the standard deviation, representing the
error in all ten trials. It shows the repeatability is good, indicating the result is

reliable.

Figure 4.19 shows the relationship between the stiffness and the pivot position.
In this experiment, the output deflection angle was fixed at different values but
the pivot was moving. The pivot position started to move from x,, = Omm
slowly such that at each pivot position, only the steady output torque was
measured. It stopped at x,, = 25mm since output torque had become very
large even for small joint deflection. The experiment was repeated for ten
times with different output deflection. In Figure 4.19, the “average” line
represents the average stiffness calculated from all the ten experimental results.
The “average+std” and “average-std” are the average stiffness summed with
plus and minus the standard deviation, representing the error in all ten trials.

Stiffness vs. Pivot Position
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Figure 4.19: Stiffness vs. Pivot Position
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Figure 4.19 exhibits a fine stiffness resolution when the pivot is close to the
spring. The stiffness increases rapidly as the pivot moves towards the other
side of the lever, which implies that the second and third design requirements

have been met.

In this prototype, a small Maxon DC motor is used to control the position of
the pivot. At full speed, the pivot travel from one end to the other within 12s,
i.e., the stiffness can be varied from zero to infinity (or infinity to zero) within
12s. This speed can be increased if a more powerful motor is used to control
the pivot position.

455 Output Frequency Response

In this section, the frequency response test results are shown. To exam the
dynamic of the system, especially the passive joint deflection response to the
output load, an impact test was performed. In this experiment, a hammer was
used to hit the output link of the joint while the input motor is servoing at a
fixed position. The input torque of the variable stiffness mechanism was
measured by the joint torque sensor while the output joint deflection was
measured by the encoder. An example of the time domain data when the pivot
is at xp=10mm (K=0.557Nm/deg) is shown in Figure 4.20.

The frequency response between the input and output was obtained through
FFT. Figure 4.21 shows the frequency response of the joint deflection to the
impact force. It shows that the system first resonant mode became higher

when the stiffness of the system increased.
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Figure 4.20: Impact force and joint deflection when x,=10mm
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Figure 4.21: Joint deflection frequency response to impact force
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4.6 Force Control Using the Joint

In this section, force control generally includes torque control at joint level.
To test force control performance, the output shaft is connected to a link that
could move freely. Then, controllers are designed to regulate the contact force
and adjust the stiffness. Next, an experiment is conducted to simulate the
machining process. Finally, a control scheme that results in fast response and

low impact force is demonstrated.

4.6.1 Controller Design

As shown in Figure 4.22, both output motor (Motor;) and stiffness motor
(Motor,) are under position control by Proportional-Integral-Differential (P1D)
controllers. The PID controller gains are tuned for output motor and stiffness
motor separately. A torque sensor is used to feedback the contact force to form
a closed loop system. A second order Butterworth low pass filter is used to
filter the noise in the torque sensor. A controller H is employed to generate

position command for the output motor based on the force feedback.

x,"¢f x,, (pivot Position )
> PID, | =>» Motor, - l
Fre . 9T€f+ o Flod
> H —>$-> PID, [>] Motor, -|-> =
Variable stiffness joint
Torque
Sensor

Figure 4.22: Controller diagram of the variable stiffness joint

In the variable stiffness joint, the system dynamics changes when the stiffness
is different. Therefore, the controller gain needs to be adjusted accordingly so

that the system remains stable.

In this experiment, the controller gains of the output motor are tuned for

different stiffness with the pivot at x,, = 5, 10, 15, 20, 25 mm. Then a lookup
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table is built to interpolate any pivot position in between. Another PID
controller was used to form the closed loop force control. The PID controller
for force control loop is implemented in digital incremental form so that
bumpless transfer could be achieved when controller gains are changed. Hence,

no significant change in position command is generated.
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Figure 4.23: Step response with different joint stiffness

Figure 4.23 shows the step response of the system with 3 different stiffness
values when force feedback is used. The PID controller gain for each stiffness
value was tuned such that the system could response faster when a step input
is given. The result in Figure 4.23 shows that higher joint stiffness resulted in
faster response. There are several reasons that lead to this result. First of all, a
system with higher stiffness has a higher natural frequency. In order to
compress the spring to deliver the same output force, the motor of this system
needs to travel for a smaller distance. Secondly, in order to increase the
response speed of the softer system, large controller gains are required.
However, this would make the system less stable. Thus, if response speed is

crucial, higher stiffness should be used so that higher bandwidth could be
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achieved. In Figure 4.23, it shows that system with stiffness K=4.89Nm/deg

has the fastest response.

4.6.2 Searching for Contact Experiment

Although higher stiffness results in faster response, it raises problem when
high frequency disturbance is present. For example, the following experiment
simulates a common scenario in manipulating an object: searching for contact.
As shown in Figure 4.24, the joint start moving towards the surface distance
away from the contact surface. The challenge of this task is to avoid large
contact force throughout the entire process, especially during impact.

Figure 4.24: Experiment setup (moving end)

In this experiment, the joint starts at a high velocity to demonstrate
approaching the workpiece from far away. When the end point is close to the
surface, the joint speed will decrease to avoid high speed impact. Upon
making contact, the robot will switch to force control. The flow chart of the
process is shown in Figure 4.25, where @ is the joint angular deflection and F
is the force measured by the force sensor. Gireshold @aNd Finreshold are thresholds
to detect contact. If either the angular deflection or the contact exceeds the
corresponding threshold, controller will be switched from position control to
force control.
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Figure 4.25: Flow chart of from non-contact to force control

Figure 4.26 shows the contact force before and after the end-effector makes
contact with the surface when the stiffness is large (K=4.89Nm/deg). The
result shows large amount of overshoot and vibration after contact and the
whole system takes very long time to settle down. The contact force has
decreased below zero indicating that the end point has lost contact with the
environment and chattering occurred. This is dangerous when interacting with
the environment because the unstable behavior will result in unevenly
distributed force over the working area. Moreover, tools or workpiece may be

broken due to chattering. Hence, this must be avoided during machining.
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Figure 4.26: Contact force during impact with K=4.89Nm/deg
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Figure 4.27: Contact force during impact with K=1.84Nm/deg
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Figure 4.27 shows the contact response when the stiffness was set to
K=1.84Nm/deg. In this test, although overshoot and vibration is still present,
both amplitudes are smaller than that when the stiffness is higher at
K=4.89Nm/deg. No chattering occurred since the contact force remained

positive all the time.
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Figure 4.28: Contact force during impact with K=0.557Nm/deg

Figure 4.28 shows the force in the contact response when the stiffness was set
to K=0.557Nm/deg. In this test, no overshoot or vibration existed, implying a
good transmission between position control and force control. No chattering

occurred since the contact force remained positive all the time.

The above experiments show that a stiffer joint has poorer disturbance
rejection ability but higher bandwidth, while a softer joint has better
disturbance rejection ability but lower bandwidth. Hence, when designing a
traditional SEA, a tradeoff between bandwidth and disturbance rejection
ability has to be made. However, in a variable stiffness joint, the stiffness
could be controlled at different phase of the contact process such that both
disturbance rejection ability and high bandwidth can be achieved

simultaneously.
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Figure 4.29 shows a control strategy that utilizes the feature of adjustable
stiffness in different phases of the contact process. In this figure, the solid blue
line shows the force measured by the sensor while the green dotted line shows
the pivot position, x,, . Before contact, the stiffness was set to be low
(K=0.557Nm/deg, x,=10mm) so that no overshoot or vibration was observed
during the impact. Upon detecting contact by following the scheme in Figure
4.25, the pivot was moved towards the other end of the lever such that the

stiffness became higher (K=1.84Nm/deg, X,=15mm).
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Figure 4.29: Force and pivot position during contact

From the result, it could be seen that no overshoot or vibration is observed
during contact. After making contact, the pivot started to move away from the
spring and stopped at x,=15mm in about 3 seconds. Another step input at t=7s
was used as the reference and the sensor measured torque showed relatively
fast response, same as the dotted line in Figure 4.23. This experiment has
demonstrated how the variable stiffness property could be used to ensure a

smooth contact and fast response.

In the experiment shown above, stiffness of K=0.557Nm/deg and

K=1.84Nm/deg were used as an example to show the effectiveness of the
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approach. In real implementation, the stiffness chosen should be based on
several parameters, such as the spring stiffness, the targeted stiffness and the
end-effector approaching speed. The results of using different stiffness setting
and different approach speed have shown similar results and they are not

shown in this thesis.

4.7 Summary

In this chapter, important characteristics that a variable stiffness joint needs to
have in order to be used for various interactive tasks have been analyzed.
Results showed that three characteristics, especially linear load-displacement
are needed to perform force control, especially to handle unknown disturbance.
Furthermore, to use a variable stiffness actuator in various applications, large
achievable stiffness range is also necessary. Research shows that most variable
stiffness joint mechanisms do not have all the characteristics. Therefore, a
novel variable stiffness joint using a constrained lever mechanism is presented
according to the needs. In this chapter, the working principle of the
mechanism is explained with the aid of graphs. The CAD drawing of the
design is shown to illustrate the mechanical realization of the concept. Then,
experiments are performed to characterize the joint mechanism. Results have
shown that the joint mechanism exhibits the desired characteristics as been
specified in the design stage. Errors due to imperfection of the mechanical
components such as backlash and hysteresis are also analyzed and
improvements have been suggested to avoid or minimize them. After that,
controller design for force control is shown. The closed loop response has
proven the fact that higher stiffness will result in higher bandwidth but poorer
disturbance rejection ability. Finally, a contact experiment to simulate the
entire manipulation process, especially during contact is used to demonstrate
how to control the variable stiffness joint for such applications. The result
shows that the joint could maintain high bandwidth while not compromising

the disturbance rejection ability.
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Chapter 5

Conclusion

The main objective of this research is to improve robot force control through
structure modification. In Chapter 1 and Chapter 2, the research in the field of
robotics force control was introduced. The two commercially accepted
approaches, force control through end-effector and force control through all
joints were studied and presented. The main limitations in each method were
analyzed and solutions are suggested to resolve the limitations. In Chapter 3,
the dynamics of series macro-mini manipulator system was studied as an
example of force control through end-effector approach. The focus of the
research is on eliminating the internal vibration due to the low frequency
resonant modes of the macro manipulator. The Zero Coupling Impedance
criterion was introduced as a general design guideline for a series macro-mini
manipulator system. In Chapter 4, a new variable stiffness joint mechanism
was proposed to enhance force control performance at joint level. Since this
novel mechanism was designed to according to design the requirements, high

force control performance in interactive applications has become possible.

In the following section, the results obtained from the research will be
summarized and discussed. The significance of the research will be explained.
Finally, the limitations in the research will be discussed and recommendation

for future research to resolve the limitations will be given.
5.1 Summary of Results

In Chapter 3, the dynamics of a series macro-mini manipulator was studied by
building a mathematical model using simple linear components. The analysis
of the model shows that the resonant modes in the macro manipulator at low
frequency will form internal vibration in the macro manipulator. Through the

coupling between the two manipulators, vibration will be transmitted to the
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contact point. Therefore, force control performance will be compromised. A
new method was proposed to suppress the vibration in the series macro-mini
manipulator system by regulating the impedance of the coupling between the
two manipulators. The proposed method, Zero Coupling Impedance criterion,
describes a condition to eliminate vibration transmitted the contact point. Both
simulation and experimental results proved that the effect due to the internal
vibration of the macro manipulator could be removed from the contact force
by satisfying the criterion. Therefore, a guideline to design a series macro-
mini manipulator system without having the internal vibration affecting the
force control performance is derived from the Zero Coupling Impedance

criterion.

Chapter 4 presented the research work on developing a variable stiffness joint
mechanism. Force control through all robot joints requires the robot joints to
deliver the required force and handle disturbance while interacting with the
environment. Analysis of a general manipulation process indicated three
essential requirements that a robot joint should have to perform interactive
tasks. However, most variable stiffness joint mechanisms do not have all the
three characteristics. Therefore, a new variable stiffness joint mechanism that

satisfies all the three requirements is proposed.

The challenges of designing a joint to meet all the three requirements are
analyzed in Chapter 4. Maintaining constant force direction and lever arm
ratio between input and output is the key to the required characteristics. A
novel mechanism was proposed accordingly and the CAD drawing was shown
to illustrate the implementation of the concept. Then, a prototype was built to
prove the concept of the design. Experiments were conducted to verify the
characteristics of the joint mechanism. Results showed that the prototype met
the design requirements and further experiments were conducted to test the
force control performance using this joint mechanism. The response of force
control indicated that the joint is suitable for force control, especially with
disturbance being present. Furthermore, demonstrative experiment showed

promising result while the robot is searching for contact.
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5.2 Significance of the Research

In research of series macro-mini manipulator system, it is commonly known
that the bandwidth of the serially coupled manipulator is solely determined by
the mini manipulator. However, the flexible macro manipulator will degrade
the system performance if its resonant modes are excited. Several attempts
have been made by researchers to resolve this limitation [40, 44-46]. Most
methods suppress the vibration by designing controllers for the macro
manipulator to damp out the resonant peaks, or utilizing external sensing to
measure the vibration directly. These methods work well in laboratory
environment but may not be easily implemented on commercial industrial
robots. Most robot manufacturers do not provide access to the low level
controller to modify the robot dynamics. Hence, the Zero Coupling Impedance
criterion is an alternative solution to resolve the issue from a different
perspective. This guideline states that the impedance of the coupling element
between the macro and mini manipulator should be small and well identified.
The controller should only use feedback from the coupling to cancel the

mechanical impedance.

In general, the Zero Coupling Impedance criterion provides a simple method
to eliminate vibration from the mini manipulator force control. It is more than
a controller design since the problem is solved from the manipulator design
stage. It indicates how to couple the mini manipulator to the macro
manipulator to avoid the vibration problem. It also states the choice of sensory
feedback before designing the controller. Therefore, this method is general and
can be widely applied when designing a series macro-mini manipulator for

force control, especially for machining.

The research work on developing the variable stiffness joint mechanism is
another way to improve force control performance. Research in variable
stiffness joint mechanism has become popular in the recent years. However,
many of these mechanisms are designed for specific tasks. For example,
variable stiffness actuators designed for robots to interact with human
emphasize safety and put safety as the first design requirement. The stiffness
may not need to be controlled precisely. Hence, the important characteristics
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such as linear load-stiffness relationship are usually missing in those works. In
this thesis, the proposed variable stiffness was designed to fit various
applications due to its wide stiffness range. Stiffness is well handled by the
specially designed mechanism to ensure easy and accurate control. The first
prototype has shown the feasibility of implementing this mechanism using
simple components. Testing results indicated that some challenging tasks such

as searching for contact could be easily done with the proposed mechanism.

The variable stiffness design is a novel mechanism whose characteristics are
purposely designed for machining tasks. Other variable stiffness mechanisms
do not have all the identified properties, making them not ideal for force
control machining. The results successfully demonstrated the potential of
using this mechanism to construct a new generation of robot that is optimized

for machining.
5.3 Limitations and Recommendations for Future Research

In this thesis, the research on the series macro-mini manipulator has used a
direct drive motor due to the limited resource. However, in practice, the
choose of the mini manipulator may also affect performance of the coupled
system. Different types of mini manipulator may result in different new
problems. Hence, other types of mini manipulator should be used to further
verify the result. Furthermore, the grinding result shown in Chapter 3 only
shows the contact force measured by the sensor. The correlation between the
surface finishing and the contact is not analyzed. Although it is not covered by
the scope of this thesis, it is worth studying to have a better understanding on

force control machining.

For future research, it is recommended to test the Zero Coupling Impedance
using more complex end effector module, for example, a SEA or a variable
stiffness joint. Furthermore, the relationship between the contact force and the

surface finishing quality need to be studied.

The work of the proposed variable stiffness mechanism used a DC brush
motor coupled with planetary gear as the output motor. However, it is

commonly known that the DC brush motor with planetary gear has many
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problems such as backlash, non-backdrivable and low power rating, etc. Other
source of power inputs are not tested in the thesis. Using different actuator
may improve the force control performance further. Moreover, the size of the
prototype could be reduced since all the components used to build it are not
customized. A new joint that use customized components should be built so
that the mechanism is optimized for the given task. Finally, in this thesis, only
a joint with variable stiffness is designed. However, the dynamics of a single
joint will be different from a complete robot arm. The performance of this

joint should be further evaluated with a robot equipped with this joint.

In the future, it is recommended to test a few more different actuators as the
power input to the system, for example, pneumatic system and hydraulic pump.
In this thesis, a DC motor under position control mode was used to build the
variable stiffness actuator. It was assumed to be a perfect position power
source, i.e., it follows the command position with no delay or steady state
error. Furthermore, the mechanical design should be revised such that the
components are optimized for the design. Finally, a simple robot with multiple
degree-of-freedom needs to be built to test the more complicated dynamic

system.
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Appendix:  Controller Design for

Decoupled Mini Manipulator

When designing force tracking controller, it is assumed that Zero Coupling
Impedance criterion has been satisfied. Hence, the mini manipulator has been

decoupled from the macro manipulator.

A fourth order linear time invariant system is used to model the mini

manipulator with an end-effector, as shown in Figure A.1.

\ F KS Ke ?
§<—> M AVAVAS b, J\/\/\—/
N r e e
§ Bs Be
| . ll_Y_l | .
Mini Sensor End effecter

Figure A.1: Model of a mini manipulator with end effector

In this figure, M., B, and K, represent the mass of the end effector, damping
and stiffness of the coupling between the robot and the environment,
respectively. The objective of the controller design is to design a state
feedback controller “reg” as shown in Figure A.2, such that the output “y” will

track the input reference “r”, with the presence of disturbance “w” and noise

w | v
sys y
¥ - reg - O -

[(13V2ad
V.

Figure A.2: Schematic of a feedback system
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The “sys” in this figure is the model derived based on Figure A.l. It can be

written as:
x = Ax + Bu + Gw
y=Cx+Du+Hw+v
where,
0 1 0 0
K By K By
Aol Mu My My My,
1 0 0 0 1
K, By K + K, B; + B,
| M, M, M, M,
B=|0 — 0 O

The system was first discretized with a sampling frequency 1ms. The

controller design consists of two parts: a tracking controller and an observer.

For the tracking controller, a Linear-Quadratic-Integral (LQI) control is used.

The control law is to minimize the following cost function:

J(w) = Z(ZTQZ + uTRu)
n=0

where Q and R are the weighting matrices.

For the observer design, Kalman filter was used. With noise covariance data
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Ewlnlw[n]" = Q,E(w[n]v[n]"), E(w[n]v[n]") = N
The estimator has the following state equation:
X[n + 1|n] = AX[n|n — 1] + Bu[n] + L(y[n] — CX[n|n — 1] — Du[n])

The gain matrix L is derived by solving a discrete Riccati equation to be

L = (APCT + N)(CPCT + R)™!
where

R=R+NH+NTHT + HQHT

N =G(QHT + N)

The observer gain was calculated using the toolbox from MATLAB.
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